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Abstract

Cardiac ischemia-reperfusion (I/R) injury results mainly from mitochondrial dysfunction and cardiomyocyte death.
Mitophagy sustains mitochondrial function and exerts a pro-survival effect on the reperfused heart tissue. Mammalian
STE20-like kinase 1 (Mstl) regulates chronic cardiac metabolic damage and autophagic activity, but its role in acute cardiac
I/R injury, especially its effect on mitophagy, is unknown. The aim of this study is to explore whether Mstl is involved in
reperfusion-mediated cardiomyocyte death via modulation of FUN14 domain containing 1 (FUNDCI1)-related mitophagy.
Our data indicated that Mstl was markedly increased in reperfused hearts. However, genetic ablation of Mstl in Mstl-
knockout (Mst1-KO) mice significantly reduced the expansion of the cardiac infarction area, maintained myocardial function
and abolished I/R-mediated cardiomyocyte death. At the molecular level, upregulation of Mstl promoted ROS production,
reduced mitochondrial membrane potential, facilitated the leakage of mitochondrial pro-apoptotic factors into the nucleus, and
activated the caspase-9-related apoptotic pathway in reperfused cardiomyocytes. Mechanistically, Mst1 activation repressed
FUNDCI expression and consequently inhibited mitophagy. However, deletion of Mst1 was able to reverse FUNDC1 expres-
sion and thus re-activate protective mitophagy, effectively sustaining mitochondrial homeostasis and blocking mitochondrial
apoptosis in reperfused cardiomyocytes. Finally, we demonstrated that Mst1 regulated FUNDC1 expression via the MAPK/
ERK-CREB pathway. Inhibition of the MAPK/ERK-CREB pathway prevented FUNDCI activation caused by Mst1 deletion.
Altogether, our data confirm that Mst1 deficiency sends a pro-survival signal for the reperfused heart by reversing FUNDCI1 -
related mitophagy and thus reducing cardiomyocyte mitochondrial apoptosis, which identifies Mst1 as a novel regulator for
cardiac reperfusion injury via modulation of mitochondrial homeostasis.
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Introduction

Acute myocardial infarction, which is caused by a sudden
embolism of the coronary arteries, is a leading cause of mor-
tality [1, 2]. Timely myocardial reperfusion by reopening
occluded vessels is the primary clinical therapy for treat-
ment of myocardial infarction. Unfortunately, the reperfu-
sion strategy also causes ischemia—reperfusion (I/R) injury
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to the heart [3, 4]. Cardiac I/R injury is caused mainly by
cardiomyocyte and endothelial apoptosis, which induce
malignant arrhythmia, constriction dysfunction, microvascu-
lar spasms and capillary obstruction following reinstitution
of epicardial blood flow [5, 6]. Mitochondrial dysfunction,
such as mitochondrial fission [7], mitochondrial oxidative
stress [8], and mitochondrial calcium overload [9], is known
to be intimately involved in the processes that contribute to
reperfusion injury. Mechanistically, aberrant mitochondria
fail to produce enough energy to meet the requirements of
the heart tissue [10, 11]. In addition, damaged mitochondria
generate excessive ROS that cause cardiomyocyte senes-
cence. More severely damaged mitochondria would liberate
pro-apoptotic factors and initiate programmed cell death,
promoting the loss of functional cardiomyocytes [12, 13].
Accordingly, recovery of mitochondrial homeostasis is vital
to reduce cardiac I/R injury.
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Based on several reports, selective mitochondrial
autophagy (mitophagy) forms the essential axis of mitochon-
drial quality control in response to mitochondrial damage
[14]. The decisive role of mitophagy in the removal of faulty
mitochondria determines its protective effects on mitochon-
dria homeostasis and myocardial apoptosis [12, 15]. As to
mitophagy, FUN14 domain containing 1 (FUNDCI1), a
novel mitophagy receptor, has been reported to be involved
in cardioprotection in the context of cardiac disorder [12].
Activated FUNDCI1 elevates mitophagy activity in the rep-
erfused heart and prevents mitochondrial apoptosis activa-
tion. Moreover, FUNDC 1 -related mitophagy also attenuates
cardiomyocyte oxidative stress, alleviates mitochondrial fis-
sion, sustains mitochondrial membrane potential, promotes
mitochondrial biosynthesis, maintains ATP production, and
sends pro-survival signals to cardiomyocytes in the context
of I/R injury [12, 13, 16]. However, based on recent findings,
FUNDCI1-related mitophagy is unfortunately inactivated at
the stage of reperfusion [12, 17], and the upstream molecu-
lar signals controlling FUNDC1-mediated mitophagy in I/R
injury have not been adequately explored. Although previous
studies have suggested that FUNDC1-mediated mitophagy
is primarily regulated by the ERK-CREB pathway in the
post-infarct heart [18, 19], the role of ERK-CREB axis in
cardiac I/R injury has not been fully described.

