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Abstract

Background. Alterations in autophagy have been reported in hypertrophic cardiomyopathy
(HCM) caused by Danon disease, Vici syndrome or LEOPARD syndrome, but not in HCM
caused by mutations in genes encoding sarcomeric proteins, which account for most of HCM
cases. MYBPC3, encoding cardiac myosin-binding protein C, is the most frequently mutated
HCM gene.

Methods and Results. We evaluated autophagy in HCM patients carrying MYBPC3
mutations and in a Mybpc3-targeted knock-in (KI) HCM mouse model, as well as the effect of
autophagy modulators on the development of cardiomyopathy in KI mice. Microtubule-
associated protein 1 light chain 3 (LC3)-II protein levels were higher in HCM septal
myectomies than in non-failing control hearts and in 60-week-old KI than wild-type (WT)
mouse hearts. In contrast to WT, autophagic flux was blunted and associated with
accumulation of residual bodies and glycogen in hearts of 60-week-old KI mice. We found
that Akt-mTORCI signaling was increased, and treatment with 2.24 mg/kgxd rapamycin or
40% caloric restriction for 9 weeks partially rescued cardiomyopathy or heart failure and
restored autophagic flux in KI mice.

Conclusions. Altogether, we found that i) autophagy is altered in HCM patients with
MYBPC3 mutations, ii) autophagy is impaired in Mybpc3-targeted KI mice and iii) activation
of autophagy ameliorated the cardiac disease phenotype in this mouse model. We propose that
activation of autophagy might be an attractive option alone or in combination with another

therapy to rescue HCM caused by MYBPC3 mutations.

Key Words: Autophagy; caloric restriction; cardiomyopathy; cMyBP-C; hypertrophic
cardiomyopathy; hypertrophy; MYBPC3; rapamycin
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Introduction

A well-controlled balance between protein synthesis and degradation is crucial for cellular
homeostasis. The major pathways for degradation of cellular proteins are the ubiquitin-
proteasome system (UPS) and the autophagy-lysosomal pathway (ALP)." Autophagy is
defined by the degradation of cellular material within the lysosome. It is a crucial process
since it removes damaged proteins and organelles, supplies energy and maintains proper
metabolism. Insufficient autophagy may lead to energy deficiency and proteotoxicity, while
over-active autophagy can cause cell death. The genes and cellular processes that underlie
autophagy are conserved from yeast to mammals and can be selective or nonselective. The
most prevalent form of autophagy is called macroautophagy (hereafter autophagy), where a
double-membrane vesicle, the phagophore, is formed and subsequently matures into an
autophagosome, eventually fusing with a lysosome for degradation of its contents.”

Postmitotic cells such as neurons or cardiomyocytes are particularly dependent on
energy and protein quality control. Whereas altered protein quality control mechanisms have
been long correlated to neurological diseases,’ only a few cardiac diseases are known to be
associated with defective autophagy. These include Danon disease,* > LEOPARD syndrome,’
Vici syndrome,”® desmin-related cardiomyopathy,’' diabetic cardiomyopathy,'? dilated
cardiomyopathy (DCM) caused by lamin A/C (LMNA) mutations,'* ' and left ventricular
non-compaction (LVNC) caused by pleckstrin homology domain-containing family M,
member 2 (PLEKHM2) mutations."” In most of these cardiomyopathies there is a defect in a
gene encoding a protein, which is involved in the ALP, either by acting directly on it or by
inducing protein accumulation.

