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The faculty or phenomenon of finding valuable or agreeable things not sought for
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Summary

Heart failure (HF) with reduced ejection fraction is prevalent in leading to reduced
life expectancy, poor quality of life and is responsible for a large proportion of healthcare
costs. Dilated cardiomyopathy (DCM) is one of the main etiologies responsible for HF,
especially in young and middle-aged patients. DCM is defined by ventricular chamber
enlargement and systolic impairment leading to progressive HF. Nowadays, there is a

lack of specific therapies for DCM able to reverse this condition.

Our group has been a pioneer in demonstrating that imbalanced mitochondrial
dynamics in cardiomyocytes results in an overt DCM phenotype. We generated a mouse
with genetic ablation of the mitochondrial protease YME1L in cardiomyocytes (cYKO),
which results in incorrect OPA1 processing and ultra-fragmented mitochondria in the
heart in adulthood. These mice display normal cardiac function until week 30 of age,
where a progressive DCM phenotype with reduced lifespan is shown. Moreover,
cardiomyocytes display a metabolic switch characterized by preferential use of glucose

as a metabolic substrate.

This thesis project focusses firstly on the causality of the protease YME1L during
DCM development. Unexpectedly, we found mitochondrial abnormalities (larger size and
increased respiration) in a subclinical stage of the disease, when no macroscopic cardiac
phenotype is apparent. We demonstrate an autophagy impairment underlying Yme1/
cardiac-genetic ablation. This is accompanied by increased ER stress, apparently
mediated by dysregulation of Ca?* handling. Interestingly, these defects are seen in

animals before onset of the disease.

Secondly, our data show that a fat-restricted diet was able not only to prevent HF
but also extends the lifespan of cYKO mice. We studied the molecular mechanisms
underlying this cardioprotective effect. The mitochondrial ultrastructure indicates a
restored mitochondrial number and enlarged size, which is not accompanied by
enhanced mitochondrial respiration. Moreover, autophagy defects were still present.
However, we speculate that better modulation of ER Ca?* handling under this diet could

be involved in enhanced cardiac performance.

These intriguing data call for a comprehensive evaluation of the mechanisms

leading to HF prevention and to identifying a diet that could then be translated into clinics.
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Resumen

La insuficiencia cardiaca (IC) con fraccion de eyeccidon reducida es una entidad
prevalente que conduce a una esperanza de vida reducida, una calidad de vida deficiente y
responsable de una gran proporcién de los costes de atencion médica. La miocardiopatia dilatada
(MCD) es una de las principales etiologias responsables de la IC, especialmente en pacientes
jévenes y de mediana edad. La MCD se define por el agrandamiento de la camara ventricular y
el deterioro sistolico que conduce a una insuficiencia cardiaca progresiva. En la actualidad, existe
una falta de terapias especificas para la MCD capaces de revertir esta condicién.

Nuestro grupo ha sido pionero en demostrar que la dinamica mitocondrial desequilibrada
en los cardiomiocitos da como resultado un fenotipo de MCD. Generamos un ratén con ablacién
genética de la proteasa mitocondrial YME1L en cardiomiocitos (cYKO), lo que dio como resultado
un procesamiento incorrecto de OPA1 y mitocondrias ultra-fragmentadas en el corazén en
estadios tardios. Estos ratones muestran una funciéon cardiaca normal hasta la semana 30 de
edad, donde se muestra un fenotipo de MCD progresiva con una vida media reducida. Ademas,
los cardiomiocitos muestran un cambio metabdlico caracterizado por un uso preferencial de la
glucosa como sustrato metabdlico.

Este proyecto de tesis se centra en primer lugar en el papel de la proteasa YME1L
durante el desarrollo de MCD. Casualmente, encontramos diferencias mitocondriales (mayor
tamafio y mejor respiracion) en etapas subclinicas de la enfermedad. Demostramos, por primera
vez un deterioro de la autofagia subyacente a la ablacion genética cardiaca de Yme1l. Esto se
acompafa de un estrés del reticulo endoplasmatico (RE) elevado, presumiblemente mediado por
una desregulacion del manejo de Ca2*. Curiosamente, estos defectos se observan en animales
antes del inicio de la enfermedad, lo que sefiala estas vias como objetivo de estudio.

En segundo lugar, nuestros datos recientes no publicados muestran que una dieta
restringida en grasas no sdlo pudo prevenir la insuficiencia cardiaca sino también aumentar la
vida media de los ratones cYKO. Estudiamos los mecanismos moleculares que subyacen a este
efecto cardioprotector. Las ultraestructuras mitocondriales indican un numero mitocondrial
restablecido y un mayor tamafo, que no se corresponden con una mejor respiracion mitocondrial.
Ademas, la inhibicion de la autofagia todavia estaba presente. Sin embargo, especulamos que
una mejor modulacién del manejo del Ca2* del RE bajo esta dieta podria estar involucrada en un
mejor rendimiento cardiaco.