Mammalian STE20-like kinase 1 (Mstl) is the major
effector in the classical Hippo pathway. Early research has
reported that cardiac-specific knockout of Mstl blocks
the Hippo pathway, leading to an enlarged heart without
alterations in cardiomyocyte size [20]. By comparison,
the increased Mstl expression promotes apoptosis in car-
diomyocytes [21]. This conclusion is further supported
by a careful study in a diabetic cardiomyopathy model,
which demonstrates that Mst1 deletion enhances the inter-
action between Bcl-2 and Bax, reducing cardiomyocyte
mitochondrial apoptosis [22]. Subsequent research further
reveals that upregulated Mst1 phosphorylates Bcl-XL at
Serl4, promoting Bax translocation from the cytoplasm
to the mitochondria. In addition, the Mst1-Hippo pathway
also participates in several physiological and pathological
processes in the heart ranging from heart development,
hypertrophy, and angiogenesis to cardiomyocyte regenera-
tion [23]. These pieces of evidence illustrate a strong cor-
relation between Mstl activation and mitochondrial dam-
age in cardiomyocytes. However, the contributory action
of Mstl in FUNDC1-related mitophagy in cardiac I/R
injury is poorly understood. Notably, accumulating evi-
dence is available to confirm the inhibitory role of Mstl in
autophagic flux [24]. Mstl activation is associated with an
increase in Beclinl phosphorylation at Thr108, disrupting
the Beclin1-PI3 K interaction and consequently reducing
autophagy activity [25]. Furthermore, Mst1 has been well
recognized as a major transcription factor in inhibiting
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Parkin expression and mitophagy activity [26]. However,
whether Mst1 is involved in cardiomyocyte viability and
mitochondrial homeostasis under I/R injury via FUNDC1-
related mitophagy is far less clear. In the present study,
we found that Mstl was upregulated by cardiac I/R injury
and that activated Mstl promoted myocardial damage
via repressing FUNDC-related mitophagy. Mechanisti-
cally, Mstl inhibited the ERK-CREB pathway and thus
repressed FUNDC1 expression. However, genetic ablation
of Mstl normalized the ERK-CREB pathway and conse-
quently reversed FUNDC1-mediated mitophagy, sustain-
ing mitochondrial homeostasis and cardiac function in the
context of cardiac I/R injury.

Methods
Animal experiments

To examine the physiological role of Mstl in mammals,
we purchased Mstl-knockout (Mst1-KO) mice and wild-
type (WT) mice on a C57BL/6 background from K&D
Gene Technology (WuHan) as in a previous study [26]. In
the cardiac I/R model, the above mice were anesthetized
and then the hearts were exposed through the left thoracot-
omy. Subsequently, the left anterior descending coronary
artery was tightened around using a 5.0 Prolene suture.
The hearts were subjected to 30 min of ischemia. Then the
ligature was released and reperfusion was achieved for 2 h
according to a previous study [12]. After reperfusion, the
hearts were excised and the ventricles were sliced. Then,
1% triphenyltetrazolium chloride (TTC) and 2% Evans
blue stain were used to stain the infarcted area at 37 °C
for 15 min. Cardiac function was assessed via transtho-
racic echocardiographic analysis as in a previous study.
In addition, the blood was collected and several cardiac
damage markers such as CK-MB, troponin T and LDH
were analyzed via ELISA.

Cardiomyocyte culture and I/R injury in vitro

In vitro, cardiomyocytes were isolated from WT mice and
Mst1-KO mice using the enzyme dissociation method
according to a previous study [12]. The primary cardiomy-
ocytes were cultured at 37 °C/5% CO,. The I/R injury was
performed in vitro using hypoxia and reoxygenation [27,
28]. Hypoxia was induced under 95% N, and 5% CO, for
30 min. Then, the cardiomyocytes were cultured with fresh
DMEM with 20% FBS at 37 °C/5% CO, for 2 h. To inhibit
the activity of ERK, we applied PD98059 to cardiomyocytes
for 2 h.
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RNAi knockdown assay

The small interfering RNA (siRNA) against FUNDC1 was
designed and purchased from Shanghai Gene-Pharma Co.
(Shanghai, China). The sequences for RNAi were as fol-
lows: siRNA-FUNDCI1: 5-GAGTCGCATGACTTAGCT
ATG-3'; anti-sense: 5'-UUAUCUTAUCGUAGUCTUGUC-
3’, siRNA-Ctrl: 5'-UCUAGUUCUGATUUGUCUGCA-3";
anti-sense: 5'-CUGGAUGGTUCUAUGUGCUUA-3'. The
siRNA (1 pug/ml) was transfected into cardiomyocytes using
Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.) in
serum-free Opti-MEM (Invitrogen, USA) according to the
manufacturer’s instructions [29]. After 48—72 h, the cardio-
myocytes were isolated, and the knockdown efficiency was
confirmed via western blotting [30].

Electron microscopy (EM)

EM was used to observe the ultrastructure of the myo-
cardium. After I/R injury, hearts were washed with cold
PBS 3 times and then fixed in 3% glutaraldehyde at 4 °C
for 2 h [31]. Then, the sample was treated with 1% caco-
dylate-buffer osmium tetroxide at 4 °C for 4 h, followed by
dehydration using graded ethanol (50, 70, 90 and 100% for
30 min each). Then, 60-nm sections were cut via a Leica EM
UCért (Leica Microsystems GmbH, Wetzlar, Germany), and
then stained using uranyl acetate and lead citrate. Finally, the
samples were observed under a Hitachi H7650 transmission
electron microscope (TEM; Hitachi, Ltd., Tokyo, Japan). At
least three randomly selected areas were obtained and the
EM assay was repeated 3 times [32].

