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Lysosomal membrane permeabilization (LMP) has recently been recognized as an
important cell death pathway in various cell types. However, studies regarding the
correlation between LMP and cardiomyocyte death are scarce. Lysosomal membrane-
associated protein 2 (Lamp2) is an important component of lysosomal membranes
and is involved in both autophagy and LMP. In the present study, we found that
the protein content of Lamp2 gradually decreased in response to oxygen, glucose
and serum deprivation (OGD) treatment in vitro. To further elucidate its role in
ischemic cardiomyocytes, particularly with respect to autophagy and LMP, we infected
cardiomyocytes with adenovirus carrying full-length Lamp2 to restore its protein level
in cells. We found that OGD treatment resulted in the occurrence of LMP and a
decline in the viability of cardiomyocytes, which were remarkably reversed by Lamp2
restoration. Exogenous expression of Lamp2 also significantly alleviated the autophagic
flux blockade induced by OGD treatment by promoting the trafficking of cathepsin
B (Cat B) and cathepsin D (Cat D). Through drug intervention and gene regulation
to alleviate and exacerbate autophagic flux blockade respectively, we found that
impaired autophagic flux in response to ischemic injury contributed to the occurrence
of LMP in cardiomyocytes. In conclusion, our present data suggest that Lamp2
overexpression can improve autophagic flux blockade probably by promoting the
trafficking of cathepsins and consequently conferring cardiomyocyte resistance against
lysosomal cell death (LCD) that is induced by ischemic injury. These results may indicate
a new therapeutic target for ischemic heart damage.
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Abbreviations: 3-MA, 3-methyladenine; Cat B, cathepsin B; Cat D, cathepsin D; CCK8, cell counting kit-8; CD-M6PR,
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chloroquine; Gal3, galectin-3; Lamp1, lysosomal-associated membrane protein; Lamp2, lysosomal membrane-associated
protein 2; LAMPs, lysosomal-associated membrane proteins; LCD, lysosomal cell death; LDH, lactate dehydrogenase; LMP,
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INTRODUCTION

Cardiac ischemia, characterized by inadequate supply of
oxygen and nutrients, often leads to irreversible damage to
the myocardium, which is manifested as contractile tissue loss
and compensatory cardiac hypertrophy. Many pathological
conditions, such as coronary heart disease, and heart diseases
caused by other factors, including long residence in plateau
regions, severe burns, traumatic hemorrhage and organ
transplantation, lead to ischemic injury (Edtinger et al., 2014;
Duke et al., 2016). Therefore, a better understanding of the
mechanisms underlying cardiac loss could yield new therapeutic
targets against these pathological conditions.

Lysosomes were initially called “suicide bags” by Christian
de Duve more than 50 years ago owing to the many powerful
hydrolases they contain (de Duve, 2005). Lysosomes have been
regarded as the central coordinator of cellular clearance and
energy metabolism due to their vital control over autophagy and
metabolism signal molecules, AMPK and mTORC1 (Settembre
et al., 2013; Milkereit et al., 2015; Lin and Hardie, 2018).
In addition, lysosomes also regulate cell death signals. The
most common cell death pathway associated with lysosomes is
called lysosomal cell death (LCD) (Gomez-Sintes et al., 2016;
Gaidt et al., 2017; Mai et al., 2017). LCD is characterized by
lysosomal membrane permeabilization (LMP) and mediated by
the release of lysosomal cathepsins into the cytoplasm, which
causes caspase-dependent and caspase-independent cell death
(Windelborn and Lipton, 2008; Jiang et al., 2016; Clerc et al.,
2018). To date, many pathogenic factors that induce LMP have
been discovered, including ROS, lysosomotropic drugs, bacterial
and viral products (de Duve, 2005; Huang et al., 2017; Malet
et al., 2017). Studies regarding LMP in neuronal ischemic injury
have revealed that ROS generation, calcium overload and calpain
activation account for the induction of LMP and consequent
neuronal death (Yamashima and Oikawa, 2009; Lipton, 2013).
However, the correlation between LMP and myocardial ischemic
injury is not as well established (Tiwari et al., 2008).

Macroautophagy, hereafter referred to as autophagy, is a
highly regulated process involved in the degradation of protein
aggregates and damaged organelles via the lysosomal system
(Dikic and Elazar, 2018; Mizushima, 2018). The initiation
of autophagy is indicated by the development of a double-
layered, crescent-shaped membrane known as a phagophore,
which elongates and matures into an autophagosome. The
autophagosome sequesters and engulfs long-lived proteins
and damaged organelles, which are subsequently degraded in
lysosomes. The entire process is referred to as autophagic
flux. Blocked autophagic flux is characterized by undigested
macromolecules and accumulated autolysosomes, which can
result in enlarged lysosomes and aggravate lysosome injury
(Gonzalez et al., 2012). In turn, the induction of LMP
is accompanied by the release of lysosomal protons and
cathepsins into the cytoplasm, which can also cause the
dysfunction of autophagic flux (Gabande-Rodriguez et al., 2014;
Giuliano et al., 2015).

Lamp2 is a heavily glycosylated type-1 lysosomal membrane
protein and an important regulator of autophagy. There are

three different isoforms in humans and mice and only one
isoform in rats. The human Lamp2 mutation causes Danon
disease (Endo et al., 2015). Humans with Danon disease and
Lamp2-knockout mice both show hypertrophic cardiomyopathy
characterized by accumulated autophagic vacuoles filled with
polymorphic contents, which are mainly the result of disrupted
macroautophagy (Tanaka et al., 2000; Rowland et al., 2016).
In addition, studies have revealed that Lamp2 plays a role in
cell survival. Upregulation of Lamp2 in the plasma membrane
is induced by chronic acidosis to protect cancer cells from
acid-induced hydrolysis (Damaghi et al., 2015) and to promote
their survival via chaperone-mediated autophagy (Saha, 2012).
However, loss of Lamp2 aggravates oxidative stress through the
obstruction of ROS clearance (Law et al., 2016; Qin et al., 2017).

Here, to learn more about the role of Lamp2 in the ischemic
heart, we studied whether it can act as a stress protectant
and determined its underlying mechanisms. We found that
ischemia/hypoxia robustly reduces the protein content of Lamp2
and that restoration of this protein significantly enhances the
trafficking of lysosomal cathepsins and reverses the autophagic
flux blockade induced by ischemia/hypoxia treatment, promoting
the resistance to LCD and protecting cardiomyocytes against
ischemic injury.

MATERIALS AND METHODS

Cardiomyocytes Culture and Oxygen,
Glucose and Serum Deprivation
All animal experiments were approved by the Animal Experiment
Ethics Committee of the Third Military Medical University and
performed according to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication, 8th Edition, 2011). Neonatal Sprague-
Dawley rats (1–3 days old) were obtained from the Animal Center
of the Third Military Medical University. Neonatal rat ventricular
cardiomyocyte culture was performed according to the protocols
published previously (Hu et al., 2010). For the OGD treatment,
serum- and glucose-free medium was replaced before subjecting
the cells to hypoxic conditions in a CO2 incubator (3131, Thermo
Scientific) filled with 94% N2, 5% CO2 and 1% O2 for the
indicated periods. The control cells were incubated in medium
containing serum and glucose in a humidified atmosphere with
5% CO2 at 37◦C for the same periods.

Adenovirus Infection
Adenoviruses carrying full-length Lamp2 were purchased
from OBiO Technology (Shanghai, China), and MCMV-null
adenoviruses were used as negative controls. Infection efficiency
was determined by Western blotting, and all experiments
were performed 24–72 h after the cells were transfected.
mCherry-GFP-LC3 adenoviruses were purchased from Hanbio
Biotechnology (Shanghai, China). After infection for 24–72 h,
the cardiomyocytes were subjected to experimental treatments,
and images were captured with a confocal microscope (TCS-NT,
Leica, Wetzlar, Germany).
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Gene Silencing With siRNAs
Lamp2 siRNAs, Cat D siRNAs and ATG5 siRNAs were
all purchased from GenePharma (Shanghai, China).
Cardiomyocytes were transfected with the targeting siRNAs
or the negative control siRNAs with Lipofectamine 2000
(Invitrogen, United States) referring to the manufacture’s
instructions. All experiments were performed after
transfection for 36–72 h.

