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Doxorubicin (DOX)-induced cardiotoxicity has been one of the
major limitations for its clinical use. Although extensive
studies have been conducted to decipher the molecular mecha-
nisms underlying DOX cardiotoxicity, no effective preventive
or therapeutic measures have yet been identified. Microarray
analysis showed that multiple long non-coding RNAs
(lncRNAs) are differentially expressed between control- and
DOX-treated cardiomyocytes. Functional enrichment analysis
indicated that the differentially expressed genes are annotated
to cardiac hypertrophic pathways. Among differentially ex-
pressed lncRNAs, cardiomyocyte mitochondrial dynamic-
related lncRNA 1 (CMDL-1) is the most significantly downre-
gulated lncRNA in cardiomyocytes after DOX exposure. The
protein-RNA interaction analysis showed that CMDL-1 may
target dynamin-related protein 1 (Drp1). Mechanistic analysis
shows that lentiviral overexpression of CMDL-1 prevents
DOX-induced mitochondrial fission and apoptosis in cardio-
myocytes. However, overexpression of CMDL-1 cannot effec-
tively reduce mitochondrial fission when Drp1 is minimally
expressed by small interfering RNA Drp1 (siDrp1). Overex-
pression of CMDL-1 promotes the association between
CMDL-1 and Drp1, as well as with phosphorylated (p-)Drp1,
as evidenced by RNA immunoprecipitation analysis. These
data indicate the role of CMDL-1 in posttranslational modifica-
tion of a target protein via regulating its phosphorylation.
Collectively, our data indicate that CMDL-1 may play an
anti-apoptotic role in DOX cardiotoxicity by regulating Drp1
S637 phosphorylation. Thus, CMDL-1 may serve as a potential
therapeutic target in DOX cardiotoxicity.
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INTRODUCTION
Doxorubicin (DOX), an anthracycline chemotherapeutic agent, has
been one of the widely used anti-cancer drugs for both children
and adult patients. However, its therapeutic benefits and long-term
usage are limited by the cumulative and dose-dependent cardiac
toxicity ranging from trivial changes in myocardial structure and
function to severe cardiomyopathy and congestive heart failure.1,2
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Although extensive studies have been conducted to decipher the exact
molecular mechanisms underlying DOX cardiotoxicity, so far, no
effective preventive or therapeutic measures have been identified.3

Several studies have evinced that DOX cardiotoxicity is associated
with DNA damage, increase generation of reactive oxygen species
(ROS), and mitochondrial dysfunction.4,5 Despite the multiple
signaling pathways involved in DOX cardiotoxicity, most of these
mechanisms ultimately lead to the activation of apoptosis, contrib-
uting to the progressive loss of cardiac contractile function, and
eventually heart failure.4,6 Thus, in order to develop an effective pre-
ventative and therapeutic strategy that averts cardiotoxicity and
preserves cardiac function during DOX treatment, it is critical to un-
derstand the molecular mechanism underlying the DOX-induced
cardiomyocyte loss.

It is well established that mitochondrial morphology plays a critical
role in cardiomyocyte apoptosis. Imbalance in mitochondrial fusion
and fission is observed in various cardiovascular diseases, including
cardiac ischemia, heart failure, and cardiomyopathies.7,8 DOX cardi-
otoxicity is closely linked tomitochondrial dysfunction; dysfunctional
mitochondrial fission andmitophagy are observed in DOX cardiotox-
icity.9 Dynamin-related protein 1 (Drp1), a large GTPase cytosolic
protein, is responsible for outer mitochondrial membrane (OMM)
fission. During mitochondrial fission, Drp1 is recruited to the
OMM and forms a ring-like structure around the mitochondrial
membrane, leading to constriction of the mitochondrial membrane.10

Drp1 can be reversibly phosphorylated at its serine residues, and the
localization or activation of cardiac Drp1 is strongly influenced by its
phosphorylation status.11–13 Phosphorylation of Drp1 at serine
637 prevents Drp1 translocation to mitochondria and inhibits
The Author(s).
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mitochondrial fission.13 Din et al.14 indicated that increased expres-
sion of serine/threonine-protein kinase Pim-1 in neonatal rat cardio-
myocytes (NRCMs) prevented Drp1 translocation and subsequently
inhibited mitochondrial fission and apoptosis, thereby reducing
cardiac damage after ischemia injury. Therefore, understanding the
molecular mechanism of how Drp1 function is regulated during
DOX exposure is essential to ameliorate its cardiotoxic effect.

With the rapid advancement in high-throughput sequencing technol-
ogies, scientists continue to identify different forms of non-coding
RNAs, which account for approximately 98% of the human
genome.15 Long non-coding RNAs (lncRNAs) are 200-nt-long non-
coding RNA transcripts that are involved in the regulation of gene
expression as well as gene function through diverse molecular mech-
anisms. Based on gene-regulating mechanisms, lncRNAs can be clas-
sified into four main categories, including signal, decoy, guide, and
scaffold lncRNAs.15 lncRNAs are dynamically expressed during
different cellular developmental stages and cardiovascular pathol-
ogies, suggesting their potential to serve as biomarkers and therapeu-
tic targets for various cardiovascular diseases.16,17 Several recent
studies have reported that lncRNAs can influence cardiac apoptosis
via regulating mitochondrial dynamic pathways.18–20 For example,
cardiac apoptosis-related lncRNA (CARL) can prevent ischemia-
induced mitochondrial fission and apoptosis by suppressing miR-
539 activity, which promotes mitochondrial fission via inhibiting pro-
hibitin-2 (Phb2) expression.18 However, very little is known about the
role of lncRNA in DOX-induced cardiac apoptosis.

