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Aims

Duchenne muscular dystrophy (DMD) is an inherited devastating muscle disease with severe and often lethal cardiac

complications. Emerging evidence suggests that the evolution of the pathology in DMD is accompanied by the accu-
mulation of mitochondria with defective structure and function. Here, we investigate whether defects in the house-
keeping autophagic pathway contribute to mitochondrial and metabolic dysfunctions in dystrophic cardiomyopathy.

We employed various biochemical and imaging techniques to assess mitochondrial structure and function as well as

Methods
and results

to evaluate autophagy, and specific mitochondrial autophagy (mitophagy), in hearts of mdx mice, an animal model

of DMD. Our results indicate substantial structural damage of mitochondria and a significant decrease in ATP pro-
duction in hearts of mdx animals, which developed cardiomyopathy. In these hearts, we also detected enhanced
autophagy but paradoxically, mitophagy appeared to be suppressed. In addition, we found decreased levels of sev-
eral proteins involved in the PINK1/PARKIN mitophagy pathway as well as an insignificant amount of PARKIN pro-
tein phosphorylation at the S65 residue upon induction of mitophagy.

Keywords

1. Introduction

Duchenne Muscular Dystrophy (DMD) is an inherited lethal muscle dis-
ease that affects primarily adolescent males. DMD is usually diagnosed in
early childhood. The primary defectin DMD is lack of functional cytoske-
letal protein dystrophin.” For a long time, it was considered to be pre-
dominantly a skeletal muscle illness clinically associated with progressive
debilitating muscle weakness, skeletal deformities, and breathing disor-
ders. In the past, most of DMD patients have indeed succumbed from
respiratory failure and only ~10% have died from cardiac complications.
Currently, steroid therapy and assisted ventilators help combat respira-
tory dysfunctions and prolong the life of DMD patients. Average life
expectancy increased from 25years in 1970 to >40years in 2011.
Statistics also have shown that heart failure has continued to grow as a
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prominent cause of death. At present, over 40% (and increasing) of
DMD patients are dying from heart disease.”>

On the cellular level, the pathophysiology of cardiac dystrophy is associ-
ated with severe oxidative stress and defective intracellular Ca®" signal-
ing.‘“8 Importantly, these cellular pathologies can already be detected in
cardiomyocytes isolated from hearts of very young dystrophic (mdx)
mice, which did not yet exhibit any clinical signs of the disease. Our recent
findings indicate that excessive Ca*" signaling in young dystrophic hearts
largely results from an increased sensitivity of sarcoplasmic reticulum (SR)
Ca”" release channels (ryanodine receptors, RyR2s) to activation by
Ca**’ Moreover, we identified RyR2 oxidation and ROS-activated
CaMKlI-dependent phosphorylation as pertinent post-translational modifi-
cations and initial causes of RyR2 hypersensitivity. At later stages of the dis-

ease, PKA phosphorylation and nitrosation further hypersensitize RyR2”'
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contributing to activation of Ca2+-dependent apoptotic and/or necrotic
cell death that culminates in the development of fibrosis and reduction in
contractility of dystrophic hearts (see ref. "' for review). It was suggested
that RyR2 hypersensitivity eventually increases SR Ca" leak and the pro-
pensity for arrhythmias, and leads to weak heartbeat and heart failure.

In addition, some mitochondrial abnormalities were identified in
hearts of mdx animals at the onset of cardiomyopathy.®'>"* As disease
progressed, the number of mitochondria showing an increased area as
well as a loss of normal crista structure gradually increased. Degradation
in mitochondrial structure was correlated with a progressive increase in
mitochondrial Ca®" sequestration and mitochondrial depolarization.
Overall, it appears that oxidative stress in synergy with intracellular Ca®*
overload increases the propensity for irreversible opening of the mito-
chondrial permeability transition pore (mPTP) resulting in progressive
deterioration of mitochondrial structure and function.

Macroautophagy (commonly referred to as autophagy) is a crucial cel-
lular housekeeping mechanism that enables organisms to maintain cellu-
lar homeostasis and normal function by degrading and turning over
proteins. To perform this task, autophagy functions together with
another protein degradation pathway, the ubiquitin-proteasome system.
In addition, autophagy helps to eliminate large protein aggregates and
damaged organelles. Loss or inhibition of autophagy results in accumula-
tion of ubiquitinated proteins and development of various pathologies,
including cardiomyopathies. In addition to constituent autophagy that
ensures quality control of proteins and organelles, autophagy also ena-
bles cells to survive various internal and external stresses, such as
nutrient deprivation, infection, and inflammation. In heart autophagy is
up-regulated under different pathological conditions, such as ischemia/
reperfusion, cardiac hypertrophy, and heart failure (reviewed in ref. '%).

