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Abstract: Autophagy has stabilizing functions for cardiomyocytes. Recent studies indicate that an
impairment in the autophagy pathway can seriously affect morphology and function, potentially
leading to heart failure. However, the role and the underlying mechanism of the endosomal sorting
complex required for transport (ESCRT) family protein, in particular the AAA-ATPase vacuolar
protein sorting 4a (Vps4a), in regulating myocardial autophagy remains unclear. In the present study,
cardiomyocyte-specific Vps4a knockout mice were generated by crossing Vps4aflox/flox (Vps4afl/fl) with
Myh6-cre transgenic mice. As a result, we observed a partially dilated left ventricular (LV) chamber,
a significant increase in heart weight to body weight ratio (HW/BW), and heart weight to tibial
length ratio (HW/TL), hypertrophic cardiomyopathy and early lethality starting at 3 months of
age. Hematoxylin-eosin (HE), immunofluorescence assay (IFA), and Western blot (WB) revealed
autophagosome accumulation in cardiomyocytes. A transcriptome-based analysis and autophagic
flux tracking by AAV-RFP-GFP-LC3 showed that the autophagic flux was blocked in Vps4a knockout
cardiomyocytes. In addition, we provided in vitro evidence demonstrating that Vps4a and LC3 were
partially co-localized in cardiomyocytes, and the knockdown of Vps4a led to the accumulation of
autophagosomes in cardiomyocytes. Similarly, the transfection of cardiomyocytes with adenovirus
(Adv) mCherry-GFP-LC3 further indicated that the autophagic flux was blocked in cells with defi-
cient levels of Vps4a. Finally, an electron microscope (EM) showed that the compromised sealing
of autophagosome blocked the autophagic flux in Vps4a-depleted cardiomyocytes. These findings
revealed that Vps4a contributed to the sealing of autophagosomes in cardiomyocytes. Therefore,
we demonstrated that Vps4a deletion could block the autophagic flux, leading to the accumula-
tion of degradation substances and compromised cardiac function. Overall, this study provides
insights into a new theoretical basis for which autophagy may represent a therapeutic target for
cardiovascular diseases.

Keywords: ESCRT; Vps4a; autophagy; heart; heart failure

1. Introduction

Autophagy is a common cellular catabolic process in which harmful intracellular com-
ponents are degraded [1,2]. During this process, the cytoplasmic materials are sequestered
within the autophagosome and then fused with the lysosome to form autophagolysosome,
which is finally degraded to maintain cellular homeostasis [2]. Therefore, autophagy
contributes to many physiological and pathological processes, such as differentiation,
development, and adaption of the cell to an adverse environment [3,4].

In the heart, autophagy also plays an important role in maintaining the homeostasis
of various types of cells, such as cardiomyocytes, endothelial cells, and arterial smooth
muscle cells. In physiological conditions, the impairment of the autophagic flux through
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pharmacological or genetic approaches causes cardiovascular diseases, such as myocardial
infarction, cardiomyopathies, and atherosclerosis [5,6]. In this regard, cardiac-specific Atg5
(autophagy-related 5) knockout mice showed abnormal cardiac function, characterized by
the disorganized sarcomere, mitochondrial misalignment and aggregation, and cardiac
hypertrophy [7,8]. In pathological conditions, cardiovascular diseases such as myocardial
infarction, cardiac hypertrophy, and various types of cardiomyopathies are also accompa-
nied by changes in the level of autophagy, which plays different functions. In myocardial
ischemia, induction of autophagy is protective, whereas reperfusion stimulates autophagy
and is implicated in causing cell death [9]. Ischemia/reperfusion injury impairs autophago-
some clearance mediated by declination lysosome-associated membrane protein-2 and
upregulation of BECLIN-1, contributing to increased cardiomyocyte death [10]. However,
transcription factor EB (TFEB) reprograms macrophage lysosomal lipid metabolism and
will attenuate remodeling after I/R [11]. Trehalose (TRE) also induces the activation of
autophagy and improves cardiac remodeling after myocardial infarction [12]. Furthermore,
mTORC1 is an important negative regulator of autophagy [13]. In cardiac hypertrophy,
oxidation of PKG1 α controls mTORC1 activation and decreases the level of autophagy-
influenced cardiac function [13,14]. The studies showing that protein kinase G will alleviate
cardiac disease have been confirmed [15]. In the pathogenesis of load-induced heart failure,
Beclin 1 decreased cardiomyocyte autophagy and diminished pathological remodeling.
Conversely, Beclin 1 overexpression heightened autophagic activity and accentuated patho-
logical remodeling [16]. Therefore, autophagy is an adaptive response to an adverse
environment in cardiac disease [14,17].

In mammalian cells, the membrane remodeling events such as budding, fusion, and fis-
sion are regulated by the endosomal sorting complex required for transport (ESCRT), which
includes ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, and the AAA-ATPase vacuolar protein
sorting 4a (Vps4a) [18,19]. This process plays an essential role in regulating different cellular
processes, such as microvesicles and exosome biogenesis, membrane repair, neuron prun-
ing, and virus budding [19,20]. Autophagy includes a variety of membrane remodeling,
including phagophore initiation, autophagosome formation, and autophagosome-lysosome
fusion, which requires the involvement of ESCRT family proteins [21–25]. For example,
the downregulation of charged multivesicular body protein 2A (CHMP2A) in mammalian
cells [26], ist1 factors (Ist1) associated with ESCRT-III in neurons [27], and Vps4 in the
axon of drosophila [28] can impair the autophagic flux leading to the disease onset. SKD1
AAA-ATPase, another name for Vps4a, is involved in autolysosome formation in vitro [29].
However, to what extent Vps4a can regulate autophagic flux in cardiomyocytes remains
unknown. As a result, the aim of the present study was to investigate the mechanism and
the role of Vps4a in cardiac function.