Our study revealed a significant downregulation of cardiomyocyte
mitochondrial dynamic-related lncRNA 1 (CMDL-1) expression in
cardiomyocytes upon DOX exposure compared to untreated control
(CT) samples, evidenced by both microarray and quantitative real-
time PCR analyses. Functional enrichment analysis showed that the
differentially expressed genes are enriched in cardiomyocyte hyper-
trophic pathways. CMDL-1 is located in proximity to the Trpm-7
(transient receptor potential cation channel, subfamily M, member
7) kinase gene that can be transcribed into phosphorylating protein
kinase. So far, the function and mechanism of CMDL-1 have not
yet been reported. In silico and RNA immunoprecipitation (RIP)
analysis results showed a likelihood of physical interaction between
CMDL-1 and the mitochondrial fission factor Drp1. Therefore,
we aimed to decipher the role of novel lncRNA CMDL-1 in DOX
cardiotoxicity, focusing on its functional correlation with Drp1
phosphorylation.

RESULTS
Microarray profiling identified differentially expressed lncRNAs

andmRNAsbetweenDOX-exposed and control cardiomyocytes

We profiled the expression levels of genome-wide lncRNAs and
mRNAs between DOX-exposed and control cardiomyocytes. All
samples were prepared in triplicates, and the extracted RNAs from
the pooled samples underwent microarray analysis. We compared
the distributions of expression values for the samples after normali-
zation using a boxplot (Figures 1A and 1B). In the lncRNA expres-
sion profiling data, a total of 7,788 lncRNAs expressed in cardiomyo-
cytes were evaluated. A comparison of lncRNA expression levels
between DOX-treated and untreated cardiomyocytes identified
2,190 differentially expressed lncRNAs, of which 1,059 were upregu-
lated and 1,131 were downregulated (with the cutoff fold change
R2.0, p < 0.05, Figures 1C and 1E). The most upregulated and down-
regulated lncRNAs were BC083885 (fold change of 64.698) and
MRAK082686 (fold change of 148.554) in the DOX-exposed group,
respectively. The top 20 dysregulated lncRNAs are shown in the
Table S2.

In the mRNA expression profiling data, a total of 12,595 mRNAs ex-
pressed in cardiomyocytes were analyzed. A comparison of mRNA
expression levels between DOX-treated and untreated cardiomyo-
cytes identified 4,983 differentially expressed mRNAs, of which
2,316 were upregulated and 2,367 were downregulated (with the cut-
off fold change R2.0, p < 0.05, Figures 1D and 1F). The most upre-
gulated and downregulated mRNAs were GenBank: NM_080411
(fold change of 173.456) and GenBank: NM_001107944 (fold change
of �188.323), respectively. The top 20 dysregulated mRNAs are
shown in Table S3. Hierarchical clustering analysis arranges samples
into groups based on their expression levels, which allows us to hy-
pothesize about the relationships among the samples (Figures 1C
and 1D).

GO and KEGG pathway analysis for differentially expressed

mRNAs

Given that the function of lncRNAs may be related to the protein-
coding genes, we evaluated the enrichment of mRNAs in biological
processes, cellular components, and molecular functions by using
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis. GO analysis of relevant factors from
downregulated mRNA transcripts showed them to be annotated to
metabolic processes (Figure S1A), enriched in intracellular compo-
nents (Figure S1C), and involved in protein binding function (Fig-
ure S1E). However, the upregulated mRNAs were found to be
involved in glucocorticoid secretion processes (Figure S1B), mainly
distributed in intracellular components (Figure S1D), and also anno-
tated to protein binding function (Figure S1F).

KEGG pathway analysis offered a reliable way to identify the candi-
date biological pathways through which the lncRNAs interacted
with mRNAs. The pathway analysis showed that downregulated
mRNAs were involved in the mitogen-activated protein kinase
(MAPK) signaling pathway, ubiquitin-mediated proteolysis, adren-
ergic signaling in cardiomyocytes, proteoglycans in cancer, hepatitis
B, the transforming growth factor (TGF)-b signaling pathway, mi-
croRNAs in cancer, renal cell carcinoma, basal transcription fac-
tors, and the cell cycle (Figure 2A). Pathways associated with syn-
aptic vesicle cycle; lysosome, complement, and coagulation
metabolism; arginine and proline metabolism; collecting duct acid
secretion; leukocyte trans-endothelial migration; fructose and
mannose metabolism; and hypertrophic cardiomyopathy were en-
riched by upregulated mRNAs (Figure 2B).
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Figure 1. Microarray profiling identified differentially

expressed lncRNAs and mRNAs between

doxorubicin (DOX)-exposed and control

cardiomyocytes

(A and B) Boxplot of all of the tested samples to quickly

visualize the distribution for the lncRNA (A) and the mRNA

(B) profiles. The samples in the dataset were normalized,

and the medians of lncRNAs were close to 5 (A) and the

medians of mRNA were close to 8 (B). (C and D) lncRNA

and mRNA expression profiles between the untreated

control and DOX-treated H9c2 cardiomyocytes. Hierar-

chical clustering analysis of gene expression levels between

the two samples is shown. Cluster analysis indicated 2,190

lncRNAs (C) and 4,683 mRNAs (D). In the heatmap, red

indicates upregulated expression and green indicates

downregulated expression. (E and F) Scatterplots sum-

marize lncRNA (E) and mRNA (F) expression variation be-

tween the two samples. The values of the x and y axes in

the scatterplot are the averaged normalized signal values of

the group (log2 scaled). The green lines represent fold

change (the default fold change given is 2.0).
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Figure 2. KEGG analyses indicate that DOX can induce dysregulation of MAPK signaling and hypertrophic pathways in cardiomyocytes