Autophagy is a multistep process, which starts with the formation of a
double membrane structure called phagophore assembled from various
cellular compartments, such as endoplasmic reticulum, Golgi complex,
and even mitochondria.'®'” Then the phagophore elongates forming an
autophagosome, in which damaged cytoplasmic components are seques-
tered.'® This is followed by autophagosome fusion with lysosomes and
generation of autolysosomes, where the autophagic cargo is degraded
by acidic hydrolases.19

Defective mitochondria can be selectively degraded in the process of
mitophagy (a.k.a. mitochondrial autophagy). The PINK1/PARKIN-mediated
mechanism is one of the most established mitophagy pathways in mam-
mals.*>*" In healthy polarized mitochondria, PTEN-induced putative kinase
1 (PINK1) is continuously degraded by presenilin-associated, rhomboid-like
(PARL) protease of the inner mitochondrial membrane (Il"ll"l).zz‘23 The
current (and still developing) view is that mitochondrial depolarization
results in accumulation of this protein in the outer mitochondrial mem-
brane (OMM).2** PINK1 phosphorylates other OMM proteins, including
mitofusin 2 (Mfn2), which subsequently recruits the cytosolic protein
Parkinson juvenile disease protein 2 (PARKIN).2® PARKIN functions as an
E3 ubigqitin ligase.”” It ubiquitinates multiple proteins in OMM leading to the
recruitment of SQSTM1 (ubiquitin-binding protein sequestosome 1, aka.
p62). SQSTM1, in turn, docks autophagosomal protein LC3 (microtubule-
associated protein 1 light chain 3) and triggers mitochondrial autophagy.”®
The efficiency of mitophagy is determined by a balance between the avail-
ability of mitophagic substrates and the cellular needs for removal of dam-
aged organelles. Reduced autophagy and/or mitophagy may eventually add
to accumulation of dysfunctional mitochondria resulting in decreased ATP
production and energy starvation of the heart tissue.

The aim of this study was to establish whether and to what extent accu-
mulation of damaged mitochondria and loss of mitochondrial functions in

dystrophic hearts result from an impaired autophagic/mitophagic mecha-
nisms. For this, mitochondrial structure and function was assessed and
compared in hearts of animals at pre-clinical and clinical stages of the dis-
ease. In parallel, autophagy and specific mitochondrial autophagy were
examined. Our results indicate substantial structural damage of mitochon-
dria and significant decrease in ATP production in hearts of 12 months and
older mdx animals. In these hearts, we also detected enhanced autophagy.
At the same time, mitophagy appeared to be suppressed. The faulty
mitophagy is likely to be due to a deficiency of the substrates involved in
the PINK1/PARKIN pathway. Our results suggest that defective mitopha-
gic mechanisms contribute to a progressive accumulation of damaged
mitochondria in dystrophic hearts and deterioration of cardiac functions.

2. Methods

All experiments conformed to the NIH Guide for the Care and Use of
Laboratory Animals published by the US National Institute of Health (NIH
publication, 8th edition, 2011) and were approved by the Institutional Animal
Care and Use Committee of the New Jersey Medical School, Rutgers
University, USA. Brief protocol descriptions are below, and all methods are
described in detail in Supplementary material online.

2.1 Animals and cell isolation

C57BL10 mice (wild-type, WT) were purchased from Harlan laboratory and
C57BL/10ScSn-Dmd™ )] mice (dystrophin-deficient, mdx) were purchased
from the Jackson Laboratory. Mice at the age of 3—4 months (when mdx mice
show no sign of the cardiac disease) and 12 months and older (when mdx
mice display significant cardiomyopathy) were used in this study. Ventricular
myocytes were isolated enzymatically as previously described.”

2.2 Electron microscopy

Hearts were removed, fixed in Formaldehyde, cut in 100 nm sections and
imaged with a Phillips CM12 transmission electron microscope at Rutgers
Core Imaging Lab.

2.3 ATP production measurements
Luciferin—luciferase assay was used to measure ATP content in heart tissue
as previously described.?’

2.4 Extraction of mitochondrial fraction
Mouse hearts were removed and homogenized. Mitochondrial fractions
were extracted by sucrose gradient centrifugation as previously described.*

2.5 Western blots

Protein extraction and western blotting were performed as in ref.’

2.6 RNA isolation and real-time reverse

transcription PCR

Total RNA was isolated using Tri-Reagent™ and Direct-zol RNA MiniPrep kit
according to manufacturer’s instructions (Zymo Research, Irvine, CA) and
quantified with a Nanodrop ND-1000 Spectrophotometer (Nanodrop
Technologies, Wilmington, DE). Real-time PCR was performed using a 7500
Fast Real-Time PCR system (Applied Biosystems) with TagMan Gene
Expression detection assay. Three independent measurements were carried
out for each sample.

2.7 Invivo treatment with chloroquine,
rapamycin, and DNP (2,4-dinitrophenol)

Mice were intraperitoneally injected 10 mg/kg chloroquine, 10 mg/kg rapamy-
cin, 15 mg/kg DNP, and sacrificed 4, 12, and 12 h later, respectively.
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Figure 1 Abnormal mitochondrial morphology and impaired ATP synthesis in dystrophic cardiac myocytes. (A) Typical transmission electron micro-
graphs of heart from 12 months and older WT (left panels) and mdx (right panels) mice. Arrows indicate mitochondria with a loss of cristae. (B) Percent of
defective mitochondria in cardiac tissue isolated from 3 to 4 months and 12+ months old mdx (gray bars) and WT (white bars) mice. Samples from N =4
(WT) or N =3 (mdx) hearts were probed in each experimental cluster. About 10-23 random fields with 50-100 mitochondria were analysed in each exper-
imental group. (C) Total ATP content in hearts from WT (white bars) and mdx (gray bars) mice. Heart samples from 3 to 4 months old (N =9, mdx and
WT) and 124 (N = 3, both mdx and WT) months old mice were probed. (*P < 0.05, **P < 0.01, ANOVA test).

2.8 Confocal imaging of cardiomyocytes

Green (Alexa Fluor 488) and red (MitoTracker® Orange) fluorescence was
recorded with an Olympus FluoView-1000 confocal microscope operation
in frame scan mode (Olympus).