To the best of our knowledge, there is no evidence of altered autophagy in
sarcomeropathy leading to hypertrophic cardiomyopathy (HCM) or DCM. HCM is an
autosomal-dominant disorder, characterized by left ventricular hypertrophy (LVH) and
diastolic dysfunction and has an estimated prevalence of 1:500 in the general population.'®
The MYBPC3 gene, encoding cardiac myosin-binding protein-C (cMyBP-C), is frequently
mutated in HCM, representing 40-50% of all HCM mutations.'”'® ¢cMyBP-C interacts with
myosin, titin and actin and plays an important role in cardiac contraction and relaxation.'” !
We previously reported impairment of the UPS and elevated protein levels of autophagic
markers such as sequestosome-1 protein (p62), a marker for ubiquitinated protein aggregates,
and microtubule-associated protein 1 light chain 3 (LC3)-II, an indicator of autophagosome
number, in 60-week-old Mybpc3-targeted knock-in (KI) mice that develop LVH and cardiac
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dysfunction. These mice carry at the homozygous state the human ¢.772G>A MYBPC3
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transition that results in a low level of mutant protein. In the present study, we investigated
whether autophagy is altered in HCM patients and KI mice and whether activation of

autophagy could ameliorate cardiomyopathy in KI mice.

Methods

Expanded Methods are available in the Data supplements.

Human samples

Human samples were obtained from septal myectomies of HCM patients carrying MYBPC3
mutations, from non-failing human heart tissue not suitable for transplantation or from donors
that did not die from cardiac disease but of another cause (=non-failing, NF).?” All materials
from patients and donors were taken with informed consent of the donors and with approval

of the local ethical boards and according to the Declaration of Helsinki.

Animals

The investigation conformed to the guide for the care and use of laboratory animals published
by the NIH (Publication No. 85-23, revised 2011, published by the National Research
Council). The experimental procedures were in accordance with the German Law for the
Protection of Animals and approved by the Authority for Health and Consumer Protection of

the City State of Hamburg, Germany (no. 118/13 and 100/14).

Echocardiography
Transthoracic echocardiography was performed using the Vevo 2100 System (VisualSonics,

Toronto, Canada) as described previously.”

Autophagic flux measurement
To measure the autophagic flux in vivo, mice were injected i.p. with 40 mg/kg leupeptin

(Sigma Aldrich, L-8511) or sodium chloride (500 pL) as described previously.”

Experimental diet
Eleven-week-old KI and WT mice were kept on caloric restriction, rapamycin or control diet
for 9 weeks. All diets were based on LabDiet SLG6 (TestDiet) including Eudragit S100

(rapamycin coating material). Mice kept on caloric restriction were fed ~20% less in the first
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week and then ~40% less for the following 8 weeks than control mice. It was assumed that a
30 g mouse eats about 5 g per day. Mice were kept under tight observation and were regularly
weighed. Mice on rapamycin diet received ~2.24 mg/kg rapamycin (Rapamycin Holdings™)
encapsulated in Eudragit S100 daily. Echocardiography was performed at the beginning and

at the end of the experiment. The autophagic flux was measured at the end of the experiment.

Electron Microscopy

Mouse hearts were initially fixed by perfusion with 1% paraformaldehyde/2% (vol/vol)
glutaraldehyde in cardioplegic solution (50 mmol/L KCl, 5% dextrose in PBS) and next in 1%
paraformaldehyde/2% (vol/vol) glutaraldehyde in 0.1 mol/L cacodylate buffer, pH 7.2. The
heart was removed and immersed into the latter fixative (ice cold) and then left and right
ventricular free walls and septa were isolated. Each region was divided into small fragments
and fixed further in the same fixative at 4 °C, then postfixed/stained in 1% OSOy (in water)
before dehydration in acetone and embedding in epoxy resin. Ultrathin sections were
counterstained with uranium and lead salts. Images were acquired on a Hitachi 7600 electron

microscope equipped with an AMT digital camera.

Statistical analysis

Data were expressed as mean = s.e.m. Statistical analyses were performed by one-way
ANOVA plus Tukey’s or Dunnett’s post-test, or by unpaired Student’s t-test with GraphPad-
Prism7 or by Welch’s ANOVA plus Tukey’s post-test with R v3.4.0, as indicated in the figure

legends. A value of P < 0.05 was considered statistically significant.