(A and B) KEGG pathways analysis of differentially expressed lncRNAs. The top 10 enrichment scores (�log10[p value]) of the significant enrichment pathway of

downregulated (A) and upregulated pathways (B) are shown. A p value denotes the enrichment p value of the pathway ID used the Fisher’s exact test. The enrichment score

value of pathway ID is defined by (�log10[p value]). The lower the p value, the higher the enrichment score, and the more significant is the pathway enrichment.
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Validation of expression levels of lncRNAs by quantitative real-

time PCR

Expression levels of the selected top 20 lncRNAs (10 downregulated
and 10 upregulated) detected in microarray analysis are shown in Fig-
ures 3A and 3B. The quantitative real-time PCR results showed the
selected top 20 lncRNA expression differences in three paired DOX
and control cardiomyocytes, which we used for microarray analysis
(Figures 3C–3F). We analyzed the expression levels and fold change
of the top 10 downregulated (Figures 3B and 3E) and upregulated
(Figures 3D and 3F) lncRNAs. These findings indicated that the
expression pattern of these top 20 differentially expressed lncRNAs
were generally consistent between the microarray and quantitative
real-time PCR results. Among those lncRNAs, MRAK164850, which
we named CMDL-1, is the most significantly downregulated one in
DOX-exposed cardiomyocytes as evidenced by both microarray
and quantitative real-time PCR.

Sequence structure of CMDL-1

The full-length cDNA sequence of CMDL-1 is described in Figure 4A.
CMDL-1 contained 39 exons and 38 introns, located at chromosome
3q36, and of 96% (query cover 49%) with Trpm-7, which can function
as a kinase by phosphorylating itself or other substrates (Figure 4B).
The secondary structure of CMDL-1 was predicted with minimum
free energy (MFE) and minimum total base-paired distance to all
structures in thermodynamics ensemble (centroid) models using
the RNAfold web server (Figure 4C).

Overexpression of lncRNA CMDL-1 prevents DOX-induced

mitochondrial fission and apoptosis in cardiomyocytes

We found that the expression of CMDL-1 in H9c2 cardiomyocytes is
downregulated in a time-dependent manner upon DOX exposure
(Figure 5A). To understand the role of CMDL-1 in DOX-induced car-
diotoxicity, we overexpressed CMDL-1 in cardiomyocytes by infect-
ing the cells with adenoviral overexpressing CMDL-1, and an empty
vector (EV) was used as a control (Figure 5B). Several studies have
indicated that DOX can induce mitochondrial fission and apoptosis
in cardiomyocytes.9,21,22 To detect whether CMDL-1 can influence
the cardiac mitochondrial fission, we induced CMDL-1 overexpres-
sion in cardiomyocytes as mentioned above and analyzed the mito-
chondrial morphology. As shown in Figures 5C and 5D, CMDL-1
overexpressed cardiomyocytes showed less mitochondrial fragmenta-
tion upon DOX exposure compared to negative and empty vector
control groups. Next, to assess whether CMDL-1 can affect apoptosis,
we detected the number of cells undergoing apoptosis using flow cy-
tometry. Consistent with mitochondrial fission, cells with CMDL-1
overexpression showed a significant reduction in DOX-induced
apoptosis (Figures 5E and 5F). These data suggest that overexpression
of CMDL-1 ameliorates DOX-induced mitochondrial fission and
apoptosis.

CMDL-1 regulates apoptosis via Drp1

It has been well established that mitochondrial fission is regulated by
the mitochondrial fission proteins such as Drp1, mitochondrial
fission 1 protein (Fis1), and mitochondrial fission factor (Mff).23,24

To explore the downstream target of CMDL-1 in the mitochondrial
fission pathway, we used an in silico approach with catRAPID to iden-
tify the potential interaction between CMDL-1 and the mitochondrial
fission proteins, including Drp1, Fis1, andMff, of which Drp1 showed
a strong propensity of interaction with CMDL-1 (normalized score of
2.7). Next, we used the catRAPID fragment algorithm to predict the
potential region of CMDL-1 that interacted with Drp1 and found
that a protein region (511–602) of Drp1 and an RNA region (514-
629) (50 region) of CMDL-1 possessed a strong interaction propensity
(12.13) and high discriminative power (35) (Figures 6A and 6B).

We detected the expression levels of Drp1 and Trpm-7 upon
DOX exposure and observed a time-dependent upregulation in their
expression (Figure 6C). To understand the role of Drp1 in CMDL-1
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Figure 3. CMDL-1 is the most significantly downregulated lncRNA in cardiomyocytes after DOX exposure

(A and B) Top 10 differentially expressed lncRNAs analyzed by microarray analysis. Comparison of the consistently downregulated (A) and upregulated (B) lncRNAs in

untreated control and DOX-treated samples (n = 3) is shown. (C and D) Quantitative real-time PCR was used to validate downregulated (C) and upregulated (D) lncRNAs.

(E and F) Fold change expression levels of quantitative real-time PCR validated downregulated (E) and upregulated (F) lncRNAs. Data are expressed as the mean ± SEM.