2.9 Statistics

Data sets contain results from 3 to 10 mice. N indicates the number of ani-
mals used, and n specifies the number of cells studied. Comparisons between
two groups of data were made by one-way ANOVA followed by Tukey,
Holm-Sidak, or Dunn multiple comparison tests. A P value of <0.05 was con-
sidered to be significant. Data are presented as means and standard errors of
the means, except data in Figures 3 and 4, which are presented as box plots.
Individual measurements are depicted by symbols. Statistical analyses were
performed with the Sigma Plot 13 software (Systat Software Inc., San Jose,
CA\). Image processing and analyses were done with Image] software (NIH).

3. Results

To establish the causal link between deterioration of mitochondrial
structure/function and compromised autophagy/mitophagy, we examined
mitochondrial

structure  with transmission electron microscopy,

determined cellular ATP content with a luciferase assay and established
the levels of several major autophagic markers and mitophagic substrates
under resting (control) conditions and after forced induction of autophagy
or mitophagy. Studies were carried out on cardiomyocytes isolated from 3
to 4 months and 12 months and older WT and mdx mice.

3.1 Mitochondrial structure/function is
compromised in dystrophic cardiac
myocytes

Sections of WT and mdx cardiac muscle were imaged with transmission
electron microscopy (Figure 1A). Electron micrographs revealed a signifi-
cantly larger number of mitochondria with a loss of normal cristae struc-
ture in mdx cardiac muscle compared to WT tissue (Figure 1B).
Moreover, the number of structurally abnormal mitochondria signifi-
cantly increased in cardiac tissue of 12 months and older dystrophic ani-
mals, which have developed dilated cardiomyopathy.

Mitochondria are the major source of energy in cardiac muscle.
Under normal physiological conditions, mitochondria use electron trans-
port through the respiratory chain to generate an electrochemical gra-
dient across the inner mitochondrial membrane. This gradient is used by
the ATP-synthase to phosphorylate ADP to ATP. Under pathological
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Figure 2 Autophagy markers indicate augmented autophagy in mdx hearts. Cardiac tissue was collected from 12 months and older mdx and WT mice
under control conditions or after their treatment with chloroquine. Samples were immunoblotted with anti-LC3 (A), anti-SQSTM1 (B), anti-ULK1 (C), anti-
phospho-ULK1(Ser555) (D), and anti-GAPDH (all panels) antibodies to determine protein levels of LC3-I, LC3-ll, SQSTM1, ULK1, and phosphorylated
ULK1. Samples from N =4-8 senescent hearts were tested in each experimental group. Data obtained from mdx tissue are shown as gray bars whereas
white bars illustrate data acquired from WT tissue. (*P < 0.05, **P < 0.01, ANOVA test).

conditions (uncoupling and dissipation of mitochondrial membrane
potential), ATP-synthase can function in reverse mode, so mitochondria
hydrolyse (consume) ATP. Therefore, even a relatively small number of
damaged organelles can have a significant impact on mitochondrial ATP
production. In agreement with this scenario, the total ATP content is
substantially decreased in mdx hearts, especially after clinical onset of the
cardiomyopathy (hearts of 12 months and older mice, Figure 1C).

Overall, our data support and extend our previous finding that mito-
chondrial structure and function significantly worsens during the devel-
opment of dystrophic cardiomyopathy. In the next several sets of
experiments, we will examine whether defective autophagy/mitophagy
pathways contribute to the accumulation of damaged mitochondria in
dystrophic hearts.

3.2 Specific markers indicate enhanced
autophagy in senescent dystrophic hearts
Each step in autophagy requires a concerted effort of numerous proteins
and enzymes. Several proteins involved in these steps are widely used as
markers of autophagy. LC3 and SQSTM1 (aka. p62) proteins are among

them. In mammalian cells LC3 is modified post-translationally to LC3-l, a
soluble cytosolic protein. After autophagy is induced, LC3-I is lipidated to
form LC3-Il that associates with the phagophore membrane. An increase in
LC3-II level indicates the increase in number of cellular autophagasomes,
which in general but not always is considered to be an indication of
enhanced autophagy. SQSTM1 is an ubiquitin and LC3-binding scaffold pro-
tein that links ubiquitin-containing protein aggregates to the autophagic
structures. It accumulates in the cytoplasm when autophagy is inhibited and
decreased levels of SQSTM1 are observed when autophagy is induced.®!
We performed western blots on whole heart homogenates of
12months and older WT and mdx mice. We detected a significant
increase in LC3-Il level as well as a decrease in SQSTM1 level in dystrophic
cardiac tissue (Figure 2A and B, left panels on the graphs). These results
indicate an enhanced basal autophagy in mdx hearts compared to WT car-
diac tissue. However, an increase in LC3-Il (or increased generation of
autophagasoms) may also be due to inhibition or block of downstreams
steps of autophagy. To distinguish between these possibilities, we meas-
ured LC3-Il and SQSTM1 levels in cardiac tissue obtained from animals
treated in vivo with the lysosomal inhibitor chloroquine (10 mg/kg) and
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Figure 3 LC3 puncta are more prominent in resting mdx cardiomyocytes. (A) Left panel shows typical overlay image of cardiomyocyte stained with anti-
LC3 antibodies and then with Alexa Fluor 488-congugated secondary antibodies (green puncta on the image) and with nuclear fluorescent label DAPI (blue
staining). Right panel shows binary image of the cardiomyocyte, where pixels with the numerical values above the preset threshold are marked in white. (B)
Representative binary images of myocytes isolated from mdx and WT animals injected with either vehicle or rapamycin. (C) Pooled data of LC3 puncta area
relative to area occupied by a cell in mdx and WT cardiomyocytes isolated from hearts of 12+ months old WT (N=3,n= 14 and N=3, n= 19) and mdx
(N=3,n=15and N=3, n=17) animals with and without rapamycin treatment, respectively. Data obtained from mdx tissue are shown as gray bars
whereas white bars illustrate data acquired from WT tissue. (*P < 0.05, **P < 0.01, ANOVA test).

