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Exosomal LINC00174 derived from vascular
endothelial cells attenuates myocardial I/R
injury via p53-mediated autophagy and apoptosis
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In this study, we aim to investigate the regulation of specific long
non-coding RNAs (lncRNAs) on the progression of ischemia/re-
perfusion (I/R) injury. We identified and characterized the exo-
somes derived frommouse primary aortic endothelial cells. Sub-
sequently, we found that these exosomes expressed typical
exosomal markers and high levels of LINC00174, which signifi-
cantly ameliorated I/R-induced myocardial damage and sup-
pressed the apoptosis, vacuolation, and autophagy ofmyocardial
cells. Mechanistic approaches revealed that LINC00174 directly
interacted with SRSF1 to suppress the expression of p53, thus re-
straining the transcription ofmyocardin and repressing the acti-
vation of the Akt/AMPK pathway that was crucial for autophagy
initiation in I/R-induced myocardial damage. Moreover, this
molecular mechanismwas verified by in vivo study. In summary,
exosomal LINC00174 generated from vascular endothelial cells
repressed p53-mediated autophagy and apoptosis to mitigate
I/R-induced myocardial damage, suggesting that targeting
LINC00174may be a novel strategy to treat I/R-inducedmyocar-
dial infarction.
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INTRODUCTION
Exosomes are nano-sized extracellular vesicles derived from endo-
somes in most eukaryotic cells, which were first described in 1987
by Rose Johnstone.1 After decades of investigation, the composition
of exosomes is clear, which includes proteins, lipids and nucleic
acids.2 Exosomes have been implicated in various physiological pro-
cesses, such as cell-cell communication,3 the mediator of immune re-
sponses,4 and the secretion of active molecules.5 Moreover, exosomes
play crucial roles in the pathogenesis of multiple diseases, such as can-
cer,6 inflammatory diseases,7 neurodegenerative diseases,8 and car-
diovascular diseases.9 Emerging evidence demonstrates that exo-
somes could harness the canonical Wnt/b-catenin signaling
pathway,5 the epidermal growth factor receptor (EGFR) signaling
pathway,10 the Notch signaling pathway,11 and the transforming
growth factor b (TGF-b) signaling pathway12 to influence the pro-
gression of distinct diseases. However, the explicit mechanism for
the regulation of exosomes in myocardial ischemia-reperfusion (I/
R) injury is little known.
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Myocardial I/R-elicited tissue damage is a major cause of myocardial
infarction (MI), which further contributes to the mortality and
disability worldwide.13 The death of cardiomyocytes and the necrosis
of affected tissues due to oxygen deprivation are the most remarkable
features in the myocardium during MI progression. Thus, protecting
cardiomyocytes from I/R-induced cell death is the most critical strat-
egy to cure MI in the clinic.14 A related study reveals that exosomes
secreted by vascular endothelial cells can regulate the contractile
phenotype of adjacent smooth muscle cells;15 moreover, cardiac pro-
genitor-derived exosomes have been recognized as the one potent
protector of cardiomyocytes from acute I/R-induced injury.16 How-
ever, few reports have investigated the function and underlying mech-
anism of vascular endothelial cell-derived exosomes in the modula-
tion of I/R-induced myocardial damage.

Long non-coding RNA (lncRNA) is a family of non-coding RNAs
with a length of >200 nt. Emerging studies have elucidated that
lncRNAs participate in the regulation of numerous biological activ-
ities, such as stem cell pluripotency, neurogenesis, immune response,
and oncogenesis.17 In particular, recent studies have manifested that
lncRNA wrapped in exosomes was secreted and transported to distal
target cells to exert their function. For example, Gao and colleagues18

reported that exosomal lncRNA 91H was associated with the poor
prognosis of colorectal cancer, and Chen et al.19 found that exosomal
lncRNA-GAS5 enhanced the apoptosis of both vascular endothelial
cells and macrophages in atherosclerosis. Although previous studies
mainly found that exosomal microRNAs (miRNAs) were involved
in the regulation of atherosclerosis and myocardial I/R injury,20 we
speculate that exosomal lncRNA may play crucial roles in the modu-
lation of myocardial injury. Long intergenic non-protein coding RNA
174 (LINC00174) is a newly discovered lncRNA, which is upregulated
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in colorectal cancer (CRC),21 glioma,22 and hepatocellular carcinoma
(HCC).23 Previous studies reveal that LINC00174 functions as an
oncogene to facilitate the progression of CRC, glioma, and HCC via
distinct mechanisms,21–23 whereas our lab has found that vascular
endothelial cells could secret exosomes that contain large quantities
of LINC00174. However, the function of exosomal LINC00174 in
myocardial I/R injury is still elusive.

Autophagy is a intracellular degradation process that destroys mis-
folded or dysfunctional components, which is crucial for cells to sup-
ply energy in response to nutrient deprivation,24 whereas apoptosis is
a process of programmed cell death predominantly mediated by cas-
pases.25 Accumulative evidence has demonstrated that autophagy
usually blocks the initiation of apoptosis, and apoptosis-related cas-
pase activation inhibits the autophagic process; moreover, the cross-
talk between autophagy and apoptosis plays a fundamental role in
numerous pathophysiological processes.26 For instance, autophagy
has been recognized as the pro-survival mechanism for cardiomyo-
cytes in I/R-induced damage;27–30 furthermore, targeting autophagy
using various agents has become an appealing strategy for the treat-
ment of cardiorenal metabolic disorders.31,32 However, autophagy
activation also inhibits apoptosis and ameliorates tissue damage in
chronic ischemia.33 Beclin-1 is a potent suppressor of autophagy; par-
tial knockdown of this gene reinstates autophagosome formation and
protects cardiomyocytes from I/R-induced cell death.34 By contrast,
apoptosis is a major cause of the death of cardiomyocytes during I/
R injury.35 Some studies have found that ubiquitin-specific peptidase
49 (USP49) and 2,3,5,4-tetrahydroxystilbene-2-O-b-D-glucoside
(TSG) could eliminate the I/R-induced apoptosis of H9c2 cardiomyo-
cytes,36 while miR-181c-5p exacerbated the hypoxia/reoxygenation
(H/R)-induced apoptosis of H9c2 cells by targeting PTPN4.37 Never-
theless, no significant progress has been achieved to eliminate I/R
injury and MI after decades of investigation. Thus, the regulatory
mechanism for autophagy and apoptosis in I/R-induced myocardial
damage should be investigated to achieve a breakthrough in the treat-
ment of I/R injury and MI.

In the present study, we investigated the function of exosomal
LINC00174, which was secreted by vascular endothelial cells, on
myocardial I/R injury. The results showed that LINC00174 expres-
sion in exosomes was reduced in I/R-induced mice, whereas the inoc-
ulation of exosomal LINC00174 could significantly ameliorate I/R-
induced myocardial damage and suppress the apoptosis, vacuolation,
and autophagy of myocardial cells. Mechanistically, LINC00174
could directly interact with serine and arginine rich splicing factor
1 (SRSF1), which then suppressed p53 expression, restrained the tran-
scription of myocardin, and attenuated the activation of the Akt/AMP
kinase (AMPK) pathway. In vivo experiments demonstrated that
LINC00174 could downregulate the expression of myocardin, while
LINC00174 knockdown evidently aggravated apoptosis and
enhanced the autophagy activation of myocardial cells through
augmented Akt/AMPK signaling. Our study revealed that exosomal
LINC00174 secreted by vascular endothelial cells could inhibit p53-
mediated autophagy and apoptosis in I/R-induced myocardial dam-
age, which indicated that LINC00174 may be a novel target to miti-
gate I/R-induced myocardial infarction in the future.

RESULTS
LINC00174 is expressed in exosomes derived from vascular

endothelial cells

To obtain the exosomes derived from aortic endothelial cells, we iso-
lated aortic endothelial cells from the aorta of C57BL/6 mice. After
culturing for 12 days, these aortic endothelial cells formed tight con-
nections and displayed the typical morphology of endothelial cells
(Figure 1A). To further verify their identity, we then performed
immunofluorescence staining for von Willebrand factor (vWF),
which is a widely used marker protein of vascular endothelial cells,
and the results demonstrated that all of the cells showed evident
vWF expression in cytosol (Figure 1B). Next, we collected the culture
medium and purified the secreted exosomes for subsequent analysis.
The transmission electron microscopy (TEM) scanning image clearly
showed that there were exosome-like vesicles in the supernatant, the
diameter of which lay in the range of 60–90 nm (Figure 1C). More-
over, we measured the expression of exosomal markers such as
CD9, CD63, and CD81 on the surface of isolated exosomes. The re-
sults demonstrated that all of these marker proteins were expressed
on purified exosomes (Figure 1D). Western blot data further
confirmed the high expression level of CD9 and CD63 in exosomes,
whereas the marker proteins of mitochondria, the Golgi apparatus,
and lysosomes were hardly detected in these exosomes (Figure 1E).
Interestingly, subsequent qRT-PCR results elucidated that
LINC00174 expression was significantly upregulated in isolated exo-
somes when compared with that in cell lysis (Figure 1F). These data
demonstrated that exosomes secreted by vascular endothelial cells
contained LINC00174.