2. Results
2.1. Mice with a Conditional Vps4a Knockout Developed Heart Failure and Showed
Increased Mortality

To investigate the role of Vps4a for cardiac function, cardiomyocyte-specific mice were
generated by crossing Vps4afl/fl with Myh6-cre transgenic mice. Vps4afl/flMyh6-cre mice were
grossly normal at 2 months old. However, starting from 3 months old, partial lethality was
observed in Vps4a knockout mice, while some mice were able to survive for more than
12 months (Figure 1A). Vps4a knockout mice displayed conspicuous cardiac hypertrophy
at 4 months (Figure 1B). Quantitative analysis showed a marked increase in the heart
weight to body weight ratio (HW/BW) and heart weight to tibial length ratio (HW/TL)
in Vps4a knockout compared to Vps4afl/fl mice (Figure 1C,D). At the age of 4 months old,
transthoracic echocardiography also showed a significant decrease in ejection fraction and
left ventricular internal dimension end-diastole in Vps4a-deleted hearts (Figure 1E–G and
Table S1). Together, these data suggested that cardiomyocyte-specific Vps4a knockout mice
developed a progressive cardiac dysfunction which eventually led to heart failure.
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Figure 1. Cardiomyocyte-specific Vps4a deletion affects the anatomy and function of the heart.
(A) Kaplan–Meyer curve of Vps4afl/fl Myh6 and Vps4afl/fl mice (n = 60). (B) Bright-field images
of the heart from Vps4afl/fl and Vps4afl/fl Myh6 mice. (C,D) Statistical analysis of HW/BW and
HW/TL in Vps4afl/fl and Vps4afl/fl Myh6 mice between 3 to 6 months of age (n = 4–8 per group).
(E–G) Representative transthoracic echocardiography images and statistics of ejection fraction (EF)
and left ventricular internal dimension (LVIDd) in Vps4afl/fl and Vps4afl/fl Myh6 mice at 4-months old
(n = 5). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Significant differences between groups as
determined by a two-tailed paired Student’s t-test. Data are expressed as mean and s.e.m. Scale bars:
(B) 0.5 mm.

2.2. Histology Showed Many Vesicles in the Cardiomyocytes of Knockout Mice

To further investigate the cause of death in cardiomyocyte-specific Vps4a knockout
mice, the heart tissues from 3-month-old Vps4afl/fl and Vps4afl/fl Myh6 mice were examined
by HE staining. As a result, we observed that there were a large number of vacuoles in the
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cardiomyocytes of Vps4a-deleted heart tissues (Figure 2A,B, arrows). Vacuolated and fi-
brotic cardiomyocytes were observed in Vps4a knockout heart tissues by Sirius Red staining
(Figure 2C,D, arrow). To further identify the vesicular structures causing the vacuoles, elec-
tron microscope analysis was employed, which revealed large autophagosomes in Vps4afl/fl

Myh6 heart tissues that were not subjected to degradation (Figures 2E,F and S1 arrow).
These results suggested that Vps4a may affect the autophagy process in cardiomyocytes.
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Figure 2. Vps4a-depleted cardiomyocytes showed vacuoles, autophagosomes, and fibrosis. (A) The
heart sections of Vps4afl/fl and Vps4afl/fl Myh6 knockout mice were subjected to H&E. Arrows indicate
vacuoles in the cardiomyocytes. (B) Statistical analysis number of vacuoles in Vps4afl/fl and Vps4afl/fl

Myh6 mice at 3 months of age (n = 3 per group); images in 15 randomly selected visual fields were
counted. (C) The heart sections of Vps4afl/fl and Vps4a fl/fl Myh6 knockout mice were subjected to Sirius
Red staining. Arrow indicate area of fibrotic cardiomyocytes. (D) Statistical analysis area of fibrosis
in Vps4afl/fl and Vps4afl/fl Myh6 mice at 3 months of age (n = 3 per group); images in 15 randomly
selected visual fields were counted. (E) The images of autophagosome in Vps4afl/fl Myh6 knockout
mice were observed by electron microscope. Arrow indicate autophagosome in the cardiomyocytes.
(F) Statistical analysis number of autophagosomes in Vps4afl/fl Myh6 knockout mice (n = 3 per group).
Images in 10 randomly selected visual fields were counted. **** p < 0.0001. Significant differences
between groups as determined by a two-tailed paired Student’s t-test. Data are expressed as mean
and s.e.m. Scale bars: (A,C) 50 µm, (E) 2 µm.
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2.3. RNA Sequencing Revealed That Autophagy Pathway Was Impaired in Vps4a Knockout Mice

To further interrogate the effect of Vps4a knockout on the cardiomyocyte function,
RNA-Sequencing on Vps4afl/fl Myh6 and Vps4afl/fl murine heart tissues was performed.
Particularly, Vps4afl/fl Myh6 mice were separated into mild and severe groups based on
phenotypical analysis. By analyzing biological process (BP), cellular component (CC),
and molecular function (MF), we found that the differentially expressed genes in Vps4afl/fl

and Vps4afl/fl Myh6 mice were enriched in mitochondrion organization, mitochondrial
inner membrane, and organelle inner membrane (Figure 3A). This result is consistent
with the role of ESCRT family proteins in the remodeling of the plasma membrane and
inner membranes. Intriguingly, we also found enrichment in genes that were related to
autophagy in Vps4a knockout hearts (Figure 3B). Heat map analysis demonstrated that the
expression of early autophagosomes initiation genes such as Atg13, Bcl2, and Becn1 was
significantly increased in Vps4afl/fl Myh6 mice, especially in Vps4afl/fl Myh6 (severe) group
(Figure 3C and Table S2). Simultaneously, the expression level of mitophagy-related gene
pink1 was decreased (Figure 3D and Table S3), suggesting that Vps4a loss-of-function in
cardiomyocytes is associated with the impairment of autophagic flux as well as mitophagy.
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Figure 3. RNA sequencing revealed that autophagy pathway was impaired in Vps4a knockout mice.
(A) GO analysis of differentially expressed genes in heart samples of Vps4afl/fl and Vps4afl/fl Myh6 mice,
with the top 10 enriched GO terms observed in biological process, cellular component, and molecular
function. (B) GO analysis of differentially expressed genes in heart samples from Vps4afl/fl and Vps4afl/fl

Myh6 mice, showing GO terms related to autophagy. (C,D) Heat map analysis of differential expression
of genes associated with autophagy and mitophagy in the hearts from Vps4afl/fl and Vps4afl/fl Myh6
mice. (Applying the combined criteria of q ≤ 0.05 and fold change ≥1.3, p < 0.05, Bonferroni corrected),
(Vps4afl/fl = 3, Vps4afl/fl Myh6 = 6, left: (mild), right: (severe)).