compared these values with those obtained in control samples obtained
from non-treated animals. Block of LC3-Il degradation with chloroquine
resulted in further accumulation of LC3-Il and SQSTM1 levels in both WT
and dystrophic tissue (Figure 2A and B, right panels on the graphs).
Supplementary material online, Figure ST shows pairs of data points
obtained from the control and treated samples originating from the same
gels. The difference in the amount of LC3-Il between samples in the pres-
ence and absence of chloroquine represents the amount of LC3-Il that is
delivered to lysosomes for degradation. The graph on Supplementary
material online, Figure STA demonstrates that this difference is significantly
larger in mdx hearts, thus indicating an augmented autophagic activity. The
difference in SQSTM1 levels was also somewhat larger in dystrophic sam-
ples Supplementary material online, Figure S1B.

Autophagy can be inducted/enhanced in response to a multiple stress
factors, including depletion of ATP. AMP-activated kinase (AMPK) is one
of the cellular sensors of ATP. It is believed that AMPK stimulates
autophagy in response to energy depletion through phosphorylation and
activation of ULK1 protein kinase.*** There are multiple phosphoryla-
tion sites for AMPK on ULK1. Phosphorylation of S555 of ULK1 is
known to contribute to the activation of this kinase and induction of
autophagy. Therefore, we compared levels of expression of total ULK1
as well as ULK1 phosphorylated at S555 in mature WT and dystrophic

hearts (Figure 2C and D). Increased levels of ULK1-pS555 in dystrophic
cardiac tissue strongly suggest enhanced autophagy through AMPK-
ULK1 pathway, probably in response to the reduced ATP levels in
mature dystrophic hearts (Figure 1C).

3.3 Confocal imaging reveals more LC3

puncta in resting mdx cardiomyocytes

The measurement of LC3 turnover is a reliable indicator of autophagy,
however the autophagy can and should also be measured by a combi-
nation of other techniques. LC3 protein can be visualized with
fluorescence-conjugated antibodies or with fluorescent protein-tagged
LC3 probes in live or fixed tissue. In this group of experiments, we
visualized LC3 puncta in cardiomyocytes isolated from mdx and WT
mice (12 months and older) injected with either vehicle (control con-
ditions) or 10mg/kg rapamycin (established autophagy inducer).
Myocytes were fixed and labeled with primary LC3 antibody followed
by Alexa Fluor 488 conjugated secondary antibody. Cells were imaged
with confocal microscopy and analysed with an Image] software plugin
to detect pixels with fluorescent values above the preset threshold.
Figure 3A illustrates the original image of a cardiomyocyte (left panel)
as well as the binary image (mask, right panel) of the cell where
detected LC3 puncta are shown in white. Figure 3B shows
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Figure 4 Mitophagy is compromised in dystrophic cardiomyocytes isolated from hearts of 12+ months old mice (evidence from immunocytochemistry).
(A) Representative overlay images of WT and mdx cardiomyocytes incubated with anti-LC3 antibodies and then with Alexa Fluor 488-conjugated secondary
antibodies (green puncta on the image) and MitoTracker® Orange (red staining) without (top panels) and with (bottom panels) CCCP treatment. (B) Graph
compares area occupied by LC3 puncta per cell area in myocytes with and without treatment with CCCP. Number of cells analysed was for WT (N=3,
n=15and N=3, n=24) and mdx hearts (N=3,n= 15 and N= 3, n= 11) without and with incubation with CCCP, respectively. Data indicate enhanced
autophagic activity in WT. Arrows on the images point to the ‘circle-like’ LC3 structures, which are likely to be associated with mitochondria. (C) Magnified
images of cardiomyocytes containing the mitochondria associated LC3 circles. (D) Graph compares numbers of LC3 circles per cell area in WT (N=3,
n=11and N=3,n=217) and mdx (N=3,n= 11 and N= 3, n= 20) myocytes with and without treatment with CCCP, respectively. Only LC3 puncta/
circles associated with mitochondrial structures were considered for the analysis. This was ensured by taking additional images within ~2 pm above and
below the initial focal plane. Right panels in (C) show images of three representative mitochondria surrounded by LC3 puncta in three different projections
(xy, xz, and yz). Data indicate that mitochondrial uncoupling induced substantially more mitochondria-associated LC3 circles in WT cardiomyocytes. Data
obtained from mdjx tissue are shown as gray bars whereas white bars illustrate data acquired from WT tissue. (*P < 0.05, **P < 0.01, ANOVA test).