I/R-induced myocardial injury is relieved by exosomal

LINC00174 by suppressing autophagy and apoptosis of

myocardial cells

To explore the function of exosomal LINC00174, we then established
a I/R-induced myocardial injury mouse model. As shown in Fig-
ure 2A, TEM scanning showed that there was much more myocar-
dium vacuolation in the cardiomyocytes of I/R-treated mice; howev-
er, qRT-PCR analysis revealed that LINC00174 expression was
downregulated in cardiomyocytes after I/R treatment. To verify the
essential role of LINC00174, I/R-treated mice were intravenously
administrated with LINC00174-containing exosomes that were
derived from vascular endothelial cells. As expected, 2,3,5-triphenyl-
tetrazoliumchloride (TTC) staining experiments demonstrated that
LINC00174 injection significantly mitigated the myocardial infarc-
tion in I/R-treated mice (Figure 2B). To assess the injury status, we
further measured the enzyme activity, including LDH (lactic dehy-
drogenase), CK (creatine kinase) and CK-MB (CK MB isoenzyme)
in mice serum with commercial kits. The data demonstrated that I/
R treatment significantly increased the activity of LDH and CK, as
well as the CK-MB activity, which indicated that the death of myocar-
dial cells was due to I/R-induced injury. However, the administration
of LINC00174-containing exosomes derived from vascular
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Figure 1. The isolation and characterization of vascular endothelial cell-derived exosomes

Mouse primary aortic endothelial cells were isolated from aorta of pathogen-free C57BL/6 mouse.

(A) The morphology of vascular endothelial cells was imaged after culturing for 3 days (left) and 12 days (right), respectively. Scale bar, 100 mm.

(B) The immunofluorescence staining of vWF in vascular endothelial cells. Scale bar, 100 mmm.

(C) The exosomes derived from vascular endothelial cells were examined by transmission electron microscopy (TEM). Scale bar, 100 nm.

(D) The expression of surface markers (CD9, CD63, and CD81) on exosomes was assessed by flow cytometry.

(E) The expression of exosomal markers (CD9, CD63, and TSG101) and cellular organelle markers (cytochrome c, calnexin, and syntaxin 6) in vascular endothelial cell lysates

and exosomes, respectively, was measured by western blotting.

(F) The relative expression of lncRNA LINC00174 in vascular endothelial cell lysates and exosomes was measured by PCR. The mRNAs were normalized to GAPDHmRNA;

experiments were performed in triplicate.

(A–F) The data represented 1 of 3 independent experiments. (F) Data were represented as means ± SDs. p values were determined by unpaired 2-tailed Student’s t test. *p <

0.05 and **p < 0.01.
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endothelial cells potently repressed the death of myocardial cells,
which was seen by the reduced activity of LDH, CK, and CK-MB (Fig-
ure 2C). Then, we performed color Doppler echocardiography in
mice to monitor their cardiac function. The data showed abnormal
echocardiographic parameters, including left ventricular end-dia-
stolic dimension (LVEDD), left ventricular end systolic diameter
(LVESD), left ventricular end-diastolic pressure (LVEDP), left ven-
tricular fraction shortening (LVFS), left ventricular systolic pressure
(LVSP), and left ventricular ejection fraction (LVEF) in the I/R group.
As expected, the treatment of LINC00174-containing exosomes
derived from vascular endothelial cells significantly ameliorated the
I/R injury and improved the cardiac function, which was supported
by the decreased LVEDD, LVESD, and LVEDP and the increased
LVFS, LVSP, and LVEF (Figure 2D). Next, the terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) assay showed that
LINC00174 administration potently repressed the apoptosis of cardi-
omyocytes when compared with that in the control group mice (Fig-
ure 2E). We observed evident myocardium vacuolation in I/R-
induced myocardial injury mice; however, exogenous LINC00174
treatment significantly ameliorated the myocardium vacuolation
(Figure 2F). Using the TEMdata, we also quantified the cell area occu-
pied by autophagic vesicles in control mice or I/R-induced myocar-
dial injury mice in the absence or presence of LINC00174. The result
showed that I/R treatment induced potent upregulation of autophagic
vesicle formation, which was then repressed by LINC00174 adminis-
tration (Figure 2G). To confirm this finding, we further assessed the
1306 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
autophagy in cardiomyocytes using immunofluorescence staining of
LC3 and the results demonstrated that I/R-induced myocardial injury
obviously promoted autophagy activation and autophagosome for-
mation, which was inhibited by exogenous LINC00174 injection (Fig-
ure 2H). In addition, we implemented western blotting to examine the
expression of autophagy-related proteins such as Beclin1, p62, LC3-I,
and LC3-II. The results illustrated that Beclin1 and the LC3-II:LC3-I
ratio were both upregulated while p62 was downregulated upon I/R
treatment; nevertheless, LINC00174 inoculation greatly reversed
this phenotype (Figure 2I). Our data revealed that exosomal lncRNA
LINC00174 derived from vascular endothelial cells may ameliorate I/
R-induced myocardial injury by inhibiting autophagy and apoptosis.

p53 downregulation is associated with the mitigation of I/R-

induced myocardial injury by LINC00174

p53 has been reported as a cause of myocardial apoptosis during I/R
injury.38,39 To ascertain whether p53 signaling was involved in the
regulation of I/R injury by LINC00174, we established an H/R cell
model with primary myocardial cells in vitro. The qRT-PCR results
demonstrated that LINC00174 expression was downregulated after
H/R treatment, although co-culturing with vascular endothelial
cell-derived exosomes significantly augmented the expression of
LINC00174 (Figure 3A). Next, we checked the expression of p53 in
primary myocardial cells after H/R treatment. The western blotting
result confirmed that p53 accumulation was significantly elevated,
whereas the inoculation of LINC00174-containing exosomes potently
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repressed p53 expression (Figure 3B). To further verify the associa-
tion between p53 and LINC00174 during I/R-induced injury, we
knocked down the expression of LINC00174 by small hairpin RNA
(shRNA) in primary myocardial cells. The qRT-PCR data showed
that LINC00174 expression in myocardial cell-derived exosomes
was reduced >50% (Figure 3C). After H/R treatment, p53 expression
in myocardial cells was repressed by control exosomes, while
LINC00174-silenced exosomes failed to downregulate the expression
of p53 (Figure 3D). Moreover, the TUNEL assay showed that H/R
treatment dramatically elevated the apoptosis of vascular endothelial
cells, whereas this phenomenon was suppressed when excessive
LINC00174-containing exosomes were supplemented in the co-
culturing system. However, LINC00174 knockdown in the co-
cultured exosomes aggravated the apoptosis. Interestingly, additional
p53 knockdown counteracted the effects of LINC00174 silencing,
which potently repressed the cell apoptosis; by contrast, simultaneous
p53 overexpression led to much more cell death when LINC00174
expression was silenced (Figure 3E).

Next, we assessed the autophagy upon H/R treatment with the immu-
nofluorescence staining of LC3 and the results illustrated that H/R
treatment induced autophagy activation and autophagosome forma-
tion, which was inhibited by exogenous exosomes derived from
vascular endothelial cells. However, LINC00174-silenced exosomes
failed to suppress autophagosome formation. p53 knockdown in
the myocardial cells potently inhibited the autophagosome formation
in the presence of LINC00174-silenced exosomes, while p53 overex-
pression in myocardial cells further enhanced the autophagosome
formation (Figure 3F). Consistently, the expression of Beclin1, LC3-
I, and LC3-II in myocardial cells was enhanced after H/R treatment,
repressed after co-culturing with LINC00174-containing exosomes,
and elevated by co-culturing with LINC00174-knocking down exo-
somes. Although exogenous LINC00174-knocking down exosomes
lost the protective function on H/R-induced myocardial injury, p53
knockdown in myocardial cells significantly suppressed the auto-
phagy activation, while p53 overexpression in myocardial cells led
to augmented autophagy activation. As a marker protein of auto-
phagy activation, p62 showed a reversed expression pattern from
Figure 2. Exosomal LINC00174 can mitigate the I/R-induced myocardial injury

I/R-induced myocardial injury model was established with C57BL/6 mouse. They were

respectively; n = 5.

(A) Left, the autophagosomes in myocardial cells were examined by TEM imaging. Scale

was measured by qRT-PCR. The mRNAs were normalized to GAPDH mRNA; experim

(B) The size of myocardial infarction was measured by TTC staining; the statistic of the

(C) The activity of LDH, CK, and CK-MB in mice serum was measured by commercial

(D) Key parameters were tested by color Doppler echocardiography to reflect the injury

(E) The apoptosis of myocardial cells was determined by TUNEL assay, the representa

Scale bar, 50 mm.