Immunofluorescence staining

In the immunofluorescence assay, cells were first fixed with
3.7% paraformaldehyde at room temperature for 10 min,
followed by permeabilization using 0.05% Triton X-100 at
room temperature for 30 min [33]. Subsequently, the sam-
ples were washed with cold PBS 3 times at the room temper-
ature, and then 10% goat serum albumin (Invitrogen, USA)
was used as a blocking agent. After washing with PBS 3
times at room temperature, samples were incubated with pri-
mary antibodies at 4 °C overnight. After being extensively
washed with PBS, samples were treated with Alexa-Fluor
488 donkey anti-rabbit secondary antibody (1:1000; cat. no.
A-21206; Invitrogen; Thermo Fisher Scientific, Inc.) at room
temperature for 45 min. Finally, DAPI (5 mg/ml; Sigma-
Aldrich; Merck KGaA) was used to tag the nucleus at 37 °C
for 3 min. The samples were observed under an Olympus
BX 50 microscope [34]. The primary antibodies used in the
study were: Troponin T (1:1000, Abcam, #ab8295), p-ERK
(1:500, Abcam, #ab176660), FUNDCI1 (1:500, Abcam
#ab224722), Tom20 (mitochondrial marker; 1:1000, Abcam,

#ab186735), cyt-c (1:500; Abcam; #ab90529), and LAMP1
(lysosome marker; 1:500, Abcam, #ab24170).

Western blot analysis

Heart tissue and cardiomyocytes were homogenized in
a lysis buffer with a protease inhibitor cocktail [35]. The
primary antibodies used for immunoblotting were as fol-
lows: pro-caspase-3 (1:1000, Cell Signaling Technology,
#9662), cleaved caspase-3 (1:1000, Cell Signaling Tech-
nology, #9664), Bax monoclonal antibody (6A7) (1:1000,
Thermo Fisher Scientific, #14-6997-81), Bcl2 (1:1000, Cell
Signaling Technology, #3498), caspase-9 (1:1000, Abcam
#ab32539), LC3II (1:1000, Cell Signaling Technology,
#3868), LC31 (1:1000, Cell Signaling Technology, #4599),
Beclinl (1:1000, Cell Signaling Technology, #3495), Atg5
(1:1000, Cell Signaling Technology, #12994), p-ERK
(1:1000, Abcam, #ab176660), t-ERK (1:1000, Abcam
#ab54230), FUNDC1 (1:1000, Abcam #ab224722), cyt-
¢ (1:1000; Abcam; #ab90529), TNFa (1:1000, Abcam,
#ab6671), MMP9 (1:1000, Abcam, #ab38898), IL-8
(1:1000, Abcam, #ab7747), c-IAP (1:1000, Cell Signaling
Technology, #4952), Mstl (1:1000, Cell Signaling Tech-
nology, #3682), survivin (1:1000, Cell Signaling Technol-
ogy, #2808), t-CREB (1:1000, Cell Signaling Technology,
#9197), and p-CREB (1:1000, Cell Signaling Technology,
#9198). The membranes were incubated with horseradish
peroxidase (HRP)-coupled secondary antibodies (1:2000,
Cell Signaling Technology, #7074 and #7076). The inten-
sity of immunoblot bands was normalized to that of GAPDH
(1:1000, Cell Signaling Technology, #5174) and/or f-actin
(1:1000, Cell Signaling Technology, #4970) [36].

Mitochondrial function assessment

Mitochondrial function was evaluated via mitochondrial
potential observation and ROS staining. Mitochondrial
potential was observed via JC-1 probe according to a previ-
ous study [37]. After I/R injury, cardiomyocytes were treated
with 5 mg/ml JC-1 probe at 37 °C for 15 min. Then, PBS
was used to wash cells to remove the free JC-1 probe. After
being stained with DAPI, cardiomyocytes were observed
under an Olympus BX 50 microscope. Images were analyzed
with Image-Pro Plus 6.0 (Media Cybernetics, Rockville,
MD) to obtain the mean densities of the region of interest,
which was normalized to that of the control group. Cellular
ROS was assessed via ROS probe DHE. After I/R injury,
cardiomyocytes were washed with PBS and then incubated
with DHE probe at 37 °C for 10 min. Then, PBS was used
again to wash cardiomyocytes to remove the free ROS probe.
Subsequently, ROS were detected via flow cytometry based
on a recent report [38].
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«Fig. 1 Mstl is upregulated by cardiac I/R injury and contributes to
myocardial damage and expansion of the infarct area. a, b Cardiac
I/R injury was induced via 30 min of ischemia and 2 h of reperfu-
sion in WT mice and Mstl-knockout (Mst1-KO) mice. Then, heart
tissues were isolated and western blotting was used to analyze the
Mstl expression before and after cardiac I/R injury. ¢ and e TTC and
Evans blue staining were used to analyze the infarction area. The
white area in the heart section indicates the infarcted zone. d, f After
cardiac I/R injury, a TUNEL assay was carried out to observe cardio-
myocyte death. The TUNEL-positive cells detected by TUNEL mani-
festing brown nuclei were apoptotic cells. g An electron microscope
was used to observe the ultrastructure of infarcted hearts. h-k After
cardiac I/R injury, heart tissues were isolated and western blotting
was performed to detect the levels of inflammation. MMP9, TNFa
and IL-8 were increased in response to I/R injury and were reduced
to near-normal levels with Mstl deletion. 1 The activity of MMP9
was measured via ELISA. MMP9 matrix metalloproteinase 9, TNFa
tumor necrosis factor alpha, /L-8 interleukin 8. Data are presented as
the mean +SEM (n=6, for each group). I/R injury ischemia-reperfu-
sion injury. *P <0.05