2.4. Impaired Autophagic Flux in Vps4a Knockout Mice Leads to Heart Failure

We further determined the effect of Vps4a deletion on the autophagic flux in car-
diomyocytes. In 3 months old mice, Western blot analysis showed that Vps4a protein
levels were significantly decreased in Vps4afl/fl Myh6 mice compared to Vps4afl/fl mice,
while the expressions of markers for heart failure, such as p-AKT and Myh7, increased
(Figures 4A,B and S2A–D). In addition, the levels of autophagy-related genes P62 and LC3
were also significantly increased (Figures 4C and S2E,F). The accumulation of LC3 and
P62 in Vps4a knocked out cardiomyocytes was further examined by immunofluorescence
staining on tissue sections (Figure 4D). To further assess the impairment of autophagic
flux, AAV-RFP-GFP-LC3 was injected into Vps4afl/fl and Vps4afl/fl Myh6 mice via the tail
vein to track the autophagic flux within cardiomyocytes. We found that in Vps4afl/fl Myh6
cardiomyocytes, the numbers of autophagosomes (yellow) increased and autolysosomes
(red) decreased, and autophagosomes were larger and irregular compared with Vps4afl/fl

(Figure 4E,F). Taken together, these findings suggested that the autophagic flux in Vps4a-
deleted cardiomyocytes was impaired, which led to cardiac dysfunction.
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Figure 4. Impaired autophagic flux in Vps4a knockout mice led to abnormal cardiac function.
(A,B) Protein expression levels of Vps4a, Myh7, p-AKT, and AKT in heart samples of Vps4afl/fl and
Vps4afl/fl Myh6 mice analyzed by Western blot. (C) Protein expression levels of p62 and LC3 in heart
samples of Vps4afl/fl and Vps4afl/fl Myh6 mice analyzed by Western blot. (D) Immunofluorescence
assay staining of p62, LC3, and α-actinin in heart sections of Vps4afl/fl and Vps4afl/fl Myh6 mice.
Arrows indicate staining of p62 and LC3. (E) Autophagic flux tracked by AAV-RFP-GFP-LC3
injected in Vps4afl/fl and Vps4afl/fl Myh6 mice. Arrows indicate autophagosome in the cardiomyocytes.
(F) Statistical analysis of autophagosome (yellow) and autolysosome (red) in cardiomyocytes from
Vps4afl/fl and Vps4afl/fl Myh6 mice (n = 3 per group) in each experiment, 16 cells were counted.
**** p < 0.0001. Significant differences between groups as determined by a two-tailed paired Student’s
t-test. Data are expressed as mean and s.e.m. Scale bars: (D, top) 20 µm, (D, bottom, E) 10 µm.

2.5. Knockdown of Vps4a Resulted in Compromised Sealing of Autophagosome Which Impaired the
Autophagic Flux

The involvement of Vps4a in autophagy and its co-localization with LC3 in cardiomy-
ocytes was investigated by immunofluorescence assay (Figure 5A). Upon small molecule
inhibitor bafilomycin A1 (Baf A1) treatment, the fusion between phagosome and lysosomes
was blocked. As a result, we observed an increase in the expression level of LC3 protein
(Figure 5B,C). When the expression of Vps4a was knocked down by siRNA in H9C2 cells,
an increase in LC3 II levels was detected by Western blot (Figure 5B), further supporting the
role of Vps4a in the autophagic flux. Similarly, tracking Vps4a knockdown cardiomyocytes
using Adv-mCherry-GFP-LC3 revealed an increase in the number of autophagosomes
which became enlarged and irregular (yellow), while the number of autolysosomes was
reduced (red) in H9C2 (Figure 5D,E) and primary cardiomyocytes (Figure 5F,G), consistent
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with the results obtained by the in vivo experiments. Therefore, Vps4a loss-of-function led
to incomplete closure of the autophagosome, resulting in its enlargement and maintenance
of an open state as observed by electron microscope, indicating the failure of the membrane
fusion in Vps4a knockdown H9C2 cardiomyocytes (Figure 5H,I).
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primary cardiomyocytes (bottom), with Vps4a and LC3 partially co-localized (arrows). (B) Represen-
tative Western blot showing LC3 expression levels in H9C2 cells transfected with Vps4a RNA si and
Nc RNA si, with increased expression levels of LC3 II in Vps4a knockdown H9C2 cells. (C), Western
blot analysis was performed to measure LC3II/LC3I protein expression. ** p < 0.01 Significant dif-
ferences between groups as determined by a two-tailed paired Student’s t-test in three independent
experiments. (D) Autophagic flux tracked by Adv-mCherry-GFP-LC3 transfected into H9C2 cells.
Arrows indicate autophagosome in the cardiomyocytes. (E) Statistic of autophagosome (yellow) and
autolysosome (red) in (C), (n = 16) ** p < 0.01. Significant differences between groups as determined
by two-way ANOVA with Tukey’s multiple comparisons test. (F) Adv-mCherry-GFP-LC3 was trans-
fected into control and Vps4a knockdown primary cardiomyocytes. Arrows indicate autophagosome
in the cardiomyocytes. (G) Statistic of autophagosome (yellow) and autolysosome (red) in (E), (n = 16)
**** p < 0.0001. Significant differences between groups as determined by two-way ANOVA with
Tukey’s multiple comparisons test. (H) Autophagosome observed by electron microscope in H9C2
cells transfected with Vps4a RNA si and Vps4a RNA sh, showing an incomplete autophagosome
atresia. Arrow indicate unclosed autophagosome in the cardiomyocytes. (I) Statistical analysis num-
ber of unclosed autophagosome in Vps4a knockdown H9C2 cells. Images in 10 randomly selected
visual fields were counted. **** p < 0.0001. Significant differences between groups as determined by a
two-tailed paired Student’s t-test. Data are expressed as mean and s.e.m. Scale bars: (A,D,F) 10 µm,
(H) 1 µm.