Estos interesantes datos exigen una evaluacién integral de los mecanismos que

conducen a la prevencién de la insuficiencia cardiaca mediante enfoques nutricionales y para
identificar una dieta que luego podria traducirse en un escenario clinico.
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Introduction

The topic of study covered in this doctoral thesis is the role of Yme1l in the
progression of heart failure and the identification of new therapeutic targets amenable to
nutritional interventions for its prevention. Specifically, this work explores the molecular
mechanism underlying the onset of dilated cardiomyopathy (DCM) in the presence of
cardiomyocyte-specific genetic ablation of Yme1/. The study then focuses on the use of
nutritional approaches aimed at preventing onset of the disease and ameliorating the
progression of heart failure through targeting pathways identified in the first part of the

thesis.

Dilated cardiomyopathy

Heart failure (HF) is characterized by the inability of the heart to supply blood to
meet the organism’s demands. In many cases, the primary cause of HF is a disease of
the actual heart, something known as cardiomyopathy. Dilated cardiomyopathy (DCM)
refers to a myocardial disease characterized by chamber dilation and reduced contractile
force. DCM is among the most frequent causes of HF in young and middle-aged
individuals worldwide, being the leading cause of cardiac transplant in this population.
This condition begins in the left ventricle, the heart’s main pumping chamber. Once the
disease progresses, the left ventricle starts to dilate, stretching the heart muscle and
becoming thinner. As the disease progresses, the contractile capacity of the heart is
impaired (systolic dysfunction), progressively leading to congestive HF (Merlo et al.,
2018, Schultheiss et al., 2019). Ventricular remodeling in DCM is driven by a complex
cardiomyocyte pathophysiology which includes altered metabolism (Davila-Roman et al.,
2002), fibrosis (Andersen et al., 2016), impaired calcium homeostasis (Luo and
Anderson, 2013), and finally cell death (Sabbah, 2000). This condition can occur in the
absence of any other abnormal condition that could explain the development of this
cardiomyopathy, such as hypertension (Drazner, 2011), valvular disease, or metabolic
disease (Nishida and Otsu, 2017).

The cause of DCM in 50% of cases remains unknown (idiopathic). However,
research performed during the past two decades has identified a genetic basis in a
significant number of DCM cases (30-50%), with several genes implicated in both familiar
and sporadic cases (Hershberger and Siegfried, 2011, Rosenbaum et al., 2020),

reducing the frequency of “idiopathic” DCM cases.
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Understanding the complex genetic architecture of DCM is a significant challenge
considering the variety of myocardial proteins involved in this disease, but it is likely that
most of the gene mutations impair cardiomyocyte function by reducing the heart’s ability
to contract properly (McNally and Mestroni, 2017, Reichart et al., 2019). Beyond genetic
factors, there is evidence indicating the contribution of non-genetic (acquired) factors in
DCM risk such as alcohol, toxicity of chemotherapy agents, or diabetes (Bollen et al.,
2014, Salvatore et al., 2021, Tayal et al., 2022). There is currently a lack of specific
therapies with the ability to reverse this condition. Moreover, the heterogeneity of this
disease challenges the search for new therapies to treat this devastating heart condition.
Nowadays, treatment options for this condition are based on unspecific palliative care
(pharmacological and implantable defibrillators) to slow progression of the disease and
to avoid sudden cardiac death. Because the heart requires a constant energy supply for
its pump function, it is not surprising that mitochondria, the powerhouse of the cell, plays
a key role in regulating cardiac function and maintaining cell homeostasis (Brown et al.,
2017, Ramaccini et al., 2020). Thus, the study of mitochondrial biology and its
modulation could provide better understanding of the pathophysiological mechanism
involved in the disease and thus help to identify cardioprotective targets for preventing
DCM.

Mitochondrial dynamics and cardiac metabolism in heart failure

Mitochondria constitute essential complex organelles that vary widely across
different cell types and tissues (Schaper et al., 1985, Fernandez-Vizarra et al., 2011). In
the adult heart, mitochondria represent 30% of the myocardial mass, since the energy
demands of the heart require a high production of energy in the form of adenosine
triphosphate (ATP) (Piquereau et al., 2013). Mitochondria structure consist of four
compartments: matrix, inner mitochondrial membrane (IMM), intermembrane space and
outer mitochondrial membrane (OMM); each one providing mitochondria with specific
functions. These functions include the production of ATP by the oxidative
phosphorylation system (OxPHOS) and the regulation of cell homeostasis by
maintaining physiological reactive oxygen species (ROS) and Ca?* levels. Although most
of cell DNA is stored in the nucleus of each cell; mitochondria have their own DNA
(mtDNA), which is similar to bacterial DNA. The mtDNA contains 37 genes that encode
for 13 proteins, including subunits of respiratory complexes I, lll, IV and V and proteins
essential for translation of mtDNA transcripts. Respiratory complex Il is encoded by

nuclear DNA. Despite having their own DNA, mitochondria cannot be generated de novo.
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The mitochondrial biogenesis concept is based on one of the most distinct
features of mitochondria: their potential role of dynamism. Thus, the population of
mitochondria are always in constant flux between fusion and fission events (Friedman
and Nunnari, 2014). Mitochondrial fusion involves the coordinated fusion of the outer and

inner mitochondrial membranes but also the content of the mitochondrial matrix.