Cell shortening/relengthening assay
and cardiomyocyte calcium mapping

The mechanical properties of primary cardiomyocytes after
I/R injury were assessed using a SoftEdge MyoCam system
(IonOptix, Milton, MA). Cardiomyocytes were isolated from
reperfused hearts and then plated in a chamber on the stage
of an inverted microscope. Cell shortening and relength-
ening were assessed, including PS, TPS, TRy, and +dL/dt
according to previous studies [7, 39]. +dL/dt is the maximal
velocity of shortening. —dL/d¢ is the maximal velocity of
relengthening. TPS is the time to peak shortening. TRy is
the time to 90% relengthening. Cardiomyocyte calcium map-
ping was conducted using Fluo-2-AM (Molecular Probes).
After I/R injury, cardiomyocytes were washed with PBS 3
times and then incubated with a Fluo-2 probe at 37 °C for
10 min. Then, the cellular calcium was quantified via evalu-
ating the excitation wavelengths of 340 nm and emission
wavelengths of 380 nm based on a previous study [40].

Cellular viability evaluation and MMP9 activity
detection

Cellular viability was assessed via analyzing caspase-3/9
activity and LDH release. caspase-9 activation is the early
hallmark of mitochondrial apoptosis, which promotes cas-
pase-3 activation. The caspase-3 and caspase-9 activity
assays were performed according to the manufacturer’s
instructions (Beyotime Institute of Biotechnology, China)
[41]. The relative protein activity was calculated from the
ratio of I/R-treated group to control group. In the later stage
of cell death, the breakage of the cellular membrane induces
LDH release into the medium. Accordingly, the content of
LDH in the medium was another marker of cellular viabil-
ity. LDH release was examined using an LDH release kit

(Beyotime Institute of Biotechnology, China) according to a
previous study [42]. An MMP9 activity kit (Beyotime Insti-
tute of Biotechnology) was used according to the manufac-
turer’s protocols. The relative MMP9 activity was calculated
from the ratio of treated cells to control cells. The assays
were repeated 3 times.

Terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate-biotin nick end labeling
(TUNEL) staining

Reperfused myocardial tissues and cardiomyocytes were col-
lected and immediately fixed by 3.7% paraformaldehyde.
The TUNEL kit (Roche Apoptosis Detection Kit, Roche,
Mannheim, Germany) was used on the sections accord-
ing to the instructions [43, 44]. DAPI (5 mg/ml; Sigma-
Aldrich; Merck KGaA) was used to tag the nucleus. The
samples were observed under an Olympus BX 50 micro-
scope. Finally, the apoptotic index (AI) was the proportion
of apoptotic cells to total cells [45].

Statistical analysis

All data were analyzed using SPSS 20.0 software (IBM
Corporation, Armonk, NY, USA). The experiments were
repeated at least 3 times. The data are presented as the
mean + SEM and statistical significance was assessed by a
one-way analysis of variance followed by Tukey’s test for
the post hoc analysis. P <0.05 indicates a statistically sig-
nificant difference.

Results
Mst1 is upregulated in response to I/R injury

First, we evaluated Mstl expression levels before and
after cardiovascular I/R injury in WT mice. Relative to
the baseline, Mstl expression tended to be increased in
the heart after I/R (Fig. la, b). Furthermore, to gain the
functional role of Mstl in cardiac I/R injury, Mstl knock-
out (Mst1-KO) mice were subjected to I/R injury, and the
degree of infarction was quantified. Genetic ablation of
Mstl reduced the contents of Mstl in the infarcted heart
under I/R injury (Fig. 1a-b) and subsequently reduced
the infarcted area when compared with WT mice (Fig. lc,
e). Moreover, TUNEL assay hinted that more cell death
appeared in I/R-treated mice when compared to the sham
group (Fig. 1d, f). However, Mst1 deletion alleviated the
number of dead cells (Fig. 1d, f). In addition to func-
tional alterations, we also observed a change of cardiac
structure via electron microscope (EM). Compared to the
sham group, I/R injury caused myocardium dissolution
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and muscle fiber breakage (Fig. 1g); this structural change
was reversed by Mstl deletion. Finally, we evaluated the
impact of Mstl deletion on myocardial inflammation
induced by cardiac I/R injury. As shown in Fig. 1h-k, I/R
injury elevated the expression of MMP9, TNFa, and IL-8,
and these effects were rescued by Mstl deletion. Mean-
while, we also found that MMP9 activity was increased
in response to I/R injury and was reduced with Mst1 dele-
tion (Fig. 11). Altogether, the present data indicated that
upregulated Mstl mediated by I/R injury contributed to
cardiomyocyte death and myocardial inflammation.