Western Blotting Assay
Cardiomyocytes were harvested in RIPA buffer with protease
inhibitor tablets and sonicated on ice. The lysate was then
centrifuged at 14,000 rpm at 4◦C for 15 min, and the supernatant
was reserved. Protein concentrations were determined using
Quick StartTM Bradford 1x dye reagent (#500-0205, Bio-
Rad, United States). Proteins were separated on an SDS-
PAGE gel (Bio-Rad) and transferred to PVDF membranes
(Millipore, United States), where they were blocked with 5%
skim milk. Then, the membranes were incubated at 4◦C
overnight with the corresponding primary antibodies and
HRP-conjugated secondary antibodies. Specific protein bands
were visualized using Western Bright Sirius chemiluminescent
HRP substrate (Pierce, United States) with a ChemiDoc
XRS image detector (Bio-Rad). The following antibodies were
used in this experiment: rabbit polyclonal anti-LC3B (L7543,
Sigma-Aldrich, United States), anti-SQSTM1/p62 (5114, Cell
Signaling Technology, United States), anti-Lamp2 (PA1-655,
Invitrogen, United States), anti-Lamp1 (ab24170, Abcam), anti-
ATG5 (12994, Cell Signaling Technology, United States), rabbit
monoclonal anti-Cl-M6PR (ab124767, Abcam), and anti-CD-
M6PR (ab134153, Abcam) and mouse monoclonal anti-beta-
actin (ab8226, Abcam), anti-cathepsin D (sc-377124, Sana
Cruz Biotechnology).

Immunofluorescence and Confocal
Microscopy
Cardiomyocytes were plated on glass coverslips, fixed with 4%
paraformaldehyde for 10 min and blocked with 5% bovine serum
albumin in PBS for 1 h at room temperature. Then, the cells
were incubated with specific primary antibodies at 4◦C overnight
and were subsequently incubated with the corresponding
secondary antibodies for 1 h at 37◦C. The nuclei were stained
for 5 min with DAPI. Cells were imaged using a confocal
microscope. The following primary antibodies were used in
this experiment: mouse monoclonal anti-galectin-3 (sc-25279,
Santa Cruz Biotechnology) and goat polyclonal anti-DDDDK
tag (ab1257, Abcam). The following secondary antibodies were
purchased from Invitrogen: Alexa Flour-488 donkey anti-rabbit
(A21206), Alexa Flour-568 donkey anti-mouse (A10037), and
Alexa Flour-680 donkey anti-goat (A21084).

Cell Viability and Toxicity Assays
Cell viability was determined with a Cell Counting Kit-8 (CCK-
8, C0037, Beyotime), and cytotoxicity was detected with a
CytoTox-ONETM C homogeneous membrane integrity assay
kit (G7890, Promega, United States), which is a fluorometric

method used to measure the amount of lactate dehydrogenase
(LDH) released into the medium from the non-viable cells.
Both experiments were carried out following the manufacturer’s
instructions. The value of OD450 normalized to that of the
control group and the percentage of LDH released into the
medium were used to reflect cell viability and the extent of the
induced cytotoxicity, respectively.

Acridine Orange Release Experiment
The change in the distribution of acridine orange was used to
assess LMP, as previously reported (Lovejoy et al., 2011). Briefly,
the cells were incubated with 10 µg/ml acridine orange for 15 min
at 37◦C, washed with prewarmed PBS three times before the
medium was refreshed with new medium and then subjected to
OGD treatment. The fluorescence images were captured with a
confocal microscope.

Cytosolic Cathepsin B Activity
Measurement
To quantify the extent of LMP, we measured cytosolic Cat
B activity as previously reported (Jaattela and Nylandsted,
2015; Repnik et al., 2016). First, we used a series of digitonin
concentrations (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and
200 µg/ml) to determine an appropriate concentration to extract
the cytosolic fraction without lysosomes. The concentration of
200 µg/ml was used for the complete permeabilization of the
cell membranes. Briefly, cardiomyocytes were plated on 24-well
plates. After the desired treatment, the medium was removed,
and each well was rinsed with PBS twice. Then, 200 µl of the
digitonin dilution was added. The cells were then incubated
on ice for 15 min on a rocking table (frequency 50/min) to
allow for the reaction. The supernatant was reserved, and 50 µl
of culture from each well was mixed with 50 µl of 30 µM
cathepsin-specific fluorogenic substrate Z-RR-AMC (219392,
Millipore) containing 5 mM DTT (Sigma-Aldrich) and seeded
on a black 96-well plate with a transparent bottom. The kinetics
of cathepsin activity were measured 30 min at 37◦C with a
Varioskan Flash microplate reader (Thermo Scientific) at an
excitation wavelength of 380 nm and an emission wavelength of
460 nm. An LDH assay was performed on each well following the
instructions (C0016, Beyotime). The appropriate concentration
of the digitonin dilution was determined to be the one that
generated the best possible permeabilization of the plasma
membrane (LDH release) with minimal cathepsin release from
the lysosomes. The extent of LMP in each group was determined
by the percentage of cytosolic Cat B activity compared to the total
activity at the appropriate concentration of digitonin (17 µg/ml)
used to extract the cytosolic fraction.

Autolysosome Detection
DALGreen fluorescent dye (D675, Dojindo Laboratories, Japan)
was applied to detect autolysosomes in an experiment carried
out according to the manufacturer’s instructions. Briefly,
cardiomyocytes were incubated with a 0.5 µM DALGreen
working solution at 37◦C for 30 min before the supernatant was
discarded. Then, the culture medium was washed twice. Images
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of the cells after experimental treatments were captured under a
confocal microscope.

Statistical Analysis
The statistical analysis was performed using SPSS software. The
significance of differences between groups was evaluated by
the unpaired Student’s t-test or one-way analysis of variance
(ANOVA) followed by post hoc tests. A P-value < 0.05 was
considered statistically significant for all comparisons.

RESULTS

Lamp2 Protects Cardiomyocytes From
Ischemic/Hypoxic Injury
Previous studies have indicated that lysosomal-associated
membrane proteins (LAMPs) participate in various types
of oxidative stress (Law et al., 2016; Qin et al., 2017). To
investigate the role of LAMPs in ischemia-/hypoxia-induced
cardiac injury, we used an in vitro OGD model to mimic the
ischemic/hypoxic injury of cardiomyocytes and unexpectedly
found opposite changes in these proteins. We observed a time-
dependent increase in lysosomal-associated membrane protein
1 (Lamp1) but a time-dependent decrease in Lamp2 with the
OGD treatment (Figures 1A,B). As shown in Figures 1C,D, the
intensity of Lamp2 immunofluorescence significantly weakened.
By contrast, the number of Lamp1 puncta increased and these
puncta were brighter in the cells exposed to OGD stress, which
might indicate an adaptation to activated autophagy. To explore
whether the decrease in Lamp2 was involved in cardiac cell loss
in response to OGD treatment, we used adenovirus carrying full-
length Lamp2 to restore its protein content and Lamp2 siRNA
to further downregulate its protein content (Supplementary
Figure S1A). As shown in Figure 1E, exogenous expression of
Lamp2 greatly reversed the reduction in cardiomyocyte viability
induced by OGD treatment. In accordance, the leakage of LDH
remarkably decreased with Lamp2 overexpression (Figure 1F).
However, Lamp2 knockdown using siRNA had no significant
effects on cell viability and cytotoxicity with OGD treatment
but partially decreased cell viability in normal conditions
(Supplementary Figures S1G,H). These data indicates that
Lamp2 overexpression conferred cardiomyocyte resistance
against ischemic/hypoxic injury.