The opposite of mitochondrial fusion is fission, which depends on the dynamin-
related protein DRP1. It is generally accepted that DRP1 exists on the cytosol of the cell
and is recruited to promote a mitochondrial membrane constriction during fission (Frank
et al., 2001, Fonseca et al., 2019). A coordinated (balanced) mitochondrial dynamic is
critical for the bioenergetic function of mitochondria and therefore closely linked to
metabolism. Fragmentation of the mitochondrial network (enhanced fission) is generally
associated with metabolic dysfunction and is established in a wide variety of disease
conditions such as HF, cancer, or obesity (Shirakabe et al., 2016, Dai and Jiang, 2019,
Dai et al.,, 2020). On the other hand, fusion results in a hyperfused network that is
normally accompanied by cellular integrity (Chen et al., 2011, Vidoni et al., 2013).
However, although fusion is initiated to ameliorate cellular stress, recent studies show
its negative impact on cellular health in disease conditions (Das and Chakrabarti, 2020).
Recently, endoplasmic reticulum (ER) stress has been associated with stress-induced
mitochondrial hyperfusion (SIMH) since its activation could protect mitochondria during

ER stress by promoting their fusion (Tondera et al., 2009, Lebeau et al., 2018).

Pioneering studies on yeast over the last 15 years have identified part of the
complex machinery of mitochondrial fusion and fission (Westermann, 2008). Among all
this machinery, mitofusins 1 and 2 (MFN1 and 2, respectively) are responsible for outer
membrane fusion and ER-mitochondria contact sites (Escobar-Henriques and Joaquim,
2019), while the manner in which dynamin-like GTPase Optic Atrophy-1 (OPA1) is
processed emerges as the central step in coordinating fusion of the inner membrane
(Baker et al., 2014). OPA1 cleavage is performed in the inner membrane by two key
proteases: OMA1 and the i-AAA protease YME1L. These two proteases are pivotal in
the development of this project since they regulate the balance between the two OPA
forms: converting long OPA1 forms (L-OPA1) into proteolytically cleaved short forms (S-
OPA1) (Del Dotto et al., 2018). This process is critically connected with metabolism and
viability of the cell as the balanced accumulation of both forms maintains normal
mitochondrial morphology (Wai and Langer, 2016): fusion depends solely on L-OPA1,

while S-OPA1 is associated with mitochondrial fission.
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Loss of Yme1/in cells induces an OMA1-dependent accumulation of different S-
OPA1 forms that are associated with mitochondrial fragmentation, although fusion
proceeds normally in these cells (Ruan et al., 2013). Furthermore, either an activation of
Oma1 due to cellular stress or a genetic ablation of Yme17/ results in the increased
conversion to S-OPA and associated mitochondrial fragmentation (Anand et al., 2014).
However, the physiological relevance of stress-induced mitochondrial fragmentation

remains unclear.

Fusion Fission

\f MFN1/2 © OPA1 ®@DRP1 hFIS1 () DRP1 adaptor proteins
* GTPase domain
# HR domain

Figure 1. Schematic illustration of the balance between fusion and fission

mitochondrial process (Kyriakoudi et al., 2021).

(A) Mitochondria fusion involves the merging of two outer mitochondrial membranes
(left). On the right, mitochondrial fission requires a preconstruction of the
mitochondrial membrane at the ER-mitochondria contact site.

(B) On the left, MFN1/MFN2 (red, orange) are responsible for the outer mitochondrial
membrane fusion. OPA1 is responsible for the fusion of the inner mitochondrial
membrane. On the right, mitochondrial division is mainly regulated by DRP1
protein.

(C) In some conditions, block of fusion shifts the balance towards mitochondrial
fragmentation.
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As previously mentioned, cardiomyocyte mitochondrial dysmorphology is associated

with HF as mitochondria represent 30% of myocardial mass.

