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Abstract: Retinal mitochondria are damaged in diabetes-accelerating apoptosis of capillary cells, and
ultimately, leading to degenerative capillaries. Diabetes also upregulates many long noncoding RNAs
(LncRNAs), including LncMALAT1 and LncNEAT1. These RNAs have more than 200 nucleotides
and no open reading frame for translation. LncMALAT1 and LncNEAT1 are encoded by nuclear
genome, but nuclear-encoded LncRNAs can also translocate in the mitochondria. Our aim was to
investigate the role of LncMALAT1 and LncNEAT1 in mitochondrial homeostasis. Using human
retinal endothelial cells, the effect of high glucose on LncMALAT1 and LncNEAT1 mitochondrial
localization was examined by RNA fluorescence in situ hybridization. The role of these LncRNAs in
mitochondrial membrane potential (by JC-I staining), mtDNA integrity (by extended length PCR) and
in protective mtDNA nucleoids (by SYBR green staining) was examined in MALAT1- or NEAT1-siRNA
transfected cells. High glucose increased LncMALAT1 and LncNEAT1 mitochondrial expression,
and MALAT1-siRNA or NEAT1-siRNA ameliorated glucose-induced damage to mitochondrial
membrane potential and mtDNA, and prevented decrease in mtDNA nucleoids. Thus, increased
mitochondrial translocation of LncMALAT1 or LncNEAT1 in a hyperglycemic milieu plays a major
role in damaging the mitochondrial structural and genomic integrity. Regulation of these LncRNAs
can protect mitochondrial homeostasis, and ameliorate formation of degenerative capillaries in
diabetic retinopathy.
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1. Introduction

Diabetes is one of the fastest growing health challenges of the 21st century, and
~80% of patients develop retinopathy after 15 years of diabetes; worldwide, 17 million
people have proliferative diabetic retinopathy. In the pathogenesis of this sight-threatening
disease, mitochondrial dysfunction plays a major role; mitochondrial structural, functional
and genomic stability in the retina and its vasculature is impaired, and the damaged
mitochondria fuel into the vicious cycle of free radicals, accelerating capillary cell apoptosis,
a phenomenon which precedes the development of diabetic retinopathy [1–3].

Evolving research has shown that only one-fifth of the transcription across the human
genome is associated with protein-coding genes, and the non-protein-coding portion of the
human genome is ~4 times more than the coding RNA sequences. Among these noncoding
RNAs, long noncoding RNAs (LncRNAs) are noncoding transcripts longer than 200 nu-
cleotides that can bind to DNA or RNA in a sequence-specific manner, bind to proteins, or
can act as sponges for miRNAs [4–6]. LncRNAs are a large and heterogeneous group of
functional RNAs that are mainly encoded by nuclear DNA, and are shown to play crucial
roles in the regulation of pathophysiological processes in many chronic diseases including
cancer, diabetes and its complications [7–11]. In diabetic retinopathy, expression of many
LncRNAs, including metastasis-associated lung adenocarcinoma transcript 1 (MALAT1),

Cells 2021, 10, 3271. https://doi.org/10.3390/cells10123271 https://www.mdpi.com/journal/cells

https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-6418-4772
https://orcid.org/0000-0002-3309-4942
https://doi.org/10.3390/cells10123271
https://doi.org/10.3390/cells10123271
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cells10123271
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells10123271?type=check_update&version=1


Cells 2021, 10, 3271 2 of 14

antisense noncoding RNA in the INK4 locus (ANRIL), nuclear-enriched abundant tran-
script 1 (NEAT1), brain-derived neurotrophic factor antisense (BDNF-AS) and HOXA
distal transcript antisense RNA (HOTTIP) are upregulated, contributing to an increase in
inflammatory markers, VEGF, angiogenesis, apoptosis and oxidative stress [11–14].

Two of the highly expressed LncRNAs that are also implicated in apoptosis and
autophagy, LncMALAT1 and LncNEAT1, are encoded by nuclear genome, and then dis-
tributed in the cytoplasm to associate with diverse RNA-binding proteins [15]. However,
a recent study has shown that LncMALAT1 interacts with multiple loci on the mitochon-
drial DNA (mtDNA) in hepatoma cells and regulates mitochondrial homeostasis [16].
LncNEAT1, which is intimately associated with paraspeckles formation, is rich in the
nucleus, but, it is also found in subcellular space [17], and depletion of LncNEAT1 is shown
to affect mitochondrial dynamics and function by altering the sequestration of nuclear-
encoded mitochondrial proteins in paraspeckles [18]. However, the role of these LncRNAs
in mitochondrial homeostasis in diabetic retinopathy remains unclear.

The aim of this study was to investigate the role of nuclear genome-encoded LncRNAs
in mitochondrial homeostasis in diabetic retinopathy. Using human retinal endothelial
cells, mitochondrial localization of LncMALAT1 and LncNEAT1 in high glucose was exam-
ined. The role of these LncRNAs in mitochondrial structural and genomic stability was
investigated in the cells transfected with their respective siRNAs.

2. Methods

Human retinal endothelial cells (HRECs, Cat. No. ACBRI 181, Cell Systems Corp.,
Kirkland, WA, USA) were cultured in Dulbecco’s Modified Eagle Medium (Cat No. D5523,
Sigma-Aldrich, St. Louis, MO, USA) containing 12% heat-inactivated fetal bovine serum,
15 µg/mL endothelial cell growth supplement and 1% each insulin, transferrin, selenium,
glutamax and antibiotic/antimitotic. Cells from the 5th–8th passage were incubated in
5 mM or 20 mM D-glucose for 96 h (NG and HG, respectively). As an osmotic/metabolic
control, parallel incubations were run where cells were incubated in 20 mM L-glucose,
instead of 20 mM D-glucose [19,20].

Using Lipofectamine RNAiMAX transfection reagent (Cat. No. 13778-030, Invitro-
gen™, Carlsbad, CA, USA), cells from the 5th–6th passage were transfected with SilencerTM

Select MALAT1-siRNA and or NEAT1-siRNA (Cat. No. 4392420, n272231 and Cat.
No. 4390771, n272455, respectively, Ambion, Carlsbad, CA, USA). The transcription com-
plex, prepared by adding 0.25–1µg siRNA duplex to the transfection reagent, was incubated
at 37 ◦C for 30 min. This was followed by incubating HRECs (pre-rinsed with the transfec-
tion medium, Opti-MEM) in the transfection complex for 8 h at 37 ◦C. At the end of the
incubation, the cells were incubated in 5 mM or 20 mM D-glucose for 96 h [11]. As a control,
each transfection experiment included cells transfected with a non-targeting scrambled
RNA. Each experiment had HRECs from the same batch and the same passage, and was
repeated 3–4 times [11]. The transfection efficiency, evaluated by quantifying the gene
transcripts of the respective genes, was ~50%.