Results

Autophagy is altered in HCM patients and KI mice

We evaluated p62, beclin-1 and LC3 protein levels in myectomy samples from patients
carrying MYBPC3 mutations (Table S1). Whereas p62, beclin-1 and LC3-I levels did not
differ between HCM and NF samples (Figure 1A to 1C), LC3-II protein levels were 2.6-fold
higher in HCM (Figure 1A and 1E). We next quantified the expression of a customized panel
of human genes regulated in heart failure, arrhythmias and autophagy in cardiac RNA pools
of HCM and NF individuals. In addition to the commonly dysregulated genes in HCM, such
as markers of hypertrophy or fibrosis and calcium/potassium handling proteins, the expression

of several genes regulating autophagy was also altered in HCM, some being up-regulated
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(BCL2, BECN1, CHMP2B, EPG5, FYCO1, HDAC6, LAMP1, MTOR, NBR1, SQSTM1 and
TFEB), others down-regulated (BAG3, MAP1LC3B,) when compared to NF (Figure 1F, Table
S2).

We then evaluated autophagic markers in 10-week-old and 60-week-old mice to
explore changes during disease progression. We confirmed previously described higher p62
(non-significant) and LC3-II protein levels in 60-week-old,* but not in 10-week-old KI mice
(Figure 2A to 2C), suggesting that accumulation of p62 and LC3-II protein occurs late in the
disease progression. Of note, however, LC3-I level was already higher in 10-week-old KI
than WT mice (Figure 2A and 2C). We then quantified the expression of a customized panel
of mouse genes associated with heart failure, arrhythmias and autophagy in ventricular RNA
pools from 60-week-old KI and WT mice. KI exhibited dysregulated expression of proteins
regulating hypertrophy, fibrosis, calcium handling, cardiac action potential, and autophagy
(Bag3, Bcl2, Becnl, Epg5, Erbb2, Fycol, Hdac6, Nrgl, Rab7 and Sgstml; Figure 2D, Table
S3).

Both human and mouse data suggest that autophagy is altered in HCM caused by
MYBPC3 mutations.

Autophagic flux is impaired in KI mice

Measurement of basal levels of autophagic markers is not sufficient to conclude if autophagy
is activated or impaired.*’ Therefore, we next determined autophagic flux (macroautophagic
activity) by evaluating LC3 turnover after injecting i.p. 40 mg/kg of the lysosomal protease
inhibitor leupeptin in mice for 1 h. In hearts of 10-week-old mice, leupeptin treatment did not
have any effect on the LC3-II level (Figure 3A and 3B), although the treatment worked in
liver in both KI and WT mice (Figure S1). However, the LC3-II/LC3-I ratio was higher in
WT than KI mice (Figure 3B). In hearts of 60-week-old mice, both LC3-II levels and the
LC3-II/LC3-I ratio were markedly higher in leupeptin-treated than non-treated WT, whereas
they did not differ between leupeptin-treated and non-treated KI mice (Figure 3A and 3B).
This finding suggests an increased demand in autophagic activity in WT mice with aging,
whereas the LC3 turnover was blunted in KI mice.

To examine whether the impaired autophagic flux in KI mice was due to the presence
of mutant cMyBP-C or low level of cMyBP-C, we measured autophagic flux in 60-week-old
Mybpc3-targeted knock-out (KO) mice that do not express any cMyBP-C but develop a
similar cardiac disease phenotype as KI mice.’® LC3 turnover was blunted in KO mice to the

same extent as in KI mice (Figure 3C and 3D). Although we cannot provide direct causality,



192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

these data suggest that low level of cMyBP-C rather than mutant cMyBP-C, in combination

with pathological remodeling, induce impairment of autophagic flux.