(F) The myocardium vacuolation was imaged by TEM. Scale bar, 1 mm.

(G) The cell area occupied by autophagic vesicles was quantified based on EM images

(H) The formation of autophagosomes was assessed by immunofluorescence staining

(I) The expression of autophagy-related proteins in mice-derived myocardial cells was m

(A–I) The data represented 1 of 3 independent experiments. (A–E and G) Data were repre

test (A) or 1-way analysis of variance (ANOVA) followed by Tukey post hoc test (B–E an
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that of Beclin1 and the LC3-II:LC3-I ratio (Figure 3G). Overall, these
experiments demonstrated that p53 downregulation was involved in
the mitigation of H/R-induced myocardial injury by LINC00174.

LINC00174 interacts with SRSF1

Up to now, no reports have studied the association between
LINC00174 and p53 in the regulation of myocardial I/R injury. To
address this question, we implemented an RNA pull-down assay
with a biotinylated LINC00174 probe and mouse myocardial cell ly-
sates. The proteins interacted with LINC00174 were then pulled
down by streptavidin beads, which were then subjected to SDS-
PAGE electrophoresis and mass spectrometry (MS) analysis (Fig-
ure 4A). MS data suggested that SRSF1 was a potential binding candi-
date for LINC00174. SRSF1 is a member of the SRSF family proteins
that either activate or repress gene splicing, and it can also regulate the
translation process in cell cytosol.40 To verify this interaction, we per-
formed western blotting to check the existence of SRSF1 in the pull-
down samples by LINC00174. The results showed that LINC00174
could interact with SRSF1, but not p53 (Figure 4B). To further
confirm this finding, we performed an RNA immunoprecipitation
(RIP) assay with SRSF1 antibody and p53 antibody, respectively.
The data demonstrated that LINC00174 was precipitated and en-
riched by SRSF1 antibody when compared with that by control
immunoglobulin G (IgG); however, LINC00174 was not recruited
by the p53 antibody (Figure 4C). To map the binding site of
LINC00174 on SRSF1, we designed and purified full length and
several truncations of SRSF1 proteins (Figure 4D). The subsequent
RIP experiments demonstrated that all 3 domains of SRSF1
(RRM1, RRM2, C-terminal domain) participated in the interaction
between LINC00174 and SRSF1 (Figure 4E). Overall, these data eluci-
dated that LINC00174 could bind to SRSF1, which may mediate the
association between LINC00174 and p53 signaling.

LINC00174 is implicated in themitigation ofmyocardial I/R injury

by regulating p53 signaling through SRSF1

Previous study has proved that SRSF1 can stabilize p53 via RPL5 and
that SRSF1 is necessary for ribosomal stress-induced p53 activation in
cancer cells.41 To assess the function of SRSF1 in the regulation of
then intravenously injected with PBS or isolated LINC00174-containing exosomes,

bar, 1 mm. Right, the relative expression of LINC00174 in vascular endothelial cells

ents were performed in triplicate.

infarct area to left ventricle (LV) was shown in the right-hand chart. Scale bar, 1 cm.

kits.

status of myocardium in mice.

tive images were displayed at left, and the statistic of cell death was shown at right.

with ImageJ software.

for LC3; the cell nucleus was stained with DAPI. Scale bar, 10 mm.

easured by western blotting; b-actin was used as the internal normalization control.

sented as means ± SDs. p values were determined by unpaired 2-tailed Student’s t

d G). *p < 0.05, **p < 0.01, and ***p < 0.001. IFN, infarction area.



Figure 3. LINC00174 modulates the I/R-induced myocardial injury by downregulating p53

(A and B) Mouse primary myocardial cells were pretreated as indicated before H/R treatment.

(A) The relative expression of LINC00174 in mouse primary myocardial cells after hypoxia treatment for 4 h was measured by qRT-PCR; n = 3.

(B) The expression of p53 in mouse primary myocardial cells after H/R treatment was measured by western blotting. b-Actin was used as the loading control.

(C) Negative control shRNA (shNC) or LINC00174 shRNA (shLINC00174) was transfected intomouse primary aortic endothelial cells; 48 h later, the exosomes in supernatant

were harvested to determine the relative expression level of LINC00174 by qRT-PCR; n = 3.

(D) Mouse primary myocardial cells were pretreated as indicated before H/R treatment. The expression of p53 in mouse primary myocardial cells was measured by western

blotting after H/R treatment for 4 h. b-Actin was used as the loading control.

(legend continued on next page)
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myocardial I/R injury, we conducted various in vitro assays with the
H/R-induced cell injury model. The qRT-PCR results demonstrated
that SRSF1 expression was downregulated after H/R treatment; how-
ever, co-culturing with vascular endothelial cell-derived exosomes
significantly augmented the expression of SRSF1 (Figure 5A). Next,
we assessed the expression of SRSF1 in primary myocardial cells after
H/R treatment by western blotting. Consistently, SRSF1 expression
was significantly reduced upon H/R treatment; however, co-culturing
with LINC00174-containing exosomes potently elevated SRSF1
expression (Figure 5B). Strikingly, we found that SRSF1 overexpres-
sion in myocardial cells led to the downregulation of p53, while
SRSF1 knockdown resulted in the elevation of p53 expression (Fig-
ure 5C). The subsequent TUNEL assay showed that SRSF1 overex-
pression repressed the apoptosis of mouse myocardial cells after H/
R treatment in the presence of LINC00174-lacking exosomes,
whereas SRSF1 knockdown conduced to enhanced apoptosis of
myocardial cells under similar circumstances (Figure 5D). Moreover,
the immunofluorescence experiments demonstrated that SRSF1 over-
expression in myocardial cells evidently attenuated the autophagy
activation and autophagosome formation induced by H/R treatment.
By contrast, SRSF1 knockdown potently increased the autophago-
some formation upon H/R treatment, even in the presence of
LINC00174-lacking exosomes (Figure 5E). In accordance with the
above functional data, the biochemical evidence also manifested
that the expression of Beclin1 and the LC3-II:LC3-I ratio in myocar-
dial cells was repressed after H/R treatment in the presence of exces-
sive SRSF1. On the contrary, both of them were upregulated upon H/
R treatment, when SRSF1 was silenced in myocardial cells. Consis-
tently, p62 showed the reversed expression pattern. We note that
the expression of p53 was negatively correlated with the expression
of SRSF1 in the western blotting experiments (Figure 5F). These
data illustrate that LINC00174 was implicated in the mitigation of
myocardial I/R-induced injury by the negative regulation of p53
signaling by SRSF1.

P53 knockdown attenuates myocardial I/R injury via

suppressing cell apoptosis and autophagy

To investigate the function and mechanism of p53 in I/R-induced
myocardial injury, we knocked down p53 in vivo and established
the I/R-induced myocardial injury mice model. The TUNEL assay
showed that I/R treatment inducedmuch higher apoptosis of myocar-
dial cells than that in control mice; however, p53 knockdown signif-
icantly reduced the apoptosis of myocardial cells (Figure 6A). The
immunohistochemical staining of LC3 in myocardium demonstrated
that I/R treatment led to the activation of autophagy; however, p53
knockdown obviously restrained autophagy activation (Figure 6B).
Consistently, the LC3-II:LC3-I ratio was significantly elevated upon
(E–G) Mouse primary myocardial cells were pretreated as indicated before H/R treatme

(E) The cell apoptosis after H/R treatment was determined by TUNEL assay; cell nucle

(F) The formation of autophagosomes was assessed by immunofluorescence staining;

(G) The expression of autophagy-related proteins was measured by western blotting. b

(A–G) The data represented 1 of 3 independent experiments. (A and C) Data were repre

Tukey post hoc test. *p < 0.05 and **p < 0.01.

1310 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
I/R treatment; nevertheless, it declined when p53 expression was
knocked down. Since previous studies have reported that both
Akt42 and AMPK43 signaling are implicated in autophagy induction,
we thus assessed the phosphorylation of Akt and AMPK in mouse
myocardial cells after I/R treatment. The data showed that the phos-
phorylation of both Akt and AMPK was enhanced upon I/R-induced
myocardial injury, which indicated that the autophagy process was
activated. However, p53 knockdown attenuated their phosphoryla-
tion and repressed autophagy induction (Figure 6C). In summary,
our data here suggest that the reduced cell apoptosis and attenuated
Akt/AMPK signaling-mediated autophagy were the underlying
mechanism for the mitigation of myocardial I/R injury by p53
knockdown.