2.1. RNA Sequencing

Nuclear fraction was isolated by centrifugation using a kit from Thermo-Fisher Sci-
entific (Cat. No. 89874, Waltham, MA, USA) from HRECs incubated in normal and high
D-glucose, or L-glucose, and was outsourced to GENEWIZ (South Plainfield, NJ, USA) for
library preparation and Illumina next-generation sequencing. The raw FASTQ sequenc-
ing files were uploaded in the www.usegalaxy.org (accessed on 21 May 2021) server and
aligned against the hg38 human genome dataset using the TopHat module. Fold change
and fragments per kilobase of exon per million reads (FPKM) were calculated from the
aligned bam files using stringTie modules [11].

www.usegalaxy.org
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2.2. Gene Expression

RNA was isolated by Trizol (Cat. No. 15596018, Ambion, Carlsbad, CA, USA), and
converted to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Gene transcripts were quantified by SYBR green-based
real-time quantitative PCR (qRT-PCR) using gene-specific primers (Table 1) and β-actin as
the housekeeping gene [19,20].

Table 1. Primer sequences.

Gene Sequence

MALAT1 Fwd-GCC ATT CCA GGT GGT GGT ATT TAG
Rev-GCA GAT TCT GTG TTA TGC CTG GTT AG

PWAR Fwd-GGG CAT AGC AGT GGA AAC TCA AA
Rev-CAA GCA CAG TAT AAC AAG GCC AGA G

BDNF Fwd-CAG CAA CCG CGA CTA CCA AAT A
Rev-GAA GGG ATT CTG TTG GGT GCT AAA

LIN13 Fwd-AGT CTG AGG AGG CAG TTT CCT ATC
Rev-CTG GAT GCC AAC TAG CAC AGT TT

HHIP Fwd-GGA GGC TGA AGA AGC AGA GGA TAG
Rev-GCT GGA AAG GGC CGA TTT GAT T

NEAT1 Fwd-CCT GCC TTC TTG TGC GTT TCT
Rev-ACT TGT ACC CTC CCA GCG TTT A

MIR503 Fwd-AAC CAC CCA AGT GTC CCA AAT AG
Rev-TGG AAC AAA GAA GTG TGG GTA TGG

SYNJ2 Fwd-TCT GGC CTC CAG GAT GAC TAT TT
Rev-TGC CTG TAA TCC CAG CAC TTT G

LIN56 Fwd-ACT GGC CTG AGC ATT GCA TAA C
Rev-TTG GAT GGA CCA ACG TGC TTT C

β-Actin Fwd-AGC CTC GCC TTT GCC GAT CCG
Rev-TCT CTT GCT CTG GGC CTC GTCG

mtDNA short Fwd-CCT CCC ATT CAT TAT CGC CGC CCT TGC
Rev-GTC TGG GTC TCC TAG TAG GTC TGG GAA

mtDNA long Fwd-AAA ATC CCC GCA AAC AAT GAC CAC CCC
Rev-GGC AAT TAA GAG TGG GAT GGA GCC AA

Cytb Fwd-TCA CCA GAC GCC TCA ACC GC
Rev-GCC TCG CCC GAT GTG TAG GA

2.3. RNA Fluorescence In Situ Hybridization (RNA-FISH)

Using asymmetric PCR amplification, fluorescein-12-dUTP incorporated probe was
prepared, and the PCR products were gel-purified, as described recently [11]. HRECs
were fixed with 4% paraformaldehyde, followed by their dehydration using 70% to 100%
ethanol. They were air-dried and incubated at 37 ◦C for two hours with denatured probe in
formamide-containing buffer. After washing with the hybridization buffer, the cells were
then washed with PBS and mitochondrial localization was performed by immunofluores-
cence technique using antibody for the mitochondrial marker CoxIV (Cat No: ab33985;
Abcam, 1:100 dilution). The secondary antibody, Texas red-labeled anti-mouse, was used
at 1:100 dilution. The coverslips were mounted using Vectashield mounting medium (Cat.
No. H-1000, Vector Laboratories, Burlingame, CA, USA), and images were captured by
Zeiss microscope at 40× objective using the Apotome module. Signals of fluorescein-
12-dUTP incorporated probe were visualized to determine the hybridized probes. The
captured images were calibrated with the ZEISS proinbuilt software package and modules.
Using the Zeiss colocalization software module, the Pearson’s correlation coefficient be-
tween CoxIV and LncMALAT1 or LncNEAT1 was calculated using a “Region of Interest”,
which allowed us to exclude the image background. “Region of Interest” was created
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manually by circle selection tool using the Zeiss software module, and Pearson’s correlation
coefficient within the “Region of Interest” was calculated by keeping the same area.

2.4. Reactive Oxygen Species

Mitochondrial ROS levels were also quantified by using a mitochondrial superoxide
indicator MitoSox. Live cells were incubated with 5 µM MitoSox red (Cat No. M36008,
Thermo Fisher) and 200 nM MitoTracker Green for 20 min at 37 ◦C. The cells were then
imaged under a Zeiss ApoTome at 40× objective [20]. The intensity was quantified by
Zeiss software module (Carl Zeiss, Inc., Chicago, IL, USA).

2.5. Mitochondrial Membrane Potential

Mitochondrial membrane potential changes (∆Ψm) were measured by staining cells
with a mitochondrial binding dye, JC-1 (Cat. No. MP03168, Molecular Probes, Carlsbad,
CA, USA) as described previously [20]. Briefly, after experimental incubations, cells were
washed with PBS and incubated with DMEM containing 5 µM JC-1 for 30 min at 37 ◦C.
Cells were then again washed with PBS, and visualized under Zeiss ApoTome fluorescence
microscope at 20× objective. The fluorescence intensity of the monomers (green, at 485 nm
excitation and 530 nm) and the aggregates (red, at 525 nm excitation and 590 nm emission)
was determined using Zeiss software module, and the ratio of red to green intensity was
calculated as ∆Ψm [21,22].

2.6. Mitochondrial DNA Damage

Exploiting the ability of the damaged DNA to prevent polymerase progression along
the DNA template, extended length PCR was performed [23,24] using GeneAmp XL
PCR kit (Applied Biosystems). In brief, long and short mtDNA regions (8.8 kbp and
117 bp, respectively) were amplified by semiquantitative PCR. The amplified products
were separated on 1.2% and 2.0% agarose gel for long and short amplification. Relative
amplification was quantified by normalizing the intensity of the long product to the short
product; the degree of the damage was inversely proportional to the ratio [20,25,26].