*p < 0.05 compared to control samples as calculated by a two-sided Wilcoxon signed-rank test.
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signaling, we detected the changes in Drp1 expression when CMDL-1
was overexpressed. Interestingly, we did not observe a significant
reduction in Drp1 expression in cardiomyocytes overexpressing
CMDL-1 (Figure 6D). Then, we hypothesized that if CMDL-1 exerts
its function through Drp1, then when Drp1 is minimally expressed,
the anti-mitochondrial fission effect of CMDL-1 overexpression
should either be reduced or disappear. In Figures 6E and 6F, our re-
sults show that either CMDL-1 overexpression or Drp1 depletion
significantly inhibits mitochondrial fission. However, the anti-mito-
642 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
chondrial fission effect of CMDL-1 was reduced when Drp1 was
minimally expressed (Figures 6E and 6F), indicating that Drp1 is
essential for CMDL-1 function. As expected, when Drp1 was mini-
mally expressed, the anti-apoptotic effect of CMDL-1 was reduced
(Figure 6G). Interestingly, although the knockdown of Drp1 sup-
pressed the anti-mitochondrial fission and anti-apoptotic effects of
CMDL-1, its effect was not that of complete inhibition, implying
that CMDL-1 may regulate Drp1 function but not through affecting
Drp1 expression.



Figure 4. Sequence structure of CMDL-1

(A) Full-length cDNA sequence of CMDL-1 (2,890 bp). (B) UCSC BLAST search program. CMDL-1 contained 39 exons and 38 introns, located at 3q36 and of 96% (query

cover 49%) with transient receptor potential cation channel, subfamily M, member 7 (Trpm-7). (C) Secondary structure of CMDL-1 predicted with minimum free energy (MFE)

and minimum total base-paired distance to all structures in thermodynamics ensemble (centroid) models using the RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/

RNAWebSuite/RNAfold.cgi?PAGE=3&ID=UhzKa0PEie).
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Figure 5. Overexpression of CMDL-1 prevents the DOX-induced mitochondrial fission and apoptosis in cardiomyocytes

(A) Dynamics of CMDL-1 expression at indicated durations of DOX exposure. *p < 0.05, **p < 0.01 versus 0 h. (B) qPCR analysis of CMDL-1 expression. H9c2 cells were

infected with CMDL-1 overexpressed virus and CMDL-1 expression was analyzed. (C and D) Overexpression of CMDL-1 ameliorates DOX-induced mitochondrial fission.

Mitochondrial morphology (C) and quantification of mitochondrial fission (D) were analyzed after 6 h of DOX treatment. The disintegration levels of mitochondria (mitochondrial

fission) in 250–300 cells were counted in 30–40 random fields using a confocal microscope. (E and F) Overexpression of CMDL-1 prevents DOX-induced apoptosis. (E)

shows a representative flow cytometry plot, and (F) shows quantification of the dynamics of apoptosis in control (CT), DOX exposure, empty vector (EV) treated with DOX

(DOX + EV), and CMDL-1 overexpression treated with DOX (DOX + CMDL-1) as analyzed by flow cytometry. Data presented are representative of at least three independent

experiments. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, **p < 0.001, one-way ANOVA.
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Drp1 is a cytosolic protein, and phosphorylation at its serine 637
residue represses its activity, while dephosphorylation at the same
residue can activate its function and induce mitochondrial fission.13

Since CMDL-1 is located upstream to the protein kinase Trpm-7,
644 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
we hypothesized that CMDL-1 may regulate Drp1 phosphorylation.
To answer this question, we performed RIP. IP analysis using anti-
Drp1 and anti-phosphorylated (p-)Drp1 antibodies specific to the
S637 site indicated that CMDL-1 overexpressed cells had increased



(legend on next page)
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association with pDrp1, indicating that CMDL-1 may bind to
p-Drp1 (Figure 6H). Additionally, we observed an increase in the
S637 p-Drp1 level in CMDL-1 overexpressed cardiomyocytes after
DOX exposure (Figure 6I). Moreover, the nuclear versus cyto-
plasmic expression analysis showed that a higher percentage of
CMDL-1 was expressed in the cytoplasm compared to the nucleus,
supporting the phenomenon that CMDL-1 could directly interact
with Drp1 rather than controlling Drp1’s transcription (Figure S2).
These data collectively indicate that CMDL-1 can physically interact
with Drp1.

CMDL-1 expression is downregulated and apoptosis is

increased in in vivo DOX-induced cardiac injury

Then, we employed in vivo DOX-induced cardiac injury using
adult rats. As shown in Figure 7A, we administered the indicated
doses of DOX to the test group and equal volume of normal sa-
line to the control group intraperitoneally to induce cardiotoxic-
ity. Intraperitoneal injection was given once a week (cumulative
total of 24 mg/kg) for 6 weeks, and the well-being of both control
and test groups was closely monitored (Figure 7B). After 6 weeks,
we analyzed the cardiac function using echocardiography. As
shown in Figures 7C–7G, the DOX-exposed group showed a car-
diac function reflected by all four cardiac echographic parameters,
including a significant increase in left ventricular internal diam-
eter at end systole (LVESd) and left ventricular internal diameter
at end-diastole (LVEDd) with a significant decrease in left ven-
tricular ejection fraction (LVEF) and left ventricular fractional
shortening (LVFS). However, we did not observe statistically
significant changes in cardiomyocyte cross-sectional area of
DOX-exposed myocardium on wheat germ agglutinin (WGA)
staining (Figures S3A and S3B). Next, we tested DOX-induced
apoptosis in the heart tissue using TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling) staining and cas-
pase-3 expression, and we observed a significant increase in
TUNEL-positive cells (Figure 7H) and caspase-3 expression (Fig-
ure S4) in the DOX-exposed group compared to the control
group. In addition, consistent with in vitro findings, we found
that the expression of CMDL-1 was downregulated (Figure 7I).
Collectively, we demonstrated that CMDL-1 prevents cardiac
mitochondrial fission and apoptosis by regulating Drp1
phosphorylation.
Figure 6. CMDL-1 regulates apoptosis via Drp1