Residual bodies and glycogen accumulate in KI mice

To assess autophagy-related ultrastructural differences between KI and WT mice, we
analyzed osmium-stained cryosections from 60-week-old KI and WT mice using electron
microscopy (Figure 4A). Terminal autolysosomes (residual bodies) containing cellular waste
that was not broken down completely, probably resulting in lipofuscin or similar, markedly
accumulated in KI compared to WT mice (Figure 4A, Figure S2). Lipofuscin vesicles usually
accumulate with age, indicating an increase in cellular waste and/or deficiency in cellular
waste degradation.”’ Furthermore, we observed an accumulation of glycogen granula in KI
mice (Figure 4B, Figure S3). Glycogen is degraded by the autophagic pathway, and an

accumulation of glycogen granula is thought to be associated with impaired autophagy.

Lysosomes are functional in KI mice

To test if the autophagy impairment is induced by a decrease in number or compromised
function of lysosomes, we assessed protein levels and activity of the lysosomal protease
cathepsin D and protein levels of the lysosome-associated membrane protein 2 (LAMP-2). No
differences in the levels of the different cathepsin D forms were detected between 60-week-
old KI and WT mice (Figure S4A and S4B). Consistent with these data, the cathepsin D
activity did also not differ between KI and WT (Figure S4C). Protein levels of LAMP-2 were
unaltered in the KI mice as well (Figure S4D and S4E). These findings suggest that lysosomal

degradation is not affected in KI mice.

Akt-mTORC1 signaling is increased in KI mice

Mammalian target of rapamycin complex 1 (mTORC1) is a key negative regulator of
autophagy and a recognized positive regulator of hypertrophy.* Hence, we evaluated
mTORCI1 signaling in 60-week-old KI and WT mice (Figure 5). Levels of phosphorylated
proteins (=activation) of mTOR (p-mTOR) and eukaryotic translation initiation factor 4E-
binding protein 1 (p-4E-BP1), but not of ribosomal protein S6 (p-S6) were higher in KI than
WT (Figure 5A to 5D). Levels of total mTOR and S6 (S6), but not of total 4E-BP1 were
higher in KI than WT. Despite no difference in the ratio of phosphorylated-to-total proteins
between the groups, increased p-mTOR and p-4E-BP1 levels suggest, at least in part, an

increased mTORCI1 signaling in KI mice. This increase in mMTORCI signaling was even more
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pronounced in KO (Figure S5) than in KI mice. The protein levels of Atg5 and Atg7, crucial
autophagy enhancers, did not differ between KI, KO and WT mice (Figure S6).

We then evaluated which upstream pathways increased mTORCI] activity in KI mice
(Figure SE, Figure S7). Dual phosphorylation (=activation) of serine threonine kinase
Akt/protein kinase B, evaluated by Akt™%/Akt and Akt>™"*/Akt ratios, was higher in KI
than in WT mice (Figure 5E), whereas p-AMPK/AMPK, p-GSK3, p-Erk1/2/Erk1/2 and p-
p38/p38 ratios did not differ between KI and WT mice (Figure S7). These data suggest that

activated mTORCI results from activation of Akt signaling.

Rapamycin treatment or caloric restriction partially rescues cardiomyopathy in KI mice