The regulation of myocardin transcription by p53

Previous studies have found that myocardin can mediate autophagy
and cell death in cardiomyocytes,44 which was essential for the sur-
vival and homeostasis of cardiomyocytes,45 and p53 can target myo-
cardin to promote the differentiation of smooth muscle cells.46 To
verify the implication of myocardin in the regulation of I/R-induced
injury, we assessed the expression of myocardin in mouse cardiomyo-
cytes that had been transfected with small interfering p53 (sip53) or
control siRNA. The western blotting result demonstrated that myo-
cardin was also upregulated after I/R treatment; however, p53
silencing led to the attenuation of myocardin (Figure 7A). Moreover,
H/R treatment with mouse myocardial cells in vitro also led to the
similar expression pattern of myocardin upon p53 knockdown (Fig-
ure 7B). Mechanistically, p53 was found to bind to the promoter re-
gion of myocardin in response to H/R treatment in the chromatin
immunoprecipitation (ChIP) assay, and the accumulation of p53 on
the promoter region of myocardin was gradually augmented with
time after H/R treatment (Figure 7C). In addition, the dual luciferase
assay further confirmed that p53 interacted with the promoter region
of myocardin and facilitated its transcription uponH/R treatment, for
p53 knockdown severely impaired the luciferase activity (Figure 7D).
In summary, these experiments elucidated that p53 downregulation
was crucial for mitigating I/R-induced myocardial injury, which
was mediated by inhibiting the expression of myocardin.

p53 and myocardin-mediated myocardial I/R injury was

modulated by LINC00174 in vivo

To further investigate the association of LINC00174, p53, and myo-
cardin in the modulation of I/R injury in vivo, we injected
LINC00174-containing exosomes into I/R-treated mice. The subse-
quent western blotting experiment using freshly isolated cardiomyo-
cytes demonstrated that I/R treatment significantly increased the
expression of myocardin, whereas LINC00174 inoculation robustly
nt.

i were stained by DAPI. Scale bar, 200 mm.

cell nucleus was stained with DAPI. Scale bar, 10 mm.

-Actin was used as the loading control.

sented as means ± SDs. p values were determined by 1-way ANOVA, followed by



Figure 4. LINC00174 interacts with SRSF1

(A) Schematic illustration of RNA pulldown assay.

(B) Mouse primary myocardial cells were lysed and incubated with biotinylated LINC00174 sense or antisense strand; pulldown samples were then analyzed by western

blotting.

(C) Mouse primary myocardial cells were lysed and incubated with indicated antibodies in RIP assay. Immunoprecipitated (IP)-enriched RNAwas then analyzed by qRT-PCR;

n = 5.

(D) Schematic illustration of SRSF1 full-length protein and truncations; their expression in E. coli was shown in the SDS-PAGE gel below.

(E) The binding of LINC00174 to SRSF1 full-length protein and truncated proteins was assessed by RIP.

(B–E) The data represented 1 of 3 independent experiments. (C and E) Data were represented as means ± SDs. p values were determined by 1-way ANOVA), followed by

Tukey post hoc test. *p < 0.05 and **p < 0.01.
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suppressed its expression (Figure 8A). Next, the recipient mice were
administrated with LINC00174-knocking down exosomes, or with
p53-knocking down adenovirus plus LINC00174-knocking down
exosomes ahead of I/R treatment. Then, the serum was obtained for
LHD, CK, and CK-MB measurement. In Figure 8B, we can see that
LINC00174 knockdown in exosomes further enhanced the activity
of LDH, CK, and CK-MB; however, simultaneous p53 knockdown
partially reduced the increased activity of LDH, CK, and CK-MB.
Moreover, the cardiac function determined by color Doppler echo-
cardiography showed that LVEDD, LVESD, and LVEDP were even
larger in mice administrated with LINC00174-lacking exosomes
than those in control mice, accompanied by even lower LVFS,
LVSP, and LVEF. However, administration with LINC00174-lacking
exosomes plus p53 siRNAs potently reduced LVEDD, LVESD, and
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Figure 5. LINC00174 regulates p53 signaling through SRSF1

(A and B) Mouse primary myocardial cells were pretreated as indicated before H/R treatment. The relative expression of SRSF1 after H/R treatment for 4 h was measured by

qRT-PCR; n = 3.

(B) The expression of SRSF1 after H/R treatment was measured by western blotting. b-Actin was used as the loading control.

(C) Mouse primary myocardial cells were transfected with indicated plasmids or siRNAs; 48 h later, the expression of p53 was measured by western blotting. b-Actin was

used as the loading control.

(D–F) Mouse primary myocardial cells were pretreated as indicated. Then the cells were subjected to H/R treatment for 4 h.

(D) The apoptosis of myocardial cells was determined by TUNEL assay; cell nuclei were stained by DAPI; merged images are shown at the bottom. Scale bar, 200 mm.

(legend continued on next page)

Molecular Therapy: Nucleic Acids

1312 Molecular Therapy: Nucleic Acids Vol. 23 March 2021



www.moleculartherapy.org
LVEDP and increased LVFS, LVSP, and LVEF (Figure 8C), which
indicated the improved cardiac function when inhibiting p53
signaling. Next, the primary cardiomyocytes were isolated from
mice and subjected to TUNEL assay analysis. Consistently, cardio-
myocytes from mice receiving LINC00174-knocking down exosomes
showed enhanced cell apoptosis when compared with those receiving
LINC00174-sufficient exosomes. It was noted that additional p53
knockdown evidently reduced the apoptosis (Figure 8D). We per-
formed immunohistochemical staining to assess the autophagy in-
duction. As expected, it exhibited similar responses as cell apoptosis
upon I/R treatment, augmented by LINC00174-downregulation
while impaired by p53 knockdown (Figure 8E). Finally, we checked
the activation status of AMPK and Akt in cardiomyocytes by western
blotting. The data clearly demonstrated that LINC00174 silencing in
vascular cell-derived cells significantly enhanced the activation of
AMPK and Akt signaling in cardiomyocytes. However, simultaneous
p53 knockdown impaired the signaling strength of AMPK and Akt
pathways, as well as the expression of myocardin (Figure 8F). Our
ex vivo data suggested that the LINC00174-p53-myocardin axis
participated in the amelioration of myocardial I/R injury.

DISCUSSION
Recently, non-coding RNAs packed in exosomes have been inten-
sively studied for their sophisticated function in various biological ac-
tivities,47 which suggested that these RNA molecules may be a crucial
mediator for exosomes to exert their function. In the present study,
we find that exosomal LINC00174, which is generated from vascular
endothelial cells, mitigates the IR-induced myocardial injury by re-
pressing p53-mediated autophagy and apoptosis. Mechanistically,
LINC00174 directly targets SRSF1 and then reduces the expression
of p53 in cardiomyocytes, which in turn resulted in restrained cell
apoptosis, improved cardiac function, impaired myocardin expres-
sion, and repressed myocardin-induced autophagy.

Previous studies reveal that LINC00174 functions as an oncogene to
facilitate the progression of CRC, glioma, and HCC through various
mechanisms;21–23 however, no report has been published to investi-
gate the function of LINC00174 in myocardial I/R injury. In the pre-
sent study, we revealed that LINC00174 was enriched in exosomes
derived from vascular endothelial cells. Although its expression in
cardiomyocytes was impaired after I/R induction, the injection of
exogenous LINC00174-containing exosomes successfully mitigated
the myocardial I/R injury in the mouse model, including a reduced
size of myocardial infarction, lessened cell apoptosis, improved car-
diac function, decreased myocardium vacuolation, and attenuated
autophagy activation. These data support the versatile roles of
LINC00174 in tumor and cardiovascular diseases. When myocardial
I/R occurs, the cellular LINC00174 in cardiomyocytes may be down-
regulated and cannot suppress p53-mediated autophagy activation
(E) The level of LC3 in myocardial cells was examined by immunohistochemical stainin

(F) The expression of autophagy-related proteins, SRSF1, and p53 in myocardial cells

(A–F) The data represented 1 of 3 independent experiments. (A) Data were represented a

hoc test; **p < 0.01.
and apoptosis. We speculate that exosomal LINC00174 derived
from nearby vascular endothelial cells can reach the I/R site quickly
and fuses with the affected cardiomyocytes, providing enough exog-
enous LINC00174 to combat p53-mediated autophagy activation
and apoptosis. This mechanism supplies a quick response to rescue
the affected cardiomyocytes during myocardial I/R injury. A similar
mechanism is also found in I/R-induced kidney injury. Chen
et al.48 found that epithelium-derived exosomal ATF3 RNA attenu-
ated the transcription of the pro-inflammatory gene MCP-1 in renal
I/R and attenuated I/R-induced kidney injury. Accumulative evidence
shows that besides LINC00174, more and more lncRNAs are impli-
cated in the modulation of myocardial I/R injury, although most of
them are not wrapped and transported in exosomes. For example,
Liu et al.44 found that lncRNA cardiac autophagy inhibitory factor
(CAIF) was downregulated upon myocardial I/R injury, whereas en-
forced expression of CAIF led to repressed autophagy and reduced
cell death. Chen and colleagues19 have reported that exosomal
lncRNA-growth arrest-specific 5 (GAS5) derived from GAS5-overex-
pressing macrophages enhanced the apoptosis of vascular endothelial
cells. Li et al.49 revealed that the inhibition of lncRNA X-inactive spe-
cific transcript (XIST) can improve myocardial I/R injury by repres-
sing autophagy and the regulation of SOCS2. Moreover, exosomal
miRNAs such as miR-21 and miR-451, derived from cardiac progen-
itor cells, also mitigate oxidative stress-induced apoptosis in myocar-
dial I/R injury.16,50 Although the underlying mechanism is different,
exosomal non-coding RNAs play vital roles in myocardial protection
during I/R injury. Moreover, mechanistic approaches revealed that
LINC00174 could directly interact with the SRSF1 protein and then
obstruct the expression of p53 and its association with the myocardin
promotor, which thus repressed the activation of AMPK and Akt and
the downstream autophagy. This is a novel regulatory mechanism in
the regulation of I/R injury for lncRNA. However, other mechanisms
may be involved in the regulation of I/R injury by LINC00174, which
still requires more investigation.