In conclusion, we found that Vps4a is mainly involved in the sealing of autophagosome
in cardiomyocytes and that the Vps4a deletion blocked the autophagic flux, leading to the
accumulation of degradation products and impairment of the physiological function of the
heart (Figure 6).
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Figure 6. Schematic showing that Vps4a controls autophagic flux to regulate cardiac function. During
the process of autophagosome formation, Vps4a is involved in the sealing of the autophagosome.
When Vps4a is conditionally deleted in a mouse model, the autophagic flux in cardiomyocytes is
blocked, which impairs the degradation of intracellular components and leads to cardiomyocyte
death and fibrosis. The reduced cardiac function and heart failure results in early lethality in Vps4a
knockout mice.
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3. Discussion

Autophagy maintains cellular homeostasis in different types of cells, including car-
diomyocytes, endothelial cells, and arterial smooth muscle cells, which are essential for
the physiological function of the heart [5]. Multiple cellular abnormalities were found in
mice with conditional knockout of the autophagy-related gene ATG7, including disorder of
membrane structure, deformation of mitochondria, and accumulation of ubiquitin-positive
aggregates [30]. ATG7 variants in humans were associated with several developmental
disorders affecting the brain, muscle, and endocrine organs [31]. The ESCRT system is a
molecular mechanism involved in the membrane remodeling of intracellular organelles,
and it is involved in a variety of cellular functions, including cell division, virus fusion,
autophagosome formation, and membrane repair [19,20]. In particular, it has been reported
that the ESCRT family protein SKD1 influences the process of autophagy in vitro [29] and
subsequent studies reported that Vps4 loss-of-function caused neurological degeneration
by affecting the autophagic flux in the Drosophila model [28]. However, the mechanism
by which Vps4a affects the autophagic flux in the heart remains elusive. The present
study demonstrates that Vps4a deletion leads to partial lethality at about 3 months of age
with cardiac dysfunction and hypertrophy. Mechanistically, Vps4a controls autophagic
flux in cardiomyocytes by regulating the sealing of autophagosomes. In physiological
conditions, a low level of autophagy maintains the normal operation of cardiomyocytes.
Once the autophagic flux was blocked by knockout Vps4a, accumulation of ubiquitinated
proteins, vacuole formation, myofibrillar disarray, and enhanced intermuscular fibrosis led
to contractile dysfunction, cardiac hypertrophy, and heart failure.

Vps4b, which is another key ESCRT family protein, is structurally and functionally sim-
ilar to Vps4a, being involved in the depolymerization of ESCRT III. In tumor cells, knockout
of Vps4b led to an increased expression of Vps4a to compensate for these functions [32,33].
The RNA sequencing results from this study also showed that Vps4b expression was in-
creased in Vps4a knockout mice (Figure 3C). Interestingly, we only observed the lethality in
some of the cardiomyocyte-specific Vps4a knockout mice. The fact that other mice did not
die shows what the process of sealing autophagosomes can accomplish. There is synthetic
lethality between Vps4a and Vps4b [32,33]. Knockdown of Vps4a alone was not sufficient
to cause a complete loss of membrane remodeling mediated by ESCRT. Hence, whether
this phenotype is associated with the compensatory effect of Vps4b elevation needs to be
further investigated.

Several conditional knockouts of autophagy-related genes of the heart have been
reported [5]. In this regard, during the cardiomyocyte-specific knockout of ATG5 imple-
mented to block the autophagy pathway in the mouse model, the mice developed left
ventricular dilation, systolic dysfunction, and cardiac hypertrophy and incurred death at
about 10 months. In addition, cardiomyocytes in this animal model displayed sarcomeric
structure disorder, mitochondrial disarrangement, and aggregation [7,8]. Similarly, deletion
of Vps4a in the heart also led to left ventricular dilation, decreased systolic function, cardiac
hypertrophy, impaired cardiomyocyte structure with vesicular accumulation, and compro-
mised mitochondrial arrangement. The autophagy tracking and electron microscope data
further indicated that Vps4a was involved in the closure of autophagosome and therefore
affected the autophagic flux. Meanwhile, an electron microscope revealed disorganized
intracellular vesicles in Vps4a knockout mice. Notably, Vps4a knockout mice died before
ATG5 knockout mice, suggesting that Vps4a may also play an important role in other
biological functions in cardiomyocytes. The RNA-sequencing analysis also showed that
Vps4a affected mitophagy, with the mitochondria function also severely impaired in Vps4a
knockout heart tissues. Nevertheless, how Vps4a controls mitophagy and other forms of
vesicle formation in cardiomyocytes requires further investigation.

Cardiovascular diseases such as myocardial infarction, cardiac hypertrophy, and vari-
ous types of cardiomyopathies are also accompanied by changes in the level of autophagy,
which plays different functions. In the ischemia/reperfusion mice model, ischemia stimu-
lates autophagy through an AMPK-dependent mechanism, whereas ischemia/reperfusion
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stimulates autophagy through a Beclin1-dependent but AMPK-independent mechanism [9].
Therefore, the inactivation of Rheb and inhibition of mTORC1 may represent therapeutic
targets to reduce myocardial damage during ischemia [34]. LAPTM4B, also targeted in the
modulation of the mTORC1/TFEB pathway, contributes to myocardial I/R-induced impair-
ment of autophagic flux [35]. mTORC1 activation also is indispensable for the development
of adaptive cardiac hypertrophy [13]. Oxidation of PKG1α controls mTORC1 activation
and depresses autophagy resulting in cardiac hypertrophy. Therefore, targeting protein
kinase G regulation of proteostasis will alleviate cardiac disease [14,15]. Overall, autophagy
maintains cardiovascular homeostasis in physiological and pathological settings.

In conclusion, Vps4a deficiency results in cardiac dysfunction by impairing the process
of autophagic flux, and our findings provide new insight into the development of new
therapeutic approaches targeting autophagy for the treatment of cardiovascular diseases.

4. Materials and Methods
4.1. Animals

Vps4afl/fl mice were generated using the CRISPR/Cas9 technology by Biocytogen
Pharmaceuticals (Beijing, China). Briefly, to generate Vps4afl/fl, a targeting vector containing
loxP sequences was constructed and co-injected with sgRNAs to produce floxed alleles
in intron 3 and intron 5. Myh6 Cre mice were purchased from the Jackson Laboratory.
Vps4afl/fl Myh6 were generated by crossing Vps4afl/fl with Myh6-cre transgenic mice. We did
not observe conspicuous abnormality in the physical activities in Myh6 Cre mice in our
study, in sharp contrast to Vps4a knockout mice. That is why we did not include Myh6 Cre
mice as the control. Sprague Dawley rats were purchased from the Zhejiang Academy of
Medical Sciences. Procedures were approved by the Animal Care and Use Committee of
the University School of Medicine of Zhejiang, China.