To activate autophagy in KI mice, we used rapamycin, an inhibitor of mMTORC1, and caloric
restriction (CR), which also decreases mTORC] activity.****> We evaluated whether these
treatments could ameliorate cardiomyopathy in KI mice. Eleven-week-old KI and WT mice
were subjected to a 9-week treatment with either 2.24 mg/kgxd rapamycin or 40% CR. At the
beginning of the experiment, fractional area shortening (FAS) was lower and left ventricular
mass-to-body weight ratio (LVM/BW) was higher in KI than WT mice, whereas BW did not
differ between KI and WT, indicating systolic dysfunction and LVH (Figure 6A and 6B,
Figure S8). At the end of the treatment, FAS did not significantly differ between rapamycin-
treated and untreated WT and KI mice, whereas it was higher in CR-treated than untreated KI
and WT mice (Figure 6A; Tables S4 and S5). The FAS difference of 10% between CR-treated
and untreated KI mice was significant, suggesting partial amelioration of cardiac function in
KI mice. As expected, BW was markedly lower in CR-treated than in untreated KI and WT
mice, but was not affected by rapamycin treatment (Figure 6B). Heart weight-to-tibia length
ratio (HW/TL) was ~30% higher in untreated KI than in untreated WT mice and ~24% lower
in CR-treated KI than in untreated KI mice (Figure 6C), whereas TL did not differ between
groups (Figure 6E). Lung weight-to-tibia length ratio (LW/TL) was higher in untreated KI
than in untreated WT, indicating pulmonary edema induced by heart failure (Figure 6D). Both
rapamycin and CR treatments lowered LW/BW in KI, which did not differ from WT in these
conditions (Figure 6D), suggesting regression of heart failure in KI mice.

Both treatments normalized the higher Bcl2 mRNA levels and lower Kcnj2 mRNA
levels in KI mice towards WT levels (Figure 7A, Table S6). In addition, rapamycin partially
normalized the levels of markers of hypertrophy/heart failure (Atp2b4, Myh7, Nppa), while
CR reversed the altered gene expression of hypertrophy and fibrosis markers (Meox1, Collal,
Postn), the calcium handling protein Cachalg and autophagy regulating genes (Mapllc3b,
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Nrgl and Rab7; Figure 7A, Table S6). Furthermore, both treatments increased the LC3-1I
levels in both KI and WT mice, indicating activation of autophagy (Figure 7B and 7C).
Finally, LC3-II levels increased after leupeptin in untreated WT, but not in KI mice,
suggesting blunted LC3 turnover in KI mice (Figure 7B and 7C). The autophagic flux was

restored in rapamycin-and CR-treated KI mice.

Discussion

In this study, we investigated autophagy in cardiomyopathy associated with MYBPC3
mutations in human HCM septal myectomies and in a Mybpc3-targeted KI mouse model. Our
major findings were: (1) autophagy is altered in MYBPC3 mutation-carrying HCM patients
(2) autophagy is impaired in KI mice and (3) activation of autophagy by rapamycin or CR
ameliorates cardiomyopathy and autophagic flux in KI mice.

LC3-II protein levels were higher in septal myectomies from HCM patients with
MYBPC3 mutations, indicating an alteration of autophagy. Although we cannot conclude
whether there is activation or inhibition of autophagy in patients, data obtained in KI mice
argue for autophagy impairment. This was associated with dysregulated gene expression of
several proteins regulating autophagy in both HCM patients and KI mice. LC3-II
accumulation in the KI mouse hearts was progressive and accompanied by autophagic flux
impairment with age. Furthermore, residual bodies and glycogen, which are both degraded by

31:32 accumulated in KI mice. Glycogen accumulation was associated with LVH

autophagy,
and was found in a number of diseases involving defective autophagy, e.g. Pompe, Danon and
Fabry disease.”® In contrast to the UPS impairment, which was found only in aged KI mice
with markedly low amounts of mutant cMyBP-C,* autophagy impairment was common in
both KI and KO mice, suggesting that cMyBP-C haploinsufficiency alone or in combination
with cardiomyopathy is a trigger.