(A and B) CMDL-1 is predicted to interact with Drp1. A positive interaction score indic

interaction domain to nucleotides 1500–2000 (B). RNA-protein interaction scores were

cells were treated with DOX at the indicated time points, and cells were harvested for

transfected with siDrp1 to knock downDrp1 expression andwith scrambled Drp1 (scDrp

infected with lentiviral overexpressing CMDL-1, and after 24 h they were harvested for im

Drp1. Cells were transfected with EV, CMDL-1, and siDrp1 and exposed to DOX, an

quantification of mitochondrial fission. (F) shows representative mitochondrial morpholog

(G) The anti-apoptotic effect of CMDL-1 decreases when Drp1 is minimally expressed

immunoprecipitation analysis. The upper panel shows western blot analysis of the sp

enrichment when CMDL-1 is overexpressed (analyzed by qPCR). IgG served as the ne

serine 637 residue. Data presented are representative of at least three independent exp

ANOVA.
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DISCUSSION
lncRNAs are emerging as crucial players in both cardiovascular
physiology and pathology.25–27 Increasing studies have supported
the notion that they could serve as diagnostic biomarkers as well
as therapeutic targets for cardiovascular diseases.28 Our study, to
our knowledge for the first time, deciphers the role of a novel
lncRNA (CMDL-1) in the regulation of DOX cardiotoxicity. The
expression of CMDL-1 is significantly downregulated in DOX-
treated cardiomyocytes compared to untreated controls. Over-
expression of CMDL-1 can enhance Drp1 phosphorylation at
the S637 residue, leading to deactivation of Drp1 function and
preventing DOX-induced mitochondrial fission and apoptosis,
suggesting that CMDL-1 may serve as a therapeutic target in DOX
cardiotoxicity.

As a paradox in cancer survivors, long-term anticancer treatment
has been shown to induce delayed cardiotoxicity. Two categories
of cardiotoxicity have been proposed, that is, type I, which is
defined as permanent cardiotoxicity, and type II, which is consid-
ered reversible. Anthracycline group antineoplastic drugs, such as
DOX, are linked to type I cardioxoticity.29 Although extensive
research has been done on the optimal usage of DOX, its dose-
dependent and cumulative cardiotoxicity remains the major
concern for its long-term prescription in cancer patients.1,2

Exploring the mechanism of DOX cardiotoxicity from the basics
of lncRNA and mitochondrial dynamics might provide a novel
therapeutic strategy for the treatment of DOX cardiotoxicity in
cancer patients. It has been reported that DOX-induced free
radical production is the primary mechanism causing myocardial
injury because the heart is highly vulnerable to oxidative stress.5

Reducing ROS production by using a late Na+ current inhibitor,
such as ranolazine, has been shown to blunt anthracycline-induced
cardiac dysfunction.30 The heart is an organ enriched with mito-
chondria, and mitochondria are the most extensively injured sub-
cellular organelles during DOX cardiotoxicity. The dysfunctional
mitochondria lead to structural changes such as mitochondrial
swelling and myelin figures within mitochondria.31 We and others
have reported that DOX cardiotoxicity can induce mitochondrial
fission and apoptosis, and the regulation of these pathways
shows a significant reduction in cardiotoxicity9,21 and cardiomyo-
cyte loss.22
ates the predicted binding between CMDL-1 and Drp1 (A) and maps the CMDL-1

generated using catRAPID software. (C) Drp1 and Trpm-7 expression levels. H9c2

immunoblot analysis. (D) Immunoblot analysis of Drp1 expression level. Cells were

1) as CT for 24–72 h and harvested for immunoblot analysis (upper panel). Cells were

munoblot analysis (low panel). (E and F) CMDL-1 regulates mitochondrial fission via

d mitochondrial morphology was analyzed by confocal microscopy. (E) shows the

y stained with MitoTracker red. *p < 0.05, **p < 0.01 versus DOX. Scale bars, 25 mm.

(analyzed by flow cytometry). *p < 0.05, **p < 0.01 versus the DOX group. (H) Co-

ecific association of Drp1 and p-Drp1 with CMDL-1. The lower panel shows Drp1

gative CT. (I) CMDL-1 overexpression enhances the phosphorylation of Drp1 at the

eriments. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, one-way



Figure 7. In vivo analysis of CMDL-1 expression in DOX-induced cardiac injury

(A) Schematic presentation of DOX-induced cardiac injury model. (B) Kaplan-Meier survival curves in CT and DOX-exposed rats. (C–G) The M-mode ultrasonic cardiography

change of rat hearts detected by echocardiography in CT and test adult rats after 6 weeks of exposure of saline and DOX, respectively. The quantitative analyses of left

ventricular internal diameter at end systole (LVESd; D), left ventricular internal diameter at end diastole (LVEDd; E), left ventricular ejection fraction (LVEF; F), and left ventricular

