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Long noncoding RNA NONMMUT015745 inhibits
doxorubicin-mediated cardiomyocyte apoptosis by regulating
Rab2A-p53 axis
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Doxorubicin (DOX) is an efficacious and widely used drug for human malignancy treatment, but its clinical application is limited due
to side effects, especially cardiotoxicity. Our present study revealed that DOX could induce apoptosis in cardiomyocytes. Herein, we
screened the dysregulated long noncoding RNAs (lncRNAs) in DOX-treated cardiomyocytes. Notably, overexpression of lncRNA
NONMMUT015745 (lnc5745) could alleviate DOX-induced cardiomyocyte apoptosis both in vitro and in vivo. Conversely, silencing
lnc5745 promotes cardiomyocyte apoptosis. Moreover, Rab2A, a direct target of lnc5745, possesses a protective effect in DOX-
induced cardiotoxicity once knocked down. Importantly, we verified that the p53-related apoptotic signalling pathway was
responsible for the lnc5745-mediated protective role against DOX-induced cardiomyocyte apoptosis. Mechanistically, Rab2A
interacts with p53 and phosphorylated p53 on Ser 33 (p53 (Phospho-Ser 33)), promotes p53 phosphorylation, thereby activating
the apoptotic pathway. Taken together, our results suggested that lnc5745 protects against DOX-induced cardiomyocyte apoptosis
through suppressing Rab2A expression, modifying p53 phosphorylation, thereby regulating p53-related apoptotic signalling
pathway. Our findings establish the functional mode of the lnc5745-Rab2A-p53 axis in DOX-induced cardiotoxicity. The
development of new strategies targeting the lnc5745-Rab2A-p53 axis could attenuate DOX-induced cardiotoxicity, which is
beneficial to its clinical anti-tumour application.
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INTRODUCTION
Doxorubicin (DOX), also known as Adriamycin, is a first-line
anthracycline group of antibiotics that has been widely used as an
efficacious chemotherapeutic for human malignancies, including
solid sarcomas, breast carcinomas, haematological malignancies
and soft tissue sarcomas, since the late 1960s [1, 2]. However, the
clinical use of DOX is limited due to severe dose-dependent and
cumulative cardiotoxicity [3]. Increasing the dosage of DOX will
cause irreversible myocardial damage and ultimately lead to
dilated cardiomyopathy (DCM) and congestive heart failure [4, 5].
Therefore, a thorough comprehension of the pathogenesis of DOX
cardiomyopathy and the recognition of novel therapeutic targets
for protecting cardiac function are urgently needed.
Recent studies have shown that the molecular mechanism

responsible for the cardiotoxicity of DOX appears to be multi-
factorial [6]. Excessive ROS can induce oxidative damage to
biological macromolecules, including DNA, proteins and lipids,
and destroy the integrity and function of cell membranes [7–9].
Moreover, DOX-induced oxidative stress can directly induce
cardiomyocyte apoptosis through multiple apoptotic pathways,
leading to severe cardiac dysfunction. In addition, DOX can also

evoke apoptosis in a non-ROS- and oxidative stress-dependent
manner [10]. Our recent studies have demonstrated that inhibition
of cardiomyocyte apoptosis can significantly attenuate DOX-
induced cardiac dysfunction [11]. Therefore, a thorough compre-
hension of the pathogenesis of DOX-induced cardiomyocyte
apoptosis and the recognition of novel therapeutic targets for
protecting cardiac function are urgently needed.
Long noncoding RNAs (lncRNAs) are an important class of

noncoding transcripts more than 200 nucleotides in length that
lack functional open reading frames [12, 13] and thus do not
code for proteins [14]. Increasing evidence shows that lncRNAs
participate in the regulation of life events through multiple
mechanisms, including epigenetic regulation, genomic imprint-
ing, protein modification, RNA stability and RNA alternative
splicing [15, 16]. LncRNAs are involved in the regulation of
cardiac functions, such as cardiac growth and morphogenesis
[17], electrical signal propagation and myocardial contraction
[18, 19]. Previous findings have clarified that lncRNAs are
powerful controllers of DCM, heart failure (HF) and myocardial
infarction (MI) by regulating cardiomyocyte necrosis, necroptosis,
and autophagy [20]. However, detailed studies on the influence
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of lncRNAs in regulating DOX-induced cardiomyocyte apoptosis
are still limited.
p53 is widely known as a transcription factor and a tumour

suppressor that possesses various functional roles in cells by
regulating multiple regulatory signals to ensure sufficient time and
space to respond to cellular stress [21]. Among these pathways, the
p53 apoptotic pathway occupies an important position. The p53
apoptotic pathway is activated under external stress or DNA damage.
Upon activation, acetylated p53 migrates to the mitochondria, where
it regulates outer mitochondrial membrane (OMM) permeabilization
through interactions with BCL-2 family members such as BAX, BAK,
BCL-2, and BCL-XL [22–25]. Once OMM permeability increases,
apoptotic effectors such as cytochrome C are released into the
cytoplasm frommitochondria [26] and they trigger the activation of a
series of caspase cascades and the cleavage of PARP, which
ultimately promotes cell apoptosis [27]. Although the role of the
p53-related apoptosis pathway in doxorubicin cardiotoxicity has
been investigated [28–31], it has not yet been linked to lncRNAs.
Our present study investigated the molecular mechanism