The involvement of autophagy in HCM patients and animal models with mutations in
sarcomeric proteins has not been studied in depth. Only a few inherited cardiomyopathies are
known to be associated with a defect in autophagy. Deficiency of the principal lysosomal
membrane protein LAMP-2 causes Danon disease involving severe HCM.* > LEOPARD
syndrome, caused by mutations in PTPN11 (protein tyrosine phosphatase, non-receptor type

11) leads to increased phosphatidylinositol 3-kinase (PI3K) signaling associated with reduced

autophagy and HCM.® Lamp2-deficient mice (Danon disease) showed accumulation of
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autophagic vesicles,’’ while PTPN11-targeted knock-in mice (LEOPARD syndrome)® and
PTEN-targeted knock-out®® showed increased mTORC1 signaling and decreased autophagic
flux, all suggesting autophagy impairment. Vici syndrome, a rare autosomal-recessive
inherited multisystem disorder involving cardiomyopathy’ is caused by mutations in EPG5,
which encodes the ectopic P-granules autophagy protein 5, an essential protein for autophagic
degradation.” Defective autophagy has been also reported in desmin-related cardiomyopathy
caused by aB-crystallin or desmin mutations and associated with the accumulation of

13,14 . .
> 77 or mutations 1n

cytotoxic misfolded proteins,” in DCM caused by LMNA mutations
BAG3,*"*! encoding human BCL2 associated athanogene 3 gene involved in selective
macroautophagy.*> LVNC caused by a PLEKHM2 mutation was associated with a defective
ALP and impairment of autophagic flux in patients’ fibroblasts.'®

In the present study, mMTORCI1 signaling was elevated in KI and KO mice. mTORCI1
negatively regulates autophagy initiation, but can also inhibit autophagosome-lysosome
fusion.** In addition, nTORC1 negatively regulates transcription factor EB and thus
inhibits transcription of autophagy and lysosomal genes.*® Out of the several signaling
pathways that are known to activate mTOR, we found that Akt/PKB signaling was increased
and likely contributed to mTORCI activation in KI mice. This was associated with the up-
regulation of Ctgf, encoding the connective tissue growth factor, which induced
cardiomyocyte hypertrophy via Akt signaling,*’ and Bcl2, encoding B-cell CLL/lymphoma 2
(BCL2), which can be up-regulated via Akt signaling (Figure 2D).** Accumulation of BCL2
can sequester Beclin-1 or inhibit Bax/Bak-mediated apoptosis and thus inhibits autophagy.**
*% Similarly, BCL2, CTGF and MTOR genes were up-regulated in HCM (Figure 1F),
suggesting activated mTORC1 in HCM.

Treatment with rapamycin or caloric restriction to inhibit mMTORCI1 activity, and
thereby activate autophagy partially rescued the cardiomyopathy phenotype or heart failure
and restored the autophagic flux in KI mice. The mechanism of action is not fully certain and
rapamycin and CR may affect other cellular functions besides autophagy. However, our
customized transcriptome analysis indicates normalization of expression of markers of
hypertrophy, fibrosis and also autophagy regulating genes. Specifically, the expression levels
of both Bcl2 and Kcnj2, encoding the potassium inwardly-rectifying channel, subfamily J,
member 2 (Kir2.1), were both markedly dysregulated in KI mice, and were partially
normalized toward levels found in WT mice with either treatment. Our data are in agreement
with previous findings showing that rapamycin administration to mice with PTPN11

mutation, which resulted in activation of PI3K pathway and increased mTORCI activity,
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ameliorated cardiomyopathy.® Similarly, rapamycin treatment reversed hypertrophy in a
PTEN-deficient mouse model with increased mTORC]1 activity.*® Moreover, rapamycin
treatment or CR has been shown to have positive effects in different models of pressure
overload-induced hypertrophy and age-related hypertrophy.® **

Up to now, there are only general treatments like calcium channel- and B-blockers,

11

septal myectomy, ethanol ablation and heart transplantation available for human HCM. Here,

we provide evidence that autophagy is defective in HCM patients and mice carrying MYBPC3

mutations and that activation of autophagy ameliorates cardiomyopathy in mice. We therefore

propose that activation of autophagy might be an attractive option alone or in combination

with another approach to rescue HCM induced by MYBPC3 mutations.
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Figure legends