The implication of autophagy in the pathogenesis of cardiovascular
diseases has been extensively studied, and shows both cardiac benefit
and detrimental effects in various cardiopathologies, depending on
the upstream signaling pathways and cell conditions.51 Autophagy
is enhanced in both ischemia and reperfusion phases during cardiac
I/R injury,52 with the aim of controlling the extent of cell damage
and maintaining cell survival. In the cardiac ischemia phase, AMPK
is activated in response to the low level of ATP and the high ratio
of AMP:ATP as a nutrient sensor, which subsequently phosphory-
lates Unc-51-like autophagy activating kinase 1 (ULK1) at Ser 317
and Ser 777 in a direct or an indirect manner. It then induces auto-
phagy, while the mammalian target of rapamycin (mTOR) can phos-
phorylate ULK1 at Ser 757 and abolishes its association with AMPK
and then inhibits autophagy.53,54 However, Beclin1 steps onto center
g. Scale bar, 10 mm.

was measured by western blotting; b-actin was used as the loading control.

s means ±SDs. p values were determined by 1-way ANOVA, followed by Tukey post
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Figure 6. p53-knocking down mitigates myocardial

I/R injury via suppressing cell apoptosis and

autophagy

Mice were intravenously injected with adenovirus encod-

ing control siRNA (siNC) or siRNA targeting p53 (sip53),

and then subjected to I/R treatment; n = 5.

(A) The apoptosis of myocardial cells was determined by

TUNEL assay; the representative images were displayed

at left and the statistic of cell death was shown in the right-

hand chart. Scale bar, 50 mm.

(B) The expression level of LC3 in myocardial cells was

examined by immunohistochemical staining. Scale bar,

50 mm.

(C) The expression of autophagy-related proteins and the

activation of Akt and AMPK pathways in myocardial cells

was measured by western blotting; b-actin was used as

the loading control.

(A–C) The data represented 1 of 3 independent experi-

ments. (B) Data were represented as means ± SDs. p

values were determined by 1-way ANOVA, followed by

Tukey post hoc test (A and B)., **p < 0.01 and ***p <

0.001.

Molecular Therapy: Nucleic Acids
stage, so to speak, to mediate the autophagy process in the cardiac re-
perfusion phase, whereas AMPK is no longer activated in the stage.28

The upregulation of Beclin1 results in autophagy activation, probably
induced by Bcl-2 interaction55 or increased reactive oxygen species
(ROS) generation56 in the reperfusion process. Canonical phosphati-
dylinositol 3-kinase (PI3K)/Akt signaling can activate mTOR and
thus suppress autophagy;57 meanwhile, Akt can directly phosphory-
late Beclin1 to repress autophagy.58 However, in the present study,
we observed the augmented Akt phosphorylation upon autophagy
activation in H/R-treated myocardial cells, which contradicted the
previous studies, but more studies are required to confirm this un-
1314 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
usual phenotype. In the present study, we also
found that autophagy was upregulated in cardi-
omyocytes after I/R treatment, as shown by the
significantly increased autophagosomes,
augmented AMPK phosphorylation, enhanced
Beclin1 expression, and elevated LC3-II:LC3-I
ratio. However, exosomal LINC00174 can sup-
press the activation of autophagy, according to
our experiments, which were carried out by
the LINC0014/SRSF1/p53/myocardin axis.
However, the regulation of autophagy and cell
death by p53 has been extensively studied, as a
Bcl-2 family member, Bcl-2 19-kDa interacting
protein (Bnip3) has been recognized as a crucial
mediator in p53-induced autophagy and cell
death. One report found that cardiac stress-
induced p53 activation led to the upregulation
of Bnip3, which triggered mitochondrial pertur-
bations, autophagy induction, and cell death.59

By contrast, other groups reported that p53
repressed Bnip3 transcription and expression,
resulting in mitophagy arrest, mitochondrial dysfunction,60 or
reduced hypoxia-induced cell death.61 The contradictory results indi-
cate that the role of p53 in I/R-induced autophagy and cell death may
be complicated. Nevertheless, our study revealed that myocardin
worked as another effector of p53 in autophagy activation and cell
death during I/R injury, which further clarified the versatile roles of
p53 in this process. lncRNA FOXD3-AS1 has been reported to aggra-
vate the I/R injury of cardiomyocytes by promoting autophagy by
activating nuclear factor kB/inducible nitric oxide synthase/cycloox-
ygenase 2 (NF-kB/iNOS/COX2) signaling,62 while lncRNA XIST has
been proven to mitigate myocardial I/R injury by targeting miR-133a,



Figure 7. P53 regulates the transcription of myocardin

(A) Mice were intravenously injected with adenovirus encoding siNC or sip53 and then subjected to I/R treatment. Sham group mice were not treated by I/R; n = 5. The

expression of myocardin in myocardial cells was measured by western blotting; b-actin was used as the loading control.

(B) Mouse primary myocardial cells were treated as indicated. Then, they were subjected to H/R treatment for 4 h. The expression of myocardin was measured by western

blotting; b-actin was used as the loading control.

(C) Mouse primary myocardial cells were un-transfected or transfected with the indicated plasmids, which were then treated with H/R for the indicated time. Cells were

subjected to ChIP assay with p53 antibody, and the IP DNA was analyzed by PCR.

(D) 293T cells were transfected with the indicated plasmids or siRNAs. Then, the cells were subjected to H/R treatment. The luciferase activity was measured with the dual

luciferase assay kit.

(A–D) The data represented 1 of 3 independent experiments. (D) Data were represented asmeans ±SDs. p values were determined by 1-way ANOVA, followed by Tukey post

hoc test (A–C). **p < 0.01 and ***p < 0.001.
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suppressing autophagy, and regulating SOCS2.49 Although multiple
pathways have been used by different lncRNAs, autophagy is still
the crucial process for regulating I./R injury by lncRNAs. Therefore,
inhibiting autophagy is a feasible approach to relieve or cure myocar-
dial I/R injury.

Another interesting finding in our study was the downregulation of
SRSF1 upon H/R treatment, and the upregulation of SRSF1 after
the inoculation of LINC00174-sufficient exosomes. The consistent
expression pattern between SRSF1 and LINC00174 suggested that
they may have a close relationship during the modulation of auto-
phagy in I/R-induced injury. Our study for the first time reveals the
interaction between SRSF1 and LINC00174 in cardiomyocytes, and
the SRSF1 truncation experiments further showed that all three do-
mains of SRSF1 contributed to the interaction with LINC00174.
However, we still do not know the detailed effects of this interaction
on the stability or function of SRSF1, but the association between
SRSF1 and p53 has been investigated by the Krainer group,41 which
showed that SRSF1 overexpression stabilized p53 via the RPL5-
MDM2 complex and thus induced cellular senescence. Their work
demonstrated that p53 expression was positively regulated by
SRSF1 in fibroblasts by blocking the ubiquitylation of p53. Our study
revealed the reversed expression pattern in I/R-induced cardiomyo-
cytes, which indicated that other regulators may become involved
in the modulation of p53 by SRSF1. As for exosomal LINC00174,
which was endocytosed by encountered cardiomyocytes and func-
tioned as an inhibitor for p53 protein in cell cytosol, it exhibited a
unique feature of lncRNA in the modulation of gene expression.
For most of the identified lncRNAs, they exert their function by tar-
geting the other miRNAs and influencing the downstream proteins.
For example, lncRNA MALAT1 targets miR-204 and miR-558 to
augment LC3-II expression or ULK1 phosphorylation, which in
turn promotes autophagy activation.63,64 Another lncRNA,
AK088388, targets miR-30a to enhance the expression of Beclin1,
which thus facilitates the autophagy induction and increases cell
apoptosis.65 The novel mechanism revealed here indicates that exoso-
mal LINC00174 probably regulates p53 and its substrate protein my-
ocardin through indirect methods by harnessing miR-125b as the
bridge.