underlying DOX-induced cardiomyopathy. LncRNA NON-
MMUT015745 (hereafter referred to as lnc5745) was significantly
downregulated in neonatal mouse ventricular cells (NMVCs) and a
mouse model under DOX treatment. Overexpression of lnc5745
protects cardiomyocytes from apoptosis and cell death induced by
DOX treatment. Specifically, DOX cardiotoxicity was alleviated in
adenovirus-mediated lnc5745-overexpressing mice, and cardiac
function was improved. Rab2A, a direct target of lnc5745, can be
suppressed by lnc5745 through the proteasome pathway.
Additionally, we verified that Rab2A silencing could alleviate
DOX-induced cardiomyocyte apoptosis. Mechanistically, Rab2A
could directly interact with p53 and p53 (Phospho-Ser 33), increase
p53 phosphorylation, thereby activating the apoptotic pathway,
and promoting cardiomyocyte apoptosis subsequently. Our
research demonstrated that the lnc5745-Rab2A axis defines a
novel anti-apoptotic signal to alleviate DOX-induced cardiotoxicity,
providing new insights and strategies for avoiding DOX cardio-
toxicity during clinical applications.

RESULTS
Lnc5745 was identified, and its downregulation in the NMVCs
was correlated with DOX treatment
To explore the specific mechanisms and influencing factors of
DOX-induced cardiomyopathy, we performed lncRNA microarray
analysis in NMVCs untreated and treated with DOX. A total of 7646
lncRNAs were represented, among which 4128 were upregulated
and 3518 were downregulated when filtered using a threshold of
a fold-change ≥ 2.5 and P < 0.05 (Fig. 1a). Then, the ten most
significantly downregulated lncRNAs were verified by qRT–PCR
(Supplementary Fig. S1a). Lnc5745 was stable and significantly
downregulated in time-dependent manner in NMVCs after DOX
(1 μM) treatment compared with the control group (Fig. 1b).
Lnc5745 is an intergenic lncRNA located on chromosome

12qF1, with no exons and a full length of 1292 nucleotides
(Fig. 1c). To determine the subcellular localization of lnc5745, we
employed FISH analysis. The results revealed that lnc5745 was
mainly distributed in the cytoplasm (Fig. 1d). The CPC (coding
potential calculator) 2.0 computational algorithm [32] predicted
that lnc5745 possesses a very low coding probability, similar to
HOTAIR, a well-known lncRNA (Fig. 1e). Therefore, lnc5745 is
downregulated upon DOX exposure, and its role in DOX-induced
cardiac injury needs further study.

Lnc5745 attenuated apoptosis in cardiomyocytes treated with
DOX
To clarify the potential role of lnc5745 in DOX-induced cardiotoxi-
city, NMVCs were transfected with a pCDNA3.1-lnc5745 vector.
Real-time PCR showed that the lnc5745 level increased over

20-fold compared with the negative control (Supplementary Fig.
S1b). Overexpression of lnc5745 had no obvious effect on the
viability and apoptosis rate of NMVCs (Supplementary Fig. S1c, d, e)
but reduced caspase-3/7 activity (Supplementary Fig. S1f). Over-
expression of lnc5745 significantly alleviated DOX-induced myo-
cardial cell death (Fig. 2a) and apoptosis (Fig. 2b, c, d) after
exposure to 1 μM DOX. Conversely, we suppressed endogenous
lnc5745 using a lnc5745 siRNA (si-5745) to mimic the down-
regulation of lnc5745 by DOX treatment (Supplementary Fig. S1g).
siRNA mediated lnc5745 downregulation reduced the viability
(Supplementary Fig. S1h) and promoted apoptosis (Supplementary
Fig. S1i–k) of NMVCs. Knockdown of lnc5745 aggravated the
cardiotoxicity induced by DOX treatment, which was manifested
by increased cell death (Fig. 2e) and apoptosis (Fig. 2f–h) of
cardiomyocytes. Altogether, these results suggested a protective
effect of lnc5745 on DOX-induced apoptosis in cardiomyocytes.

Lnc5745 attenuated DOX-induced cardiac dysfunction in mice
DOX treatment caused prominent cardiomyocyte apoptosis. Due
to the limited regenerative capacity of cardiomyocytes, the loss of
cardiomyocytes cannot be supplemented. Then, cardiomyocytes
suffer compensatory hypertrophy, leading to dilated cardiac
hypertrophy and decreased heart function under DOX treatment
[33]. In a mouse model exposed to a single injection of 20 mg/kg
DOX, lnc5745 expression was markedly decreased in heart tissues
compared with the solvent control (Fig. 3a). To investigate the
function of lnc5745 in DOX cardiotoxicity, adenovirus-mediated
overexpression of lnc5745 was induced in murine heart tissues
(Fig. 3b). Real-time PCR revealed that lnc5745 was over 4-fold
upregulated in the mouse model (Fig. 3c). Overexpression of
lnc5745 significantly reduced DOX-induced myocardial cell
apoptosis (Fig. 3d–f). We measured the heart-to-body weight
ratio to examine the role of lnc5745 in DOX-induced cardiac
hypertrophy. The heart-to-body weight ratio was increased in
mice treated with DOX, while the increase was significantly
inhibited in the lnc5745-overexpressing group (Fig. 3g). In
addition, we examined the effect of lnc5745 on cardiac function
using echocardiography analysis. Cardiac function was signifi-
cantly improved in lnc5745-overexpressing mice compared with
the negative control (Fig. 3h–k). Moreover, in the histology test
results, increased interstitial fibrosis occurred after DOX exposure,
which could be suppressed by the overexpression of lnc5745
(Fig. 3l, m). In conclusion, lnc5745 effectively reduced DOX-
induced cardiotoxicity and significantly improved cardiac function
in a mouse model.