representative examples of binary masks obtained from WT and mdx
myocytes isolated from hearts of animals treated with the vehicle or
rapamycin, respectively. Figure 3C compares the area occupied by LC3
puncta pixels relative to the total cell area under each experimental
condition. It should be noted that cardiomyocytes undergo some
stress during the cell isolation procedure which, in turn, can influence
the autophagy. Nevertheless, the appearance of LC3 puncta was

significantly more pronounced in mdx cells under control (no treat-
ment with rapamycin) conditions, confirming the accumulation of
autophagic vacuoles in dystrophic hearts initially suggested by experi-
ments with western blotting (Figure 2). Treatment with rapamycin sig-
nificantly increased LC3 puncta in WT but not in mdx cells. Moreover,
the levels of puncta were similar in both types of cells after rapamycin
treatment and in mdx cells under control condition. The latter suggest
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Figure 5 Mitophagy is compromised in dystrophic cardiomyocytes isolated from hearts of 12+ months old mice (evidence from EM studies). (A) Images
of TMRE loaded WT cardiomyocyte before (left panel) and after (right panel) DNP treatment. Application of 2 tM DNP resulted in depolarization of some
mitochondria (seen as black spots). (B) Typical transmission electron micrographs of heart slices from 124 months old WT (left panel) and mdx (right panel)
mice in vivo treated with DNP. Enlarged images below are taken from WT tissue and show mitochondria included in autophagosomes (indicated by arrows).
(C) Left panel shows percent of defective mitochondria in cardiac tissue isolated from mdx and WT mice treated with DNP. Right panel represents percent
of mitochondria sequestered in autophagosomes. Samples from N =5 hearts were analysed in each experimental cluster. About 26—32 random fields with
50-100 mitochondria were analysed in each experimental group. Data obtained from mdx tissue are shown as gray bars whereas white bars illustrate data

acquired from WT tissue. (*P < 0.05, **P < 0.01, ANOVA test).

an already maximal activation of autophagy in dystrophic hearts under
resting conditions, probably in an attempt to remove cellular compo-
nents damaged by the disease. The question that arises is: why do so
many damaged mitochondria accumulate in the diseased state? In sub-
sequent experiments, we attempted to answer this question by
directly looking at mitochondrial autophagy to investigate whether this
mechanism is well tuned to remove damaged organelles.

3.4 Mitophagy is compromised in
dystrophic cardiomyocytes (immunocyto-
chemical studies)

We visualized LC3 puncta in isolated cardiomyocytes under control
conditions and after treatment of cardiomyocytes with 5 ptM of the mito-
chondrial uncoupler CCCP (established mitophagy inducer) using high
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Figure 6 Mitophagy is compromised in dystrophic cardiomyocytes (evidence from biochemical studies). Mitochondrial fractions were isolated from
hearts of 12+ months old mice under control conditions or after their treatment with DNP. Samples were immunoblotted with anti-LC3, anti-SQSTM1,
anti-PINK1, anti-PARKIN, anti-Tom?20, and anti-COXIV antibodies to determine mitochondria-associated levels of LC3-Il, SQSTM1, PINK1, and PARKIN
proteins. Samples from N = 4 hearts were tested in each experiments group. Data obtained from mdx tissue are shown as gray bars whereas white bars illus-

trate data acquired from WT tissue. (*P < 0.05, **P < 0.01, ANOVA test).

magnification confocal imaging. Before or after incubation with the
uncoupler, cells were fixed and stained with LC3 antibodies and a mito-
chondrial marker. Panels on Figure 4A illustrate representative overlay
images of WT and mdx cardiomyocytes before and after CCCP treat-
ment. Binary masks were created using images of LC3 fluorescence and
analysed, as described earlier. As in experiments shown in Figure 3, the
area occupied by LC3 puncta relative to the total cell area was signifi-
cantly larger in mdx cardiomyocytes under control (no treatment)
conditions (Figure 4B). Treatment of cardiomyocytes with CCCP sub-
stantially promoted appearance of LC3 puncta in WT but not in mdx
cells, suggesting a defective mitochondrial mitophagy in dystrophic cells.

Arrows on the representative images in Figure 4A point toward
specific ‘doughnut’ or circle-like LC3 structures that seem to be asso-
ciated with mitochondria. The size of these circles roughly corre-
sponded to the size of a mitochondrion in cardiomyocytes. Figure 4C
shows enlarged overlay images and 2D reconstructions of several
circle-like structures. In the next analysis only these structures were
taken into account. This was assured by taking additional images
within ~2 um above and below the initial focal plane. Panels in the
middle of Figure 4C show images of three representative mitochon-
dria surrounded by LC3 puncta in three different projections (xy, xz,
and yz). The relative number of LC3 circles was similar and relatively
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Figure 7 Defects in PINK1/PARKIN-mediated mitophagy in dystrophic hearts. (A, B) Expression of PARKIN. Cardiac tissue was collected from mice
treated with either vehicle (control) or DNP. gPCR was used to determine level of gene encoding PARKIN (left panel on A). Samples were also immuno-
blotted with anti-PARKIN (A), anti-PARKIN-S65P (B), and anti-GAPDH antibodies to determine levels of PARKIN protein and PARKIN protein phosphory-
lated at S65 residue (summarized at the graphs on the right panels). (C) Expression of PINK1. Cardiac tissue was collected from mice under control
conditions. Graph on the left represents levels of expression of gene encoding PINK1. Samples were also immunoblotted with anti-PINK1 and anti-VDAC
antibodies to determine protein levels of PINK1 (middle and right panels). (D) Expression of Mfn2 protein, which is involved in mitochondrial mitophagy and
mitochondrial dynamics. Overall, samples from N = 3-8 124 months old mdx and WT hearts were tested. Experiments were carried out on whole tissue
homogenates. There were three replicates for each sample during qPCR measurements. Data obtained from mdx tissue are shown as gray bars whereas
white bars illustrate data acquired from WT tissue. (*P < 0.05, **P < 0.01, ANOVA test).