2.7. Mitochondrial Nucleoids

HRECs plated on coverslips and incubated in high glucose medium were fixed with
100% methanol for 15 min. The cells were permeabilized with 0.5% tritonX100, washed
with PBS, and incubated in 1 mL 1× SYBR Green stain S333102, Invitrogen) for 1 h at room
temperature [27]. After washing the cells with PBS (5 min × 2), they were mounted using
Vectashield plus antifade mounting medium for imaging. Images were acquired using
40× objective lens on a ZEISS microscope with excitation of a 488 nm wavelength filter. The
images were analyzed using the ZEISS software module and the nucleoid foci were counted
with automated counting protocol, by adjusting the threshold and keeping a size factor of
14 as selection criteria for the smallest foci in the ZEISS analysis module. To further confirm
nucleoids in the mtDNA, the co-immunofluorescence technique was performed using SYBR
green and mtDNA-encoded cytochrome b (Cytb) as a mitochondrial marker. For Cytb, the
primary antibody was used at 1:1000 dilution (Cat. No. SAB4301200, Sigma-Aldrich), and
the secondary antibody was Texas-Red-conjugated anti-rabbit (Cat. No. TI-1000, Vector
Laboratories, Burlingame, CA, USA, 1:500 dilution) [28]. The coverslips were mounted
using DAPI-containing mounting medium (Vector Laboratories), and images were captured
by Zeiss microscope at 40× objective using the Apotome module. The intensity profile
was determined by “line region of interest”, and Pearson’s coefficient was evaluated using
Zeiss software module.

2.8. Statistical Analysis

Statistical analysis was performed using Graph Pad Prism (San Diego, CA, USA). The
data are presented as mean ± SD, and group comparisons were performed using one-way
ANOVA followed by Dunn’s t-test. A p < 0.05 was considered significant.
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3. Results

The sequencing data showed increased expression of many LncRNAs in the cells
in high glucose, compared to cells in normal glucose. Similarly, several LncRNAs were
also downregulated in high glucose; the representative heatmap shows upregulated and
downregulated LncRNAs (Figure 1).

Cells 2021, 10, x FOR PEER REVIEW 5 of 14 
 

 

Apotome module. The intensity profile was determined by “line region of interest”, and 
Pearson’s coefficient was evaluated using Zeiss software module. 

2.8. Statistical Analysis  
Statistical analysis was performed using Graph Pad Prism (San Diego, CA, USA). The 

data are presented as mean ± SD, and group comparisons were performed using one-way 
ANOVA followed by Dunn’s t-test. A p < 0.05 was considered significant. 

3. Results 
The sequencing data showed increased expression of many LncRNAs in the cells in 

high glucose, compared to cells in normal glucose. Similarly, several LncRNAs were also 
downregulated in high glucose; the representative heatmap shows upregulated and 
downregulated LncRNAs (Figure 1). 

 
Figure 1. Heatmap analysis of LncRNAs in HRECs incubated in high glucose. RNA sequencing was 
performed in the nuclear fraction of the cells incubated in normal and high glucose; the figure 
represents a heatmap of two different cell preparations, each incubated in 5 mM D-glucose (NG1 
and NG2) and in 20 mM D-glucose (HG1 and HG2). 

To confirm the results obtained from the Heatmap, qRT-PCR was performed. 
Consistent with our previous results [11], LncMALAT1 expression was upregulated by ~2 
fold in cells incubated in high glucose compared to cells in normal glucose. In addition to 
LncMALAT1, LncPWAR6, LncBDNF1AS and LncHHIP-AS1 were also upregulated by ~2 
fold, and LncNEAT1 by >3 fold (Figure 2). 

 
Figure 2. Validation of differently expressed LncRNAs in high glucose. Nine differentially 
expressed LncRNAs from the heatmap were quantified by qRT-PCR using β-actin as the 
housekeeping gene. Each measurement was made in duplicate in three different cell preparations. 
Values obtained from cells in NG were considered as 1, and are represented as mean ± SD. * p < 0.05 
vs. NG. 

Figure 1. Heatmap analysis of LncRNAs in HRECs incubated in high glucose. RNA sequencing
was performed in the nuclear fraction of the cells incubated in normal and high glucose; the figure
represents a heatmap of two different cell preparations, each incubated in 5 mM D-glucose (NG1 and
NG2) and in 20 mM D-glucose (HG1 and HG2).

To confirm the results obtained from the Heatmap, qRT-PCR was performed. Consis-
tent with our previous results [11], LncMALAT1 expression was upregulated by ~2 fold
in cells incubated in high glucose compared to cells in normal glucose. In addition to
LncMALAT1, LncPWAR6, LncBDNF1AS and LncHHIP-AS1 were also upregulated by
~2 fold, and LncNEAT1 by >3 fold (Figure 2).
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Figure 2. Validation of differently expressed LncRNAs in high glucose. Nine differentially expressed
LncRNAs from the heatmap were quantified by qRT-PCR using β-actin as the housekeeping gene.
Each measurement was made in duplicate in three different cell preparations. Values obtained from
cells in NG were considered as 1, and are represented as mean ± SD. * p < 0.05 vs. NG.

LncMALAT1 and LncNEAT1, the two highly expressed LncRNAs, are also implicated
in mitochondrial homeostasis [16,18], to understand the role of these nuclear genome-
encoded LncRNAs in mitochondrial dysfunction in diabetic retinopathy; the proceeding
experiments were focused on LncMALAT1 and LncNEAT1. RNA-FISH analysis showed
significantly increased fluorescence intensity for both LncMALAT1 and LncNEAT1 in the
mitochondria of the cells incubated in high glucose compared to cells in normal glucose.
However, cells incubated in 20 mM L-glucose had similar mitochondrial localization of
LncMALAT1 or LncNEAT1 as cells in normal glucose. Quantification of the Pearson’s cor-
relation coefficient of CoxIV and LncMALAT1 or LncNEAT1 from 20–30 cells in each group
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showed significantly higher Pearson’s correlation coefficient of CoxIV with LncMALAT1 or
LncNEAT1 in the cells in high glucose vs. cells in normal glucose (Figure 3a–d).
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Figure 3. Effect of high glucose on mitochondrial localization of LncMALAT1 and LncNEAT1. (a,c) Using RNA-FISH
technique, cells fixed with 4% paraformaldehyde were incubated with fluorescein-labelled denatured probes. Mitochondrial
localization was performed using CoxIV antibody and Texas Red-conjugated secondary antibody. Cells were mounted
using DAPI (blue)-containing mounting medium. (b,d) Signals of fluorescein-12-dUTP incorporated probe (green) were
visualized to determine the hybridized probes. Pearson’s correlation coefficient of CoxIV with LncMALAT1 or LncNEAT1
was calculated by using the “Region of Interest” in the outer nuclear region from 25 or more cells in each group. Pearson’s
correlation coefficient values in the graphs are represented as mean ± SD. NG and HG = Cells in 5 mM or 20 mM D-glucose;
L-Gl = cells in 20 mM L-glucose; * p < 0.05 vs. NG.