Rab2A was a target of lnc5745
It has been proved that lncRNAs exert their biological functions
mainly by interacting with RNA-binding proteins [34]. We analysed
the functional proteins that interact with lnc5745 to clarify the
molecular mechanisms by which lnc5745 regulates cardiomyocyte
apoptosis. RNA pulldown assays were performed by using a 3’-
biotinylated lnc5745 probe or a 3’-biotinylated negative control
probe (a randomly scrambled sequences based on lnc5745 probe)
with cardiomyocyte lysates (Fig. 4a). Mass spectrometry (MS) was
then employed to identify coprecipitated proteins as candidates
for the lnc5745 interaction on a Q Exactive (QE) mass spectro-
meter (Fig. 4b). Among these, we focused on Rab2A. RAb2A is a
member of the Rab family, which encodes a small guanosine
triphosphatase (GTPase) protein and is necessary for ER-to-Golgi
transport [35]. Importantly, RNA pulldown followed by western
blot confirmed that lnc5745 could directly bind with Rab2A in
NMVCs (Fig. 4c). In addition, RNA immunoprecipitation (RIP) assays
followed by qRT-PCR and PCR revealed that the anti-Rab2A
antibody effectively enriched lnc5745 (Fig. 4d, e). Next, we
investigated the influence of lnc5745 on the expression and
stability of Rab2A. Real-time PCR showed that overexpression of
lnc5745 inhibited the transcription of Rab2A, while knockdown of
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lnc5745 by siRNA increased the Rab2A transcription level (Fig. 4f,
g). Additionally, the western blot results confirmed the negative
regulatory effect of lnc5745 on Rab2A at the protein expression
level (Fig. 4h). Then we investigated how lnc5745 regulates Rab2A
expression in NMVCs. Under the treatment of the protein
synthesis inhibitor cycloheximide (CHX), the expression of Rab2A
further decreased after lnc5745 overexpression, while increased
significantly in the si-5745 group (Fig. 4i, j). Moreover, the
proteasome inhibitor MG-132 treatment restored the lnc5745
overexpression-induced Rab2A downregulation in NMVCs
(Fig. 4k). However, the expression of Rab2A did not change
significantly after the lysosome inhibitor NH4Cl treatment
(Supplementary Fig. S2a). Altogether, these results suggest that

lnc5745 directly interacts with Rab2A and decreases the stability
of Rab2A protein through the proteasome pathway.

Rab2A participated in the regulation of DOX-induced
cardiomyocyte apoptosis
To investigate the function of Rab2A in DOX cardiotoxicity, we
inhibited the expression of Rab2A using Rab2A siRNA (si-Rab2A). The
results of real-time PCR and western blot analysis showed that si-
Rab2A significantly suppressed the expression of Rab2A (Fig. 5a, b).
Knockdown of Rab2A alleviated the cardiotoxicity induced by DOX
treatment, which was manifested by decreased cell death (Fig. 5c) and
apoptosis (Fig. 5d–f) of cardiomyocytes. These results indicate that
Rab2A participates in the regulation of DOX-induced cardiotoxicity.

Fig. 1 Lnc5745 is downregulated in NMVCs treated with DOX. a Microarray results showing the differentially expressed lncRNAs in NMVCs
untreated and treated with DOX. The red and blue dots represent the lncRNAs that are upregulated and downregulated more than 2.5-fold,
respectively. The red arrow points to lnc5745. b Expression of lnc5745 was downregulated in NMVCs after 1 μM DOX treatment for 3, 6, 12 and
24 hours. c UCSC Genome Browser view of lnc5745. d Fluorescence in situ hybridization (FISH) showing the localization and expression of
lnc5745 in NMVCs. Lnc5745 was captured by specific Cy5-labelled probes (red). Nuclei were stained by DAPI (blue). Scale bar, 25 μm. e CPC
(coding potential calculator) 2.0 predicts that lnc5745 possesses a very low coding probability, similar to HOTAIR. The results are from three
independent experiments, *P < 0.05. Variables are presented as the mean ± SD.
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Lnc5745 alleviated DOX-induced apoptosis in cardiomyocytes
by targeting Rab2A
We then examined whether lnc5745 attenuated cardiomyocyte
apoptosis by targeting Rab2A. Transfection-mediated overexpres-
sion of Rab2A (Fig. 5g, h) attenuated the protective effect of

lnc5745 overexpression against DOX-induced cardiotoxicity
(Fig. 5i–l). In other words, the protective role of lnc5745 upon
DOX-induced cardiotoxicity is lost by Rab2A overexpression. These
data reveal that lnc5745 alleviated DOX-induced cardiomyocyte
apoptosis by targeting Rab2A.