Loss of Mst1 sustains cardiac function

The echocardiogram was used to evaluate the change of
left ventricular function after I/R injury (Fig. 2a—c). Left
ventricular ejection fraction (LVEF) and left ventricular
fractional shorting (LVFS) significantly declined whereas
left ventricular diastolic dimension (LVDd) was increased
in the I/R-treated mice, when compared with the sham
group (Fig. 2a—c). However, genetic ablation of Mstl
improved the cardiac function parameters (Fig. 2a—c).
Moreover, compared with the sham group, I/R injury
also elevated the concentration of LDH, Troponin T, and
CK-MB (Fig. 2d-f); this effect was attenuated by Mstl
deletion (Fig. 2d—f). These data suggest that Mstl defi-
ciency sustained the cardiac function and alleviated car-
diac damage under I/R injury.

Furthermore, we isolated the cardiomyocytes from the
mice and then observed the mechanical parameters of car-
diomyocytes in response to Mstl deletion. Compared to
the sham group, neither I/R injury nor Mstl deletion had
influences on the resting cell length in cardiomyocytes
(Fig. 2g). However, I/R injury obviously repressed PS
and + dL/dr (Fig. 2h—j); this effect was rescued by Mstl
deletion. In addition, TPS and TRy, were also increased in
response to I/R injury and were reduced to normal levels
with Mstl deletion (Fig. 2k, 1).

Moreover, we also observed the change of intracellu-
lar Ca®* transients in isolated cardiomyocytes via Fura-2
staining. As shown in Fig. 2m-o, compared to the sham
group, I/R injury significantly increased the intracellular
resting calcium, indicative of baseline calcium overload.
However, Mstl deletion could eliminate I/R-mediated
cardiomyocyte calcium overload. Moreover, the intracel-
lular calcium transient amplitude was decreased by I/R
injury and was increased by Mstl deletion (Fig. 2m-o).
Altogether, these data confirmed that Mst1 deficiency sus-
tained myocardial contractile function in the context of
cardiac I/R injury.
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Mst1 promotes cardiomyocyte death
via mitochondrial apoptosis

Given that upregulated Mstl played an unfavorable role in
mitochondrial homeostasis in diabetic cardiomyopathy [26]
and infarcted heart [22, 46], we wanted to know whether
Mstl also modulated mitochondrial function in cardiac
I/R injury. To validate our speculation, we isolated cardio-
myocytes from WT and Mst1-KO mice. Then, a treatment
consisting of 30 min of hypoxia with serum starvation and
2 h of reoxygenation (H/R injury) was used to mimic I/R
injury in vitro. Mitochondrial function was assessed via ROS
production. As shown in Fig. 3a, b, H/R injury obviously
increased the ROS production in the cardiomyocytes, and
this effect was blocked by Mstl deletion. Excessive ROS
production causes damage to the mitochondrial membrane,
leading to potential collapse of the mitochondrial membrane.
Accordingly, JC-1 staining was used to observe the altera-
tions in mitochondrial membrane potential. As shown in
Fig. 3c, d, mitochondrial membrane potential was reduced
by H/R stress and was reversed to near-normal levels with
Mstl deletion.

The mitochondrial membrane potential reduction is an
early hallmark of mitochondrial apoptosis which is charac-
terized by cyt-c liberation into the nucleus and caspase-9
activation. Based on this information, immunofluorescence
was used to observe cyt-c location. In the H/R-treated
cardiomyocytes, cyt-c was liberated into the nucleus, and
this conformational change was reversed by Mstl deletion
(Fig. 3e, f). This finding was further supported via western
blotting analysis (Fig. 3g, h). As the consequence of cyt-
c liberation, mitochondrial pro-apoptotic proteins, such as
caspase-3, caspase-9 and Bax, were upregulated in response
to H/R injury (Fig. 3g—m) and were reduced by Mstl dele-
tion. By comparison, anti-apoptotic factors, including Bcl2
and c-IAP, were repressed by H/R injury and were reversed
to near-normal levels in Mstl-deleted cardiomyocytes
(Fig. 3g—m). Altogether, the above data indicated that I/R
injury induced cardiomyocyte death via mitochondrial apop-
tosis and Mstl1 deletion had the ability to block mitochon-
drial apoptosis activation, promoting cardiomyocyte survival
and sustaining mitochondrial function.

Mst1 represses FUNDC1-mediated mitophagy

Mitophagy is another complementary system for preserving
mitochondrial homeostasis. To examine whether Mst1 regu-
lates mitochondrial function via mitophagy, we used western
blotting to analyze the activity of mitophagy in response to
Mstl deletion under H/R injury. Compared to the control
group, H/R treatment reduced the LC3II expression and
increased the LC3I content (Fig. 4a—g), suggestive of an
autophagosome synthesis defect. Subsequently, we isolated
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Fig.2 Mstl deletion improves cardiac function in the context of
cardiac I/R injury. a—c Cardiac function was measured via echocar-
diography. FS fractional shortening, LVDd left ventricular diastolic
dimension, LVEF left ventricular ejection fraction. d—f After cardiac
I/R injury, blood was collected and the concentrations of cardiac
damage markers were detected via ELISA. LDH lactate dehydroge-
nase; CK-MB: creatine kinase-MB. g-1 The contractile properties of
cardiomyocytes in WT mice and Mst1-KO mice in the context of IR