Figure 1. Dysregulation of autophagy in HCM patients with MYBPC3 mutations.
Myectomy samples of HCM patients or heart samples from non-failing (NF) individuals were
analyzed. A, Representative Western blots of p62, beclin-1 and LC3. Ponceau was used as
loading control. Quantification of B, p62, C, beclin-1, D, LC3-I and E, LC3-II. Data are
expressed as mean + s.e.m with *P<0.05 vs. NF, unpaired Student’s t-test. Number of
individuals is indicated in the bars. F, Heatmap of selected genes comparing gene expression
of proteins modulating hypertrophy, fibrosis, calcium handling, autophagy and potassium

handling in NF and HCM (threshold <0.8- or >1.2-fold change to NF).

Figure 2. Dysregulation of autophagy in KI mice. Protein levels of p62 and LC3 in 10- and
60-week-old KI and WT mouse hearts. A, Representative Western blots of indicated proteins
from mouse ventricular protein extracts (membrane-enriched fraction) of indicated ages.
Calsequestrin and Ponceau were used as loading controls. Quantification of B, p62 and C,
LC3-I and LC3-II protein levels normalized to Ponceau and related to WT. Data are expressed
as mean + s.e.m. with *P<0.05 and **P<0.01 vs. WT, unpaired Student‘s t-test (Welch’s test).
Number of animals is indicated in the bars. D, Heatmap of selected genes (threshold <0.8 or
>1.2 fold change to WT) comparing gene expression of hypertrophy, fibrosis, calcium

handling, autophagy and potassium and sodium regulation between WT and KI mice.

Figure 3. Impaired autophagic flux in KI and KO mice. Evaluation of the autophagic flux
in hearts of KI and WT mice. Either 40 mg/kg leupeptin (inh., inhibitor) or sodium chloride
was injected 1.p. into mice. After 1 h, hearts were extracted. A, Representative Western blots
of indicated proteins from ventricular protein extracts of KI and WT mice of indicated ages.
Calsequestrin and Ponceau were used as loading controls. B, Quantification of LC3-II
(normalized to calsequestrin) and LC3-II/LC3-I ratio of KI and WT mice of indicated ages. C,
Evaluation of the autophagic flux in hearts of KO and WT mice. Representative Western blots
of indicated proteins from ventricular protein extracts of 60-week-old KO and WT mice.
Ponceau and Erk1/2 were used as loading controls. D, Quantification of LC3-II (normalized
to Erk1/2) of 60-week-old KO and WT mice. Quantifications are related to WT control. Data
are expressed as mean + s.e.m. with *P<0.05, **P<0.01 and ***P<0.001 vs. corresponding
control, one-way ANOVA (Welch’s test) plus Tukey’s post-test. Number of animals is

indicated in the bars.



566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

19

Figure 4. Accumulation of residual bodies and glycogen granula in KI mice. Electron
microscope images of (osmium-stained) left ventricular tissues of 60-week-old WT and KI
mice. Electron-dense structures like lipids stain dark. A, Residual bodies (black vesicular

structures). B, Glycogen granula (indicated by arrows).

Figure 5. Increased Akt-mTORCL signaling in KI mice. Protein levels of phosphorylated
mTOR (p-mTOR), mTOR, phosphorylated S6 (p-S6), S6, phosphorylated 4E-BP1 (p-4E-
BP1), 4E-BP1, phosphorylated Akt (p-Akt"™% and p-Akt*™”*) and Akt in 60-week-old KI
and WT mouse hearts. A, Representative Western blots of indicated proteins from mouse
ventricular protein extracts (cytosolic fraction). a-actinin was used as loading control.
Quantification of B, p-mTOR, mTOR and p-mTOR/mTOR, C, p-S6, S6 and p-S6/S6, D, p-
4E-BP1, 4E-BP1 and p-4E-BP1/4E-BP1 and E, p-Akt™% Akt, p-Akt"™%/Akt, p-Akt*"*"
and p-Akt>**"?/Akt. Protein levels were normalized to o-actinin and related to WT. Data are
expressed as mean + s.e.m. with *P<0.05, **P<0.01 vs. WT, unpaired Student‘s t-test.