Fig. 2 Lnc5745 inhibits DOX-induced cardiomyocyte apoptosis in NMVCs. a CCK-8 assays showing that lnc5745 overexpression increased
NMVC viability under DOX treatment. b Lnc5745 inhibited caspase-3/7 activation stimulated by DOX in NMVCs. c Apoptotic cells were observed
with the TUNEL method (green). The nuclei were stained with DAPI (blue). Scale bar, 200 μm. Lnc5745 overexpression decreased cell apoptosis
induced by DOX. d Ratio of TUNEL-positive cardiomyocytes was determined by ImageJ (n= 200). e Lnc5745 knockdown reduced NMVC viability
under DOX treatment. f Lnc5745 knockdown increased DOX-stimulated caspase-3/7 activity. g, h Apoptotic cells were observed with TUNEL
method (green). Nucleus were stained by DAPI (blue). Lnc5745 knockdown further increased DOX-induced cardiomyocyte apoptosis. Scale bar,
200 μm. The results are from three independent experiments, *P < 0.05. Variables are presented as the mean ± SD.
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Fig. 3 Lnc5745 improves cardiac function in DOX-induced cardiomyopathy mice. a Expression of lnc5745 was downregulated in mouse
heart tissues after exposure to 20mg/kg DOX for 7 days. b Flow chart of animal experiment. c Lnc5745 levels were significantly upregulated in
the myocardial tissues of mice injected with adenovirus lnc5745 (Ad-lnc5745). d Apoptotic cells were observed with the TUNEL method
(green). Nuclei were stained by DAPI (blue). Cardiac troponin T was captured by a specific antibody (red). Scale bar, 200 μm. Lnc5745
overexpression decreased cell apoptosis induced by DOX. e Ratio of TUNEL-positive cardiomyocytes in mice was counted by ImageJ (n= 200).
f Lnc5745 inhibited caspase-3/7 activity elevation stimulated by DOX in mice. g Lnc5745 inhibited the DOX-induced increase in the heart-to-
body weight ratio in mice. h–k Echocardiographic analysis revealed that lnc5745 improved cardiac function in the mouse model.
l Representative images showing Masson trichrome staining for collagen. Scale bars, 50 µm. m Quantitative analysis of the collagen area after
Masson trichrome staining. n= 6 per group, *P < 0.05. Variables are presented as the mean ± SD.
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Fig. 4 Lnc5745 targets Rab2A. a RNA pulldown assays were performed, and the lnc5745-related proteins were determined with SDS-
polyacrylamide gel electrophoresis (SDS–PAGE) and Coomassie brilliant blue staining. b List of lnc5745-related proteins identified by mass
spectrometry (MS). cWestern blot analysis confirmed the existence of Rab2A in lnc5745-related proteins. d, e Binding of Rab2A to lnc5745 was
confirmed by qPCR and PCR after RNA immunoprecipitation (RIP). f–h Rab2A levels were negatively affected by lnc5745 in NMVCs. i Effect of
lnc5745 overexpression on Rab2A expression after CHX treatment for 0, 4, 8, 12 and 16 hours. j Effect of lnc5745 knockdown on Rab2A
expression after CHX treatment for 0, 4, 8, 12 and 16 hours. k Effect of MG132 treatment for 12 hours on the stability of Rab2A protein. The
results are from three independent experiments, *P < 0.05. Variables are presented as the mean ± SD.
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Fig. 5 Rab2A alleviates the protective effect of lnc5745 on DOX-induced apoptosis. a, b Rab2A levels were significantly downregulated in
NMVCs 24 h after transfection with Rab2A siRNA (si-Rab2A). c Rab2A knockdown increased NMVC viability under DOX treatment. d–f Rab2A
knockdown reduced DOX-induced cardiomyocyte apoptosis. Scale bar, 200 μm. g, h Rab2A levels were significantly upregulated in NMVCs
transfected with pCDNA3.1-Rab2A vectors. i Rab2A overexpression attenuated the lnc5745-induced vitality decrease in cardiomyocytes.
j–l Rab2A overexpression attenuated the effect of lnc5745 on cardiomyocyte apoptosis. Scale bar, 200 μm. The results are from three
independent experiments, *P < 0.05. Variables are presented as the mean ± SD.
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p53 apoptotic signalling was responsible for the lnc5745-
mediated protective role against DOX-induced cardiomyocyte
apoptosis
p53, a tumour suppressor, is expressed at low intracellular levels
and is even undetectable under normal physiological conditions.
However, under conditions of intracellular stress, such as hypoxia,
oncogene activation, and DNA damage, the expression of p53
might increase through posttranslational modifications [36]. p53 is
involved in the pathogenesis of cardiovascular diseases through
pro-apoptosis, pro-autophagy, pro-necrosis, anti-angiogenesis,
metabolism regulation and cell cycle arrest regulation [37]. Among
them, the p53-related apoptosis pathway is an important
mechanism. p53 is mainly involved in intrinsic pathway-induced
apoptosis, which is initiated from mitochondria. p53 interacts with
members of the BCL-2 family (such as BAX and BAK) and finally
activates caspase and cleaves PARP, causing cell apoptosis [38].
Herein, we found that overexpression of lnc5745 inhibited the
expression of p53, BAX, cleaved caspase3 (c-caspase3) and cleaved
PARP (c-PARP) in NMVCs (Fig. 6a, b). Importantly, overexpression of
lnc5745 attenuated DOX-induced elevated expression of p53, BAX,
c-caspase3 and c-PARP (Fig. 6c, d). In addition, in a mouse model,
the western blot results revealed that the p53-related apoptotic
pathway could be activated under DOX treatment, while over-
expression of lnc5745 attenuated DOX-induced cardiomyopathy
in vivo by suppressing p53-related signals, thus subsequently
protecting cardiac function (Fig. 6e, f). These data indicated that
the p53 apoptotic signalling pathway is responsible for the
protective function of lnc5745 in DOX-induced cardiomyocyte
apoptosis. Lnc5745 attenuated DOX-induced cardiomyocyte apop-
tosis, while Rab2A could increase apoptosis by activating the p53
pathway, reversing the protective effect of lnc5745 (Fig. 6g, h).
Overall, the p53 apoptotic signalling pathway was responsible for
the lnc5745-mediated protective role in DOX-induced cardiomyo-
cyte apoptosis, and Rab2A antagonized the effect of lnc5745.