To determine the role of these two LncRNAs in modulating glucose-induced oxidative
stress, mitochondrial ROS were measured in the cells transfected with MALAT1-siRNA or
NEAT1-siRNA, and incubated in high glucose. As reported previously [29], mitochondrial
ROS levels in cells in high glucose were increased, compared to cells in normal glucose.
Regulation of LncRNAs by their respective siRNAs prevented glucose-induced increase in
mitochondrial ROS; the values obtained from the transfected cells in high glucose were not
different from the un-transfected cells in normal glucose. However, cells transfected with
scrambled control RNA were not protected from glucose-induced increase in mitochondrial
ROS, and the values were significantly higher compared to cells transfected with either
MALAT1-siRNA or NEAT1-siRNA (Figure 4a,b). Figure 4c,d represents the transfection
efficiency of MALAT1-siRNA and NEAT1-siRNA, respectively.
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Figure 4. Effect of inhibition of LncMALAT1 or LncNEAT1 on high glucose-induced mitochondrial ROS levels. (a) Live
cells, incubated with MitoSox red and MitoTracker green, were imaged under a Zeiss Apotome at 40× objective. (b) Mean
MitoSox intensity, obtained from 30–50 cells, in each incubation condition. (c,d) Transfection efficiency of MALAT1 and
NEAT1, as determined by their respective gene transcripts. Each measurement was made in duplicate in 2–3 different cell
preparations. NG and HG = Cells in 5 mM or 20 mM D-glucose, MAL-si and NEAT-si = Cells transfected with MALAT1-
siRNA or NEAT1-siRNA and incubated in high glucose, SC = Cells transfected with scrambled control RNA and incubated
in high glucose, NG/MAL-si and NG/NEA-si = cells transfected with MALAT1-siRNA or NEAT1-siRNA in normal glucose,
and L-Gl = Cells incubated in 20 mM L-glucose. * p < 0.05 vs. NG and # p < 0.05 vs. HG.

The role of LncMALAT1 and LncNEAT1 in mitochondrial damage was determined by
measuring mitochondrial membrane potential in the cells transfected with MALAT1-siRNA
or NEAT1-siRNA. As shown in Figure 5, cells in normal glucose had significantly higher
red fluorescent J-aggregates, compared to cells in high glucose. However, compared to
un-transfected cells, or cells transfected with scrambled non-targeting control RNA, in high
glucose, red fluorescent J-aggregates were higher in MALAT1-siRNA or NEAT1-siRNA
transfected cells. The accompanying graph shows the fluorescence intensity of red/green
in each of the incubation conditions. Incubation of un-transfected cells in 20 mM L-glucose
had no effect on mitochondrial membrane potential, and the red fluorescent aggregates
were similar to those obtained from cells in normal glucose.
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To investigate the effect regulation of these LncRNAs on mtDNA integrity, mtDNA
damage was determined in MALAT1-siRNA or NEAT1-siRNA transfected cells. As shown
previously [25], high glucose decreased the ratio of amplification of long (8.8 kbp) and short
primer (117 bp) significantly, compared to cells in normal glucose, suggesting increased
mtDNA damage. However, while cells transfected with scrambled non-targeting RNA
and un-transfected cells in high glucose had similar ratios, cells transfected with MALAT1-
siRNA or NEAT1-siRNA had significantly higher ratios, implying less damage to the
mtDNA (Figure 6a). Consistent with protection of mtDNA damage, NEAT1-siRNA also
protected glucose-induced decrease in mtDNA transcription; compared to un-transfected
cells in high glucose, gene transcripts of mtDNA-encoded Cytb of complex III of the
electron transport chain system were significantly higher in cells transfected with either
MALAT1-siRNA or NEAT1-siRNA (Figure 6b).
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associated proteins to provide a stable environment for mtDNA replication and repair [30].
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tigated. Nucleoids were decreased significantly in HRECs in high glucose, compared to
cells in normal glucose, and transfection with MALAT1-siRNA or NEAT1-siRNA, but not
scrambled RNA, prevented glucose-induced decrease in nucleoids (Figure 7a). To further
confirm the localization of the nucleoids in the mtDNA, Figure 7b shows decreased Pear-
son’s correlation co-efficient between SYBR green and mtDNA-encoded Cytb in cells in high
glucose vs. cells in normal glucose, but similar correlation co-efficient in MALAT1-siRNA or
NEAT1-siRNA transfected cells in high glucose and un-transfected cells in normal glucose.
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cells using SYBR (green) and imaging at 40× objective. (b) The histogram represents the number of nucleoids from 5 to
8 images/group, quantified using the ZEISS analysis module. (c) Representative image of the localization of nucleoids
in the mitochondria using SYBR (green) and mitochondrial marker Cytb (Cytb, red) staining. (d) The images were
calibrated with the ZEISS proinbuilt software package, and using random region of interest in the area outside the
nucleus, Pearson’s correlation coefficient between red and green stain was determined. Each measurement was made
in duplicate in 3–4 different cell preparations. NG = 5 mM D-glucose; HG = 20 mM D-glucose, MAL-si, NEAT-si and
SC = Cells transfected with MALAT1-siRNA, NEAT1-siRNA, or scrambled control RNA, respectively, and incubated in
20 mM D-glucose, L-Gl = cells in 20 mM L-glucose. * p < 0.05 vs. NG and # p < 0.05 vs. HG.

4. Discussion

Multiple pathways are implicated in the development of diabetic retinopathy, making
the pathogenesis of this blinding disease very complex [1,31]. Mitochondrial dysfunction
is considered to play an important role in the development of diabetic complications,
including retinopathy; diabetic environment increases oxidative stress in the retina and its
vasculature, which dysfunctions the mitochondria. Dysfunctional mitochondria accelerate
apoptosis of capillary cells, leading to the formation of degenerative capillaries and pericyte
ghosts in the retinal vasculature, and poor or no perfusion of these acellular capillaries sub-
sequently results in neovascularization [1,2,32,33]. In addition to structural and functional
damage to the mitochondria, expression of many genes associated with mitochondrial
homeostasis is also altered [25,34,35]. Regulation of almost every stage of gene expression
is also mediated by LncRNAs, the noncoding RNAs with over 200 nucleotides and higher
tissue specificity compared to miRNAs [36]. Although most of the LncRNAs function
outside the mitochondria, several nuclear genome-encoded LncRNAs are also found in the
mitochondria, and are implicated in mitochondrial function and dynamics [37–39]. This is
the first report demonstrating the importance of nuclear genome-encoded LncMALAT1
and LncNEAT1 in the mitochondrial homeostasis in diabetic retinopathy. We show that
high glucose increases the expression of both of these LncRNAs in the mitochondria in
retinal endothelial cells, and regulation of these two LncRNAs by their specific siRNAs,
ameliorates glucose-induced increase in oxidative stress and mitochondrial structural and
genomic damage.