fractional shortening (LVFS; G) are shown; n = 10 rats for CT and n = 16 rats for DOX. (H) TUNEL staining for apoptosis analysis. The left panel shows TUNEL staining, and the

right panel shows quantification of apoptosis. (I) CMDL-1 expression between CT versus DOX-treated groups was analyzed by quantitative real-time PCR. Data presented

are representative of at least three independent experiments. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, two-tailed Student’s t test.
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Mitochondrial fission is involved in the development of progressive
left ventricular hypertrophy and the development of cardiac fail-
ure.32,33 Drp1 is the major mitochondrial fission protein,7 and both
in vivo and in vitro pulmonary arterial hypertensive rats showed
increased Drp1-mediated mitochondrial fission.33 Consistently, our
study also showed that both in vitro and in vivo DOX cardiotoxicity
induced the expression of Drp1. In transverse aortic banding (TAB)-
treated mouse hearts and phenylephrine (PE)-treated rat neonatal
cardiomyocytes, phosphorylation of Drp1 at serine 622 and translo-
cation were observed.34 The S637 of Drp1 is phosphorylated by
protein kinase A (PKA),35 Pim-114, CaMKI-a,36 and ROCK137 de-
pending on the type of stressed stimuli. Activation of Drp1 due to
dephosphorylation at S637 induces Drp1 translation to OMM and
mitochondrial fission, leading to cell death.38 Drp1 inhibitors ex-
hibited cardioprotective effects evidenced by reducing ROS produc-
tion, preserving mitochondrial morphology, and cytosolic calcium
levels.12,33,39 For example, administration of the Drp1 inhibitor
P110 in adult rats with myocardial infarction (MI) resulted in a sig-
nificant reduction in myocardial infarct size and left ventricular re-
modeling.39 In addition, the administration of Drp1 inhibitors
(mdivi-1 or P110) to both in vivo and in vitro pulmonary arterial hy-
pertensive rats could prevent Drp1 translocation to mitochondria and
inhibit mitochondrial fission, leading to preservation in right ventric-
ular dysfunction.33 In the present study, we observed that CMDL-1
could influence Drp1-mediated mitochondrial fission in DOX cardi-
otoxicity via regulating Drp1 phosphorylation. CMDL-1 promoted
Drp1 S637 phosphorylation and inhibited Drp1 translocation to
mitochondria, thereby preventing mitochondrial fission and
apoptosis. During DOX cardiotoxicity, overexpression of CMDL-1
ameliorated DOX-induced cardiomyocyte loss, suggesting that
CMDL-1 can be a potential therapeutic molecule in apoptosis-related
cardiac injury.

lncRNAs are implicated in the regulation of diverse biological pro-
cesses, including transcription, splicing, translation, chromosome
gene dosage compensation, imprinting, epigenetic regulation, cell cy-
cle control, cytoplasmic and nuclear trafficking, and cell differentia-
tion.40 Several recent studies have demonstrated that lncRNAs are
involved in the pathogenesis of DOX cardiotoxicity via regulating
apoptosis. Li et al.41 reported that LINC00339 was markedly upregu-
lated in DOX-induced cardiomyocytes and could aggravate apoptosis
by targeting miR-484. Another study also found that cardiac hyper-
trophy-related factor (CHRF) was found to be upregulated in the
heart in response to DOX.42 CHRF inhibition prevented DOX-
induced apoptosis and TGF-b1 expression by regulating the TGF-
b1/Smads and TGF-b/p38 pathways.42 Of note, the function of
lncRNAs can be varied depending on the type of cellular stress.
lncRNA H19, which is highly expressed in myocardial tissue, plays
an important role in apoptosis regulation. In diabetic cardiomyopa-
thy (DCM) rat models induced by high glucose, H19 was significantly
downregulated, and this reduction led to increased oxidative stress-
induced apoptosis.43 In contrast, Zhang et al.44 showed that H19
expression was upregulated in rats with DOX (Adriamycin)-induced
dilated cardiomyopathy (DCM), and overexpression of H19 was
648 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
associated with increased cardiomyocyte apoptosis. Although both
studies observed that H19 exerts its function by sponging miR675,
which consequently regulates the expression of anti-apoptosis gene
PA2G4, whether H19 may function as either a pro-apoptotic or
anti-apoptotic factor depends on the type of chemical stimuli, sug-
gesting the complex role of lncRNAs in cardiac apoptotic pathways.

Recent studies indicated that lncRNAs exert their functions by regu-
lating the phosphorylation of target signaling pathways. For instance,
Zhou et al.45 showed that in a rat model of diabetic cardiomyopathy,
overexpression of lncRNA H19 epigenetically downregulated
DIRAS3 expression and promoted mTOR phosphorylation, thereby
inhibiting high glucose-induced cardiomyocyte autophagy. Similarly,
lncRNA DANCR increased the phosphorylation of RXRA in the
phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway and
promoted tumorigenesis in patients with triple-negative breast cancer
(TNBC). This study suggested that DANCR can be a pro-oncogene
and can be a potential therapeutic target in treating TNBC.46 In the
present study, we found that CMDL-1 overexpression can prevent
Drp1-mediated mitochondrial fission and apoptosis by directly inter-
acting with Drp1 and enhancing its S637 phosphorylation. The full-
length of CMDL-1 is poorly conserved across species, but the
predicted protein-binding region with Drp1 is found to be conserved
in mice and humans.