4.2. Isolation and Culture of Cardiomyocytes

Primary cardiomyocytes were isolated as previously described [36]. Briefly, adult
rats (200–250 g) were anesthetized by intraperitoneal injection using pentobarbital sodium
(dose 40 mg/kg). The hearts were cannulated onto a Langendorff apparatus and perfused
with Tyrode’s solution (mM: NaCl 137, KCl 5.4, HEPES 10, MgCl2 1.2, NaHPO4 1.2, Glucose
10, and Taurine 10) containing collagenase II (Worthington, Vassar, NY, USA, LS004176) and
protease (Sigma, St. Louis, MO, USA, P5147). The ventricles were manually dissociated
to obtain single cells of cardiomyocytes, which were then plated on culture dishes coated
with laminin (Sigma, L2020) for 2 h. Subsequently, cardiomyocytes were cultured in
M199 medium (Sigma, M3769) containing 5 mM creatine, 2 mM L-carnitine, 5 mM taurine,
26 mM NaHCO3, and 25 mM HEPES (Sigma, H3375). H9C2 cardiomyocyte cells were
purchased from the National Collection of Authenticated Cell Cultures and cultured in
100 cm2 dishes with DMEM medium at 10% of fetal bovine serum (FBS) and 1% penicillin
and streptomycin.

4.3. siRNA and shRNA Transfection

siRNAs were obtained from Gene Pharma (Shanghai, China). Specifically, H9C2 cells
and primary cardiomyocytes were transfected with 100 nM of siRNA with lipofectamine
RNAi MAX (Invitrogen, Waltham, MA, USA, 13778150) for 48 h. Adenoviruses encoding
shRNAs were generated using BLOCK-iT Adenoviral RNAi Expression System (Invitrogen,
K494100) according to the manufacturer’s protocol.

The following siRNAs and shRNA were used in this study:
Vps4a siRNA: GCUACUCAGGAGCAGAUAUTT,
Control siRNA: UUCUCCGAACGUGUCACGUTT,
Vps4a shRNA: GCTACTCAGGAGCAGATATTT,
Control shRNA: TTCTCCGAACGTGTCACGTTT.
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4.4. Adenovirus and AAV9 Construction and Delivery

Adv-mCherry-GFP-LC3 was kindly provided by Dr. Huang-Tian Yang. Briefly, H9C2
cells and primary cardiomyocytes were incubated with adenovirus for 6 h at an MOI of 250,
followed by 48 h of incubation in a standard culture medium. As for in vivo studies, AAV9-
RFP-GFP-LC3 was obtained from HANBI Technology (Shanghai, China) and injected into
the tail vein of 4-6 weeks-old Vps4afl/fl myh6 mice. The images were viewed with Niikon C2
plus (Nikon, Tokyo, Japan) confocal microscope. The number of GFP and RFP dots was
determined by manual counting of fluorescent puncta [35].

4.5. Protein Isolation and Immunoblotting

Total proteins were extracted from H9C2 cells or cardiac tissues using RIPA buffer
(Solarbio, Beijing, China, R0020) supplemented with protease and phosphatase inhibitors
(Sangon Biotech, Shanghai, China, C600387, and C500017, respectively). The following
antibodies were used in this study: anti-Vps4a (Sigma, SAB4200215), anti-LC3 (Sigma,
L8918), anti-p62 (CST, 5114), anti-GAPDH (Abclonal, Wuhan, China, AC002), anti-p-AKT
(CST, Boston, MA, USA, 4060), anti-AKT (CST, 4685), anti-Myh7 (Santa, Dallas, TX, USA, sc-
53090), anti-HRP conjugated goat anti-rabbit IgG polyclonal Ab (HuaBio, Hangzhou, China,
HA1001), and anti-HRP conjugated goat anti-mouse IgG polyclonal Ab (HuaBio, HA1006).
The immunoreactions were visualized with Super Signal West Pico PLUS (Thermo Fisher
Scientific, Waltham, MA, USA, 34577) and imaged by Azure C400 Imaging Systems.

4.6. Immunofluorescence

For the immunofluorescence assay, fixed H9C2 cells and primary cardiomyocytes or
tissue sections were washed three times with PBS, permeabilized, and blocked using PBS
added with 0.1% Triton X-100 and 1% BSA at room temperature. Samples were stained
with the following primary antibodies: anti-LC3 (Sigma, L8918), anti-p62 (CST, 5114), anti-
α-actinin (Sigma, A7811), goat anti-mouse IgG (H + L) highly cross-adsorbed secondary
antibody, Alexa Fluor Plus 555 (diluted 1:400, Thermo Fisher Scientific, A32727), goat
anti-rabbit IgG (H + L) highly cross-adsorbed secondary antibody, Alexa Fluor Plus 488
(diluted 1:400, Thermo Fisher Scientific, A32731). Nuclei were stained with DAPI (Sigma,
D9542). Images were obtained using a Nikon C2 plus (Nikon, Japan) confocal microscope
and measured by using Image J (v1.37) software.

4.7. Hematoxylin-Eosin (HE) and Sirius Red Staining

Heart tissues were harvested and immediately fixed in 4% paraformaldehyde for
48 h. Paraffin sections of 5 µm of thickness were prepared. HE and Sirius Red staining
were performed by the core facilities of the University School of Medicine in Zhejiang.
Images were captured using VS200 (Olympus, Tokyo, Japan) and measured by using Image
J (v1.37) software.

4.8. Electron Microscope (EM)

Heart tissues were harvested and immediately fixed in glutaric dialdehyde for 48 h at
4 °C, followed by a fixation with 1% osmium tetroxide, dehydrated with different acetone
concentrations, and placed in embedding solution. Sections of 98 nm of thickness were
placed on copper grids, and discs were examined with a Talos L120C (Thermo Scientific,
USA) electron microscope.