Sham I/R injury Sham /R injury

injury. +dL/dt is the maximal velocity of shortening. —dL/dt is the
maximal velocity of relengthening. TPS is the time to peak short-
ening. TRy, is the time to 90% relengthening. m—o Cardiomyocyte
calcium mapping via the Fluo-2 probe. Representative tracings of
F340/F380 fluorescence ratio. The calcium transient baseline and the
amplitude of calcium transients were measured. Data are presented as
the mean +SEM (n=6, for each group). I/R injury ischemia-reperfu-
sion injury. *P <0.05
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Fig.3 Mstl deletion protects
mitochondria against reperfu-
sion-mediated damage. Cardio-
myocytes were isolated from
WT mice and Mst1-deleted
mice. Then, hypoxia for 30 min
and reoxygenation for 2 h were
applied in vitro to mimic car-
diac I/R injury. Subsequently,
mitochondrial function and
mitochondrial apoptosis were
measured. a, b ROS produc-
tion was detected via flow
cytometry. ¢, d Mitochondrial
potential was observed via JC-1
staining; the normal mitochon-
dria displayed red fluorescence,
whereas the damaged mitochon-
dria exhibited green fluores-
cence. e, f The cellular location
of cyt-c was observed via
immunofluorescence assay. The
nuclear expression of cyt-c was
recorded. g-m After H/R injury
in vitro, proteins were isolated
and western blotting was per-
formed to analyze the expres-
sion of proteins related to mito-
chondrial apoptosis. Data are
presented as the mean + SEM.
H/R injury hypoxia-reoxygena-
tion injury, W7-cell cardiomyo-
cytes isolated from WT mice,
Mst1-KO cell cardiomyocytes
isolated from Mst1 knockout
mice. *P<0.05
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the mitochondria and analyzed the expression of mitochon-
drial LC3II (mito-LC3II) expression. Similarly, H/R treat-
ment significantly reduced the expression of mito-LC3II
(Fig. 4a—g). Moreover, the proteins related to autophagy
(ATGS, Beclinl and Vps34) were also repressed by H/R
treatment, when compared to control group (Fig. 4a—g).
Interestingly, loss of Mstl reversed mitochondrial autophagy
activity in the presence of H/R stress (Fig. 4a—g), as evi-
denced by increased expression of mito-LC3II, ATGS,
Vps34 and Beclinl. These data highlighted that mitophagy
was drastically suppressed by H/R injury via Mstl.

Previous studies have found that cardiomyocyte
mitophagy is regulated primarily by FUNDCI in the context
of H/R injury [12, 13]. In the present study, we also found
that FUNDCI1 expression was significantly downregulated
by H/R treatment (Fig. 4a, b). Interestingly, Mst1 deletion
has the ability to reverse FUNDCI1 expression despite H/R
treatment (Fig. 4a, b). This information indicated that Mst1
could be considered the upstream inhibitor of FUNDCI. To
verify whether FUNDCI is required for Mstl-modulated
mitophagy, we knocked down FUNDCI1 in Mstl-deleted
cardiomyocytes. The knockdown efficiency was confirmed
via western blotting in Fig. 4a, b. Then, mitophagy param-
eters were assessed again. The results shown in Fig. 4a—g
demonstrated that loss of FUNDCI1 re-inhibited mitophagy
activity in Mstl-deleted cells. This information illustrated
that Mstl modified mitophagy activity via FUNDCI in the
context of H/R injury.

Subsequently, mitophagy activity was further evaluated
via observing the co-location of mitochondria and lysosome.
Compared to the H/R-treated cardiomyocytes, Mst1 deletion
increased the number of mitochondria that were swallowed
by lysosomes (Fig. 4h, i), and this effect was abrogated by
FUNDCI1 deletion. Altogether, this information revealed that
Mstl deletion sustained FUNDC1-related mitophagy activ-
ity under H/R injury.

FUNDC1-related mitophagy maintains
mitochondrial function and reduces H/R-mediated
cardiomyocyte death

Next, to explain the role of FUNDC1-mediated mitophagy
in cardiomyocyte damage, we assessed mitochondrial func-
tion again. First, ATP production was decreased in response
to H/R treatment (Fig. 5a) and was reversed to near-normal
levels by Mstl deletion in a FUNDCI1-dependent manner
(Fig. 5a). In addition, H/R-mediated caspase-3 activation
was also inhibited in Mstl-deleted cardiomyocytes via
reversing FUNDC1 mitophagy (Fig. 5b). Moreover, Mst1
deletion repressed the expression of pro-apoptotic proteins
and upregulated the content of anti-apoptotic factors under
H/R stimulus, and this effect was abrogated by FUNDC1
deficiency (Fig. 5c-h). Finally, a TUNEL assay was

performed to analyze the cell apoptotic index. Compared
to the control group, H/R increased the number of TUNEL-
positive cells (Fig. 5i, j); this effect was strongly inhibited
by Mstl deletion. However, loss of FUNDCI1 attenuated the
anti-apoptotic property of Mstl deficiency in H/R-treated
cardiomyocytes (Fig. 5i, j). Altogether, this information indi-
cated that Mst1 deletion maintained mitochondrial function
and cardiomyocyte survival via reversing FUNDC1-related
mitophagy.