Lamp2 Alleviates LCD With OGD
Treatment
Given that Lamp2 is an abundant and important lysosomal
protein, we aimed to further investigate whether the
cardiomyocyte injury alleviated by Lamp2 restoration was
correlated with lysosomal adaptation. We first aimed to clarify
whether lysosomes were involved in the ischemic injury of the
cardiomyocytes. The lysosomotropic dye acridine orange was
applied to detect the integrity of the lysosomal membranes. As
shown in Figures 2A,B, compared with the control group, the
OGD group showed brighter green fluorescence and weaker red
fluorescence, indicative of the release of acridine orange into

the cytoplasm. To further corroborate that LMP occurs during
OGD, we performed immunostaining for the marker of damaged
endomembranes, galectin-3 (Gal3) (Maejima et al., 2013;
Skowyra and Schlesinger, 2018). As shown in Figures 2C,D,
the number of Gal3 puncta surrounded by the lysosome
marker Lamp1 significantly increased with OGD treatment, in
contrast to the diffuse distribution of puncta observed in the
control group, indicating that the OGD treatment damaged the
lysosomal membranes. As the data above strongly indicated the
occurrence of lysosomal injury with OGD stress, we investigated
whether OGD treatment simultaneously caused the release of
cathepsins into the cytoplasm. We used digitonin to extract
cytoplasm without lysosomes. We found a time-dependent
increase in the activity of cytosolic Cat B, suggesting that it had
leaked into the cytoplasm (Figure 2E). The results described
above suggest that LMP occurred and might account for the
cardiomyocyte loss in the group treated with OGD. Therefore,
the specific cathepsin inhibitors pepstatin A (Cat D) and CA074
(Cat B) and Cat D siRNA (Figure 2J) were applied to combat the
cell death caused by OGD stress. As expected, both the cathepsin
inhibitors and Cat D siRNA increased cell survival under OGD
stress, as detected by an increased CCK-8 level and a reduction
in LDH release (Figures 2F–I).

Next, we infected cardiomyocytes with adenovirus
carrying full-length Lamp2 to determine its effect on LMP
in response to OGD treatment. As shown in Figures 3A,B,
Lamp2 overexpression notably reversed the increase in Gal3
puncta surrounded by Lamp1 that had been caused by OGD
treatment. We further used Flag to detect the successfully
transfected cardiomyocytes, and similarly, we discovered
that cardiomyocytes with Flag expression had weaker Gal3
fluorescence intensity (Supplementary Figure S2), which
indicated that Lamp2 ameliorated the injury to the lysosomal
membranes. To further validate that restoration of Lamp2
inhibited LMP, we examined the activity of cytosolic Cat B.
Similar to the findings using Gal3, exogenous expression of
Lamp2 significantly prevented the increase in the activity of
cytosolic Cat B with OGD treatment (Figure 3C). We also used
siRNA to further downregulate the protein content of Lamp2
(Supplementary Figure S1A). In contrast, Lamp2 siRNA didn’t
further exacerbate LMP with OGD stress but caused the injury of
the lysosomal membranes in normal conditions (Supplementary
Figures S1D–F). These data support the hypothesis that decrease
of the protein level of Lamp2 renders the lysosomal membrane
more vulnerable and its restoration inhibits the occurrence
of LMP, which could explain the manner by which it protects
against ischemic/hypoxic injury.

Lamp2 Overexpression Reverses the
Autophagic Flux Blockade Induced by
OGD Stress
Enhanced autophagy may be a double-edged sword for the
ischemic heart because it supplies energy to cells coupled
by accumulated autophagosomes and autolysosomes. As
shown in Figures 4A,B, autophagic markers (LC3-II and
SQSTM1/p62) increased gradually after exposure to OGD.
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FIGURE 1 | Lamp2 overexpression promotes resistance against OGD stress in cardiomyocytes. (A) Western blotting was performed to detect Lamp1 and Lamp2
levels after OGD treatment for different periods. (B) Quantitative analysis of the immunoblots in (A). The data represent the mean ± SEM (n = 5). *P < 0.05 and
**P < 0.01 versus the control group. (C) Representative confocal images of Lamp1 and Lamp2 after OGD treatment for 9 h. Scale bar, 10 µm. (D) Quantitative
analysis of the fluorescence in (C). Mean ± SEM. n = 3. **P < 0.01 versus the control group. (E) Cell viability was determined with a CCK-8 assay and was
normalized to that of the control group. Mean ± SEM. n = 3. **P < 0.01 versus the normoxia + NC group, ##P < 0.01 versus the OGD + NC group. (F) LDH leakage
analysis was performed to determine cell death. Mean ± SEM. n = 3. **P < 0.01 versus the normoxia + NC group, ##P < 0.01 versus the OGD + NC group.

The abundance of autophagosomes and autolysosomes was
assessed with mCherry-GFP-tagged LC3 adenovirus. Neonatal
cardiomyocytes showed basal autophagy with a preponderance
of autolysosomes, while OGD treatment markedly increased
the abundance of both autophagosomes and autolysosomes
(Figures 4I,J). The immunostaining of LC3 showed similar
results (Supplementary Figure S3). Although the ischemic
promotion of autophagy has been studied extensively in various

cell types, the gradual accumulation of SQSTM1/p62 might
reflect insufficient degradation of autophagy substrates. To
clarify whether autophagic flux blockade accounted for the
accumulated LC3-II and SQSTM1/p62, we used different drugs
to further activate and inhibit autophagy respectively. As shown
in Figures 4C,D, 3-methyladenine (3-MA) treatment partially
reversed the increase of LC3-II caused by OGD treatment while
rapamycin didn’t further increase its protein level. Although
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FIGURE 2 | LMP is involved in ischemic/hypoxic injury of cardiomyocytes. (A) Representative images of the acridine orange staining after OGD treatment for 9 h.
Bar, 25 µm. (B) Quantitative analysis of the images in (A). Mean ± SEM. n = 5. **P < 0.01 versus the control group. (C) Gal3 immunofluorescence was used to
determine lysosomal membrane injury. Bar, 10 µm. (D) Quantitative analysis of Gal3 immunofluorescence intensity. Mean ± SEM. n = 3. *P < 0.05 versus the control
group. (E) Results from the extraction of the cytoplasm without lysosomes after OGD treatment for 3, 6, and 9 h with digitonin solution (17 µg/ml) to detect
cathepsin B activity. Mean ± SEM. n = 3. **P < 0.01 versus the control group. (F) Cell viability was assessed by CCK-8 analysis, and the value was normalized to
that of the control group. CA074 (20 µM) and pep A (12.5 µg/ml) alleviated the cell injury induced by OGD stress. Mean ± SEM. n = 3. **P < 0.01 versus the control
group and #P < 0.05, ##P < 0.01 versus the OGD group. (G) Cell injury was determined by LDH leakage analysis. Mean ± SEM. n = 3. **P < 0.01 versus the
control group, ##P < 0.01 versus the OGD group. (H) Cat D siRNA improved cell viability as determined by CCK-8 analysis. Mean ± SEM. n = 3. **P < 0.01 versus
the normoxia + NC group and #P < 0.05 versus the OGD + NC group. (I) LDH leakage analysis was used to assess the cell injury. Mean ± SEM. n = 3. **P < 0.01
versus the normoxia + NC group, ##P < 0.01 versus the OGD + NC group. (J) Western blotting of Cat D was performed to detect the transfection efficiency of Cat
D siRNA.
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FIGURE 3 | Exogenous overexpression of Lamp2 inhibits LMP in
OGD-treated cardiomyocytes. (A,B) Representative confocal
immunofluorescence images (A) and quantitative analysis of the Gal3 and
Lamp1 level after OGD treatment for 9 h (B). Scale bar, 10 µm. For the
quantitative analysis, the data are presented as the means ± SEM (n = 3).
**P < 0.01 versus the normoxia + NC group, ##P < 0.01 versus the
OGD + NC group. (C) Detection of the activity of cytosolic cathepsin B
without lysosomal fractions. Mean ± SEM. n = 3. **P < 0.01 versus the
normoxia + NC group, ##P < 0.01 versus the OGD + NC group.

CQ treatment significantly increased LC3-II and SQSTM1/p62
in both normal and OGD conditions, the extent of their increases
in the OGD group was much smaller than that of the normal
group. These results suggest that the rate of autophagy induction
significantly outpasses that of the autophagosome turnover,
which causes the blockade of the autophagic flux and the
accumulation of autophagosomes and autolysosomes.