4.9. RNA-Sequencing and Bioinformatics Analysis

For RNA-sequencing experiments, 3 control Vps4afl/fl mice and 6 Vps4afl/fl Myh6 mice
were analyzed. In particular, the Vps4afl/fl Myh6 mice were divided into two separate groups
(mild and severe) based on the degree of dyspnea and a lack of physical activity. Total
RNA was extracted with Trizol (Invitrogen, USA) from the hearts of Vps4afl/fl and Vps4afl/fl

Myh6 mice. The RNA quality was confirmed using a Standard Sensitivity RNA Analysis kit
(15 nt) (DNF-471, Bio-Thing, Sunnyvale, CA, USA) with a Fragment Analyzer. BGISEQ500
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(BGI-Shenzhen, China) was employed for RNA sequencing. Differentially expressed genes
(DEGs) were identified by DESeq2 (v1.26.0) with q ≤ 0.05 and fold change ≥1.3. The
heatmap was plotted by pheatmap (v1.0.12) according to the DEGs. Then, to gain further
insight into the differences between Vps4afl/fl and Vps4afl/fl Myh6 mice in biological pro-
cesses, cellular components, molecular functions, and signaling pathways, GO and KEGG
enrichment analysis was conducted using cluster Profiler (3.14.3). The significant levels of
terms and pathways were corrected by p-value with a threshold (p-value < 0.05, Bonferroni
corrected). The results of GO analysis and KEGG analysis are drawn by ggplot2 (3.3.6).

4.10. Echocardiography

To assess the cardiac contractile function, mice were anesthetized with 2% isoflurane
and then subjected to transthoracic echocardiography using a Vevo2100 system (Visual
Sonics, Toronto, ON, Canada). M-mode recordings were captured and analyzed to assess
the left ventricular ejection fraction (EF), left ventricular internal diameter end-diastole
(LVIDd), and left ventricular internal diameter end-systole (LVIDs). Ventricular fractional
shortening (FS) was calculated as follows: (LVIDd-LVIDs)/LVIDd.

4.11. Statistical Analysis

Data are represented as mean ± s.e.m. Statistical analyses were performed with
Graph Pad Prism (v7.0.0). Two groups with normal distributions were compared by using
the unpaired two-tailed Student’s t-tests, while two-way ANOVA with Tukey’s multiple
comparisons test was used to investigate the statistical significance for multiple group
comparisons with two variables. * p < 0.05 was considered statistically significant.
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//www.mdpi.com/article/10.3390/ijms241310800/s1.

Author Contributions: Conceptualization and Methodology: P.H.; Validation and investigation:
X.H., J.Z., W.W. and Z.H.; Resources: X.H., W.W. and Z.H.; Writing (original draft preparation,
review and editing): X.H., J.Z. and P.H.; Supervision: P.H.; Visualization: X.H., J.Z. and W.W.; Project
administration: P.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key R&D Program of China (2018YFA0800500)
and the National Natural Science Foundation of China (31871462, 32170823).

Institutional Review Board Statement: The experiments of mice were carried out in strict accordance
with the specifications defined by Zhejiang University (Approval Code: ZJU20220484; Approval Date:
12 February 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in the study are available from the correspond-
ing authors.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Klionsky, D.J.; Emr, S.D. Autophagy as a Regulated Pathway of Cellular Degradation. Science 2000, 290, 1717–1721. [CrossRef]
2. Galluzzi, L.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo San Pedro, J.M.; Cecconi, F.; Choi, A.M.; Chu, C.T.; Codogno, P.;

Colombo, M.I.; et al. Molecular definitions of autophagy and related processes. EMBO J. 2017, 36, 1811–1836. [CrossRef]
[PubMed]

3. Levine, B.; Klionsky, D.J. Development by Self-Digestion: Molecular Mechanisms and Biological Functions of Autophagy. Dev
Cell. 2004, 6, 463–477. [CrossRef]

4. Ichimiya, T.; Yamakawa, T.; Hirano, T.; Yokoyama, Y.; Hayashi, Y.; Hirayama, D.; Wagatsuma, K.; Itoi, T.; Nakase, H. Autophagy
and Autophagy-Related Diseases: A Review. Int. J. Mol. Sci. 2020, 21, 8974. [CrossRef] [PubMed]

5. Bravo-San Pedro, J.M.; Kroemer, G.; Galluzzi, L. Autophagy and Mitophagy in Cardiovascular Disease. Circ. Res. 2017, 120,
1812–1824. [CrossRef]

6. Martinet, W.; Knaapen, M.W.M.; Kockx, M.M.; De Meyer, G.R.Y. Autophagy in cardiovascular disease. Trends Mol. Med. 2007, 13,
482–491. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms241310800/s1
https://www.mdpi.com/article/10.3390/ijms241310800/s1
https://doi.org/10.1126/science.290.5497.1717
https://doi.org/10.15252/embj.201796697
https://www.ncbi.nlm.nih.gov/pubmed/28596378
https://doi.org/10.1016/S1534-5807(04)00099-1
https://doi.org/10.3390/ijms21238974
https://www.ncbi.nlm.nih.gov/pubmed/33255983
https://doi.org/10.1161/CIRCRESAHA.117.311082
https://doi.org/10.1016/j.molmed.2007.08.004
https://www.ncbi.nlm.nih.gov/pubmed/18029229


Int. J. Mol. Sci. 2023, 24, 10800 14 of 15

7. Taneike, M.; Yamaguchi, O.; Nakai, A.; Hikoso, S.; Takeda, T.; Mizote, I.; Oka, T.; Tamai, T.; Oyabu, J.; Murakawa, T.; et al.
Inhibition of autophagy in the heart induces age-related cardiomyopathy. Autophagy 2010, 6, 600–606. [CrossRef]

8. Nakai, A.; Yamaguchi, O.; Takeda, T.; Higuchi, Y.; Hikoso, S.; Taniike, M.; Omiya, S.; Mizote, I.; Matsumura, Y.; Asahi, M.; et al.
The role of autophagy in cardiomyocytes in the basal state and in response to hemodynamic stress. Nat. Med. 2007, 13, 619–624.
[CrossRef]

9. Matsui, Y.; Takagi, H.; Qu, X.; Abdellatif, M.; Sakoda, H.; Asano, T.; Levine, B.; Sadoshima, J. Distinct Roles of Autophagy in the
Heart during Ischemia and Reperfusion. Circ. Res. 2007, 100, 914–922. [CrossRef]