Diabetic patients have increased circulating expressions of several LncRNAs including
LncMALAT1 and LncNEAT1 [40]. LncMALAT1 is one of the most extensively studied and
highly conserved LncRNA, and is expressed at relatively high level in almost all human
tissues. LncMALAT1 is implicated in normal physiologic functions such as vascular growth,
and in pathophysiological processes in many diseases including vascular and neurologic
disorders and cancers [41]. In diabetes, its expression is elevated in various tissues, and
emerging evidence has shown that LncMALAT1 acts as both pro-inflammatory and apop-
totic [42–44]. Increased LncMALAT1 is seen in the retina, aqueous humor and fibrovascular
membranes from patients with diabetes [11,45]. Regulation of LncMALAT1 prevents cell
migration and angiogenesis in retinal endothelial cells, alleviates neurodegeneration and
inhibits monocyte chemotactic protein-1, and ameliorates inactivation of the master tran-
scription factor, Nuclear factor erythroid 2-related factor, Nrf2, in rodent models of diabetic
retinopathy [11,46,47]. Similarly, LncNEAT1 is shown to act as an important sensor and
effector during stress and disease development [48,49]. Our data show that high glucose
elevates the levels of both of these LncRNAs in HRECs, compared to normal glucose.

Genes for LncRNAs, compared to miRNAs, are less evolutionarily conserved and
less abundantly expressed [50]. Other than three LncRNAs encoded by mitochondrial
genome, LncRNAs are encoded by nuclear genome, exported to the cytosol where they
are distributed in the cytoplasm and associate with diverse RNA-binding proteins [15].
However, recent evidence has suggested that mammalian mitochondria can also import
LncRNAs from the cytosol [38]. Here, our results clearly show that both LncMALAT1 and
LncNEAT1 are transported in the mitochondria, and their mitochondrial accumulation
increases significantly in hyperglycemic milieu. In support, increased translocation of



Cells 2021, 10, 3271 11 of 14

LncMALAT1 from the nucleus to the mitochondria is seen in hepatocellular carcinoma
cells [16,39].

LncRNAs in the mitochondria, whether encoded by the mitochondrial genome or
nuclear genome and then transported into the mitochondria, play an essential role in
mitochondrial homeostasis; MALAT1 knockout mice have reduced ROS and ROS-generated
protein carbonylation in hepatocyte and islets [51], and LncNEAT1, via downregulating
miR-128 in macrophages, is shown to reduce inflammation and oxidative stress [49].
Reduced mitochondrial membrane potential is considered as an initial and irreversible step
towards apoptosis as it redistributes cytochrome c from the cristae to the intermembrane
space, making it more susceptible to release [52]. In the pathogenesis of diabetic retinopathy,
mitochondrial membrane is damaged and membrane potential is decreased, facilitating
the release of cytochrome c from mitochondria into the cytosol, and initiating the apoptotic
process [1–3]. Our results clearly show that an increase in ROS levels and damage to the
mitochondrial membrane integrity by preventing an increase in membrane potential, that
the cells experience in high glucose, are ameliorated by specific siRNAs of LncMALAT1
or LncNEAT1. The results presented here showing the role of nuclear genome-encoded
LncRNAs regulating mitochondrial functions are supported by reports showing regulation
of mitochondrial functions in podocytes in diabetic nephropathy by nuclear genome-
encoded LncRNA taurine-upregulated gene 1 [53], and aberrant NEAT1 expression by
mitochondrial stressors [18].

Retinal mtDNA is damaged in diabetic retinopathy, and transcription of mtDNA-
encoded genes, important for the functioning of the electron transport chain, is impaired,
resulting in a vicious cycle of free radicals [1–3]. Data presented here demonstrate that
glucose-induced mtDNA damage is prevented by the siRNAs of LncMALAT1 or LncNEAT1.
Others have shown that MALAT1 interacts with multiple loci on mtDNA in hepatoma
cells [16], and NEAT1 plays a role in DNA repair processes [54]. Mitochondrial DNA lacks
protective histones, but it has nucleoprotein complexes, the nucleoids, that provide a stable
environment for mtDNA replication and repair [30]. Nucleoids also constitute a switch
for controlling mitochondrial metabolism in response to cellular demands [55,56]. The
results show that high glucose decreases mtDNA nucleoids in retinal endothelial cells, and
LncMALAT1 or LncNEAT1 siRNA protects mtDNA from loss of nucleoids, suggesting that
increased expressions of these LncRNAs in hyperglycemic conditions make the histone-free
mtDNA more vulnerable to the damage. In support, LncRNAs are also shown to affect the
interaction of proteins altering the genomic stability [57–59].

We recognize that this study is focused on LncMALAT1 or LncNEAT1, the two LncR-
NAs that are highly expressed, but there are many other LncRNAs that are altered in
diabetic retinopathy, and the possibility that other LncRNAs could be altering mitochon-
drial homeostasis in the development of diabetic retinopathy cannot be ruled out. Also,
how hyperglycemic milieu facilitate their transport inside the mitochondria remains to be
explored. Our main focus was on the role of these LncRNAs in mitochondrial homeostasis,
and to acknowledge the roles of LncMALAT1 or LncNEAT1 in regulating other important
metabolic abnormalities that are implicated in the development of diabetic retinopathy.

In summary, hyperglycemia enables nuclear genome-encoded LncMALAT1 and
LncNEAT1 to transport inside the mitochondria, increasing ROS and damaging their
membranes. Once inside the mitochondria, these LncRNAs damage mtDNA and reduce
their protective nucleoids, and the transcription of mtDNA-encoded genes is impaired,
increasing the vulnerability of the electron transport chain system. Thus, regulation of
these LncRNAs could provide the already vulnerable mitochondria with some protection
for initiating a futile, self-propagating cycle of free radicals in diabetic retinopathy.

Author Contributions: G.M.: experimental execution and data interpretation, manuscript editing;
R.A.K.: experimental planning, data interpretation, literature search, manuscript writing/editing.
All authors have read and agreed to the published version of the manuscript.



Cells 2021, 10, 3271 12 of 14

Funding: The study was supported in parts by grants from the National Institutes of Health
(EY014370, EY017313 and EY022230) and from The Thomas Foundation to RAK, and an unre-
stricted grant from Research to Prevent Blindness to the Department of Ophthalmology, Wayne
State University.

Data Availability Statement: R.A.K. is the guarantor of this work and, as such, had full access to all
the data in the study and takes responsibility for the integrity of the data and the accuracy of the
data analysis.

Acknowledgments: The authors thank Rakesh Radhakrishnan for executive initial experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kowluru, R.A.; Mishra, M. Oxidative stress, mitochondrial damage and diabetic retinopathy. Biochim. Biophys. Acta 2015, 1852,

2474–2483. [CrossRef] [PubMed]
2. Kowluru, R.A.; Mishra, M. Therapeutic targets for altering mitochondrial dysfunction associated with diabetic retinopathy. Expert

Opin. Targets 2018, 22, 233–245. [CrossRef]
3. Kowluru, R.A. Mitochondrial Stability in Diabetic Retinopathy: Lessons Learned from Epigenetics. Diabetes 2019, 68, 241–247.