DCM associated with mitochondrial dynamics

In a clinical scenario, the most common genes involved in DCM are genes
encoding for 1) sarcomeric proteins: titin (Tharp et al., 2019), myosin (Schmitt et al.,
2006, Ujfalusi et al., 2018), or actin (Vang et al., 2005), 2) nuclear envelope defects
(laminopathies): variants in the Lamin A/C gene (Hershberger and Jordan, 1993), 3)
cytoskeleton cardiomyopathies: dystrophin, desmin (McNally et al., 2003) and 4) deficits
of intercellular adhesion desmosomal cardiomyopathies (Delmar and McKenna, 2010).
However, emerging evidence highlights the number of mitochondrial-related genes
associated with cardiac dysfunction. In mice, ablation of Mfn1 and Mfn2 drastically
decrease mtDNA, generating mitochondrial fragmentation and inducing HF
(Papanicolaou et al., 2012). Interestingly, only the ablation of both mitofusins produces
this phenotype. However, the impact of deletion of mitofusins in heart failure has been
widely discussed. Also, Drp1 deficient cardiomyocyte display enlarged mitochondria and
suppressed mitophagy, a form of selective mitochondria elimination (lkeda et al., 2015).
This cardiac ablation leads to higher susceptibility to ischemia/reperfusion (IR) injury and
cardiomyopathy. In fact, pharmacological treatment with mdivi-1, an inhibitor of Dpr1,
increases the proportion of elongated mitochondria and protects them against IR,
reducing infarct size (Ong et al.,, 2010). Moreover, Oma1-deficient mice have been
shown to be protected against cardiomyocyte death in three different HF models (Acin-
Perez et al., 2018).

YME1L mitoprotease also remains essential for preserving adult heart function.
Data published by our group demonstrated that cardiomyocyte-specific genetic ablation
of Yme1l (cYKO) activates OMA1, increasing OPA1 processing into S-OPA1 in
cardiomyocytes and impairing mitochondrial morphology by inducing fission that
develops into DCM. Interestingly, DCM phenotype is not apparent until later in lifetime
(around 25-30 weeks old). Suppression of both proteases (YME1L/OMA1 double KO
mice) restored mitochondrial morphology and normal heart function, suggesting that L-

OPA isoforms remain essential for preserving heart function.
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Mice with defects in OxPHOS system also manifest cardiomyopathy. Likewise,
cardiolipin dysregulation, which constitutes up to 20% of IMM lipids and where OxPHOS
occurs, has been demonstrated to accelerate HF development in spontaneously

hypertensive rats and humans (Sparagna et al., 2007).

Lastly, DCM associated with metabolism defects. In physiological conditions, the
transport of long-chain fatty acids requires the use of the carnitine palmitoyltransferase
(CPT) system for its diffusion across the OMM and the IMM (McGarry and Brown, 1997).
Energy Cpt1 and Cpt2 (mitochondrial long-chain fatty acid oxidation enzymes) deficiency
has been associated with cardiomyopathy. Heart specific CPT2-deficient mice inhibit
fatty acid oxidation resulting in cardiac hypertrophy (Pereyra et al., 2017). Hence,

targeting energy metabolism is a potential therapeutic target for HF.

The heart utilizes different substrates simultaneously to produce energy. The
main source comes from mitochondrial fatty acid oxidation (FAO), which is responsible
for 60-80 % of cardiac ATP production, followed by glucose, lactate and ketone bodies
(Karwi et al., 2018). The metabolic flexibility of the healthy heart allows the contribution
of these substrates to shift depending on variables such as energy demand, hormonal
status, or substrate availability (Bertero and Maack, 2018b). In humans, blood ketone
bodies and free fatty acid levels increase during fasting periods and remain high during
HF (Selvaraj et al., 2020). Moreover, during a HF scenario where there is low oxygen
concentration, the failing heart shows a preferential use of glucose as the main energy
substrate (Lopaschuk et al., 2021). There is a consensus with regards to the glucose
contribution during the heart failure stage. However, whether the fatty acid oxidation
capacity of the mitochondria declines or is still maintained remains unclear in the
literature. This shift in fuel to glycolytic pathways is energetically more efficient since
more ATP is produced per mole of oxygen during carbohydrate oxidation. In the same
study by Wai et al previously mentioned, we demonstrated a metabolic alteration led by
a glucose uptake accumulation in cYKO mice with developed DCM when compared to
WT animals (Wai et al., 2015). Whether this switch precedes HF or is a consequence of

a decline in cardiac function remains controversial.

In the literature, targeting glucose utilization has shown promising results in
mitigating cardiac remodeling and improving cardiac function (Tran and Wang, 2019).
Enhancing glucose uptake by GLUT1 and GLUT4, cell membrane glucose transporters,
was reported to improve heart function in mice (Liao et al., 2002, Faramoushi et al.,
2016).
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In humans, small clinical trials have reported the use of dichloroacetate (DCA), a
pyruvate dehydrogenase kinase (PDK) inhibitor which increases glucose oxidation via
enhancing PDH activity, as a promising treatment for improving cardiac contractility (Li
et al., 2019). However, its use in congestive heart failure did not show beneficial effects.
On the other hand, inhibiting fatty acid oxidation, for example inhibiting CPT2-dependent

FAO proves detrimental for cardiac function (Makrecka-Kuka et al., 2020).