Rab2A promotes phosphorylation of p53 on Ser 33
Further, we deeply studied the molecular mechanism of how
Rab2A activates the p53 signalling pathway. The regulation of
p53-mediated cell signal transduction pathways by biological
macromolecules is very complex. Most of the existing studies have
focused on the regulation of the post-translational modifications
of p53 such as phosphorylation, acetylation, and ubiquitination.
Phosphorylation was the first discovered post-translational mod-
ification of p53. Under stress conditions, p53 is phosphorylated on
multiple sites by various kinases. Phosphorylation on Ser 33, Ser
37, Ser 46 and Thr 81 stabilizes p53 and promotes p53
transcriptional activity, so as to regulate p53-mediated cell-cycle
arrest and apoptosis. Phosphorylation on Ser 351 activates p53-
mediated transcriptional regulation of cellular apoptosis and cell
cycle [39]. In this study, we found that Rab2A specifically binds to
p53 and p53 (Phospho-Ser 33) in NMVCs (Fig. 7a). The expression
of p53 (Phospho-Ser 33) was increased in DOX-treated primary
cardiomyocytes. Moreover, lnc5745 overexpression can alleviate
the increase of p53 (Phospho-Ser 33). However, overexpression of
Rab2A increases the expression of p53 (Phospho-Ser 33) and
invalidates the protective effect of lnc5745 (Fig. 7b). These data
suggest that Rab2A interacts with p53 and p53 (Phospho-Ser 33),
thereby activating the p53-related apoptotic pathway.
Taken together, knockdown of lnc5745 leads to increased

Rab2A expression in DOX treated cardiomyocytes. Rab2A interacts
with p53 and p53 (Phospho-Ser 33) to promote p53 activation,
thus activating the apoptotic pathway to mediate cardiomyocytes
apoptosis (Fig. 7c).

DISCUSSION
DOX is currently the first-line drug for the clinical treatment of
cancer. However, DOX-induced cardiotoxicity is a major challenge

and it severely limits its clinical application. The risk of dilated
DCM increases with both the Dox treatment concentration and
duration, and delayed onset of DCM can often occur years after
the initial treatment [40]. It is urgent to discover the underlying
molecular mechanisms of DOX-induced cardiotoxicity to attenuate
cardiotoxicity and facilitate the clinical efficacy of DOX.
LncRNAs are a class of RNA molecules with limited protein-

coding potential. Increasing evidence shows that lncRNAs play
crucial roles in the pathophysiological processes of cardiovascular
disease. LncRNA GAS5 (growth arrest-specific 5) reduces MI‐
induced cardiomyocyte apoptosis by downregulating semaphor-
in3a (Sema3a) [41]. The lncRNA KCNQ1OT1 directly targets the
FUS protein and negatively regulates its protein level, thus
facilitating cardiomyocyte apoptosis in heart failure [42]. LncRNA
H19 alleviates cardiomyocyte apoptosis and myocardial I/RI by
inhibiting the miR-877-3p-Bcl-2-mediated mitochondrial apoptotic
pathway [43]. In this study, we found that lnc5745 significantly
protected against DOX-induced cardiotoxicity by alleviating
cellular apoptosis in cardiomyocytes.
Existing evidence suggests that DOX-induced cardiotoxicity is

related to endoplasmic reticulum stress, DNA damage, mitochon-
drial dysfunction and cell apoptosis [44, 45]. Apoptosis is the most
important way for DOX to cause cardiomyocyte death and heart
disorders [46]. In the present study, we characterized lnc5745 as a
negative regulator of cardiomyocyte apoptosis. Lnc5745 is a
lncRNA with a coding gene located on mouse chromosome 12
and a total length of approximately 1292 nucleotides. Thus far,
there is no basic functional research report about lnc5745. Our
studies demonstrated that the expression of lnc5745 was down-
regulated in DOX-treated NMVCs and a mouse model. Over-
expression of lnc5745 alleviated cardiomyocyte apoptosis in DOX-
induced cardiotoxicity in NMVCs, while knockdown of lnc5745
exacerbated the cardiotoxicity of DOX. Consistent with the above
in vitro data, overexpression of lnc5745 exerted similar beneficial
effects on DOX-induced cardiomyocyte apoptosis in mice.
Mechanistically, we identified that lnc5745 activates the p53-
related signalling pathway by binding to the Rab2A protein to
alleviate DOX-induced cardiomyocyte apoptosis.
LncRNAs can bind to specific proteins to exert various kinds of

functions according to their subcellular location. For instance,
lncRNAs distributed in the nucleus can function as players to
regulate epigenetic regulators or transcription factors, as well as to
modulate chromosomal instability [47, 48], while cytoplasmic
lncRNAs may participate in regulating protein stability and
modifications [49, 50]. In accordance with our recent study, we
found that lnc5745 was located predominantly in the cytoplasm.
Moreover, RNA pulldown and MS analyses in NMVCs identified
Rab2A as a protein that combined with lnc5745. Previous studies
have demonstrated that lncRNAs may participate in the stabiliza-
tion and degradation of targeted proteins, thereby regulating their
expression level and functions [51, 52]. We found that lnc5745
functions as an upstream regulator of Rab2A and negatively
regulates Rab2A expression. Nevertheless, the mechanism by
which lnc5745 regulates Rab2A expression and function needs to
be further examined.
Rab2A is a member of the Rab family, known alternatively as a