low in mdx and WT cells under control conditions without CCCP
treatment (Figure 4D), indicating rather low baseline level of mito-
chondrial mitophagy in both groups of cells. The number of LC3
circles significantly increased after mitochondrial uncoupling. The
increase was significantly larger in WT cells also indicating impaired
mitophagic mechanisms in dystrophic hearts. Please note that analysis
of circle-like LC3 structures is somewhat qualitative as some dam-
aged mitochondria may be targeted with LC3 puncta with shapes
other than circle-like. Therefore, experiments utilizing high resolu-
tion EM imaging were performed next.

3.5 Mitophagy is compromised in
dystrophic cardiomyocytes (EM studies)
Under resting conditions, autophagic/mitophagic structures are only
rarely observed on EM images, both in WT and mdx hearts, rendering
their quantification challenging. In an attempt to quantify the mitophagy,
we induced this process by injecting animals with 15 mg/kg DNP (2,4-
dinitrophenol), a less aggressive mitochondrial uncoupler compared to
CCCP. As seen in Figure 5A, incubation of cardiomyocytes isolated from
WT mice with 2uM of DNP resulted in partial mitochondrial
depolarization.
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EM images of mdx hearts revealed massive mitochondrial damage after
in vivo treatment with DNP (Figure 5B, top right panel and Figure 5C, left
panel). The damage of mitochondria in WT cardiac tissue was much less
pronounced (Figure 5B, top left panel and Figure 5C, left panel). In con-
trast to mdx, multiple autophagosomal structures were detected in WT
tissue. Moreover, many autophagasomes contained mitochondria
(examples are in Figure 5B, bottom). In comparison, the relative number
of autophagasomes containing mitochondria, was substantially smaller in
dystrophic cardiac tissue (Figure 5C, right panel). Taken together with
immunocytochemical studies, these experiments provide additional indi-
cations for impaired mitophagy in hearts of dystrophic mice exhibiting
cardiomyopathy.

3.6 Mitophagy is compromised in
dystrophic cardiomyocytes (biochemical

studies)

Results summarized in Figures 4 and 5 strongly suggest defective mitoph-
agy in dystrophic cardiac tissue. In the following experiments, we
attempted to gain additional evidence that this is indeed the case.

For this, firstly, we checked for the levels of autophagy marker pro-
teins directly associated with mitochondria. Mitochondrial fractionation
was performed on heart homogenates. This is a complicated multistep
procedure, which in general can influence mitochondrial structure/func-
tion. However, currently, it is one of the most useful approaches to
assess expression of mitochondria associated proteins.>® Western blots
were executed on samples prepared from hearts of control WT and
mdx animals, as well as from hearts of animals treated in vivo with the
mitochondrial uncoupler DNP. DNP increased the numbers of damaged
mitochondria and presumably favoured their removal by autophagy
(seen in Figure 5). Figure 6A and B show that level of both lipidated LC3
and SQSTM1 are lower in mitochondrial fractions of mdx mouse heart
homogenates under control (non-treated) conditions. Supplementary
material online, Figure S2A and B show pairs of data points obtained from
control and DNP treated samples obtained from the same gels. The dif-
ference in the amount of LC3-Il and SQSTM1 between the mitochon-
drial preparation in the presence and absence of DNP is substantially
greater in WT samples. Levels of both LC3-Il and SQSTM1 proteins in
samples from mdx hearts changed very little after DNP treatment.
Overall, the results suggest reduced mitochondrial autophagy in mdx
compared to WT mice hearts.

3.7 Defects in mitophagy pathways in

dystrophic hearts

The PINK1/PARKIN-mediated mechanism is one of the most established
mitophagy pathways in mammals. We therefore first checked for the lev-
els of PINK1 and PARKIN, the two major proteins in this pathway, in
mitochondrial fractions prepared from hearts of animals under control
conditions and after mitochondrial damage has been induced by in vivo
treatment of animals with DNP.

Levels of both PINK1 and PARKIN mitochondria-associated proteins
were significantly smaller in hearts from mdx mice compared to WT ani-
mals (Figure 6C and D), despite the fact that mitochondria are much more
depolarized in mature dystrophic cardiac tissue." Moreover, neither level
of PINK1 nor PARKIN changed significantly in mdx animals treated with
DNP, in contrast to a substantial increase observed in WT mice (see
Supplementary material online, Figure S2C and D). These data indicate
defective targeting of PARKIN to damaged organelles in dystrophic hearts.

Recently, it has been shown that recruitment of PARKIN to the outer
mitochondrial membrane is associated with its phosphorylation at the
conserved serine 65 (565) residue within its ubiquitine-like domain. >’
Levels of PARKIN and PARKIN phosphorylated at S65 do not seem to
be different in whole tissue homogenates from WT and mdx hearts iso-
lated from control (untreated) group of animals (Figure 7A and B and
Supplementary material online, Figure S3A and B). However, in vivo treat-
ment of WT mice with DNP drastically increased levels of PARKIN-
pS65, whereas treatment of mdx animals did not result in a significant
change in PARKIN-S65P (Figure 7B and Supplementary material online,
Figure S3B). Similar results were obtained in heart tissue isolated from
two animals in vivo treated (injected) with 5mg/kg CCCP (data not
shown). Importantly, the level of PINK1 in whole tissue homogenates
was also significantly smaller (Figure 7C), similarly to that previously
observed in mitochondrial fractions (Figure 6C). These results present
additional evidence of insufficient mitophagy in dystrophic hearts prob-
ably due to defects in PINK1/PARKIN-mediated pathway, specifically
due to a deficit of PINK1 protein.