In summary, our study revealed that elevated exosomal LINC00174,
which was secreted by vascular endothelial cells, can protect cardio-
myocytes from I/R-induced cell damage. Mechanistically,
LINC00174 repressed p53-myocardin-mediated autophagy and
apoptosis in an SRSF1-dependent manner. These data indicated
that the LINC00174-SRSF1-P53-myocardin pathway functioned as
a novel regulator of autophagy and apoptosis in cardiomyocytes,
which could be used as a therapeutic target to attenuate the excessive
autophagy and improve cardiac function after I/R.

MATERIALS AND METHODS
Mice

All of the male C57/BL6 mice used in this study were obtained from
the Institute of Laboratory Animal Science of the Chinese Academy of
Medical Sciences (Beijing, P.R. China). They were maintained in a
pathogen-free animal facility at Guilin Medical University. All of
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http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

1316 Molecular Therapy: Nucleic Acids Vol. 23 March 2021



www.moleculartherapy.org
the protocols for animal experiments were approved by the Ethics Re-
view Board for Animal Studies of Guilin Medical University.

Myocardial I/R injury mouse model

Male mice 10 weeks of age were used in myocardial I/R surgery.
Briefly, mice were anesthetized and intubated with polyethylene-90
tubing and then ventilated with 95% oxygen/5% CO2 with a rodent
ventilator (model 683, Harvard Apparatus, Holliston, MA, USA).
Mouse body temperature was maintained between 34�C and 37�C
on a warm pad. Afterward, an oblique incision was performed to
expose the left anterior descending (LAD) coronary artery, which
was then ligated with a 6-0 silk suture at the 1-mm position just below
the tip of the left atrial appendage. After 30min of coronary occlusion,
the ligation was released to allow tissue reperfusion, which could be
visualized. Next, the chest wall was closed, and the mice were sacri-
ficed 24 h later for TTC staining or tissue harvesting.

To assess the influence of exosomal LINC00174 on I/R-induced
myocardial injury, 50 m purified exosomes or an equal volume of
PBS was intravenously injected into recipient mice at 4 h before the
myocardial I/R injury.

Enzyme activity measurement

A total of 10 mL serum samples was obtained from the indicated mice
for the measurement of enzyme activity, including LDH, CK, and CK-
MB. LDH activity was measured by a commercial kit (ab-102526, Ab-
cam, Cambridge, UK). Briefly, 50 mL standards, a mice serum sample,
and positive control samples were loaded into a flat-bottom 96-well
plate and then 50 mL reaction mix (LDH assay buffer, LDH substrate
mix) was added to each well. After mixing, the plate was subjected to
OD450 measurement with a plate reader (NEO, Bio-Tek, Henrico,
VA, USA) using a kinetic mode. The OD450 was repeatedly measured
every 3 min for 60 min at 37�C. The LDH activity was then calculated
following the instructions in the manual. Total CK was measured us-
ing a commercial kit (ab-155901, Abcam). Briefly, 50 mL standards,
mice serum sample, and positive control samples were loaded into
a flat-bottom 96-well plate. Then, 50 mL reaction mix (CK assay
buffer, CK enzymemix, CK developer, ATP, CK substrate) was added
to each well. After mixing, the plate was subjected to OD450measure-
ment with a plate reader (NEO, Bio-Tek) using a kinetic mode. The
Figure 8. p53 and myocardin-mediated myocardial I/R injury was modulated b

(A) I/R-induced myocardial injury mice were treated as indicated; n = 5. The expression

western blotting (upper panel) and qRT-PCR (lower panel). b-Actin was used as the loadi

PCR.

(B–D) Mice were treated as indicated. The mice were subjected to I/R treatment 4 h la

(B) The activity of LDH, CK, and CK-MB in mice serum was measured by commercial

(C) Key parameters were tested by color Doppler echocardiography to reflect the injury

(D) The apoptosis of myocardial cells was determined by TUNEL assay; the representativ

in the lower chart. Scale bar, 50 mm.

(E) The expression level of LC3 in myocardial cells was examined by immunohistochem

(F) The expression of autophagy-related proteins and the activation of Akt and AMPKpath

loading control.

(A–F) The data represented 1 of 3 independent experiments. (A–D) Data were represent

post hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001.
OD450 was repeatedly measured every 2 min for 40 min at 37�C.
The CK activity was then calculated following the instructions in
the manual. CK-MB was measured by a commercial ELISA kit (ab-
193696, Abcam). Briefly, 50 mL mice serum samples and standards
were loaded into pre-coated ELISA plates and incubated at 4�C over-
night. After washing 3 times, the plate was loaded with 100 mL bio-
tinylated human CK-MB detection antibody and then incubated at
room temperature for 1 h. After washing 3 times, the plate was loaded
with 100 mL 1� horseradish peroxidase (HRP)-streptavidin solution
and then incubated at room temperature for 45 min. After washing 3
times, the plate was loaded with 100 mL TMB One-Step Substrate
(Thermo Fisher Scientific, Carlsbad, CA, USA) and incubated for
30 min at room temperature in the dark with gentle shaking. Finally,
50 mL stop solution was added to each well. Then, the OD450 nm was
measured immediately on a plate reader (NEO, Bio-Tek). The CK-
MB activity was calculated following the instructions in the manual.

Color Doppler echocardiography for mice

Color Doppler echocardiography was used to evaluate the perfor-
mance of myocardium in mice after I/R surgery according to the stan-
dard operation protocol.66 The evaluvation parameters included car-
diac blood flow parameters (e.g., LVEDD, LVESD, LVEF, LVFS,
LVSP, LVEDP) and ± dP/dtmax.

The isolation and culture of mouse primary aortic endothelial

cells

After the sacrifice of the C57/BL6 mouse, the thoracic aorta was
quickly dissected and immersed in PBS. Then, the connective tissue
attached to adventitia was removed under a stereomicroscope. Subse-
quently, the aorta was cut into 1- to 2-mm cross-sectional rings,
which were then opened and placed on Matrigel with the endothe-
lium layer facing down. The aorta tissue was covered with several
drops of Matrigel and gently washed once using pre-warmed PBS. Af-
ter loading pre-warmed endothelial cell growth medium (Ham’s F12/
DMEM supplemented with 5% fetal bovine serum [FBS], 50 mg/mL
ECGS [endothelial cell growth supplement, Sigma-Aldrich, St. Louis,
MO, USA], 10 U/mL heparin [Sigma-Aldrich], 50 mg/mL penicillin,
and 50 mg/mL streptomycin), the aorta tissue was cultured at 37�C
in a humid incubator chamber with 5% CO2 for 5–7 days, allowing
the endothelial cells to sprout and proliferate. When a large number
y LINC00174 in vivo

level of myocardin in mouse primary myocardial cells was measured 24 h later by

ng control in western blotting. GAPDHwas used as the normalization control in qRT-

ter. Sham group mice were not treated by I/R; n = 5.

kits.

status of myocardium in mice.

e images were displayed in the upper panel, and the statistic of cell death was shown

ical staining. Scale bar, 50 mm.

ways inmyocardial cells wasmeasured bywestern blotting; b-actin was used as the

ed as means ± SDs. p values were determined by 1-way ANOVA, followed by Tukey
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of endothelial cells were observed, the aorta tissues were removed, and
the cells were detached with dispase treatment for 20 min at 37�C. Af-
ter centrifugation, the supernatant was discarded and the pelleted
cells were re-suspended in pre-warmed endothelial cell growth me-
dium, which were then cultured in a T75 flask pre-coated with fibro-
nectin. Endothelial cells were split when they reached 90%
confluence.