In summary, we profiled the differential expression of lncRNAs and
mRNAs in DOX cardiotoxicity and identified a novel lncRNA named
CMDL-1, which was downregulated in both in vitro and in vivoDOX
cardiotoxicity. Our data indicated that CMDL-1 may function as an
anti-apoptotic factor in the heart by targeting Drp1, particularly regu-
lating Drp1 phosphorylation. However, the exact molecular mecha-
nisms of CMDL-1 remain to be further verified in animal models.
Collectively, our work highlights the less appreciated posttransla-
tional mechanism of lncRNAs, modulating the phosphorylation sta-
tus of its interacting proteins, and it also provides a fundamental piece
of evidence for the therapeutic potential of CMDL-1 in the treatment
of DOX cardiotoxicity.

MATERIALS AND METHODS
Cell culture and treatment

H9c2 cells were purchased from the Cell Bank of the Chinese Acad-
emy of Sciences (Beijing, China). H9c2 myoblast cells were cultured
in Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin-streptomycin in a humidified atmosphere of 95% air and 5%
CO2 at 37�C. Cells were harvested by trypsinization and washed in
phosphate-buffered saline (PBS). Cardiomyocytes were treated with
2 mM DOX (Sigma, St. Louis, MO, USA) at the indicated time to
induce cardiotoxicity.

RNA extraction

Total RNAwas extracted from the cells using TRIzol reagent (Invitro-
gen, USA) according to the manufacturer’s instructions. RNA
quantification and purification were measured by an ND-1000
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spectrophotometer measuring absorbance ratios of A260/A280 and
A260/A230, and RNA integrity was assessed by standard denaturing
agarose gel electrophoresis.

RNA labeling and array hybridization

The expression of lncRNAs and mRNAs was determined using
Arraystar rat lncRNA Microarray v2.0 (Arraystar, USA). Sample
labeling and array hybridization were performed according to the
Agilent one-color microarray-based gene expression analysis proto-
col (Agilent Technology, USA) with minor modifications for all sam-
ples. First, rRNA was removed from total RNA using an mRNA-only
eukaryotic mRNA isolation kit (Epicenter Biotechnologies, USA).
Then, each sample was amplified and transcribed into fluorescent
cRNA along the entire length of the transcripts without 30 bias using
the random priming method. The labeled cRNAs were purified using
an RNeasy mini kit (QIAGEN, Germany) and then hybridized with
the specific probes on the rat lncRNA array v2.0. Positive probes
for housekeeping genes and negative probes were printed onto the
array for quality control. The hybridized arrays were washed, fixed,
and scanned with an Agilent DNA microarray scanner G2505C.

Microarray data analysis

Agilent feature extraction software (version 11.0.1.1) was used to
analyze acquired array images. Quantile normalization and subse-
quent data processing were performed using the GeneSpring GX soft-
ware package (version 12.1.0, Agilent Technologies). Differentially
expressed lncRNAs and protein-coding mRNAs between the DOX-
treated group and control groups were identified through volcano
plot filtering (fold change > 2, p < 0.05).

Functional group analysis

GO and KEGG pathway analysis were performed to clarify the func-
tion and biological process of differentially expressed lncRNAs and
co-mRNAs from our microarray data. The differentially expressed
mRNAs were annotated according to their attributes of gene prod-
ucts. GO was then used to assign the genes to different GO terms
of their associated aspects, that is, biological processes, cellular com-
ponents, and molecular functions, according to their annotations.
Furthermore, the biological function of genes can be better under-
stood via integrated analysis of KEGG pathways and gene annota-
tions. The p value was used to determine the significance of the
enrichment, and the false discovery rate (FDR) was used to evaluate
the significance of the p value. The significant GO terms and path-
ways were filtered by p < 0.05 and FDR < 0.05.

Quantitative real-time PCR

Quantitative real-time PCR was performed on a CFX96 real-time
PCR detection system (Bio-Rad). Following the RNA extraction,
1 mg of each RNA sample was reverse transcribed into cDNA using
a PrimeScript RT reagent kit with a genomic DNA (gDNA) Eraser
kit (Takara, Japan) according to the manufacturer’s protocols. The
quantitative real-time PCR system included 12.5 mL of 2� SYBR
Green (Takara, Japan), 1 mL of primer (R/F), and 1 mL of cDNA
with DNAase/RNAase-free water up to 25 mL. The lncRNA expres-
sion level was quantified based on the threshold cycle (Ct) values.
GAPDH served as the internal control. The cycling parameters
were as follows: 95�C for 30 s, followed by 40 cycles of 95�C for 5 s,
58�C or 60�C, 95�C for 15 s, 58�C or 60�C for 1 min, and 95�C for
15 s. The primers used for quantitative real-time PCR are shown in
Table S1.
Adenoviral constructions and infection

The adenovirus overexpressing CMDL-1 was synthesized by
Shanghai GeneChem. Cells were infected with the adenovirus con-
taining CMDL-1 overexpressing vector according to the manufac-
turer’s protocol. The CMDL-1 expression level was checked by
quantitative real-time PCR.
Drp1 siRNA transfection

We purchased the Drp1 small interfering RNA (siRNA) and control
siRNA-A (scrambled siRNA) from Santa Cruz Biotechnology (Dallas,
TX, USA). Drp1 siRNA is a pool of three target-specific 19- to 25-nt
siRNAs designed to knock down Drp1 gene expression, as we have
described.47 Briefly, cells were seeded 24 h before transfection and
were then transfected with 30 nM scrambled siRNA or Drp1 siRNA
using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA)
per the manufacturer’s instructions.
Apoptosis analysis (flow cytometry and TUNEL assay)