10. Ma, X.; Liu, H.; Foyil, S.R.; Godar, R.J.; Weinheimer, C.J.; Hill, J.A.; Diwan, A. Impaired Autophagosome Clearance Contributes to
Cardiomyocyte Death in Ischemia/Reperfusion Injury. Circulation 2012, 125, 3170–3181. [CrossRef]

11. Javaheri, A.; Bajpai, G.; Picataggi, A.; Mani, S.; Foroughi, L.; Evie, H.; Kovacs, A.; Weinheimer, C.J.; Hyrc, K.; Xiao, Q.; et al.
TFEB activation in macrophages attenuates postmyocardial infarction ventricular dysfunction independently of ATG5-mediated
autophagy. JCI Insight 2019, 4, e127312. [CrossRef] [PubMed]

12. Sciarretta, S.; Yee, D.; Nagarajan, N.; Bianchi, F.; Saito, T.; Valenti, V.; Tong, M.; Del Re, D.P.; Vecchione, C.; Schirone, L.; et al.
Trehalose-Induced Activation of Autophagy Improves Cardiac Remodeling after Myocardial Infarction. J. Am. Coll. Cardiol. 2018,
71, 1999–2010. [CrossRef] [PubMed]

13. Sciarretta, S.; Forte, M.; Frati, G.; Sadoshima, J. New Insights into the Role of mTOR Signaling in the Cardiovascular System. Circ.
Res. 2018, 122, 489–505. [CrossRef] [PubMed]

14. Oeing, C.U.; Nakamura, T.; Pan, S.; Mishra, S.; Dunkerly-Eyring, B.L.; Kokkonen-Simon, K.M.; Lin, B.L.; Chen, A.; Zhu, G.; Bedja,
D.; et al. PKG1α Cysteine-42 Redox State Controls mTORC1 Activation in Pathological Cardiac Hypertrophy. Circ. Res. 2020, 127,
522–533. [CrossRef] [PubMed]

15. Oeing, C.U.; Mishra, S.; Dunkerly-Eyring, B.L.; Ranek, M.J. Targeting Protein Kinase G to Treat Cardiac Proteotoxicity. Front.
Physiol. 2020, 11, 858. [CrossRef]

16. Zhu, H.; Tannous, P.; Johnstone, J.L.; Kong, Y.; Shelton, J.M.; Richardson, J.A.; Le, V.; Levine, B.; Rothermel, B.A.; Hill, J.A. Cardiac
autophagy is a maladaptive response to hemodynamic stress. J. Clin. Investig. 2007, 117, 1782–1793. [CrossRef]

17. Tannous, P.; Zhu, H.; Johnstone, J.L.; Shelton, J.M.; Rajasekaran, N.S.; Benjamin, I.J.; Nguyen, L.; Gerard, R.D.; Levine, B.;
Rothermel, B.A.; et al. Autophagy is an adaptive response in desmin-related cardiomyopathy. Proc. Natl. Acad. Sci. USA 2008,
105, 9745–9750. [CrossRef]

18. McCullough, J.; Frost, A.; Sundquist, W.I. Structures, Functions, and Dynamics of ESCRT-III/Vps4 Membrane Remodeling and
Fission Complexes. Annu. Rev. Cell Dev. Biol. 2018, 34, 85–109. [CrossRef]

19. Vietri, M.; Radulovic, M.; Stenmark, H. The many functions of ESCRTs. Nat. Rev. Mol. Cell Biol. 2020, 21, 25–42. [CrossRef]
20. Hurley, J.H. ESCRTs are everywhere. EMBO J. 2015, 34, 2398–2407.
21. Li, X.; He, S.; Ma, B. Autophagy and autophagy-related proteins in cancer. Mol. Cancer 2020, 19, 12. [CrossRef] [PubMed]
22. Lefebvre, C.; Legouis, R.; Culetto, E. ESCRT and autophagies: Endosomal functions and beyond. Semin. Cell Dev. Biol. 2018, 74,

21–28. [CrossRef] [PubMed]
23. Rusten, T.E.; Stenmark, H. How do ESCRT proteins control autophagy? J. Cell Sci. 2009, 122, 2179–2183. [CrossRef] [PubMed]
24. Zhou, F.; Wu, Z.; Zhao, M.; Segev, N.; Liang, Y. Autophagosome closure by ESCRT: Vps21/RAB5-regulated ESCRT recruitment

via an Atg17-Snf7 interaction. Autophagy 2019, 15, 1653–1654. [CrossRef] [PubMed]
25. Wang, R.; Miao, G.; Shen, J.L.; Fortier, T.M.; Baehrecke, E.H. ESCRT dysfunction compromises endoplasmic reticulum maturation

and autophagosome biogenesis in Drosophila. Curr. Biol. 2022, 32, 1262–1274. [CrossRef]
26. Takahashi, Y.; He, H.; Tang, Z.; Hattori, T.; Liu, Y.; Young, M.M.; Serfass, J.M.; Chen, L.; Gebru, M.; Chen, C.; et al. An autophagy

assay reveals the ESCRT-III component CHMP2A as a regulator of phagophore closure. Nat. Commun. 2018, 9, 2855. [CrossRef]
27. Feng, Q.; Luo, Y.; Zhang, X.; Yang, X.; Hong, X.; Sun, D.; Li, X.; Hu, Y.; Li, X.; Zhang, J.; et al. MAPT/Tau accumulation represses

autophagy flux by disrupting IST1-regulated ESCRT-III complex formation: A vicious cycle in Alzheimer neurodegeneration.
Autophagy 2020, 16, 641–658. [CrossRef]

28. Wang, H.; Wang, X.; Zhang, K.; Wang, Q.; Cao, X.; Wang, Z.; Zhang, S.; Li, A.; Liu, K.; Fang, Y. Rapid depletion of ESCRT protein
Vps4 underlies injury-induced autophagic impediment and Wallerian degeneration. Sci. Adv. 2019, 5, v4971. [CrossRef]

29. Nara, A.; Mizushima, N.; Yamamoto, A.; Kabeya, Y.; Ohsumi, Y.; Yoshimori, T. SKD1 AAA ATPase-dependent endosomal
transport is involved in autolysosome formation. Cell Struct. Funct. 2002, 27, 29–37. [CrossRef]

30. Komatsu, M.; Waguri, S.; Ueno, T.; Iwata, J.; Murata, S.; Tanida, I.; Ezaki, J.; Mizushima, N.; Ohsumi, Y.; Uchiyama, Y.; et al.
Impairment of starvation-induced and constitutive autophagy in Atg7-deficient mice. J. Cell Biol. 2005, 169, 425–434. [CrossRef]

31. Jack, J.; Collier, P.D.C.G. Developmental Consequences of Defective ATG7-Mediated Autophagy in Humans. N. Engl. J. Med.
2021, 384, 2406–2417.