The isolation and culture of mouse primary myocardial cells

Mouse primary myocardial cells were isolated and cultured as previ-
ously described.67 Briefly, the C57/BL6 mouse was pre-injected with
heparin (1,000 mL/kg body weight) 30 min before anesthetization
by pentobarbital injection. After that, the chest cavity was opened
and the heart was quickly dissected and then transferred into cold
Ca2+-free 1� PBS with 20 mM 2,3-butanedione monoxime (BDM,
Sigma-Aldrich) in a 10-cm dish on ice. After removing lung tissues
and large blood vessels, the heart was washed with 1� PBS with
20 mM BDM to eliminate the blood. Next, the heart was immersed
and washed in a second dish with Ca2+-free 1� PBS with 20 mM
BDM. Then, the cleaned heart was immersed in 500 mL isolation me-
dium in a 24-well plate and minced into small pieces (~1 mm3) using
curved scissors. The heart tissues were collected in a 15-mL tube filled
with 10 mL cold isolation medium and were gently agitated at 4�C
overnight. On the second day, most of the supernatant was removed
and 5 mL digestion medium (10 mL L15-medium supplemented with
20 mM BDM and 15 mg collagenase/dispase mixture [Roche, Basel,
Switzerland]) was added. The cardiac tissue fragments were then di-
gested at 37�C with gentle agitation for 30 min. Afterward, the tissue
fragments were pipetted with a pre-wetted 10mL pipette 20 times and
the supernatant was then filtered through a 40-mm cell strainer to a
new 50-mL tube, which was then centrifuged at 300 rpm for 5 min.
After aspirating the supernatant, the cell pellet was re-suspended in
plating medium (L-15 medium supplemented with 20 mM BDM)
and then plated in a 10-cm dish for 3 h in a cell culture incubator,
which could remove the fibroblasts and endothelial cells that attached
to the uncovered dish. Then, the non-adherent cardiomyocytes in the
supernatant were collected, counted, and re-plated into collagen-
coated dishes at 2.0 � 105 cells/cm2. The cardiomyocytes were
cultured in an incubator for 18 h without being disturbed.

One day after plating, the cardiomyocytes adhered to the culture dish
and began to spontaneously contract. (When necessary, the culture
medium should be replaced with fresh maintenance medium supple-
mented with proliferation inhibitors [10 mM cytosine-b-D-arabino-
furanoside hydrochloride {Arac}; Sigma-Aldrich] and chronotropic
agents [1 mM isoproterenol, Sigma-Aldrich].)

The establishment of the H/R cell model

The H/R model in mouse primary aortic endothelial cells was estab-
lished by placing the cells in a Billups-Rothenberg modular incubator
chamber (Billups-Rothenberg, San Diego, CA, USA), which was then
saturated with 95% N2 and 5% CO2 and cultured at 37�C for 4 h. Af-
terward, the cells were subjected to reoxygenation by culturing cells at
37�C in a humidified incubator with 95% O2 and 5% CO2 for another
1318 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
4 h. To assess the effect of exosomes on the expression of LINC00174
and p53 during the H/R process, 1� 106 mouse primary aortic endo-
thelial cells were seeded in 1 well of a 6-well plate, and then 50 mg pu-
rified exosomes or an equal volume of PBS was loaded into the one
well of the 6-well plate before the H/R treatment.

The isolation and identification of exosomes

Exosomes were isolated using the ExoQuick-TCULTRA EV Isolation
Kit for Tissue Culture Medium (System Biosciences, Palo Alto, CA,
USA) according to the manufacturer’s instructions. Briefly, cell cul-
ture medium was collected and centrifuged at 3,000 � g for 15 min
to remove cellular debris. The cleared supernatant was then trans-
ferred to a new tube and exosomes were precipitated by ExoQuick-
TC solution (sample volume/ExoQuick-TC volume = 5/1) at 4�C
overnight on ice. Afterward, the ExoQuick-TC/cell culture medium
mixture was centrifuged at 3,000� g for 10 min at 4�C. The superna-
tant was aspirated and pelleted exosomes were re-suspended in buffer
B for protein concentration measurement using bicinchoninic acid
(BCA) kits (Tiangen Biotech, Beijing, P.R. China). To purify the iso-
lated exosomes, an equal amount of buffer A (with buffer B) was
added to the re-suspended exosomal solution and then loaded onto
the pre-equilibrated purification column by buffer B. After rotating
for 5 min, the column was centrifuged at 1,000 � g for 30 s in a 2-
mL Eppendorf tube. The eluted solution was purified exosomes,
which were suitable for nanoparticle tracking analysis, TEM imaging,
RNA extraction, fluorescence-activated cell sorting (FACS), and west-
ern blotting analysis.

To examine the specific exosomal surface markers (e.g., CD9, CD63,
CD81) and marker proteins for other cellular organs (e.g., cyto-
chrome c, TSG101, calnexin, syntaxin 6), FACS and western blotting
were performed.

TEM imaging

Purified exosomes were fixed in 1% glutaraldehyde at room temper-
ature for 2 h and then loaded onto a formvar-carbon-coated EM grid
and left to dry at room temperature for 2–5 min. The samples were
then negatively stained with phosphotungstic acid for 5 min. After
drying for 10 min, the morphology of exosomes was visualized on
FEI Tecnai F20 S TEM (FEI, Hillsboro, OR, USA) at 200 kV.

p53 siRNA and control

SRSF1 siRNA and control were ordered from Shanghai GenePharma
(Shanghai, P.R. China) and their sequences are listed in Table 1.

Plasmid construction and transfection

Endogenous LINC00174 gene knockdown was implemented by
shRNA. shRNA targeting LINC00174 (shLINC00174) and negative
control shRNA (shNC) were purchased from GenePharma, and the
sequence of shLINC00174 and shNC is shown in Table 2.

shLINC00174 and shNC were then subcloned into pLKO.1-puro vec-
tor (Sigma-Aldrich). Sequence-verified pLKO.1-shLINC00174 or
pLKO.1-shNC plasmids were then used for the lentivirus package



Table 2. shRNA sequences used in plasmid construction

shRNA name Sequence (50–30)

shLINC00174
CCGGTGCGTCCCGAAGG
CTTCTCTACTCGAGTAGA
GAAGCCTTCGGGACGCATTTTTG

shNC
CCGGCCTAAGGTTAAGTC
GCCCTCGCTCGAGCGAGG
GCGACTTAACCTTAGGTTTTT

Table 1. p53 siRNA, SRSF1 siRNA, and control

Name Sequence (50–30)

p53 siRNA sense CACCUCACUGCAUGGACGAUCUGUU

p53 siRNA antisense AACAGAUCGUCCAUGCAGUGAGGUG

SRSF1 siRNA sense CGGGUUAAAGUUGAUGGGCCCAGAA

SRSF1 siRNA antisense UUCUGGGCCCAUCAACUUUAACCCG

siRNA control sense ACUACUGAGUGACAGUAGA

siRNA control antisense UCUACUGUCACUCAGUAGU
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in HEK293T cells. Titer-determined lentivirus was then used to infect
mouse primary vascular endothelial cells to obtain stable LINC00174-
knocking down or NC cells.

RNA extraction, reverse-transcription, and quantitative real-

time PCR

Small RNA and total RNAwere extracted from tissues or cell lines us-
ing the mirVana miRNA isolation kit (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. They were then used for
the first-strand cDNA generation with the TaqMan miRNA reverse
transcription kit (Thermo Fisher Scientific) or with the high-capacity
cDNA reverse transcription kit (Thermo Fisher Scientific). qPCR was
performed on the Mx3000P qPCR system (Agilent, Santa Clara, CA,
USA). The expression of LINC00174 mRNAs was normalized to that
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA and
calculated as 2�[(Ct of genes)�(Ct of GAPDH)]. All of the samples were pre-
pared in triplicate. The primers used in qPCR are listed in Table 3.

Co-immunoprecipitation assay

293T cells were transfected with SRSF1-overexpresing plasmids or
knocking down siRNAs by lipofectamine 2000 (Thermo Fisher Scien-
tific) for 48 h. After that, the cells were collected, rinsed in cold PBS,
and lysed in 1� cell lysis buffer (20 mMTris [pH 7.5], 150 mMNaCl,
1 mM EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,
1 mM b-glycerophosphate, 1 mM Na3VO4, 1 � Proteinase inhibitor
cocktail) by rotation at 4�C for 1 h. After centrifugation at 12,000� g,
4�C for 10 min, the supernatants were collected and incubated with
1 mg mouse anti-p53 antibody (CST-#2524S) or 1 mg mouse
(G3A1) monoclonal antibody (mAb) IgG1 isotype control (CST-
#5415), by gentle rotation at 4�C for 4 h, respectively. Next, 40 mL pre-
washed Protein A/G conjugated agarose beads were added to capture
the precipitated antibody-antigen complex via 2 h incubation. After
centrifugation and 3-round washing of the beads, protein samples
were eluted by 1� reducing loading buffer and subjected to western
blotting.