Another evidence came from the analysis of the expression of some
other proteins, involved in the PINK1/PARKIN pathway. There is a sub-
stantial cross talk between mitochondrial dynamics and mitophagy.**° In
particular, increasing evidence suggest that mitofusin 2 (Mfn2), a protein
crucial for mitochondrial fusion, participates in recruiting PARKIN to the
outer mitochondrial membrane (OMM) after being phosphorylated by
PINK1. As seen on Figure 7D, the level of Mfn2 is significantly reduced in
dystrophic hearts. In addition, some other mitochondrial fusion related
proteins, such as Mfn1 (mitofusin 1), dynamin-like 120kDa protein
(encoded by the OPA1 gene), and fission related proteins such as Fis1
(mitochondrial fission1 protein) a protein in OMM with which Drp1
(dynamin-related protein 1) protein associates, are also important in main-
taining a healthy mitochondrial population. As seen from Supplementary
material online, Figure S4 expression of Fis1 and Mfn1 are also significantly
reduced in dystrophic cardiac tissue. The deficit of these proteins may also
contribute to the lack of proper mitochondrial recycling.

4. Discussion

Most cardiac diseases are associated with mitochondrial dysfunction, at
least to some extent. Dystrophic cardiomyopathy is not an exception.
We and others reported multiple metabolic and mitochondrial abnor-
malities in hearts of mdx mice downstream of the primary genetic defect
in this disease—lack of dystrophin&n’m. As dystrophic cardiomyopathy
develops (i) the mitochondrial matrix becomes gradually oxidized; (ii)
the ability of the organelles to handle increased workload is reduced; (iii)
substrate consumption shifts from fatty acids to carbohydrates; (iv) mito-
chondria become gradually overloaded with Ca®* and (v) depolarized;
and finally (vi) the propensity of irreversible opening of mitochondrial
permeability transition pore is increased and the organelles become
uncoupled and capable of hydrolysing rather than synthesizing ATP.
These functional pathologies are accompanied by a gradual structural
damage of the mitochondrial matrix and by the accumulation of impaired
organelles in cardiac tissue. A goal of this study was to determine
whether defects in housekeeping processes, such as autophagy and
more specifically mitophagy, contribute to the progressive accumulation
of damaged mitochondria in dystrophic hearts and deterioration of car-
diac functions.

Intracellular Ca*" overload and excessive generation of reactive oxy-
gen species (ROS) by NOX2 (NADPH oxidase type 2) are among very
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early pathophysiological features of dystrophic cardiomyopathy.'” It has
been shown that in the heart these conditions not only stimulate cellular
pathophysiological pathways, such as apoptosis and necrosis, but also ini-
tiate autophagy as a cardioprotective response mechanism under
increasing stress.*"*? In addition, progressive mitochondrial damage and
mitochondrial uncoupling leads to a severe decrease in ATP production
by these organelles, a metabolic signal that further promotes autoph-
agy.® In agreement with these expectations our experiments revealed
enhanced autophagy in dystrophic hearts of 12 months and older animals
compared to WT hearts. This conclusion is based both on changes in
major autophagic markers (LC3-Il and SQSTM1) as well as on the
increased appearance of LC3 puncta under control conditions (Figures 2
and 3, respectively). To ensure that changes in autophagic markers were
due to alterations in the induction of autophagy but not due to changes
in marker synthesis/degradation, experiments were repeated in the pres-
ence of the lysosomal inhibitor chloroquine.

Yet another indication of enhanced autophagy in dystrophic hearts
come from experiments with ULK-1. ULK-1 is a conserved substrate of
AMP-activated protein kinase, which is considered to be one of the cellu-
lar energy sensors. Upon activation, AMPK phosphorylates ULK-1 at
several residues thus initiating/enhancing autophagy. Our studies
revealed an increased level of ULK-1 protein, phosphorylated at S555
residue, in dystrophic tissue. This likely happened in response to activa-
tion of AMPK by ATP depletion and enhanced autophagy.

Previous findings in skeletal muscle from young mdx mice show a
substantial inhibition of autophagic flux.***® Stimulation of autophagy
with non-specific autophagy-reactivating treatment ameliorated skeletal
muscle pathology, at least to some extent.** Treatment of mice with
agonists of AMPK * or simvastatin (a cholesterol lowering drug®’) and
inhibition of NOX2-Src kinase pathways45 has also been shown to
enhance autophagy and improve skeletal muscle function in dystrophy.
However, the suppression of autophagy appears to be muscle type
dependent.*® This may provide a plausible explanation for the difference
in initiation of autophagy in dystrophic skeletal muscle and cardiac
tissues.