Cells were labeled with annexin V according to the manufacturer’s in-
structions. Samples were analyzed with a flow cytometer (BD Accuri,
BD Biosciences, USA), and the distribution of cells was determined
using BD Biosciences software (BD Accuri C6). For apoptosis anal-
ysis, we used a TUNEL apoptosis detection kit (fluorescein isothiocy-
anate [FITC]) kit from Yeasen Biotech (Shanghai, China). After
transfection and treatment, we rinsed, fixed, permeabilized, and
stained the cells with the in situ 5-bromo-20-deoxyuridine (BrdU)-
red DNA fragmentation TUNEL assay according to the kit’s instruc-
tions. We took images using a laser-scanning confocal microscope
(Leica TCS SP8). For each group, we counted approximately 250–
300 cells in 20–30 random fields. Results are expressed as percentages
of TUNEL-positive cells.
Mitochondrial staining

We used MitoTracker red CMXRos (MitoSOX red mitochondrial
superoxide indicator, Thermo Fisher Scientific, lot no. M36008) to
stain the mitochondria of living cells. The cells were seeded onto
the coverslips coated with 0.01% poly-L-lysine for 24 h. After various
treatments, the cells were incubated with preheatedMitoTracker red
CMXRos staining fluid (0.02 mM) for 25 min under normal condi-
tions. The images of mitochondria were acquired using a laser-scan-
ning confocal microscope (Leica TCS SP8). The percentage of
mitochondria-disrupted cells relative to the total number of cells
was expressed as mean ± SEM. At least three separate experiments
were performed and a minimum of 300 cells in each group were
counted.
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Western blot analysis

After various treatments, cardiomyocytes were lysed by using the lysis
buffer (150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS) containing a mixture of protease inhibitors and keeping
them on ice for 30 min. Equivalent amounts of proteins were loaded
onto SDS-PAGE gel, and electrophoresis was carried out for 1.5 h at
150 V. Subsequently, the proteins were transferred from the gel to the
polyvinylidene fluoride (PVDF) membrane, and the membrane was
blocked with 5% skimmed milk powder in 1% Tris-buffered saline
with Tween 20 (TBST) at room temperature for 1 h. The membranes
were probed using primary antibodies, including the anti-Fis1
(1:1,000), anti-Drp1 (1:1,000), anti-caspase-3 (1:1,000), and anti-
Gapdh (1:1,000) overnight at 4�C. Next, the membranes were washed
five times with 1% TBST and incubated with secondary antibody pre-
pared in 5%milk in 1% TBST for 1 h and then washed with 1% TBST.
The blot images were captured by darkroom development using the
chemiluminescence method.

RIP analysis

RIP was performed using protein A/G plus agarose (Santa Cruz
Biotechnology, catalog #sc-2003) according to the manufacturer’s in-
structions. In brief, H9c2 cells treated as indicated were lysed in RIP
lysis buffer, and the cell lysate was incubated with magnetic beads
conjugated to anti Drp1 antibody (Cell Signaling Technology, catalog
#8570S), p-Drp1 antibody (Cell Signaling Technology, catalog #4867,
Ser367), or normal mouse immunoglobulin G (IgG). Co-precipitated
RNAs were isolated, and Drp1 enrichment was analyzed by quantita-
tive real-time PCR. Protein isolated by the beads was determined by
western blot analysis.

Animal experiments

Adult male SD rats (4 weeks old) were infused with DOX (4 mg/kg/
day) to induce cardiac damage or the same volume of saline to the
control group. All animal experiments were approved by the Institu-
tional Review Board of Qingdao University, and the procedures were
performed in accordance with theinstitutional guidelines of Qingdao
University. Te study was compliant with allrelevant ethical regula-
tions regarding animal research. Intraperitoneal injection was given
once a week for 6 weeks, with a cumulative total of 24 mg/kg. All
rats were subjected to echocardiographic measurements and hyper-
trophic analysis after 42 days.

Histological analysis

Histological analysis of the hearts was carried out as we previously
described.22 Briefly, the hearts were excised and immediately fixed
in 10% formalin. Subsequently, they were embedded in paraffin using
a standard procedure, sectioned into 7-mm slices, and stained with he-
matoxylin and eosin (H&E).

Echocardiographic assessment of cardiac dimensions and

function

Transthoracic echocardiography was performed using a Vevo 2100
imaging system (VisualSonics, Toronto, ON, Canada) with a real-
time linear-array scan head (MS-450). Two-dimensional guided M-
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mode tracing images were obtained in both parasternal long- and
short-axis views at the level of papillary muscles. We obtained echo-
cardiographic parameters, including LVESd, LVEDd, LVEF, and
LVFS, which were calculated using the standard equations.22 All
measurements were averaged from at least three consecutive beats.
After in vivo evaluation of cardiac function, the mice were killed
and the hearts were harvested, weighed, and used for histological
examination.

Statistical analysis

The results are expressed as the mean ± SEM of at least three indepen-
dent experiments unless stated otherwise. Paired data were evaluated
by a Student’s t test. A one-way ANOVA was used for multiple com-
parisons. Statistical analyses were performed with GraphPad Prism
5.0 (GraphPad, San Diego, CA, USA). A p value of <0.05 was consid-
ered significant.
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