Interestingly, in the work published by our group, administration of a high-fat diet
(HFD) was able to restore cardiac function, preventing the initial stage of DCM. In
another study, hypertensive rats with different percentages of fat in their diet were seen
to have better cardiac remodeling and less contractile dysfunction under the highest
percentage of fat used (Okere et al., 2006), revealing the importance of dietary fatty
intake. Nonetheless, the effects of fat in the heart remain controversial. Many studies
report the use of HFD as a promoter of cardiac dysfunction (Kesherwani et al., 2015,
Ternacle et al., 2017, Tong et al., 2019). Also, administration of a ketogenic diet (low
carbohydrate) was shown to stimulate ketone oxidation and slightly improve cardiac
outcome, probably as a stress defense (Horton et al., 2019). Overall, the use of dietary
approaches may prove useful as a potential strategy to modulate metabolism and

cardiac function in the failing heart, one of the main objectives of this thesis.

The role of autophagy in the heart

In general, the limited capacity of cardiomyocytes to regenerate is widely
accepted, thus limiting cell renewal during a normal lifespan (Eschenhagen et al., 2017).
This complication results in the accumulation of damaged cells and inevitably leads to
cell death with no possibility of cell replacement. Hence, maintaining an intact recycling
machinery in the cardiomyocyte is essential for the heart. It is therefore expected that
aged cardiomyocytes present deficiencies in maintaining cell homeostasis due to cardiac
aging (increased ROS, dysfunctional mitochondria, inflammation, impaired calcium
homeostasis, apoptosis, telomere dysfunction, among others) (Bernhard and Laufer,
2008, Ruiz-Meana et al., 2020).

Depending on the physiological stress condition, the cell maintains homeostasis
and quality control by two main recycling machineries that act in parallel: the ubiquitin
(Ub)-proteosome system (UPS) and autophagy (Kocaturk and Gozuacik, 2018). While
the UPS system is involved in the degradation of the major parts of cytosolic and nuclear

proteins, autophagy is a degradation process that removes whole damaged organelles.
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Defects in UPS can compromise degradation steps and contribute to cardiac
disorders (Day, 2013). In desmin-related cardiomyopathy (DRC), mutations in the
muscle-specific intermediate filament protein desmin promote protein aggregation,
provoking an insufficient protein quality control (PQC) leading to cardiac disease
(McLendon and Robbins, 2011).

In general, increased aggregates of ubiquitinated proteins are observed in hearts
from animals suffering from a cardiac dysfunction (Hein et al., 2003, Depre et al., 2006,
Birks et al., 2008), underscoring the importance of the UPS in cardiac pathogenesis and
the need for research into new therapies targeting proteome deficiencies to treat heart

disease.

Autophagy can be defined as a regulated process of degradation and recycling
of long-lived, dysfunctional and/or damaged organelles. Under physiological conditions,
autophagy remains at low levels to play a role in the normal clearance of aggregates that
can cause cellular dysfunction. Autophagy is essential for maintaining mitochondrial
function, as it prevents the accumulation of damaged mitochondria (mitophagy) (Chen
et al., 2020). Disruption of the autophagy pathway in a cardiac context has been
described in response to stresses, such as ischemia/reperfusion, exercise after fasting,
and in HF (Kaludercic et al., 2020). The dual role of autophagy in the heart is yet to be
clarified. However, it is generally accepted that autophagy in the heart under stress plays
a role in the cell survival mechanism (although an excess of self-eating via this pathway
may become part of the process of cell death). It is also known that intracellular Ca?*
regulates autophagy positively or negatively (Sun et al., 2016). Moreover, even though
autophagy is maintained at very low levels, it can be rapidly induced within minutes upon

starvation (Shang et al., 2011).

Based on the type of cargo delivery, there are three major types of autophagy in
mammals (Feng et al., 2014): 1) Microautophagy, which consists of the direct uptake of
cellular constituents by the invagination of the lysosomal limiting membrane, 2)
Macroautophagy, in which whole regions of the cytosol are sequestered by a double
membrane vesicle (autophagosome) and delivered for degradation and 3) Chaperone-
mediated autophagy (CMA), in which only soluble proteins, and not whole organelles,
are degraded. It differs from the other two with respect to the mechanism for cargo

selection and delivery for lysosomal degradation.
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Among the three of these, macroautophagy (herein referred to as autophagy)
plays a major physiological role and it is better studied. Autophagy is a complex process
consisting of sequential steps of formation of autophagosome, fusion between
autophagosome and lysosome and efflux of degraded products to the cytoplasm.
Autophagosome formation requires the expression of autophagy related genes (ATG-
Figure 2). It is well established that autophagy in mammalian cells is initiated by a
membrane nucleation step that requires the ubiquitin-like kinase (ULK1) complex with
another regulatory complex that includes Beclin 1 (also known as Atg6) and a

multimerization complex (Russell et al., 2013).