Because Lamp2 is an important protein for the progression
of autophagy, we aimed to determine whether its restoration
in the cell could alleviate the autophagic flux blockade created
by OGD stress. We found that the protein levels of LC3-II
and SQSTM1/p62 were dramatically reduced and that the
fluorescence intensity of LC3 was remarkably weakened when
Lamp2 was overexpressed (Figures 4E,F, and Supplementary
Figure S3). To further clarify whether this reduction was due
to autophagy inhibition or accelerated autophagosomal and
autolysosomal clearance, we applied different drugs to stimulate
and inhibit autophagy with or without Lamp2 overexpression.

As shown in Figures 4G,H, 3-MA further decreased the level of
LC3-II in the Lamp2-overexpressing cells while rapamycin didn’t
increase its protein content. CQ treatment caused significant
increase in the protein levels of LC3-II and SQSTM1/p62 in
OGD group with or without Lamp2 overexpression. These
results implied that autophagy induction was not blocked with
Lamp2 overexpression. Considering that Lamp2 is important
for the fusion between autophagosomes and lysosomes, Lamp2
overexpression in the presence of OGD was expected to
cause a reduction in autophagosomes and the accumulation of
autolysosomes, as it has been reported that ischemia results
in lysosomal dysfunction of the myocardium (Roy and Stanely
Mainzen Prince, 2012). However, it was interesting to observe
that the number of both autophagosomes and autolysosomes
was remarkably decreased with Lamp2 overexpression in OGD
group and Lamp2 knockdown in the control group caused
accumulation of both autophagosomes and autolysosomes
(Figures 4I,J and Supplementary Figures S1B,C). The reduction
in autolysosomes with Lamp2 overexpression was further
corroborated by the decrease in the fluorescence intensity of
DALGreen (Figures 4K,L). Lamp2 knockdown in OGD group
didn’t induce further accumulation of autophagic structures
but caused the shift to more autophosomes and fewer
autolysosomes (Supplementary Figures S1B,C). These data
collectively reveal that, in addition to enhancing the fusion
between autophagosomes and lysosomes, restoration of Lamp2 in
OGD conditions also accelerates the clearance of autolysosomes.

Lamp2 Improves the Trafficking Deficit
of Cathepsins Caused by OGD Treatment
It is relatively well documented that Lamp2 improves autophagic
flux by promoting the fusion between autophagosomes and
lysosomes (Hubert et al., 2016; Zhang et al., 2018). The
accumulation of autolysosomes induced by OGD stress
(Figure 4I and Supplementary Figure S1B) suggested that the
degradation capacity of lysosomes overloaded with a robust
increase in autophagic structures was deficient. Overexpression
of Lamp2 further enhanced the fusion of autophagosomes
and lysosomes but remarkably reduced the accumulation of
autolysosomes, which strongly suggests that Lamp2 might play
a role in enhancing the degradation capacity of lysosomes.
Consequently, we investigated the subcellular localization of
Cat B and Cat D and found that relatively more of these two
cathepsins were distributed to Lamp1-positive endosomes and
lysosomes in cells with Lamp2 overexpression (Figures 5A–D),
indicating enhanced trafficking of these two cathepsins. Since
cation-dependent mannose 6-phosphate receptor (CD-M6PR)
and cation-independent mannose 6-phosphate receptor
(Cl-M6PR) are two proteins known to be crucial for the
trafficking of lysosomal hydrolases, we next examined the
levels of these proteins. As shown in Figures 5E,F, the CD-
M6PR protein level prominently increased with no significant
change in the Cl-M6PR protein level in cells overexpressing
Lamp2. The recovery of the CD-M6PR protein level might
explain the improved trafficking of lysosomal cathepsins after
Lamp2 restoration.
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FIGURE 4 | Lamp2 restoration rescues the autophagic flux blockade caused by OGD treatment. (A,B) Western blotting (A) and quantitative analysis (B) of LC3 and
SQSTM1 in response to OGD treatment for 3, 6, and 9 h. Mean ± SEM (n = 3). **P < 0.01 versus the control group. (C,D) Western blotting (C) and quantitative
analysis (D) of LC3 and SQSTM1 with rapamycin (200 nM), 3-MA (1 mM) and CQ (20 µM) treatment. Mean ± SEM (n = 3). **P < 0.01 versus the control group and
#P < 0.05, ##P < 0.01 versus the OGD group. (E,F) Western blotting of LC3, SQSTM1 and Lamp2 with exogenously infected full-length Lamp2 adenovirus (E) and
results from the quantitative analysis (F). Mean ± SEM (n = 3). *P < 0.05, **P < 0.01 versus the normoxia + NC group and #P < 0.05, ##P < 0.01 versus the
OGD + NC group. (G,H) Cardiomyocytes were treated with rapamycin, 3-MA or CQ with or without Lamp2 overexpression and Western blotting was performed to
determine the levels of LC3 and SQSTM1 (G). Quantitative analysis (H) of these results is presented as the mean ± SEM (n = 3). *P < 0.05, **P < 0.01 versus the
OGD + NC group and ##P < 0.01 versus the OGD + Lamp2 group. (I) Representative confocal images of mCherry-GFP-LC3. Bar, 10 µm. (F) Quantitative analysis
of (J) is presented as the mean ± SEM (n = 3). **P < 0.01 versus the normoxia + NC group and #P < 0.05, ##P < 0.01 versus the OGD + NC group. (L) DALGreen
fluorescent dye detection. Scale bar, 10 µm. (K) Quantitative analysis of (L). Mean ± SEM (n = 3). **P < 0.01 versus the normoxia + NC group, ##P < 0.01 versus
the OGD + NC group.

Impaired Autophagic Flux Contributes to
the Occurrence of LMP and Cell Death
After OGD Treatment
Considering that autolysosomes that have accumulated due
to autophagic flux blockade are larger in volume and more
easily to be attacked, we set out to clarify whether impaired
autophagic flux contributed to the LCD observed with OGD

treatment. We applied 3-MA to alleviate the blockade of
autophagic flux and discovered that 3-MA significantly reduced
the number of Gal3 puncta and the activity of cytosolic Cat
B (Figures 6A–C). Accordingly, 3-MA increased cell survival
under OGD stress, as determined by the CCK-8 and LDH
release experiments (Figures 6D,E). Conversely, in the CQ-
treated OGD group, the fluorescence intensity of Gal3 puncta
and cytosolic Cat B activity were greatly elevated (Figures 6A–C),

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 February 2020 | Volume 8 | Article 31

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00031 February 6, 2020 Time: 16:29 # 9

Cui et al. Lamp2 Alleviates LCD of Cardiomyocytes

FIGURE 5 | Overexpression of Lamp2 alleviates dysfunction of the cathepsin trafficking induced by OGD treatment. (A,B) Double staining of cathepsins and Lamp1
to determine the trafficking of cathepsin D (A) and cathepsin B (B). Scale bar, 10 µm. (C,D) Quantitative analysis of (A,B). Mean ± SEM (n = 3). **P < 0.01 versus
the normoxia + NC group and #P < 0.05, ##P < 0.01 versus the OGD + NC group. (E,F) Western blotting was performed to determine the protein levels of
CD-M6PR and Cl-M6PR with Lamp2 overexpression (E). Quantitative analysis (F) is presented as the mean ± SEM (n = 3). **P < 0.01 versus the normoxia + NC
group, ##P < 0.01 versus the OGD + NC group.

indicating further reduction of cell viability (Figures 6D,E).
ATG5 siRNA was also used to specifically inhibit autophagy and
decrease the accumulation of autophagic structures (Figure 6K).
As expected, ATG5 siRNA partially inhibited the occurrence
of LMP with OGD treatment and alleviated cardiomyocyte
injury (Figures 6F–J). These data suggests that autophagic flux
impairment contributes to the occurrence of LMP and the
subsequent LCD in response to OGD. LMP could in turn

exacerbate lysosomal dysfunction, resulting in an even more
severe autophagic flux blockade and creating a vicious cycle.