Mst1 regulates FUNDC1 via the MAPK/ERK-CREB
pathway

Finally, we want to know the underlying mechanism by
which Mstl modulated FUNDCI-related mitophagy.
Recent studies have suggested that FUNDC1 mitophagy
activity is highly regulated by the ERK-CREB pathway
in the infarcted heart [18]. In the present study, our data
demonstrated that both ERK and CREB were inhibited by
H/R injury (Fig. 6a—d). However, loss of Mstl reversed the
ERK and CREB activity, as evidenced by increased ERK
and CREB phosphorylation. This finding was further sup-
ported by immunofluorescence assay (Fig. 6¢e). To explain
whether the ERK-CREB pathway is required for Mstl1-
modulated FUNDCI1 expression, we blocked the pathway
and then measured FUNDCI1 expression again. As shown in
Fig. 6a—d, Mstl deletion reversed H/R-inhibited FUNDCI
expression, and this effect was abrogated by ERK inhibitor,
PD98059. These results were also validated via immuno-
fluorescence assay (Fig. 6e). Accordingly, our data indicated
that Mstl regulated FUNDC1 via the MAPK/ERK-CREB
pathway.

Furthermore, LDH release and caspase-9 activity assays
were performed to validate whether the MAPK/ERK-CREB
pathway was also involved in Mstl1-related cardiomyocyte
death under H/R stress. As shown in Fig. 6f, g, H/R-medi-
ated LDH release and caspase-9 activation were effectively
inhibited by Mstl deletion. However, with blockade of the
MAPK/ERK-CREB pathway in Mst1-deleted cardiomyo-
cytes, LDH release and caspase-9 activity were increased
again (Fig. 6f, g).

Discussion

Although it has been over a decade since the discovery of
Mstl, its precise functions, especially its role in cardiac I/R
injury, have not been determined yet. In the study, we found
that (1) I/R injury induced intracellular Mstl upregula-
tion, which was the pathogenesis for the cardiac I/R injury
because loss of Mstl reduced the infarction area, improved
myocardial function, and promoted cardiomyocyte sur-
vival; (2) mechanistically, Mstl inactivated the MAPK/
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«Fig.4 Mstl deletion reverses FUNDC1-related mitophagy in the con-
text of cardiac I/R injury. a-g After H/R injury in vitro, proteins were
isolated and mitophagy activity was monitored via western blotting.
Moreover, to verify whether mitophagy activity was predominately
regulated by FUNDC1, we transfected an siRNA into Mstl-deleted
cardiomyocytes. The transfection efficiency was confirmed via west-
ern blotting. After loss of FUNDC1 in Mstl-deleted mice, mitophagy
activity was re-examined via western blotting. h, i Mitophagic activ-
ity was further validated via immunofluorescent staining of mito-
chondria and lysosomes. The fusion of mitochondria (green fluo-
rescence) and lysosomes (red fluorescence) indicates mitophagy,
which is indicated by orange fluorescence. Data are presented as the
mean +SEM. H/R injury hypoxia-reoxygenation injury, WT-cell car-
diomyocytes isolated from WT mice, Mst/-KO cell cardiomyocytes
isolated from Mst1 knockout mice. *P <0.05

ERK-CREB pathway and consequently repressed FUNDC1
expression; (3) depleted FUNDCI1 was unable to launch pro-
tective mitophagy, ultimately leading to mitophagy delay;
and (4) defective mitophagy promoted reperfusion-mediated
mitochondrial damage, evoking oxidative stress, energy
shortage, and cardiomyocyte apoptosis activation. To the
best of our knowledge, this is the first investigation to estab-
lish the functional role of Mstl in cardiac I/R injury via
regulating mitophagy activity and the MAPK/ERK-CREB
pathway.

Mstl, also known as STK4 or KRS2, is a type of serine/
threonine kinase. Mst1 belongs to the Hippo pathway and
was originally found to be associated with cancer prolifera-
tion, survival and stress response. Shreds of evidence are
currently accumulating to establish the pro-apoptotic action
of Mst1 on several kinds of cancer. For example, Mst1 defi-
ciency promotes endometriosis survival and migration via
modulating mitochondrial homeostasis [47, 48]. In breast
and lung cancer, Mstl deletion enhances cancer survival
and invasion [49]. In addition, Mst1 expression is positively
associated with the activity of caspase-9 in pancreatic cancer
[50]. In colorectal cancer, Mstl expression can be consid-
ered a potential early biomarker for cancer progression and
metastasis [51]. This information illustrates that Mst1 is a
critical molecule in the management of cell death. However,
no data are available to describe the role of Mstl reperfu-
sion-mediated cardiomyocyte death. Our present study dem-
onstrated that Mstl was dramatically increased by cardiac
reperfusion injury and higher Mstl expression was corre-
lated to more cardiomyocyte death. However, genetic abla-
tion of Mstl reduced the cardiomyocyte death and therefore
alleviated cardiac I/R injury. Our data, combined with the
previous evidence, define Mstl as a novel causative factor
of cardiac I/R injury that acts by regulating cardiomyocyte
viability, with potential implications for new approaches to
myocardial I/R injury.