The next steps of vesicle nucleation and assembly are regulated by Beclin 1.
Depending on the interaction’s partners, Beclin 1 can activate or suppress autophagy
(Kang et al., 2011). In the absence of a stress stimulus, anti-apoptotic Bcl2 protein

physically interacts with Beclin 1 and inhibits its activity.

The conversion of microtubule-associated protein 1 light chain (LC3) from LC3B-
| to LC3B-Il by Atg4 is regarded as a crucial step in autophagosome formation (Figure
2). The LC3B-Il form becomes conjugated to a lipid molecule, phosphatidylethanolamine
(PE). This process will further continue until completion of the autophagosome. Then
LC3B is released from the exterior surface of the membrane and becomes recycled. By
this means, LC3B-IlI can serve as an analytical marker for monitoring autophagic flux
(Loos et al., 2014). Another protein involved in the autophagy process is p62, also called
sequestosome 1 (SQSTM1), a multifunctional ubiquitin receptor. Among its functions,
p62 is a stress-responsive protein and its expression is tightly controlled at both the
transcriptional and post-transcriptional levels (Liu et al., 2016). Emerging evidence
places p62 as a critical sensor of proteotoxic stress in cardiomyocytes (Su and Wang,
2011). Consequently, p62 may also be used as a marker to study autophagic flux (Yoshii
and Mizushima, 2017).

The newly formed autophagosome along with the cargo to be degraded finally
fuses with lysosomes, formed by TFEB, a master gene of lysosome biogenesis (Di Malta
et al.,, 2019), to form autolysosomes whose content is subsequently degraded by
lysosomal enzymes. Cytoskeletal microtubules regulate and facilitate the fusion of
lysosomes with autophagosomes by transferring the autophagosome to lysosomal
proximity. Then, lysosomal membrane proteins LAMP1/2 and Rab7 and other
endosomal sorting complexes mediate the process of fusion (Cui et al., 2020) (Figure
2).
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Subsequently, the transient formation of autolysosome provides an acidic
environment required for optimal activity of lysosomal hydrolases (referred to as

cathepsins) and cargo degradation.
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Figure 2. Schematic overview of the autophagy process: nucleation, elongation,
maturation, and fusion with the lysosome. Outlined in red are examples of ATG genes
whose dysregulation negatively affect heart function (Jin et al., 2017).

Autophagy is a master regulator of cellular wellness. Indeed, tinny deregulations
can result in serious pathological conditions. In fact, it has been demonstrated that
mutations of ATG genes or other autophagy main players result in cardiac dysfunction

in animal models. Below we refer to some examples (Kaludercic et al., 2020):

Mutation Animal model Phenotype Ref
Cardiac Atg5™" Mice e Autophagosome formation  (Taneike et
interrupted al., 2010)
e Fibrosis

e Mitochondrial structural
abnormalities

e DCM
Cardiac LPS-induced e Promotes autophagy (Sun et al.,
overexpression inflammation mice 2018)
Atg6 (Beclin1)
Beclin1*- TAC-induced e Diminishes cardiomyocyte (Zhu et al.,
pressure overload remodelling 2007)
e Decreases autophagy
e Decreases cardiac
dysfunction
Lamp2” Mice o Obstructed autophagosome- = (Nishino et
lysosome fusion al., 2000,
e Hypertrophy Tanaka et
e Premature mortality al., 2000)
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Parkin” AMI-mice e Impaired mitophagy (Hoshino et

e Cardiac dysfunction al., 2013)
Cardiac Atg7”" AMI-mice e Aggravates autophagy (Lietal.,
e Severe contractile 2016b)
dysfunction

e Myofibrillar disarray
e Vacuolar cardiomyocytes

Table 1. Example of genetic mouse models for the study of macroautophagy in
the cardiac system. LPS: lipopolysaccharide; TAC: transverse aortic constriction;
AMI: acute myocardial infarction

The double-edged sword of autophagic flux in cardiovascular disease

As previously mentioned, immunoblotting of LC3 and p62 can be utilized to
monitor autophagosome synthesis or degradation. However, these steady-state
measurements only represent a single time frame. To better measure autophagic
turnover, it is necessary to report the kinetics and flux of the autophagic system:
autophagic flux. Autophagy flux is defined as the whole process of cargo moving through
the autophagy system, from phagophore formation to autophagosome formation,

autophagosome-lysosome fusion, and eventually cargo degradation plus recycling.