It also should be noted that in our experiments we mostly assessed
basal (not induced) autophagy by following the formation of autophaga-
somes. It is possible, however, that when autophagy is induced by starva-
tion or mTOR inhibition by rapamycin, the induced autophagic flux can
be reduced despite the enhanced basal autophagy, as it has been
reported for skeletal muscle of a myotonic dystrophy type | and an
amyotropic lateral sclerosis mouse model.**** We may not rule out this
possibility for dystrophic hearts, as in our experiments in vivo administra-
tion of rapamycin to mdx mice did not promote further autophagosome
formation. However, as we stated earlier, it can also be because autoph-
agy is already maximally activated in mdx hearts. Interestingly, a recent
report by Bibee et al>’ showed some increase in autophagy in mdx
hearts after treatment with rapamycin. Possible reasons for the differ-
ence can include (but not limited to) the age of animals studied
(17 months old in ref. >" vs. 12 months old in our study) as well as the
method by which rapamycin has been delivered to the animals in addi-
tion to length of treatment (injection of rapamycin nanoparticles for
4weeks in ref. >' vs. single injection of the drug in solvent following
12 hours of waiting time in our experiments).

If autophagy is up-regulated in dystrophic hearts then one would
expect that mitochondrial autophagy is also enhanced. However, experi-
ments in Figure 4 indicated otherwise. Treatment of cardiomyocytes
with mitochondrial uncoupler CCCP substantially promoted appearance
of LC3 puncta in WT but not in mdx cells, indicating insufficient

mitochondrial autophagy mechanism supposed to remove depolarized
organelles in dystrophic cells. Mitophagy deficiency in mdx hearts was
also revealed by experiments with ‘in vivo’ uncoupling of the organelles
with DNP (Figure 5). Electron micrographs of cardiac heart tissue
obtained from animals treated with the mitochondrial uncoupler DNP
revealed much more damaged mitochondria in dystrophic tissue com-
pared with WT. However, the number of autophagosomes (including
autophagosomes containing mitochondria) was much larger in WT tis-
sue compared with mdx, where autophagosomes were extremely
scarce. Altogether these data clearly indicate a severe deficit of mitoph-
agy in dystrophic heart, despite the enhanced autophagy.

The PINK1/PARKIN-mediated pathway is currently one of the best-
known mitophagy pathways. PINK1 was initially found as a highly con-
served Parkinson’s disease susceptible protein. In neurons PINK1 has
been shown to have a protective function against oxidative stress-
induced cell death. In particular, PINK1 has been reported to protect
neurons from various mitochondrial dysfunctions, reduce mitochondrial
cytochrome C release and mitigate apoptotic cell death (reviewed in
2152) PINK1 detects mitochondrial damage and recruits PARKIN to
initiate mitophagy and remove compromised organelles. The role of

refs

PINK1 protein in cardiac pathology is much less defined. A severe car-
diac hypertrophy was reported in PINK1 knockout mice.>® A substantial
decrease in PINK1 protein levels has been found in heart samples from

F.>3 Loss of PINK1 increases the hearts vulner-

patients with end-stage H
ability to ischemia-reperfusion.”* Overall, it seems that PINK1 exerts
some cardioprotective effect.

It was suggested that PINK1/PARKIN-mediated mitophagy plays signif-
icant role in cardiac pathology, as a potent inducible cardiac stress-
induced response. In damaged mitochondria PINK1 accumulated in
OMM, phosphorylates Mfn2, which in turn recruits cytosolic protein
PARKIN. PARKIN ubiquitinates several mitochondrial proteins thus
labeling mitochondria for recognition by autophagosomes.?>*® With
western blotting, we determined that levels of PINK1 and PARKIN pro-
teins were significantly decreased in mitochondrial fractions prepared
from hearts of 12 months and older dystrophic mice compared to WT
animals (Figure 6). Moreover, levels of PINK1 and Mfn2 were also greatly
reduced in tissue homogenates (Figure 7). It is possible that a deficit of
PINK1 and Mfn2 limit the targeting of PARKIN to depolarized organelles
and restricts PINK1/PARKIN driven mitophagy.

New emerging evidence strongly suggests that post-translational
modifications of PINK1, Mfn2, and PARKIN are critical regulators of their
functions at different stages of mitophagy.>®*” In particular, the recruit-
ment of PARKIN to the OMM of depolarized mitochondria is associated
with its phosphorylation at the S65 residue in the ubiquitin-like domain
via PINK1/Mfn2-mediated phosphorylation. Recently developed anti-
bodies against PARKIN-S65P° provided an opportunity to estimate lev-
els of PARKIN translocation to OMM. Results in Figure 7 illustrate that
the level of phosphorylation of PARKIN at S65 significantly increased in
WT cardiac tissue after induction of mitophagy by in vivo treatment with
the mitochondrial uncoupler DNP, while changes in levels of PARKIN-
S65P were negligible in dystrophic tissue.

Overall, findings by several groups, including our laboratory, revealed
multiple mitochondrial dysfunctions in dystrophic cardiomyopathy.
Severe oxidative stress and cellular Ca>™ overload seem to precede this
devastating pathology. Our present studies demonstrate a deficiency of
mitophagy in DMD. Moreover, it is likely to be associated with defects in
the PINK1/PARKIN mitophagic pathway. Whether it is only due to insuf-
ficient expression of key proteins of the pathway or also due to modifica-
tion of mitophagy regulatory pathways has yet to be determined by
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future work. However, the results presented here suggest that impaired
mitophagy adds to inability to degrade enough impaired organelles and
contributes to the progressive accumulation of damaged mitochondria

and deterioration of cardiac functions in dystrophic hearts. Our results

also suggest that specific interference with mitophagic pathways can be

potentially beneficial for treatment of DMD.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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