DISCUSSION

LMP has been reported to be involved in the cell death
control in various physiological and pathological conditions
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FIGURE 6 | Autophagic flux blockade accounts for the OGD-induced LMP in cardiomyocytes. (A,B) Immunostaining of Gal3 after treatment with OGD with 3-MA
(1 mM) or CQ (20 µM) (A). Quantitative analysis (B). Scale bar, 10 µm. Mean ± SEM (n = 3). **P < 0.01 versus the control group, ##P < 0.01 versus the OGD
group. (C) The extent of LMP with 3-MA (1 mM) or CQ (20 µM) treatment was determined by the activity of cytosolic cathepsin B. Mean ± SEM (n = 3). **P < 0.01
versus the control group and #P < 0.05, ##P < 0.01 versus the OGD group. (D) A CCK-8 assay was performed to evaluate cell viability. Mean ± SEM (n = 3).
**P < 0.01 versus the control group, ##P < 0.01 versus the OGD group. (E) Cytotoxicity was determined by LDH leakage experiments. Mean ± SEM (n = 5).
**P < 0.01 versus the control group, #P < 0.05, ##P < 0.01 versus the OGD group. (F,G) Representative images of Gal3 with ATG5 siRNA (F). Quantitative analysis
(G). Scale bar, 10 µm. Mean ± SEM (n = 3). **P < 0.01 versus the normoxia + NC group and ##P < 0.01 versus the OGD + NC group. (H) Detection of the activity
of cytosolic cathepsin B after transfection with ATG5 siRNA. Mean ± SEM (n = 3). **P < 0.01 versus the normoxia + NC group and ##P < 0.01 versus the
OGD + NC group. (I) Cell viability was detected by CCK-8 assay. Mean ± SEM (n = 4). **P < 0.01 versus the normoxia + NC group, #P < 0.05 versus the
OGD + NC group. (J) Cytotoxicity was assessed by LDH leakage experiments. Mean ± SEM (n = 3). **P < 0.01 versus the normoxia + NC group and ##P < 0.01
versus the OGD + NC group. (K) Western blotting was performed to detect the transfection efficiency of ATG5 siRNA.
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(Windelborn and Lipton, 2008; Gomez-Sintes et al., 2016; Jiang
et al., 2016; Gaidt et al., 2017; Mai et al., 2017; Lin
and Hardie, 2018), but its role in myocardial ischemic
injury remains uncertain. In the present study, we used
different methods to demonstrate the occurrence of LMP
in ischemic cardiomyocytes in vitro. With the application
of inhibitors and siRNA of cathepsins, we demonstrated
that LMP was involved in the regulation of cardiomyocyte
death induced by OGD treatment. We further uncovered the
underlying mechanisms of LMP and cardiomyocyte injury
caused by OGD treatment.

Previous studies have reported that Lamp2 confers stress
resistance against various conditions, including acidosis,
oxidative stress and neurodegenerative disorders (Saha, 2012;
Damaghi et al., 2015; Qin et al., 2017; Issa et al., 2018) and
is recognized as a vital protector against LMP with unclear
underlying mechanisms (Geronimo-Olvera et al., 2017; Wiedmer
et al., 2017). In our experimental system, OGD treatment
caused the decline of Lamp2 and restoration of Lamp2 partially
reduced LMP and cell death of cardiomyocytes. Lamp2 siRNA
in normal conditions caused the injury of lysosomal membranes
and the decline of cardiomyocytes viability. These results
indicated that Lamp2 is involved in the regulation of LMP
and cell death and confers cardiomyocytes resistance against
OGD treatment. Cardiac ischemia is a very complicated
pathological condition and many factors are involved in the
regulation of cardiomyocyte injury, including the reactive
oxygen species (ROS) overload, mitochondria dysfunction and
so on (Ganitkevich et al., 2006; Pasdois et al., 2012; Jian et al.,
2016; Pei et al., 2017). Lamp2 could be one of the protective
factors although its effect seemed relatively modest. However,
further downregulation of Lamp2 with siRNA in OGD condition
didn’t exacerbate LMP or cell death. Considering that all patients
of Danon disease including female patients with decreased
Lamp2 expression due to a heterozygous null mutation and
male patients with completely absent Lamp2 expression develop
severe cardiomyopathy (Endo et al., 2015; Sugie et al., 2018;
Cenacchi et al., 2019), we can deduce that Lamp2 is especially
important for the proper function of the heart and that Lamp2
couldn’t function properly and act as a protectant when its
protein content decreased to a certain degree. Consequently,
it is possible that further reduction with siRNA in OGD group
couldn’t cause more injury. In addition, feedback mechanisms
are common among organisms with various injuries and
further downregulation of Lamp2 might also promote the
expression of other protective proteins, which compensated
for its decrease.

Lamp2 is also known to promote autophagic flux and
samples from patients of Danon disease present accumulated
LC3 positive autophagosomes and undigested lipofuscin,
indicating defective autophagic flux (Tanaka et al., 2000;
Endo et al., 2015; Giuliano et al., 2015). An in vitro study of
Lamp2-deficient mouse embryonic fibroblasts discovered that
Lamp2 deficiency leads to the depletion of syntaxin-17 from
autophagosomes and consequently defective fusion between
lysosomes and autophagosomes (Hubert et al., 2016). Cardiac
ischemia/reperfusion injury causes a decrease in Lamp2 and

a consequent blockade of autophagic flux (Ma et al., 2012).
In our study, we also found a blockade of autophagic flux
reflected by accumulated autophagosomes and autolysosomes
in OGD conditions or in normal conditions with Lamp2
siRNA. Exogenous expression of Lamp2 restored the impaired
autophagic flux. However, further downregulation of Lamp2
in OGD group caused the shift to more autophagosomes and
fewer autolysosomes without significant changes of the overall
autophagic structures, indicating that further reduction of Lamp2
caused fully inhibition of the fusion between autophagosomes
and lysosomes. Considering that lysosomes with larger volume
are more vulnerable to various risk factors (Ono et al., 2003),
this result might also explain why Lamp2 siRNA in OGD group
didn’t further exacerbate LMP and cell death as the reduction
of autolysosomes decreased the volume and vulnerability of
lysosomes, which compensated for other damages caused
by the reduction of Lamp2. Cardiomyocytes overexpressing
Lamp2 presented a remarkable reduction in autolysosomes with
accelerated fusion between autophagosomes and lysosomes,
which suggested its role in enhancing the hydrolytic function
of lysosomes in response to OGD stress. The results that the
protein level of CD-M6PR was restored and that the trafficking
of Cat B and Cat D increased with the exogenous expression
of Lamp2 confirmed our assumption. This finding was also
consistent with the study that Lamp2-deficient hepatocytes
present accumulation in both early- and late-stage autophagic
vacuoles accompanied by a decrease in the activity of lysosomal
enzymes and an abnormal reduction of mannose-6-phosphate
receptors (Eskelinen et al., 2002). However, the manner by which
Lamp2 correlates with CD-M6PR remains to be elucidated.
Previous studies have found that chronic acidosis–induced
Lamp2 overexpression in cancer cells confers plasma membrane
resistance against acidosis-induced proteolysis (Damaghi et al.,
2015). It is possible that Lamp2 overexpression slows the
degradation rate of CD-M6PR by lysosomes. To avoid being
digested, CD-M6PR needs to detach from endosomes and be
recycled back to the Golgi complex by its adaptors (Diaz and
Pfeffer, 1998; Nair et al., 2003), and Lamp2 might accelerate this
process by stabilizing the CD-M6PR adaptors.

The role of autophagy in ischemia and ischemia/reperfusion
injury is still debated. Excessive inhibition of Beclin1
markedly increases cardiomyocyte death in response to
hypoxia/reoxygenation injury (Issa et al., 2018). However, it
has also been reported that different mechanisms to inhibit
autophagy also protect against myocardial ischemia/reperfusion
injury (Wu et al., 2018; Yu et al., 2018). It has been found that
application of 3-MA to inhibit autophagy alleviates astrocyte
injury by inhibiting LMP (Zhou et al., 2017). In the present
study, we also observed that 3-MA treatment and ATG5 siRNA
improved cardiomyocyte resistance against OGD stress and
inhibited LMP, whereas application of CQ to impede autophagic
flux further exacerbated LMP. These results suggested that the
autophagic flux blockade induced by OGD stress prompted LMP
and the consequent LCD in cardiomyocytes. We also observed
that Lamp2 siRNA in control group caused the increase in
both autophagosomes and autolysosomes and the induction of
LMP, while Lamp2 siRNA in OGD group didn’t exacerbated
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FIGURE 7 | Lamp2 protects cardiomyocytes from OGD treatment. Schematic diagram on the proposed pathway that Lamp2 improved the impaired autophagic flux
and thus alleviates LMP and cell death of cardiomyocytes caused by OGD treatment.