small guanosine triphosphate (GTP)-binding protein and is
reported to be involved in vesicle transport and autophagosome
and autolysosome formation [53, 54]. More than 60 Rab isoforms
have been discovered in the Golgi, which may independently
regulate the dense morphology of the Golgi in mammalian cells
by interacting with a single isoform-specific Rab effector molecule.
However, the role of Rab proteins in heart disease is rarely
reported. Rab1A overexpression increases Golgi stacks in ven-
tricular myocytes, increases transitional vesicles, and degenerates
myelin sheath morphology in atrial myocytes, with abnormal
subcellular distribution of PKC, which ultimately leads to cardiac
hypertrophy and even heart failure [55]. Rab2A is reported to
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participate in the occurrence and invasion of a variety of cancers,
especially breast cancer [56, 57]. We found that Rab2A knockdown
reduced DOX-induced cardiomyocyte apoptosis and that Rab2A
overexpression attenuated the protective effect of lnc5745
overexpression on DOX-induced cardiomyocyte apoptosis. Rab2A
binds to p53 and p53 (Phospho-Ser 33), activates the p53-related
signalling pathway, thereby promoting cardiomyocyte apoptosis.
The functions of Rab2A in the heart need further research.
Previous studies have shown that DOX directly or indirectly

causes DNA double-strand breaks by interfering with the action of

topoisomerase II-α and oxidative stress induced by Rac1 [58]. DNA
damage can activate ataxia telangiectasia mutated kinase (ATM)
and extracellular signal-regulated kinase 1/2 (ERK1/2) [59],
increase the activity of p53, further stimulate the translocation
of BAX/BAK from the cytoplasm to the outer mitochondrial
membrane, and cause the release of cytochrome C and the
activation of the apoptotic executive protein caspase3/7, as well as
the cleavage of PARP, eventually leading to cell apoptosis. In our
study, we found that overexpression of lnc5745 downregulated
the expression of some vital proteins in the p53-related apoptosis

Fig. 6 Lnc5745 regulates p53-mediated cardiomyocyte apoptosis. a, b The expression levels of p53-related apoptosis pathway proteins in
NMVCs transfected with the pCDNA3.1-lnc5745 vector for 24 h. c, d Lnc5745 overexpression affected the expression levels of p53-related
apoptosis pathway proteins in NMVCs treated with DOX. e, f Lnc5745 affected the levels of p53 apoptosis pathway-related proteins in mouse
models. g, h Rab2A increased cardiomyocyte apoptosis attenuated by lnc5745 under DOX treatment by activating the p53/BAX/c-caspase3/c-
PARP pathway. The results are from three independent experiments, *P < 0.05. Variables are presented as the mean ± SD.
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pathway in cardiomyocytes, while overexpression of Rab2A
attenuated the regulatory effect of lnc5745. We thus infer that
lnc5745 regulates the p53-related apoptotic pathway by targeting
Rab2A, thereby playing a protective role against DOX-induced
cardiomyocyte apoptosis.
In conclusion, we identified lnc5745 as a novel lncRNA related

to DOX-induced myocardial apoptosis. Lnc5745 negatively reg-
ulates Rab2A and further inhibits the activation of the p53-related
apoptotic pathway, thereby protecting cardiomyocytes from
apoptosis. Our studies provide new insight for investigating the
function and molecular mechanism of lncRNAs in DOX-induced
cardiomyocyte apoptosis. The development of novel therapeutic
strategies targeting the lnc5745-Rab2A-p53 axis might provide
new insight into DOX-induced cardiotoxicity in cancer treatment.

MATERIALS AND METHODS
Cardiomyocytes culture and treatment
Cardiomyocytes were isolated from 1- to 2-day neonatal mice. First, the
thoraxes of the mouse pups were opened, and the hearts were surgically
removed. After cleaning away the connective tissue and blood clots, the
hearts were minced in phosphate buffer. Heart pieces were digested at
37 °C in HEPES-buffered saline solution containing 1.2 mg/mL pancreatin
and 0.14mg/ml collagenase (Worthington, USA) repetitively. Subsequently,
the mixture was collected and centrifuged at 1000 rpm for 5 min. Next, the
cells were resuspended in Dulbecco’s modified Eagle’s medium/F-12
(Gibco, USA) containing 5% heat-inactivated foetal bovine serum, 100 U/
mL penicillin, 100 μg/mL streptomycin, and 0.1 mM bromodeoxyuridine.
The dissociated cells were placed at 37 °C for 1.5 h to separate the cardiac
fibroblasts from the cardiomyocytes. The cells were then diluted to 1 × 106

cells/ml in 10 cm culture dishes according to the specific experimental
requirements. In this study, the cells were treated with 1 μM DOX for 24 h
before being used for detection in the DOX group. Primary cardiomyocytes
were identified by immunofluorescence. All procedures were in agreement
with the standards for care of laboratory animals as outlined in the NIH
Guide for the Care and Use of Laboratory Animals. All animal experiments

were approved by the Animal Ethics Committee of Qingdao University and
performed in accordance with the Administration of Affairs Concerning
Experimental Animals of China.