Number of animals is indicated in the bars.

Figure 6. Partial rescue of cardiomyopathy by 9-week rapamycin treatment or caloric
restriction in Kl mice. Determination of cardiac function by echocardiography and
parameters of hypertrophy and heart failure in KI and WT mice after 9-week rapamycin
treatment (rapa), 40% caloric restriction (CR) or control treatment (ctrl). Mice were fed with
chow containing either 2.24 mg/kg rapamycin or coating material (control). Mice on caloric
restriction were fed with 60% of control diet. A, Fractional area shortening (FAS). B, Body
weight (BW). C, Heart weight-to-tibia length ratio (HW/TL). D, Lung weight-to-tibia length
ratio (LW/TL) E, Tibia length (TL). Data are expressed as mean + s.e.m. with P<0.05,
"P<0.01, and ~P<0.0001 vs. WT ctrl, and “P<0.05, “'P<0.01 and “"'P<0.001 vs. KI ctrl,
one-way ANOVA plus Tukey’s post-test. Number of animals is indicated in the bars.

Figure 7. Gene expression analysis and autophagic flux in rapamycin-treated or calorie-
restricted KI and WT mice. KI and WT mice were treated for 9 weeks with either 2.24
mg/kg rapamycin (rapa), 40% caloric restriction (CR) or control treatment (ctrl). A, Heatmap
of selected genes (threshold <0.8 or >1.2 fold change to KI ctrl) comparing gene expression
of hypertrophy, fibrosis, calcium handling, autophagy and potassium and sodium regulation

between KI ctrl, KI rapa or KI CR and WT ctrl mice. B, Representative Western blots of
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indicated proteins from mouse ventricular protein extracts (membrane-enriched fraction). a-

actinin was used as loading control. C, LC3-II quantification (normalized to a-actinin) related
to WT ctrl. Data are expressed as mean + s.e.m. with 'P<0.05, **P<0.01 and = P<0.0001 vs.
WT ctrl, one-way ANOVA plus Dunnett’s post-test, and non-significant (NS) and "P<0.05 vs.
indicated group (comparing with and without inhibitor), unpaired Student‘s t-test. Number of

animals is indicated in the bars.
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Clinical Perspective

Hypertrophic cardiomyopathy (HCM) is an autosomal-dominant disorder, characterized by
left ventricular hypertrophy and diastolic dysfunction, and has an estimated prevalence of
1:500 in the general population. HCM can result in serious conditions, such as heart failure
cardiac arrhythmias, and sudden cardiac death. The MYBPC3 gene, encoding cardiac myosin-
binding protein-C (cMyBP-C), is frequently mutated in HCM, representing 40-50% of all
HCM mutations. Up to now, there are only common treatments like calcium channel- and -
blockers, septal myectomy, ethanol ablation and heart transplantation available for HCM. It is
known that postmitotic cells such as neurons or cardiomyocytes are particularly dependent on
energy and protein quality control. A major pathway for energy supply and degradation of
cellular proteins is the autophagy-lysosomal pathway. Whereas altered autophagy has been
long correlated to neurological diseases, only a few cardiac diseases are known to be
associated with it. To the best of our knowledge, there is no evidence of altered autophagy in
sarcomeropathies. Here, we show that protein levels of the autophagy marker LC3-I1 were
higher and gene expression of several autophagy markers was altered in HCM patients and
mice carrying MYBPC3 mutations, autophagy was blunted and Akt-mTORCI signaling
increased in Mybpc3-knock in mice and that rapamycin treatment or caloric restriction
ameliorated cardiomyopathy or heart failure in these mice. We therefore propose that
activation of autophagy might be an attractive option alone or in combination with another

approach to rescue HCM induced by MYBPC3 mutations.