Overall, the existence of a causal relationship between impaired autophagy and
cardiac disease is clear. Thus, modulation autophagy appears as an excellent
therapeutic target to promote healthy cardiac aging. Among all the different options for
modulating autophagy, there are life-style modifications (exercise, intermittent fasting,
caloric restriction, fasting mimicking diets), pharmacological treatment (spermidine,
resveratrol, metformin, NAD precursors, rapamycin) and genetic approaches (Galluzzi
et al., 2017). The following figure shows an example of activators (blue) and inhibitors

(red) of the different parts of the autophagic process.
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Autophagy activators
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Figure 3. Pharmacological and nutritional interventions during autophagy process.
Autophagy activators in blue and autophagy inhibitors in red (Galluzzi et al., 2017).

Different approaches have been described as capable of modulating (enhancing
or inhibiting) the autophagic flux targeting different steps of the process: formation,
fusion, or degradation. However, considerations should be taken as to how autophagy
modulators (activators and inhibitors) can be beneficial according to the underlying

defect in the flux:

1) Scenario where excessive autophagy activation is involved in the development of the
disease. This can lead to excessive degradation of critical cellular organelles, and
ultimately cell death. For example, during left ventricular (LV) pressure unloading
(hypertrophy), there is a robust increase in autophagy, a decline in mitochondrial
mass and function and early mortality (Cao et al., 2013, Hariharan et al., 2013).
Inhibition of autophagic flux by targeting upstream steps by modulators of
autophagosome formation could be a safe intervention. Cao et al., demonstrated that
suppression of autophagy by histone deacetylase inhibitors attenuates cardiac
hypertrophy, improving cardiac function. Several studies suggest the dual role of
autophagy during I/R, in which autophagy activation plays a protective role during
ischemia but during reperfusion may not be protective. For instance, inhibition of
autophagy during the reperfusion phase is accompanied by a significant reduction in

infarct size and cardiomyocyte apoptosis in Beclin 17* mice (Matsui et al., 2007).
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2) Scenario where autophagy inhibition is involved in the development of the disease.
In this scenario, any intervention activating autophagy could improve prognosis.
Nutritional approaches such as caloric restriction or intermittent fasting have been
shown to alleviate this defect. However, in this second scenario of autophagy
inhibition participating in the pathophysiology of the disease, the step where the flux
is inhibited has implications: 1) when autophagy is blocked upstream of
autophagosome formation a limited number of autophagosomes are produced. Any
intervention promoting the formation of autophagosomes should have a benéeficial
impact on the disease. Conversely, interventions targeting end-steps of the flux (i.e.,
lysosomal degradation) may have no impact on the disease progression. 2) when
autophagy is blocked downstream of autophagosome formation because of a
lysosomal defect, sufficient autophagosomes are produced thus further boosting
autophagosome formation should not have any benefit or even a detrimental effect
on the disease by aggravating the process through accumulation of excessive non-
degrade autophagosomes. On the contrary, boosting lysosomal degradation may
relieve the blockage and mediate beneficial effects. Paradoxically, in these cases of
autophagy inhibition by a defect in final steps, inhibition of initial steps of autophagy
(upstream formation) can partially alleviate the disease by precluding excessive
accumulation of non-degraded autophagosomes. As a role model of the latter
situation, in various models of doxorubicin-induced cardiotoxicity, autophagic flux has
been shown to be inhibited in the late stages (Li et al., 2016a, Abdullah et al., 2019).
The use of the autophagy inhibitor 3-methyladenine (3-MA) has been shown to
prevent cell death in cardiomyocytes and improves cardiac function (Lu et al., 2009).
Ideally, the combination of upstream autophagy activators and molecules that
accelerate lysosomal degradation might overcome multiple forms of autophagic

blockade.

3) Scenario where autophagy activation compensates for disease.
In some cases, autophagy activation may support compensatory mechanisms,
including the degeneration of cells and tissues. For example, during reperfusion
after I/R, the detrimental role of autophagy concurs with oxidative stress and the
activation of endoplasmic reticulum stress, leading to apoptotic cell death (Sheng
and Qin, 2015, Matsui et al.,, 2007). Although controversially, autophagy plays
distinct roles during I/R: autophagy may be protective during ischemia, whereas it

may be detrimental during reperfusion.
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Endoplasmic reticulum (ER)-mitochondria interplay in heart failure

Mitochondrial Ca?* handling in the heart

The ER is a complex reticular network of membranous organelles. It spans from
the nuclear envelope to the plasma membrane. Its functions include the translation and
folding of secretory and membrane proteins, lipids biogenesis and the sequestration of

Ca?.

In the heart, Ca?* plays a crucial role in cardiac contractile function (Eisner, 2014).
The sarcoplasmic reticulum (SR) represents a specialized form of the ER in
cardiomyocytes. In the ER/SR, several proteins are involved in Ca?* uptake and release:
Ca?*-ATPases (SERCAs), transporting cytosolic Ca?* into the ER lumen and the inositol
triphosphate receptor (IP3R)/ ryanodine receptors (RyRs), in the ER and SR,
respectively (Bers et al., 2003) (Figure 4-orange).
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Figure 4. Schematic illustration showing the key components and players in
mitochondria-associated membranes (MAMs) (Lopez-Crisosto et al., 2017).