Microarray analysis
The Affymetrix Mouse Clariom™ D Assay was used in the experiment and
data analysis. Total RNAs was quantified by the NanoDrop ND-2000 (Thermo
Scientific) and the RNAs integrity was assessed using Agilent Bioanalyzer
2100 (Agilent Technologies). The sample labelling, microarray hybridization
and washing were performed based on the manufacturer’s standard
protocols. Briefly, total RNAs were transcribed to double strand cDNAs and
then synthesized cRNAs. Next, 2nd cycle cDNAs were synthesized from
cRNAs. Followed fragmentation and biotin labelling, the 2nd cycle cDNAs
were hybridized onto the microarray. After washing and staining, the arrays
were scanned by the Affymetrix Scanner 3000 (Affymetrix).
Affymetrix GeneChip Command Console (version 4.0, Affymetrix) soft-

ware was used to extract raw data. Next, Expression Console (version1.3.1,
Affymetrix) software offered RMA normalization for both gene and exon
level analysis. Genesrping software (version 13.1, Agilent Technologies)
was employed to finish the gene expression analysis. Differentially
expressed genes were then identified through fold change as well as
P value calculated with t-test. The threshold set for up- and down-
regulated genes was a fold change >= 2.5 and a P value <= 0.05.
Afterwards, GO analysis and KEGG analysis were applied to determine the
roles of these differentially expressed mRNAs played in these GO terms or
pathways. Finally, Hierarchical Clustering was performed to display the
distinguishable genes’ expression pattern among samples.

Quantitative reverse transcription-PCR
Total RNA was extracted using TRIzol reagent (Vazyme, China). RNA (1 μg)
was reverse transcribed with a Prime Script RT Reagent Kit (Takara, Japan).
Real-time qPCR was performed using TB GreenTM Premix Ex Taq IITM
(Takara, Japan). The following primers were used for qPCR: lnc5745
(5′-GGTCACATCTCAATGCCACTC-3′ and 5′-AATTTCTCCTCTTTCCCCAGT-3′);
Rab2A (5′-GCTTTTGCACGAGAGCATGG-3′ and 5′-CCATGAGATGCGTTGGTA
GC-3′); and GAPDH (5′-AGGTCGGTGTGAACGGATTTG-3′ and 5′-TGTAGACC
ATGTAGTTGAGGTCA-3′).

Fig. 7 Rab2A promotes phosphorylation of p53 on Ser 33. a Rab2A specifically interacts with p53 and p53 (Phospho-Ser 33). b Effects of
DOX, lnc5745 and Rab2A on p53 (Phospho-Ser 33) in NMVCs. The results are from three independent experiments, *P < 0.05. Variables are
presented as the mean ± SD.
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Fluorescence in situ hybridization
The RNA fluorescence in situ hybridization (FISH) assay was performed
using a Fluorescent In Situ Hybridization Kit (GenePharma, China). Cy5-
labelled lnc5745 probe (Sangon, China) sequences were designed as
follows: 5′ Cy5-CAAGTGCCCAATTTCTCCTCTTTCCCCAGT-3′. The cells were
observed and imaged under a laser confocal fluorescence microscope.

Overexpression and RNA interference
For the construction of the lnc5745-overexpressing vector, full-length
lnc5745 was synthesized and inserted into the Xba I restriction site of the
pCDNA3.1 plasmid using an EasyGeno Assembly Cloning Kit (Tiangen,
China). Empty pCDNA3.1 plasmids were used as a negative control. The
Rab2A overexpression vector was constructed using the same strategy.
Lnc5745 siRNA (si-5745) and negative control siRNA (si-NC) were designed
and synthesized by GenePharma (China). The sequences of si-5745 were
GCUCUUAUUUCCUCCUCUATT (sequence 1) and UAGAGGAGGAAAUAA
GAGCTT (sequence 2). The sequences of si-NC were UUCUUCGAACGU
GUCACGUTT (sequence 1) and ACGUGACACGUUCGGAGAATT (sequence
2). Lipofectamine 3000 Transfection Reagent (Invitrogen, USA) was used for
the transfection of plasmids and siRNAs into cells following the
manufacturer’s protocol. Experiments were performed 24 hours after
transfection.

Cell Counting Kit-8
Cell viability was assessed using Meilun Cell Counting Kit-8 (Meilun Bio,
China). We plated 5000 cardiomyocytes per well in a 96-well tissue culture
microplate. Cardiomyocytes were treated or transfected under the
indicated conditions. Then, 10 μL WST-8 solution was added to each well
of the plate. The cardiomyocytes were protected from light and incubated
with WST-8 for 2 h at 37 °C. The absorbance was measured at 450 nm using
a microplate reader.

Apoptosis assay
Caspase 3/7 activity was detected using a Caspase 3/7 Activity Assay Kit
(Meilun Bio, China) according to the manufacturer’s instructions. TUNEL
staining was performed using the TUNEL Apoptosis Detection Kit (YEASEN,
China) according to the manufacturer’s instructions. Samples were
mounted with mounting medium containing 4’,6’-diamidino-2-phenylin-
dole (DAPI) and observed under a fluorescence microscope. TUNEL-
positive cells were counted under the microscope by researchers who
were blinded to the treatment allocation of this study. The rate of
apoptotic cell nuclei was calculated by dividing the total number of
TUNEL-positive nuclei by the total number of DAPI-stained nuclei.