32. Szymanska, E.; Nowak, P.; Kolmus, K.; Cybulska, M.; Goryca, K.; Derezinska-Wolek, E.; Szumera-Cieckiewicz, A.; Brewinska-
Olchowik, M.; Grochowska, A.; Piwocka, K.; et al. Synthetic lethality between VPS4A and VPS4B triggers an inflammatory
response in colorectal cancer. EMBO Mol. Med. 2020, 12, e10812. [CrossRef] [PubMed]

33. Neggers, J.E.; Paolella, B.R.; Asfaw, A.; Rothberg, M.V.; Skipper, T.A.; Yang, A.; Kalekar, R.L.; Krill-Burger, J.M.; Dharia, N.V.;
Kugener, G.; et al. Synthetic Lethal Interaction between the ESCRT Paralog Enzymes VPS4A and VPS4B in Cancers Harboring
Loss of Chromosome 18q or 16q. Cell Rep. 2021, 36, 109367. [CrossRef]

https://doi.org/10.4161/auto.6.5.11947
https://doi.org/10.1038/nm1574
https://doi.org/10.1161/01.RES.0000261924.76669.36
https://doi.org/10.1161/CIRCULATIONAHA.111.041814
https://doi.org/10.1172/jci.insight.127312
https://www.ncbi.nlm.nih.gov/pubmed/31672943
https://doi.org/10.1016/j.jacc.2018.02.066
https://www.ncbi.nlm.nih.gov/pubmed/29724354
https://doi.org/10.1161/CIRCRESAHA.117.311147
https://www.ncbi.nlm.nih.gov/pubmed/29420210
https://doi.org/10.1161/CIRCRESAHA.119.315714
https://www.ncbi.nlm.nih.gov/pubmed/32393148
https://doi.org/10.3389/fphys.2020.00858
https://doi.org/10.1172/JCI27523
https://doi.org/10.1073/pnas.0706802105
https://doi.org/10.1146/annurev-cellbio-100616-060600
https://doi.org/10.1038/s41580-019-0177-4
https://doi.org/10.1186/s12943-020-1138-4
https://www.ncbi.nlm.nih.gov/pubmed/31969156
https://doi.org/10.1016/j.semcdb.2017.08.014
https://www.ncbi.nlm.nih.gov/pubmed/28807884
https://doi.org/10.1242/jcs.050021
https://www.ncbi.nlm.nih.gov/pubmed/19535733
https://doi.org/10.1080/15548627.2019.1628547
https://www.ncbi.nlm.nih.gov/pubmed/31170863
https://doi.org/10.1016/j.cub.2022.01.040
https://doi.org/10.1038/s41467-018-05254-w
https://doi.org/10.1080/15548627.2019.1633862
https://doi.org/10.1126/sciadv.aav4971
https://doi.org/10.1247/csf.27.29
https://doi.org/10.1083/jcb.200412022
https://doi.org/10.15252/emmm.201910812
https://www.ncbi.nlm.nih.gov/pubmed/31930723
https://doi.org/10.1016/j.celrep.2021.109367


Int. J. Mol. Sci. 2023, 24, 10800 15 of 15

34. Sciarretta, S.; Zhai, P.; Shao, D.; Maejima, Y.; Robbins, J.; Volpe, M.; Condorelli, G.; Sadoshima, J. Rheb is a Critical Regulator of
Autophagy during Myocardial Ischemia. Circulation 2012, 125, 1134–1146. [CrossRef] [PubMed]

35. Gu, S.; Tan, J.; Li, Q.; Liu, S.; Ma, J.; Zheng, Y.; Liu, J.; Bi, W.; Sha, P.; Li, X.; et al. Downregulation of LAPTM4B Contributes to the
Impairment of the Autophagic Flux via Unopposed Activation of mTORC1 Signaling during Myocardial Ischemia/Reperfusion
Injury. Circ. Res. 2020, 127, e148–e165. [CrossRef]

36. Wang, X.; Xie, W.; Zhang, Y.; Lin, P.; Han, L.; Han, P.; Wang, Y.; Chen, Z.; Ji, G.; Zheng, M.; et al. Cardioprotection of
Ischemia/Reperfusion Injury by Cholesterol-Dependent MG53-Mediated Membrane Repair. Circ. Res. 2010, 107, 76–83.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1161/CIRCULATIONAHA.111.078212
https://www.ncbi.nlm.nih.gov/pubmed/22294621
https://doi.org/10.1161/CIRCRESAHA.119.316388
https://doi.org/10.1161/CIRCRESAHA.109.215822
https://www.ncbi.nlm.nih.gov/pubmed/20466981

	Introduction 
	Results 
	Mice with a Conditional Vps4a Knockout Developed Heart Failure and ShowedIncreased Mortality 
	Histology Showed Many Vesicles in the Cardiomyocytes of Knockout Mice 
	RNA Sequencing Revealed That Autophagy Pathway Was Impaired in Vps4a Knockout Mice 
	Impaired Autophagic Flux in Vps4a Knockout Mice Leads to Heart Failure 
	Knockdown of Vps4a Resulted in Compromised Sealing of Autophagosome Which Impaired the Autophagic Flux 

	Discussion 
	Materials and Methods 
	Animals 
	Isolation and Culture of Cardiomyocytes 
	siRNA and shRNA Transfection 
	Adenovirus and AAV9 Construction and Delivery 
	Protein Isolation and Immunoblotting 
	Immunofluorescence 
	Hematoxylin-Eosin (HE) and Sirius Red Staining 
	Electron Microscope (EM) 
	RNA-Sequencing and Bioinformatics Analysis 
	Echocardiography 
	Statistical Analysis 

	References