[CrossRef] [PubMed]
4. Fang, Y.; Fullwood, M.J. Roles, Functions, and Mechanisms of Long Non-coding RNAs in Cancer. Genom. Proteom. Bioinform.

2016, 14, 42–54. [CrossRef] [PubMed]
5. Beermann, J.; Piccoli, M.T.; Viereck, J.; Thum, T. Non-coding RNAs in Development and Disease: Background, Mechanisms, and

Therapeutic Approaches. Physiol. Rev. 2016, 96, 1297–1325. [CrossRef]
6. Jarroux, J.; Morillon, A.; Pinskaya, M. History, Discovery, and Classification of lncRNAs. Adv. Exp. Med. Biol. 2017, 1008, 1–46.
7. Schmitz, S.U.; Grote, P.; Herrmann, B.G. Mechanisms of long noncoding RNA function in development and disease. Cell Mol. Life

Sci. 2016, 73, 2491–2509. [CrossRef]
8. Viereck, J.; Thum, T. Circulating Noncoding RNAs as Biomarkers of Cardiovascular Disease and Injury. Circ. Res. 2017, 120,

81–99. [CrossRef] [PubMed]
9. De Paepe, B.; Lefever, S.; Mestdagh, P. How long noncoding RNAs enforce their will on mitochondrial activity: Regulation of

mitochondrial respiration, reactive oxygen species production, apoptosis, and metabolic reprogramming in cancer. Curr. Genet.
2018, 64, 163–172. [CrossRef]

10. Sun, L.; Lin, J.D. Function and Mechanism of Long Noncoding RNAs in Adipocyte Biology. Diabetes 2019, 68, 887–896. [CrossRef]
11. Radhakrishnan, R.; Kowluru, R.A. Long noncoding RNA MALAT1 and Regulation of the Antioxidant Defense System in Diabetic

Retinopathy. Diabetes 2021, 70, 227–239. [CrossRef]
12. Shao, K.; Xi, L.; Cang, Z.; Chen, C.; Huang, S. Knockdown of NEAT1 exerts suppressive effects on diabetic retinopathy progression

via inactivating TGF-β1 and VEGF signaling pathways. J. Cell. Physiol. 2020, 235, 9361–9369. [CrossRef]
13. Sun, Y.; Liu, Y.X. LncRNA HOTTIP improves diabetic retinopathy by regulating the p38-MAPK pathway. Eur. Rev. Med.

Pharmacol. Sci. 2018, 22, 2941–2948. [PubMed]
14. Biswas, S.; Sarabusky, M.; Chakrabarti, S. Diabetic Retinopathy, lncRNAs, and Inflammation: A Dynamic, Interconnected

Network. J. Clin. Med. 2019, 8, 1033. [CrossRef]
15. Rackham, O.; Shearwood, A.-M.J.; Mercer, T.R.; Davies, S.M.K.; Mattick, J.S.; Filipovska, A. Long noncoding RNAs are generated

from the mitochondrial genome and regulated by nuclear-encoded proteins. RNA 2011, 17, 2085–2093. [CrossRef] [PubMed]
16. Zhao, Y.; Zhou, L.; Li, H.; Sun, T.; Wen, X.; Li, X.; Meng, Y.; Li, Y.; Liu, M.; Liu, S.; et al. Nuclear-Encoded lncRNA MALAT1

Epigenetically Controls Metabolic Reprogramming in HCC Cells through the Mitophagy Pathway. Mol. Ther. Nucleic Acids 2021,
23, 264–276. [CrossRef] [PubMed]

17. Dong, P.; Xiong, Y.; Yue, J.; Hanley, S.J.B.; Kobayashi, N.; Todo, Y.; Watari, H. Long Non-coding RNA NEAT1: A Novel Target for
Diagnosis and Therapy in Human Tumors. Front. Genet. 2018, 9, 471. [CrossRef]

18. Wang, Y.; Hu, S.-B.; Wang, M.-R.; Yao, R.; Wu, D.; Yang, L.; Chen, L.-L. Genome-wide screening of NEAT1 regulators reveals
cross-regulation between paraspeckles and mitochondria. Nat. Cell Biol. 2018, 20, 1145–1158. [CrossRef]

19. Mohammad, G.; Radhakrishnan, R.; Kowluru, R.A. Epigenetic Modifications Compromise Mitochondrial DNA Quality Control
in the Development of Diabetic Retinopathy. Investig. Ophthalmol. Vis. Sci. 2019, 60, 3943–3951. [CrossRef]

20. Mohammad, G.; Radhakrishnan, R.; Kowluru, R.A. Hydrogen Sulfide: A Potential Therapeutic Target in the Development of
Diabetic Retinopathy. Investig. Ophthalmol. Vis. Sci. 2020, 61, 35. [CrossRef]

21. Rizvi, F.; Heimann, T.; Herrnreiter, A.; O’Brien, W.J. Mitochondrial dysfunction links ceramide activated HRK expression and cell
death. PLoS ONE 2011, 6, e18137. [CrossRef] [PubMed]

22. Sivandzade, F.; Bhalerao, A.; Cucullo, L. Analysis of the Mitochondrial Membrane Potential Using the Cationic JC-1 Dye as a
Sensitive Fluorescent Probe. Bio-Protocol 2019, 9, e3128. [CrossRef]

23. Wang, A.L.; Lukas, T.J.; Yuan, M.; Neufeld, A.H. Increased mitochondrial DNA damage and down-regulation of DNA repair
enzymes in aged rodent retinal pigment epithelium and choroid. Mol. Vis. 2008, 14, 644–651.

http://doi.org/10.1016/j.bbadis.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26248057
http://doi.org/10.1080/14728222.2018.1439921
http://doi.org/10.2337/dbi18-0016
http://www.ncbi.nlm.nih.gov/pubmed/30665952
http://doi.org/10.1016/j.gpb.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26883671
http://doi.org/10.1152/physrev.00041.2015
http://doi.org/10.1007/s00018-016-2174-5
http://doi.org/10.1161/CIRCRESAHA.116.308434
http://www.ncbi.nlm.nih.gov/pubmed/28104771
http://doi.org/10.1007/s00294-017-0744-1
http://doi.org/10.2337/dbi18-0009
http://doi.org/10.2337/db20-0375
http://doi.org/10.1002/jcp.29740
http://www.ncbi.nlm.nih.gov/pubmed/29863235
http://doi.org/10.3390/jcm8071033
http://doi.org/10.1261/rna.029405.111
http://www.ncbi.nlm.nih.gov/pubmed/22028365
http://doi.org/10.1016/j.omtn.2020.09.040
http://www.ncbi.nlm.nih.gov/pubmed/33425485
http://doi.org/10.3389/fgene.2018.00471
http://doi.org/10.1038/s41556-018-0204-2
http://doi.org/10.1167/iovs.19-27602
http://doi.org/10.1167/iovs.61.14.35
http://doi.org/10.1371/journal.pone.0018137
http://www.ncbi.nlm.nih.gov/pubmed/21483866
http://doi.org/10.21769/BioProtoc.3128