Western blot analysis
Total protein samples were extracted from NMVCs and mouse cardiac
tissues with RIPA lysis buffer (Solarbio, China) and quantified using a
bicinchoninic acid (BCA) protein quantification kit (Vazyme, China). Total
protein (20-30 μg) was separated on a 12% SDS-polyacrylamide gel (SDS-
PAGE) and subsequently transferred to PVDF membranes (Roche, UK).
After blocking for 2 h at room temperature, the membranes were
incubated overnight at 4 °C with primary antibodies against the following
proteins: p53 (Cat#P100051, 1:1000, KleanAB, China), BAX (Cat#P100045,
1:1000, KleanAB, China), cleaved-caspase3 (#14220, 1:1000, CST, USA),
cleaved-PARP (Cat#WL01932, 1:1000, Wanlei, China), β-actin (Cat#AC026,
1:50000, ABclonal, China), Rab2A (Cat#P101097, 1:1000, KleanAB, China),
and p53 (Phospho-Ser 33) (YP0208, 1:1000, Immunoway, China). The
membranes were then exposed to an HRP-conjugated secondary
antibody for 1 h. The ECL chemiluminescence method was used for
western blot analysis.

RNA pulldown
Biotinylated lnc5745 or biotinylated negative control probes were
designed and synthesized by Sangon Biotech. The sequence of the
biotinylated lncRNA 5745 probe was: 5′-AGGGTGTTTAGAAAGCTCCG-3′.
The sequence of the biotinylated negative control probe was: 5′-TT
GAGTGCGAAGATCACGGT-3′. All procedures were performed under RNase-
free conditions. The NMVCs were lysed in RIPA lysis buffer (Solarbio, China)
and centrifuged at 12,000 g for 20 min at 4 °C. The protein-containing
supernatants were collected. Then, the protein-containing supernatants
were incubated with the biotinylated probes for 12 h at 4 °C. Streptavidin
magnetic beads were added to each binding reaction and incubated for

4 h at 4 °C. The beads were washed five times with high-salt buffer and
then twice with low-salt buffer. The samples were then boiled for 10min
and resolved via SDS–PAGE.

Mass spectrometry
The SDS–PAGE gel was stained with Coomassie Brilliant Blue. The entire
strip of samples was excised from the gel and first subjected to enzymatic
hydrolysis with trypsin for 20 h at 37 °C. Then, liquid chromatography
coupled with tandem mass spectrometry (LC–MS/MS) was used to analyse
the enzymatically digested samples. Finally, mass spectrometry matching
software such as MASCOT was used to analyse the LC–MS/MS data to
obtain qualitative identification information of the target protein and
peptide molecules. The specific analysis process was completed by
Shanghai Applied Protein Technology (APT), China.

RNA immunoprecipitation
All procedures were performed under RNase-free conditions. The NMVCs
were lysed in RIPA lysis buffer (Solarbio, China) for 30min and centrifuged
at 12,000 g for 20min at 4 °C. Protein-containing supernatants were
separated from the precipitate and collected. The cardiomyocyte lysates
were incubated with 8 μL anti-Rab2A antibody (Cat#P101097, KleanAB,
China) or IgG antibody (Cat#AS003, ABclonal, China) overnight at 4 °C.
Agarose beads were added to each sample and incubated for 4 h at 4 °C.
After washing off any unbound materials, RNAs binding to Rab2A were
extracted with a standard TRIzol (Vazyme, China) RNA extraction protocol
and examined by qRT–PCR and PCR.

Animal experiments
Eight-week-old male C57BL/6 J mice were divided into four groups, and
the grouping was randomized and double-blind, with 6 mice in each
group. Prior to experiments, the mice were raised in a specific pathogen
free environment with comfortable temperature, sterile feed, and drinking
water, and an alternating 12 h day–night cycle for 7 days. Mice received a
single intravenous injection of saline, adenovirus empty vector (Ad-vector)
or adenovirus lnc5745 (Ad-lnc5745) vector (Hanheng, China) with
approximately 1 × 1011 plaque-forming units (pfu) via the tail vein. Four
days later, the mice received a single intraperitoneal injection of saline or
DOX (20mg/kg). After 7 days, the mice were anaesthetized with 1.5%
isoflurane, and echocardiography was performed to examine cardiac
function indices, including the ejection fraction of the left ventricular
diameter (EF), fractional shortening of the left ventricular diameter (FS), the
systolic left ventricular internal diameter (LVIDs) and the diastolic left
ventricular internal diameters (LVIDd). The mice were then sacrificed, and
their hearts were quickly isolated, fixed in 4% paraformaldehyde or stored
at −80 °C for subsequent experiments. Apoptosis in the myocardial tissues
was measured using the TUNEL method with an in situ apoptosis detection
kit (YEASEN, China). To evaluate the extent of cardiac fibrosis, Masson
trichrome staining was performed using a staining kit (Solarbio, China)
following the manufacturer’s instructions. Cardiac fibrosis was stained blue
with Masson’s trichrome. The percentage of fibrotic tissue was calculated
as the collagen area (blue) divided by the total cardiac area on Masson’s
trichrome-stained sections.

Statistical analysis
The sample size was chosen according to previous observations, which
perform similar experiments to see significant results, or the results from
our preliminary experiments. Statistical analyses were performed using
GraphPad Prism (Version 8, GraphPad Software), and the results are
presented as the means ± standard deviation, n= 3. Each experiment
was repeated at least three times. Data with normal distribution and
homogeneity of variance between two groups were evaluated utilizing
unpaired t-test. Data comparisons among multiple groups were analyzed
using one-way analysis of variance (ANOVA) or repeated-measures
ANOVA, followed by Tukey’s post hoc test. P < 0.05 was defined as
statistically significant.

DATA AVAILABILITY
All data and materials are available under request by contacting with the
corresponding author.
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