The key molecular machinery to appropriately control
mitochondrial homeostasis is mitophagy, a selective form
of autophagy that removes malfunctioning mitochondria. In

the past few decades, several essential factors for mitophagy
activation have been identified and characterized, such as
Bnip3 [52], FUNDCI [14], Mfn2 [53] and Parkin. Notably,
different mitophagy activators in various disease models
play distinct roles in modulating mitochondrial homeostasis.
For example, in fatty liver disease, Bnip3-related mitophagy
is beneficial for lipid metabolism and therefore retards the
progression of cirrhosis [52]. By comparison, in high-fat-
associated atherosclerosis, Parkin-mediated mitophagy is
deleterious to endothelial function and promotes athero-
sclerosis formation [54]. This information indicates that
mitophagy modulators have a decisive role in mitophagy
function. In cardiac I/R injury, FUNDCI has been tested
in several animal studies [13, 15], and ample evidence has
confirmed its protective action on myocardial viability via
reducing mitochondria oxidative stress, blocking mitochon-
drial fission, attenuating mitochondrial calcium overload,
promoting mitochondrial energy production, and prevent-
ing mitochondrial apoptosis activation. Unfortunately,
FUNDC -related mitophagy is prone to be repressed by
reperfusion injury, and the upstream mediator has not been
elucidated [12]. In the present study, we found that FUNDC1
expression and mitophagy activity are primarily regulated by
Mstl. Loss of Mstl reverts FUNDCI content to normal and
therefore enhances protective mitophagy activity in the rep-
erfused heart. Moreover, consistent with the previous study,
our data reconfirmed that FUNDC1-related mitophagy could
reverse ATP production, stabilize mitochondrial membrane
potential and block I/R-activated mitochondrial apoptosis.
In this study, our findings help fill in the gaps that Mstl
could be considered as the upstream regulator for FUNDC1-
related mitophagy in the context of cardiac I/R injury. In
addition, Mstl has also been found to be associated with
other mitophagy mediators. For example, in colorectal can-
cer, Mstl inhibits Bnip3 expression and further represses
mitophagy activity via the JNK/p53 pathway [55]. In endo-
metriosis, Mstl regulates cellular apoptosis and migration
via Parkin-related mitophagy [56]. These pieces of evidence
suggest that Mst1 effectively manages mitophagy activity by
controlling the expression of multiple mitophagy receptors,
which firmly establishes a central role of Mstl in mitophagy
modification.

Finally, we explored the mechanism by which Mstl
controlled FUNDCI. A previous study has suggested that
FUNDCI1 expression is regulated by the transcriptional
factor, CREB [18]. In agreement with the findings of that
study, we also demonstrated that the ERK-CREB path-
way was significantly inactivated by Mstl, contributing to
FUNDCI1 downregulation. However, genetic deletion of
Mstl re-activated the ERK-CREB pathway and resultantly
elevated FUNDCI1 expression. These findings suggest that
Mstl inhibits FUNDCI1-related mitophagy that occurs, at
least in part, through the ERK-CREB pathway in cardiac
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Fig.5 FUNDCl-related mitophagy sustains mitochondrial dysfunc-
tion and blocks I/R-mediated mitochondrial apoptosis. a ATP produc-
tion was measured via ELISA in response to FUNDCI1 deficiency and
Mstl deletion. b Caspase-3 activity was measured after I/R injury in
cardiomyocytes transfected with FUNDCI1 siRNA. c-h After H/R
injury in vitro, proteins were isolated and western blotting was per-
formed to analyze the expression of proteins related to mitochondria.

I/R injury. In accordance with our finding, Bnip3-related
mitophagy is also regulated by the MAPK-ERK pathway in
the nervous system [57]. Similarly, in -cells, ERK activa-
tion is associated with mitophagy initiation [58]. In liver

@ Springer

i, j TUNEL assay for cellular apoptosis. Green nuclei indicate apop-
totic cells, and the number of TUNEL-positive cells was quantified.
Data are presented as the mean+SEM. H/R injury hypoxia-reoxy-
genation injury, WT-cell cardiomyocytes isolated from WT mice,
Mst1-KO cell cardiomyocytes isolated from Mstl knockout mice.
*P<0.05

tissue, ERK inhibition interrupts mitochondrial degradation
and reduces glucose production [59]. This information high-
lights the relevance of the ERK pathway in the regulation of
mitophagy activity.
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Fig.6 Mstl modulates FUNDCI1 via the ERK-CREB pathway. a—-d
Western blotting was used to analyze the effect of Mstl deletion on
ERK phosphorylation and CREB phosphorylation. Subsequently, to
inhibit the ERK activity in Mstl-deleted cardiomyocytes, we added
PD98059 to Mstl-deleted cells. Then, the FUNDCI1 expression was
detected to establish the regulatory effect of ERK on FUNDCI acti-
vation. e Immunofluorescence assay for p-CREB and FUNDCI.
Both p-CREB and FUNDCI expression were significantly inhibited

Collectively, our data reported that cardiac I/R injury
is associated with Mstl upregulation which blunts
FUNDC 1 -related mitophagy via repression of the MAPK/
ERK-CREB pathway. Genetic ablation of Mstl boosted
FUNDCI1-mediated mitophagy, effectively alleviating
mitochondrial damage and reducing cardiomyocyte death.
Our results in vivo and in vitro lay the foundation for a
detailed study of the molecular mechanisms of mitophagy
regulation, mitochondrial homeostasis and cardiomyocyte
death in response to acute cardiac I/R injury.

by H/R injury and were reversed to near-normal levels with Mstl
deletion. f, g Caspase-9 activity and LDH release assays were meas-
ured to confirm the role of the ERK-CREB pathway in mitochon-
drial apoptosis. Data are presented as the mean+SEM. H/R injury
hypoxia-reoxygenation injury, WT-cell cardiomyocytes isolated from
WT mice, Mst1-KO cell cardiomyocytes isolated from Mstl knockout
mice. *P<0.05
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