LMP with no further accumulation of autolysosomes. It is
possible that various methods to reduce the quantity of the
undigested autolysosomes lowers the volume of lysosomes and
their vulnerability to be destructed.

CONCLUSION

The data obtained from our study revealed that restoration
of the Lamp2 protein alleviated the autophagic flux blockade
induced by OGD stress by improving Cat B and Cat D trafficking,
which inhibited LMP and conferred cardiomyocyte resistance
against OGD stress (Figure 7). Although overexpression of
Lamp2 partially alleviated LMP and cell death in the in vitro
ischemic model, it still remains to be determined its contribution
to the in vivo mechanism involving the myocardial ischemic
injury. Considering that Lamp2 is indispensable for the
proper function of myocardium and protects against various

peroxidation injuries, it may be a potential therapeutic target
against myocardial ischemic injury.

DATA AVAILABILITY STATEMENT

All data sets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

LC carried out the experimental work, collected the data, and
drafted the manuscript. L-PZ and J-YY participated in the
design and coordination of the experimental work. LY and YH
participated in the experimental work and the analysis of the
data. X-PJ participated in the study design and the interpretation
of the data. QZ and J-ZJ participated in the coordination of the

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 February 2020 | Volume 8 | Article 31

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00031 February 6, 2020 Time: 16:29 # 13

Cui et al. Lamp2 Alleviates LCD of Cardiomyocytes

experimental work. D-XZ and YH carried out the study design,
the analysis and interpretation of the data, and the modification
of the manuscript.

FUNDING

This work was supported by the Key Project of National Natural
Science Foundation of China (NSFC) (No. 81430042) and the
State Key Laboratory of Trauma, Burns, and Combined Injury
[No. SKLZZ2012(III) 01].

ACKNOWLEDGMENTS

The authors acknowledge the Biomedical Analysis Center of
Army Medical University for providing the confocal microscope.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2020.00031/
full#supplementary-material

REFERENCES
Cenacchi, G., Papa, V., Pegoraro, V., Marozzo, R., Fanin, M., and Angelini,

C. (2019). Danon disease: review of natural history and recent advances.
Neuropathol. Appl. Neurobiol. doi: 10.1111/nan.12587 [Epub ahead of print].

Clerc, P., Jeanjean, P., Hallali, N., Gougeon, M., Pipy, B., Carrey, J., et al. (2018).
Targeted magnetic intra-lysosomal hyperthermia produces lysosomal reactive
oxygen species and causes Caspase-1 dependent cell death. J. Control. Release
270, 120–134. doi: 10.1016/j.jconrel.2017.11.050

Damaghi, M., Tafreshi, N. K., Lloyd, M. C., Sprung, R., Estrella, V., Wojtkowiak,
J. W., et al. (2015). Chronic acidosis in the tumour microenvironment selects
for overexpression of LAMP2 in the plasma membrane. Nat. Commun. 6:8752.
doi: 10.1038/ncomms9752

de Duve, C. (2005). The lysosometurns fifty. Nat. Cell Biol. 7, 847–849.
Diaz, E., and Pfeffer, S. R. (1998). TIP47: a cargo selection device for mannose 6-

phosphate receptor trafficking. Cell 93, 433–443. doi: 10.1016/s0092-8674(00)
81171-x

Dikic, I., and Elazar, Z. (2018). Mechanism and medical implications of
mammalian autophagy. Nat. Rev. Mol. Cell Biol. 19, 349–364. doi: 10.1038/
s41580-018-0003-4

Duke, J. M., Randall, S. M., Fear, M. W., Boyd, J. H., Rea, S., and Wood, F. M.
(2016). Understanding the long-term impacts of burn on the cardiovascular
system. Burns 42, 366–374. doi: 10.1016/j.burns.2015.08.020

Edtinger, K., Yang, X., Uehara, H., and Tullius, S. G. (2014). Current status of
vascularized composite tissue allotransplantation. Burns Trauma 2, 53–60. doi:
10.4103/2321-3868.130184

Endo, Y., Furuta, A., and Nishino, I. (2015). Danon disease: a phenotypic
expression of LAMP-2 deficiency. Acta Neuropathol. 129, 391–398. doi: 10.
1007/s00401-015-1385-4

Eskelinen, E. L., Illert, A. L., Tanaka, Y., Schwarzmann, G., Blanz, J., Von Figura,
K., et al. (2002). Role of LAMP-2 in lysosome biogenesis and autophagy. Mol.
Biol. Cell 13, 3355–3368. doi: 10.1091/mbc.e02-02-0114

Gabande-Rodriguez, E., Boya, P., Labrador, V., Dotti, C. G., and Ledesma, M. D.
(2014). High sphingomyelin levels induce lysosomal damage and autophagy
dysfunction in Niemann Pick disease type A. Cell Death Differ. 21, 864–875.
doi: 10.1038/cdd.2014.4

Gaidt, M. M., Ebert, T. S., Chauhan, D., Ramshorn, K., Pinci, F., Zuber, S., et al.
(2017). The DNA inflammasome in human myeloid cells is initiated by a
STING-cell death program upstream of NLRP3. Cell 171, 1110.e18–1124.e18.
doi: 10.1016/j.cell.2017.09.039

Ganitkevich, V., Reil, S., Schwethelm, B., Schroeter, T., and Benndorf, K. (2006).
Dynamic responses of single cardiomyocytes to graded ischemia studied by
oxygen clamp in on-chip picochambers. Circ. Res. 99, 165–171. doi: 10.1161/
01.RES.0000232321.89714.0e

Geronimo-Olvera, C., Montiel, T., Rincon-Heredia, R., Castro-Obregon, S., and
Massieu, L. (2017). Autophagy fails to prevent glucose deprivation/glucose
reintroduction-induced neuronal death due to calpain-mediated lysosomal
dysfunction in cortical neurons. Cell Death Dis. 8:e2911. doi: 10.1038/cddis.
2017.299

Giuliano, S., Cormerais, Y., Dufies, M., Grepin, R., Colosetti, P., Belaid, A.,
et al. (2015). Resistance to sunitinib in renal clear cell carcinoma results from
sequestration in lysosomes and inhibition of the autophagic flux. Autophagy 11,
1891–1904. doi: 10.1080/15548627.2015.1085742

Gomez-Sintes, R., Ledesma, M. D., and Boya, P. (2016). Lysosomal cell death
mechanisms in aging. Ageing Res. Rev. 32, 150–168. doi: 10.1016/j.arr.2016.
02.009

Gonzalez, P., Mader, I., Tchoghandjian, A., Enzenmuller, S., Cristofanon, S., Basit,
F., et al. (2012). Impairment of lysosomal integrity by B10, a glycosylated
derivative of betulinic acid, leads to lysosomal cell death and converts autophagy
into a detrimental process. Cell Death Differ. 19, 1337–1346. doi: 10.1038/cdd.
2012.10

Hu, J. Y., Chu, Z. G., Han, J., Dang, Y. M., Yan, H., Zhang, Q., et al.
(2010). The p38/MAPK pathway regulates microtubule polymerization through
phosphorylation of MAP4 and Op18 in hypoxic cells. Cell. Mol. Life Sci. 67,
321–333. doi: 10.1007/s00018-009-0187-z

Huang, L., Luo, Y., Sun, X., Ju, H., Tian, J., and Yu, B. Y. (2017). An artemisinin-
mediated ROS evolving and dual protease light-up nanocapsule for real-time
imaging of lysosomal tumor cell death. Biosens. Bioelectron. 92, 724–732. doi:
10.1016/j.bios.2016.10.004