Cells 2021, 10, 3271 13 of 14

24. Madsen-Bouterse, S.A.; Mohammad, G.; Kanwar, M.; Kowluru, R.A. Role of mitochondrial DNA damage in the development of
diabetic retinopathy, and the metabolic memory phenomenon associated with its progression. Antioxid. Redox Signal. 2010, 13,
797–805. [CrossRef] [PubMed]

25. Duraisamy, A.J.; Mohammad, G.; Kowluru, R.A. Mitochondrial fusion and maintenance of mitochondrial homeostasis in diabetic
retinopathy. Biochim. Biophys. Acta Mol. Basis. Dis. 2019, 1865, 1617–1626. [CrossRef] [PubMed]

26. Santos, J.M.; Tewari, S.; Kowluru, R.A. A compensatory mechanism protects retinal mitochondria from initial insult in diabetic
retinopathy. Free Rad. Biol. Med. 2012, 53, 1729–1737. [CrossRef]

27. Ota, A.; Ishihara, T.; Ishihara, N. Mitochondrial nucleoid morphology and respiratory function are altered in Drp1-deficient HeLa
cells. J. Biochem. 2020, 167, 287–294. [CrossRef]

28. Lacerda, L.; Smith, R.M.; Opie, L.; Lecour, S. TNFalpha-induced cytoprotection requires the production of free radicals within
mitochondria in C2C12 myotubes. Life Sci. 2006, 79, 2194–2201. [CrossRef]

29. Duraisamy, A.J.; Mishra, M.; Kowluru, A.; Kowluru, R.A. Epigenetics and regulation of oxidative stress in diabetic retinopathy.
Investig. Ophthalmol. Vis. Sci. 2018, 59, 4831–4840. [CrossRef]

30. Kolesnikov, A.A. The Mitochondrial Genome. The Nucleoid. Biochemistry 2016, 81, 1057–1065. [CrossRef] [PubMed]
31. Frank, R.N. Diabetic Retinopathy. N. Engl. J. Med. 2004, 350, 48–58. [CrossRef]
32. Mizutani, M.; Kern, T.S.; Lorenzi, M. Accelerated death of retinal microvascular cells in human and experimental diabetic

retinopathy. J. Clin. Investig. 1996, 97, 2883–2890. [CrossRef]
33. Bresnick, G.; Engerman, R.; Davis, M.D.; de Venecia, G.; Myers, F.L. Patterns of ischemia in diabetic retinopathy. Trans. Am. Acad.

Ophthalmol. Otolaryngol. 1976, 81, 694–709.
34. Kowluru, R.A.; Kowluru, A.; Veluthakal, R.; Mohammad, G.; Syed, I.; Santos, J.M.; Mishra, M. TIAM1-RAC1 signalling axis-

mediated activation of NADPH oxidase-2 initiates mitochondrial damage in the development of diabetic retinopathy. Diabetologia
2014, 57, 1047–1056. [CrossRef] [PubMed]

35. Mishra, M.; Kowluru, R.A. Retinal mitochondrial DNA mismatch repair in the development of diabetic retinopathy, and its
continued progression after termination of hyperglycemia. Investig. Ophthalmol. Vis. Sci. 2014, 55, 6960–6967. [CrossRef]
[PubMed]

36. Cabili, M.N.; Trapnell, C.; Goff, L.; Koziol, M.; Tazon-Vega, B.; Regev, A.; Rinn, J.L. Integrative annotation of human large
intergenic noncoding RNAs reveals global properties and specific subclasses. Genes Dev. 2011, 25, 1915–1927. [CrossRef]

37. Dong, Y.; Yoshitomi, T.; Hu, J.F.; Cui, J. Long noncoding RNAs coordinate functions between mitochondria and the nucleus.
Epigenetics Chromatin 2017, 10, 41. [CrossRef] [PubMed]

38. Kim, K.M.; Noh, J.H.; Abdelmohsen, K.; Gorospe, M. Mitochondrial noncoding RNA transport. BMB Rep. 2017, 50, 164–174.
[CrossRef]

39. Zhao, Y.; Liu, S.; Zhou, L.; Li, X.; Meng, Y.; Li, Y.; Li, L.; Jiao, B.; Bai, L.; Yu, Y.; et al. Aberrant shuttling of long noncoding RNAs
during the mitochondria-nuclear crosstalk in hepatocellular carcinoma cells. Am. J. Cancer Res. 2019, 9, 999–1008.

40. Alfaifi, M.; Beg, M.M.A.; Alshahrani, M.Y.; Ahmad, I.; Alkhathami, A.G.; Joshi, P.C.; Alshehri, O.M.; Alamri, A.M.; Verma, A.K.
Circulating long non-coding RNAs NKILA, NEAT1, MALAT1, and MIAT expression and their association in type 2 diabetes
mellitus. BMJ Open Diabetes Res. Care 2021, 9, e001821. [CrossRef]

41. Zhang, X.; Tang, X.; Liu, K.; Hamblin, M.H.; Yin, K.-J. Long Noncoding RNA Malat1 Regulates Cerebrovascular Pathologies in
Ischemic Stroke. J. Neurosci. 2017, 37, 1797–1806. [CrossRef] [PubMed]

42. Sathishkumar, C.; Prabu, P.; Mohan, V.; Balasubramanyam, M. Linking a role of lncRNAs (long non-coding RNAs) with insulin
resistance, accelerated senescence, and inflammation in patients with type 2 diabetes. Hum. Genom. 2018, 12, 41. [CrossRef]
[PubMed]

43. Biswas, S.; Thomas, A.A.; Chen, S.; Aref-Eshghi, E.; Feng, B.; Gonder, J.; Sadikovic, B.; Chakrabarti, S. MALAT1: An Epigenetic
Regulator of Inflammation in Diabetic Retinopathy. Sci. Rep. 2018, 8, 6526. [CrossRef] [PubMed]

44. Abdulle, L.E.; Hao, J.L.; Pant, O.P.; Liu, X.F.; Zhou, D.D.; Gao, Y.; Suwal, A.; Lu, C. MALAT1 as a Diagnostic Therapeutic Target in
Diabetes-Related Complications: APromising Long-Noncoding RNA. Int. J. Med. Sci. 2019, 16, 548–555. [CrossRef]

45. Yan, B.; Tao, Z.F.; Li, X.M.; Zhang, H.; Yao, J.; Jiang, Q. Aberrant expression of long noncoding RNAs in early diabetic retinopathy.
Investig. Ophthalmol. Vis. Sci. 2014, 55, 941–951. [CrossRef]

46. Dong, N.; Xu, B.; Shi, H. Long noncoding RNA MALAT1 acts as a competing endogenous RNA to regulate Amadori-glycated
albumin-induced MCP-1 expression in retinal microglia by a microRNA-124-dependent mechanism. Inflamm. Res. 2018, 67,
913–925. [CrossRef]