Western blotting

Tissues and cells were homogenized or lysed in RIPA buffer supple-
mented with a protease inhibitor cocktail (Selleck, Houston, TX,
USA) and then subjected to protein amount quantification with a
BCA kit (Tiangen Biotech). An equal amount of proteins was loaded
and separated by SDS-PAGE and then transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, Bedford, MA), which was
then blocked by 5% BSA in Tris-buffered saline with 0.1% Tween
20 (TBST) for 1 h at room temperature. Next, the PVDF membrane
was rinsed and probed with the primary antibodies against the indi-
cated target proteins at 4�C overnight: anti-CD9 antibody (1:2,000,
Santa Cruz-sc-13118), anti-CD63 antibody (1:1,000, Santa Cruz-sc-
365604), anti-TSG101 antibody (1:1,000, Santa Cruz-sc-7964), anti-
cytochrome c antibody (1:2,000, Santa Cruz-sc-13561), anti-calnexin
antibody (1:1,000, Santa Cruz-sc-23954), anti-syntaxin 6 antibody
(1:1,000, Abcam-ab12370), anti-LC antibody (1:1,000, Cell Signaling
Technology [Danvers, MA, USA], CST-#4108), anti-Beclin1 antibody
(1:1,000, CST-#4122), anti-p62 antibody (1:1,000, CST-#8025), anti-
p53 antibody (1:1,000, CST-#2524S), anti-b-actin antibody (1:5,000,
CST-#4970), anti-SRSF1 antibody (1:1,000, Abcam-ab38017), anti-
myocardin antibody (1:1,000, Abcam-ab107301), anti-Akt antibody
(1:2,000, CST-#9272), anti-phospho Akt (Ser473) antibody (1:1,000,
CST-#9271), anti-AMPK antibody (1:2,000, CST-#2532), and anti-
phospho AMPK antibody (1:1,000, CST-#2535). After vigorous
washing, PVDF membranes were re-probed with HRP-conjugated
goat anti-mouse IgG (1:5,000, CST-#7076) or goat anti-rabbit IgG
antibody (1:5,000, CST-#7074) for 1 h at room temperature. After
washing, the PVDF membranes were incubated with ECL substrate
to develop chemiluminescence on blots, which were captured by
the ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA)
and normalized by ImageJ software (NIH, Bethesda, MD, USA).
Immunohistochemistry and immunofluorescent staining

For immunohistochemistry, the slides were incubated with antibody
against LC3 (1:100, Cell Signaling Technology) at 4�C overnight and
stained with diaminobenzidine (DAB) and counterstained with he-
matoxylin. The slides were then subjected to gradient ethanol dehy-
dration and dimethyl benzene transparent and mounted with neutral
resin cover slides. Images were captured using a Nikon (Tokyo,
Japan) ECLIPSE 80i.

For immunofluorescence staining, cells cultured on poly-L-lysine-
coated cover glasses were washed by PBS once and then fixed with
4% paraformaldehyde for 15 min at room temperature. After
washing, the cells were permeabilized by 0.1% Triton X-100 for
15 min at room temperature. Next, the cells were blocked with 2%
BSA for 30 min and then stained with rabbit anti-human LC3 anti-
body (1:200, Cell Signaling Technology) at 4�C for 6 h. After washing
by PBS, the cells were probed with Alexa Fluor 594-conjugated goat
anti-rabbit IgG (1:200, Thermo Fisher Scientific) at 4�C for 1 h. To
display the cell nuclei, 100 mg/mL DAPI was applied to incubate
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Table 3. The primers used in quantitative real-time PCR

Primer name Sequence (50–30)

LINC00174 forward GGCCCAACACTTCCCTCAAA

LINC00174 reverse CAGGGAGAAACGACCTGGAG

SRSF1 forward CCGCAGGGAACAACGATTG

SRSF1 reverse GCCGTATTTGTAGAACACGTCCT

GAPDH forward GGACACAATGGATTGCAAGG

GAPDH reverse TAACCACTGCTCCACTCTGG

Molecular Therapy: Nucleic Acids
with cells for 15 min at room temperature. After washing, the cells
were subjected to an inverted fluorescence microscope (Olympus
IX73, Olympus, Tokyo, Japan) for imaging. The LC3 puncta were
measured by ImageJ software (NIH). Five individual pictures were
analyzed for each kind of cell.

Cell apoptosis measurement by TUNEL assay

In-site cell apoptosis was determined byTUNELassay (Abcam) accord-
ing to the kit manual. Briefly, cells were dehydrated in xylene and
ethanol gradient, which were then permeabilized in 1% Proteinase K
for 20 min. After a TBS rinse, the samples were quenched by 3%
H2O2 for 5 min. Next, the quenched samples were equilibrated with
TdT equilibration buffer for 30 min, followed by incubation with TdT
labeling reaction mix at 37�C for 1.5 h. Then, the stop solution was
added and incubated with cells for 5 min. After rinsing and blocking,
the sampleswere immersed in 1� conjugate for 30min at room temper-
ature.Afterward, the chemiluminescencewasdevelopedbycovering the
samples withDAB solution for 15min. After washing, the samples were
stained withMethyl Green counterstain solution for 3 min. Finally, the
stained cell samples were dehydrated again in ethanol and xylene and
then subjected to imaging on a fluorescence microscope (Olympus
IX73). Five individual pictures were captured for each kind of cell.

RNA pull-down assay

Biotinylated LINC00174 or control lncRNA was synthesized (Gene-
Pharma) topull downSRSF1 as a probe,whichwas thenmeasuredusing
western blotting. Briefly, 1� 106 cells were transfectedwith biotinylated
LINC00174 or control lncRNA by lipofectamine 2000 (Thermo Fisher
Scientific) in a 10-cmdish.The cellswere collected48h later and lysed in
RIPA buffer, which was supplemented with RNase inhibitor (Selleck)
and complete protease inhibitor (Selleck). Streptavidin agarose beads
(Thermo Fisher Scientific) pre-blocked with yeast tRNA (Thermo
Fisher Scientific) were used to incubate with cell lysates overnight at
4�C on a rotator. After centrifugation, the pelleted agarose beads were
washed with cold lysis buffer 3 times, and the associated proteins
were purified for subsequent western blotting analysis. The expression
levels of p53 and SRSF1 were normalized to that of b-actin.

RIP

The RNA-binding protein immunoprecipitation kit (Millipore) was
used in the RIP assay to assess the interaction between SRSF1 and
LINC00174 following the manufacturer’s instructions. Briefly, cells
1320 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
were harvested and lysed by RIP lysis buffer and then incubated
with magnetic beads conjugated with anti-p53 antibody, anti-SRSF1
antibody, or mouse IgG as NC in RIP immunoprecipitation buffer
at 4�C overnight. Next, the beads were pelleted with a magnetic sepa-
rator and washed by RIP wash buffer 3 times to remove non-specific
materials, which were then digested by Proteinase K at 55�C for
30 min. Afterward, the RNAs binding to SRSF1, p53, or mouse IgG
were extracted and quantified and then subjected to qRT-PCR
analysis.
ChIP

Cells were harvested, washed, and fixed with 4% paraformaldehyde
(PFA) for 15 min. Then, the cells were washed by PBS and lysed in
ChIP lysis buffer (50 mM HEPES-KOH [pH 7.5], 140 mM NaCl,
1 mM EDTA [pH 8], 1% Triton X-100, 0.1% sodium deoxycholate,
0.1% SDS, and 1� protease inhibitors) on ice. Afterward, the lysate
was sonicated to shear chromatin DNA into 200- to 800-bp frag-
ments. After centrifugation, the supernatant was collected, and the
chromatin fragments were incubated with p53 antibody or normal
mouse IgG at 4�C overnight. Pre-blocked protein A/G beads (by
salmon sperm DNA) were added to capture immunoprecipitants at
4�C for 2 h. The precipitated DNA was eluted and analyzed by
PCR to detect a 349-bp fragment in the promoter region of myocar-
din with the following primers: myocardin-F, 50-ACAAATAA
CTCTGGGTCGGT-30 and myocardin-R, 50-AGACGATTCTGTA
TCTCGCA-30. p53 antibody captured DNA was normalized to that
precipitated by normal mouse IgG.
Dual-luciferase reporting assay

The promotor region for the transcription of myocardin was cloned
and inserted into the upstream of the luciferase 2 gene in pGL4.17
vector, which was transfected into 293T cells together with pGL4.73
Renilla luciferase control plasmid by lipofectamine 2000 (Thermo
Fisher Scientific). At the same time, the cells were un-transfected or
transfected with control siRNA or siRNA targeting p53. The Renilla
luciferase provided a normalization reference. At 48 h after transfec-
tion, the 293T cells were lysed and subjected to luciferase activity
measurement with the Dual Luciferase Assay Kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. Firefly and
Renilla luciferase activities were determined by a plate reader
(NEO, Bio-Tek) and normalized to Renilla luciferase data.
Data analysis

Each experiment was repeated at least 3 times, and 1 representative
experiment shown. Data were shown as means ± standard deviations
(SDs), which were analyzed by GraphPad Prism 6 (GraphPad Soft-
ware, San Diego, CA, USA). An unpaired 2-tailed Student’s t test
was used to compare the difference between the 2 groups. One-way
analysis of variance (ANOVA) followed by Tukey post hoc test was
used for multiple comparison. Statistical significance was determined
as indicated in the figure legends. Significance was noted at *p = 0.05,
**p = 0.01, and ***p = 0.001, respectively.
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