Hubert, V., Peschel, A., Langer, B., Gröger, M., Rees, A., and Kain, R. (2016).
LAMP-2 is required for incorporating syntaxin-17 into autophagosomes and
for their fusion with lysosomes. Biol. Open 5, 1516–1529. doi: 10.1242/bio.
018648

Issa, A. R., Sun, J., Petitgas, C., Mesquita, A., Dulac, A., Robin, M., et al. (2018).
The lysosomal membrane protein LAMP2A promotes autophagic flux and
prevents SNCA-induced Parkinson disease-like symptoms in the Drosophila
brain. Autophagy 14, 1898–1910. doi: 10.1080/15548627.2018.1491489

Jaattela, M., and Nylandsted, J. (2015). Quantification of lysosomal membrane
permeabilization by cytosolic cathepsin and beta-N-acetyl-glucosaminidase
activity measurements. Cold Spring Harb. Protoc. 2015, 1017–1023. doi: 10.
1101/pdb.prot086165

Jian, Z., Liang, B., Pan, X., Xu, G., Guo, S. S., Li, T., et al. (2016). CUEDC2
modulates cardiomyocyte oxidative capacity by regulating GPX1 stability.
EMBO Mol. Med. 8, 813–829. doi: 10.15252/emmm.201506010

Jiang, H., Acharya, C., An, G., Zhong, M., Feng, X., Wang, L., et al.
(2016). SAR650984 directly induces multiple myeloma cell death via
lysosomal-associated and apoptotic pathways, which is further enhanced by
pomalidomide. Leukemia 30, 399–408. doi: 10.1038/leu.2015.240

Law, C. Y., Siu, C. W., Fan, K., Lai, W. H., Au, K. W., Lau, Y. M., et al.
(2016). Lysosomal membrane permeabilization is involved in oxidative stress-
induced apoptotic cell death in LAMP2-deficient iPSCs-derived cerebral
cortical neurons. Biochem. Biophys. Rep. 5, 335–345. doi: 10.1016/j.bbrep.2016.
01.010

Lin, S. C., and Hardie, D. G. (2018). AMPK: sensing glucose as well as cellular
energy status. Cell Metab. 27, 299–313. doi: 10.1016/j.cmet.2017.10.009

Lipton, P. (2013). Lysosomal membrane permeabilization as a key player in brain
ischemic cell death: a “lysosomocentric” hypothesis for ischemic brain damage.
Transl. Stroke Res. 4, 672–684. doi: 10.1007/s12975-013-0301-2

Lovejoy, D. B., Jansson, P. J., Brunk, U. T., Wong, J., Ponka, P., and Richardson,
D. R. (2011). Antitumor activity of metal-chelating compound Dp44mT is
mediated by formation of a redox-active copper complex that accumulates in
lysosomes. Cancer Res. 71, 5871–5880. doi: 10.1158/0008-5472.can-11-1218

Ma, X., Liu, H., Foyil, S. R., Godar, R. J., Weinheimer, C. J., Hill, J. A., et al.
(2012). Impaired autophagosome clearance contributes to cardiomyocyte death
in ischemia/reperfusion injury. Circulation 125, 3170–3181. doi: 10.1161/
circulationaha.111.041814

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 February 2020 | Volume 8 | Article 31

https://www.frontiersin.org/articles/10.3389/fcell.2020.00031/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2020.00031/full#supplementary-material
https://doi.org/10.1111/nan.12587
https://doi.org/10.1016/j.jconrel.2017.11.050
https://doi.org/10.1038/ncomms9752
https://doi.org/10.1016/s0092-8674(00)81171-x
https://doi.org/10.1016/s0092-8674(00)81171-x
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1016/j.burns.2015.08.020
https://doi.org/10.4103/2321-3868.130184
https://doi.org/10.4103/2321-3868.130184
https://doi.org/10.1007/s00401-015-1385-4
https://doi.org/10.1007/s00401-015-1385-4
https://doi.org/10.1091/mbc.e02-02-0114
https://doi.org/10.1038/cdd.2014.4
https://doi.org/10.1016/j.cell.2017.09.039
https://doi.org/10.1161/01.RES.0000232321.89714.0e
https://doi.org/10.1161/01.RES.0000232321.89714.0e
https://doi.org/10.1038/cddis.2017.299
https://doi.org/10.1038/cddis.2017.299
https://doi.org/10.1080/15548627.2015.1085742
https://doi.org/10.1016/j.arr.2016.02.009
https://doi.org/10.1016/j.arr.2016.02.009
https://doi.org/10.1038/cdd.2012.10
https://doi.org/10.1038/cdd.2012.10
https://doi.org/10.1007/s00018-009-0187-z
https://doi.org/10.1016/j.bios.2016.10.004
https://doi.org/10.1016/j.bios.2016.10.004
https://doi.org/10.1242/bio.018648
https://doi.org/10.1242/bio.018648
https://doi.org/10.1080/15548627.2018.1491489
https://doi.org/10.1101/pdb.prot086165
https://doi.org/10.1101/pdb.prot086165
https://doi.org/10.15252/emmm.201506010
https://doi.org/10.1038/leu.2015.240
https://doi.org/10.1016/j.bbrep.2016.01.010
https://doi.org/10.1016/j.bbrep.2016.01.010
https://doi.org/10.1016/j.cmet.2017.10.009
https://doi.org/10.1007/s12975-013-0301-2
https://doi.org/10.1158/0008-5472.can-11-1218
https://doi.org/10.1161/circulationaha.111.041814
https://doi.org/10.1161/circulationaha.111.041814
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00031 February 6, 2020 Time: 16:29 # 14

Cui et al. Lamp2 Alleviates LCD of Cardiomyocytes

Maejima, I., Takahashi, A., Omori, H., Kimura, T., Takabatake, Y., Saitoh, T., et al.
(2013). Autophagy sequesters damaged lysosomes to control lysosomal bioge-
nesis and kidney injury. EMBO J. 32, 2336–2347. doi: 10.1038/emboj.2013.171

Mai, T. T., Hamai, A., and Hienzsch, A. (2017). Salinomycin kills cancer stem
cells by sequestering iron in lysosomes. Nat. Chem. 9, 1025–1033. doi: 10.1038/
nchem.2778

Malet, J. K., Cossart, P., and Ribet, D. (2017). Alteration of epithelial cell lysosomal
integrity induced by bacterial cholesterol-dependent cytolysins. Cell. Microbiol.
19:e12682. doi: 10.1111/cmi.12682

Milkereit, R., Persaud, A., Vanoaica, L., Guetg, A., and Verrey, F. (2015). LAPTM4b
recruits the LAT1-4F2hc Leu transporter to lysosomes and promotes mTORC1
activation. Nat. Commun. 6:7250. doi: 10.1038/ncomms8250

Mizushima, N. (2018). A brief history of autophagy from cell biology to physiology
and disease. Nat. Cell Biol. 20, 521–527. doi: 10.1038/s41556-018-0092-5

Nair, P., Schaub, B. E., and Rohrer, J. (2003). Characterization of the endosomal
sorting signal of the cation-dependent mannose 6-phosphate receptor. J. Biol.
Chem. 278, 24753–24758. doi: 10.1074/jbc.M300174200

Ono, K., Kim, S. O., and Han, J. (2003). Susceptibility of lysosomes to rupture is a
determinant for plasma membrane disruption in tumor necrosis factor alpha-
induced cell death. Mol. Cell Biol. 23, 665–676. doi: 10.1128/mcb.23.2.665-676.
2003

Pasdois, P., Parker, J. E., and Halestrap, A. P. (2012). Extent of mitochondrial
hexokinase II dissociation during ischemia correlates with mitochondrial
cytochrome c release, reactive oxygen species production, and infarct size on
reperfusion. J. Am. Heart Assoc. 2:e005645. doi: 10.1161/jaha.112.005645

Pei, H. F., Hou, J. N., Wei, F. P., Xue, Q., Zhang, F., Peng, C. F., et al. (2017).
Melatonin attenuates postmyocardial infarction injury via increasing Tom70
expression. J. Pineal Res. 62:e12371. doi: 10.1111/jpi.12371