47. Zhang, Y.L.; Hu, H.Y.; You, Z.P.; Li, B.Y.; Shi, K. Targeting long non-coding RNA MALAT1 alleviates retinal neurodegeneration in
diabetic mice. Int. J. Ophthalmol. 2020, 13, 213–219. [CrossRef]

48. Riva, P.; Ratti, A.; Venturin, M. The Long Non-Coding RNAs in Neurodegenerative Diseases: Novel Mechanisms of Pathogenesis.
Curr. Alzheimer Res. 2016, 13, 1219–1231. [CrossRef]

49. Zhang, M.; Wang, X.; Yao, J.; Qiu, Z. Long non-coding RNA NEAT1 inhibits oxidative stress-induced vascular endothelial cell
injury by activating the miR-181d-5p/CDKN3 axis. Artif. Cells Nanomed. Biotechnol. 2019, 47, 3129–3137. [CrossRef]

50. Hezroni, H.; Koppstein, D.; Schwartz, M.G.; Avrutin, A.; Bartel, D.P.; Ulitsky, I. Principles of long noncoding RNA evolution
derived from direct comparison of transcriptomes in 17 species. Cell Rep. 2015, 11, 1110–1122. [CrossRef]

http://doi.org/10.1089/ars.2009.2932
http://www.ncbi.nlm.nih.gov/pubmed/20088705
http://doi.org/10.1016/j.bbadis.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30922813
http://doi.org/10.1016/j.freeradbiomed.2012.08.588
http://doi.org/10.1093/jb/mvz112
http://doi.org/10.1016/j.lfs.2006.07.020
http://doi.org/10.1167/iovs.18-24548
http://doi.org/10.1134/S0006297916100047
http://www.ncbi.nlm.nih.gov/pubmed/27908231
http://doi.org/10.1056/NEJMra021678
http://doi.org/10.1172/JCI118746
http://doi.org/10.1007/s00125-014-3194-z
http://www.ncbi.nlm.nih.gov/pubmed/24554007
http://doi.org/10.1167/iovs.14-15020
http://www.ncbi.nlm.nih.gov/pubmed/25249609
http://doi.org/10.1101/gad.17446611
http://doi.org/10.1186/s13072-017-0149-x
http://www.ncbi.nlm.nih.gov/pubmed/28835257
http://doi.org/10.5483/BMBRep.2017.50.4.013
http://doi.org/10.1136/bmjdrc-2020-001821
http://doi.org/10.1523/JNEUROSCI.3389-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28093478
http://doi.org/10.1186/s40246-018-0173-3
http://www.ncbi.nlm.nih.gov/pubmed/30139387
http://doi.org/10.1038/s41598-018-24907-w
http://www.ncbi.nlm.nih.gov/pubmed/29695738
http://doi.org/10.7150/ijms.30097
http://doi.org/10.1167/iovs.13-13221
http://doi.org/10.1007/s00011-018-1184-1
http://doi.org/10.18240/ijo.2020.02.03
http://doi.org/10.2174/1567205013666160622112234
http://doi.org/10.1080/21691401.2019.1646264
http://doi.org/10.1016/j.celrep.2015.04.023


Cells 2021, 10, 3271 14 of 14

51. Gong, W.; Zhu, G.; Li, J.; Yang, X. LncRNA MALAT1 promotes the apoptosis and oxidative stress of human lens epithelial cells
via p38MAPK pathway in diabetic cataract. Diabetes Res. Clin. Pract. 2018, 144, 314–321. [CrossRef]

52. Gottlieb, E.; Armour, S.M.; Harris, M.H.; Thompson, C.B. Mitochondrial membrane potential regulates matrix configuration and
cytochrome c release during apoptosis. Cell Death Differ. 2003, 10, 709–717. [CrossRef]

53. Long, J.; Badal, S.S.; Ye, Z.; Wang, Y.; Ayanga, B.A.; Galvan, D.; Green, N.H.; Chang, B.H.; Overbeek, P.A.; Danesh, F.R. Long
noncoding RNA Tug1 regulates mitochondrial bioenergetics in diabetic nephropathy. J. Clin. Investig. 2016, 126, 4205–4218.
[CrossRef]

54. Taiana, E.; Favasuli, V.K.; Ronchetti, D.; Todoerti, K.; Pelizzoni, F.; Manzoni, M.; Barbieri, M.; Fabris, S.; Silvestris, I.; Cantafio,
M.E.G.; et al. Long non-coding RNA NEAT1 targeting impairs the DNA repair machinery and triggers anti-tumor activity in
multiple myeloma. Leukemia 2020, 34, 234–244. [CrossRef]

55. Sumitani, M.; Kasashima, K.; Ohta, E.; Kang, D.; Endo, H. Association of a Novel Mitochondrial Protein M19 with Mitochondrial
Nucleoids. J. Biochem. 2009, 146, 725–732. [CrossRef]

56. Kucej, M.; Kucejova, B.; Subramanian, R.; Chen, X.J. ABR Mitochondrial nucleoids undergo remodeling in response to metabolic
cues. J. Cell Sci. 2008, 121, 1861–1868. [CrossRef] [PubMed]

57. Kumar, M.M.; Goyal, R. LncRNA as a Therapeutic Target for Angiogenesis. Curr. Top. Med. Chem. 2017, 17, 1750–1757. [CrossRef]
58. Kopp, F.; Mendell, J.T. Functional Classification and Experimental Dissection of Long Noncoding RNAs. Cell 2018, 172, 393–407.

[CrossRef] [PubMed]
59. Hu, W.L.; Jin, L.; Xu, A.; Wang, Y.F.; Thorne, R.F.; Zhang, X.D.; Wu, M. GUARDIN is a p53-responsive long non-coding RNA that

is essential for genomic stability. Nat. Cell Biol. 2018, 20, 492–502. [CrossRef] [PubMed]

http://doi.org/10.1016/j.diabres.2018.06.020
http://doi.org/10.1038/sj.cdd.4401231
http://doi.org/10.1172/JCI87927
http://doi.org/10.1038/s41375-019-0542-5
http://doi.org/10.1093/jb/mvp118
http://doi.org/10.1242/jcs.028605
http://www.ncbi.nlm.nih.gov/pubmed/18477605
http://doi.org/10.2174/1568026617666161116144744
http://doi.org/10.1016/j.cell.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29373828
http://doi.org/10.1038/s41556-018-0066-7
http://www.ncbi.nlm.nih.gov/pubmed/29593331

	Introduction 
	Methods 
	RNA Sequencing 
	Gene Expression 
	RNA Fluorescence In Situ Hybridization (RNA-FISH) 
	Reactive Oxygen Species 
	Mitochondrial Membrane Potential 
	Mitochondrial DNA Damage 
	Mitochondrial Nucleoids 
	Statistical Analysis 

	Results 
	Discussion 
	References