Qin, X., Zhang, J., Wang, B., Xu, G., and Zou, Z. (2017). LAMP-2 mediates
oxidative stress-dependent cell death in Zn(2+)-treated lung epithelium cells.
Biochem. Biophys. Res. Commun. 488, 177–181. doi: 10.1016/j.bbrc.2017.05.030

Repnik, U., Cesen, M. H., and Turk, B. (2016). Measuring cysteine cathepsin
activity to detect lysosomal membrane permeabilization. Cold Spring Harb.
Protoc. 5, 453–458. doi: 10.1101/pdb.prot087114

Rowland, T. J., Sweet, M. E., Mestroni, L., and Taylor, M. R. (2016). Danon disease
- dysregulation of autophagy in a multisystem disorder with cardiomyopathy.
J. Cell Sci. 129, 2135–2143. doi: 10.1242/jcs.184770

Roy, S. J., and Stanely Mainzen Prince, P. (2012). Protective effects of sinapic acid
on lysosomal dysfunction in isoproterenol induced myocardial infarcted rats.
Food Chem. Toxicol. 50, 3984–3989. doi: 10.1016/j.fct.2012.08.017

Saha, T. (2012). LAMP2A overexpression in breast tumors promotes cancer cell
survival via chaperone-mediated autophagy. Autophagy 8, 1643–1656. doi: 10.
4161/auto.21654

Settembre, C., Fraldi, A., Medina, D. L., and Ballabio, A. (2013). Signals from the
lysosome: a control centre for cellular clearance and energy metabolism. Nat.
Rev. Mol. Cell Biol. 14, 283–296. doi: 10.1038/nrm3565

Skowyra, M. L., and Schlesinger, P. H. (2018). Triggered recruitment of ESCRT
machinery promotes endolysosomal repair. Science 360:eaar5078. doi: 10.1126/
science.aar5078

Sugie, K., Komaki, H., Eura, N., Shiota, T., Onoue, K., and Tsukaguchi, H. (2018).
A nationwide survey on danon disease in Japan. Int. J. Mol. Sci. 19:E3507.
doi: 10.3390/ijms19113507

Tanaka, Y., Guhde, G., Suter, A., Eskelinen, E. L., Hartmann, D., Lullmann-Rauch,
R., et al. (2000). Accumulation of autophagic vacuoles and cardiomyopathy in
LAMP-2-deficient mice. Nature 406, 902–906. doi: 10.1038/35022595

Tiwari, M., Hemalatha, T., Ganesan, K., Nayeem, M., Murali Manohar, B.,
Balachandran, C., et al. (2008). Myocardial ischemia and reperfusion injury
in rats: lysosomal hydrolases and matrix metalloproteinases mediated cellular
damage. Mol. Cell Biochem. 312, 81–91. doi: 10.1007/s11010-008-9723-7

Wiedmer, T., Blank, A., Pantasis, S., Normand, L., Bill, R., Krebs, P., et al. (2017).
Autophagy inhibition improves sunitinib efficacy in pancreatic neuroendocrine
tumors via a lysosome-dependent mechanism. Mol. Cancer Ther. 16, 2502–
2515. doi: 10.1158/1535-7163.mct-17-0136

Windelborn, J. A., and Lipton, P. (2008). Lysosomal release of cathepsins causes
ischemic damage in the rat hippocampal slice and depends on NMDA-mediated
calcium influx, arachidonic acid metabolism, and free radical production.
J. Neurochem. 106, 56–69. doi: 10.1111/j.1471-4159.2008.05349.x

Wu, X., Qin, Y., Zhu, X., Liu, D., Chen, F., Xu, S., et al. (2018). Increased
expression of DRAM1 confers myocardial protection against ischemia via
restoring autophagy flux. J. Mol. Cell Cardiol. 124, 70–82. doi: 10.1016/j.yjmcc.
2018.08.018

Yamashima, T., and Oikawa, S. (2009). The role of lysosomal rupture in
neuronal death. Prog. Neurobiol. 89, 343–358. doi: 10.1016/j.pneurobio.2009.
09.003

Yu, S. Y., Dong, B., Fang, Z. F., Hu, X. Q., and Tang, L. (2018). Knockdown
of lncRNA AK139328 alleviates myocardial ischaemia/reperfusion injury in
diabetic mice via modulating miR-204-3p and inhibiting autophagy. J. Cell Mol.
Med. 22, 4886–4898. doi: 10.1111/jcmm.13754

Zhang, X., Wang, L., Lak, B., Li, J., Jokitalo, E., and Wang, Y. (2018).
GRASP55 senses glucose deprivation through O-GlcNAcylation to promote
autophagosome-lysosome fusion. Dev. Cell 45, 245.e6–261.e6. doi: 10.1016/j.
devcel.2018.03.023

Zhou, X. Y., Luo, Y., Zhu, Y. M., Liu, Z. H., Kent, T. A., Rong, J. G.,
et al. (2017). Inhibition of autophagy blocks cathepsins-tBid-mitochondrial
apoptotic signaling pathway via stabilization of lysosomal membrane in
ischemic astrocytes. Cell Death Dis. 8:e2618. doi: 10.1038/cddis.2017.34

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Cui, Zhao, Ye, Yang, Huang, Jiang, Zhang, Jia, Zhang and Huang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 February 2020 | Volume 8 | Article 31

https://doi.org/10.1038/emboj.2013.171
https://doi.org/10.1038/nchem.2778
https://doi.org/10.1038/nchem.2778
https://doi.org/10.1111/cmi.12682
https://doi.org/10.1038/ncomms8250
https://doi.org/10.1038/s41556-018-0092-5
https://doi.org/10.1074/jbc.M300174200
https://doi.org/10.1128/mcb.23.2.665-676.2003
https://doi.org/10.1128/mcb.23.2.665-676.2003
https://doi.org/10.1161/jaha.112.005645
https://doi.org/10.1111/jpi.12371
https://doi.org/10.1016/j.bbrc.2017.05.030
https://doi.org/10.1101/pdb.prot087114
https://doi.org/10.1242/jcs.184770
https://doi.org/10.1016/j.fct.2012.08.017
https://doi.org/10.4161/auto.21654
https://doi.org/10.4161/auto.21654
https://doi.org/10.1038/nrm3565
https://doi.org/10.1126/science.aar5078
https://doi.org/10.1126/science.aar5078
https://doi.org/10.3390/ijms19113507
https://doi.org/10.1038/35022595
https://doi.org/10.1007/s11010-008-9723-7
https://doi.org/10.1158/1535-7163.mct-17-0136
https://doi.org/10.1111/j.1471-4159.2008.05349.x
https://doi.org/10.1016/j.yjmcc.2018.08.018
https://doi.org/10.1016/j.yjmcc.2018.08.018
https://doi.org/10.1016/j.pneurobio.2009.09.003
https://doi.org/10.1016/j.pneurobio.2009.09.003
https://doi.org/10.1111/jcmm.13754
https://doi.org/10.1016/j.devcel.2018.03.023
https://doi.org/10.1016/j.devcel.2018.03.023
https://doi.org/10.1038/cddis.2017.34
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Lysosomal Membrane Protein Lamp2 Alleviates Lysosomal Cell Death by Promoting Autophagic Flux in Ischemic Cardiomyocytes
	Introduction
	Materials and Methods
	Cardiomyocytes Culture and Oxygen, Glucose and Serum Deprivation
	Adenovirus Infection
	Gene Silencing With siRNAs
	Western Blotting Assay
	Immunofluorescence and Confocal Microscopy
	Cell Viability and Toxicity Assays
	Acridine Orange Release Experiment
	Cytosolic Cathepsin B Activity Measurement
	Autolysosome Detection
	Statistical Analysis

	Results
	Lamp2 Protects Cardiomyocytes From Ischemic/Hypoxic Injury
	Lamp2 Alleviates LCD With OGD Treatment
	Lamp2 Overexpression Reverses the Autophagic Flux Blockade Induced by OGD Stress
	Lamp2 Improves the Trafficking Deficit of Cathepsins Caused by OGD Treatment
	Impaired Autophagic Flux Contributes to the Occurrence of LMP and Cell Death After OGD Treatment

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