The buffering capacity of the mitochondria converts the mitochondria into the
most qualified organelle for its management. In the OMM, there are mitochondrial
voltage-dependent anion channels (VDACs) that govern the transport of Ca#* into the
intermembrane space of the mitochondria. Among their isoforms, VDAC1 is the most
abundant (Figure 4-orange). To move across the IMM, a calcium uniporter (MCU)
complex is responsible for the passage of ions from the intermembrane space to the

matrix.
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Ca?" levels in the cytosol remain very low when compared to mitochondrial levels
(Xu et al., 2020). Defective Ca?* handling is known to be the central cause of electrical
dysfunctions observed during cardiac arrythmias and HF (Luo and Anderson, 2013).
Upon I/R challenge, IP3R expression is upregulated, provoking Ca?" overload in
mitochondria, activating apoptotic signaling during reperfusion (Joiner et al., 2012). In
diabetic cardiomyopathy, alterations between ER and mitochondria reduce the levels of
RyR2, decreasing SR Ca?* storage and promoting intracellular Ca?* aberrant signaling

contributing to cardiac dysfunction (Yaras et al., 2005).

In cardiomyocytes, Ca?*ATPase 2a (SERCA2a) mediates Ca?* reuptake into the
SR. Expression levels of SERCAZ2a are reduced in failing hearts, inducing ER calcium
depletion leading to ER stress (Mekabhli et al., 2011, Liu et al., 2011).

Mitochondrial-associated membranes in the heart

Despite having their own functions, mitochondria and ER share the important role
of Ca?* homeostasis maintenance. This common feature enables their communication

through mitochondrial-associated membranes (MAMs) (Gao et al., 2020).

ER-mitochondria tethering is formed by numerous proteins bridges. The
IP3R/RyRs-GRP75-VDAC1 axis. As mentioned above, IP3R/RyRs are in the ER/SR
membrane, respectively, and regulate Ca?* release. VDAC1, linked by cytoplasmic
GRP75 to ER, uptake Ca?* on the OMM. Finally, calcium ions enter the mitochondrial
matrix through MCU. The MFN1-MFN2 axis (Figure 4-purple). Interestingly, the fusion
role of MFN2 is performed in the OMM (Papanicolaou et al., 2012). Here, it forms a
dimmer with MFN1. MFN2-ablation has been shown to reduce SR-mitochondria
connections in the heart, developing DCM (Tang et al., 2017, Sun et al., 2019). In MFN2-
deficient cells, mitochondrial Ca?* uptake is inhibited due to the disassociation of ER and
mitochondria. However, the capacity of Ca?* release from the ER was not affected
(Eisner et al., 2017). Other axes conform the association between FUNDC1-IP3R2 and
VAPB-PTPIP51 (Xu et al., 2020).

Significantly, upregulation of Ca?* in physiological conditions activates
mitochondrial enzymes, which facilitates the TCA cycle and oxidative phosphorylation
(Balaban, 2009). The increase of ER-mitochondria proximity increases Ca?* uptake,
enhancing electron activity and resulting in elevated ATP synthesis (Rizzuto et al., 2009,
Wang et al., 2021a).
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In contrast, prolonged or excessive mitochondrial Ca?* overload triggers the
opening of the mitochondrial permeability transition pore (mPTP), resulting in
mitochondrial swelling and activation of apoptotic pathways (Eisner et al., 2013).
Increased Ca?* levels initiate BCL2-associated X protein (BAX), which translocates to
the mitochondrial membrane and increases permeability of the mitochondrial membrane
(Fraysse et al., 2010). Therefore, MAM’s formation, distance and function could be a

potential target in the progression of cardiovascular diseases.

ER-mitochondria contact regulates ER stress

ER homeostasis is highly sensitive to perturbations in the cellular environment.
In response to changes in the ER homeostasis, the cell activates an adaptive response
known as the unfolded protein response (UPR). This UPR response is activated in
conditions such as hypoxia, disturbed Ca?" homeostasis, accumulation of misfolded
proteins and oxidative stress (Wang et al., 2021a). There are three sensors located in
the ER membrane which orchestrate ER stress: the protein kinase R (PKR)-like ER
kinase (PERK), activating transcription factor-6 (ATF6), and inositol requiring eznyme-1
(IRE1). Under physiological conditions, these proteins are inactive because their luminal
domains remain bound to GRP78. Upon the accumulation of unfolded proteins in the ER
lumen, Grp78 dissociates from each of these, causing their activation. GRP78 was found

to be increased in patients with heart failure (Okada et al., 2004).
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Figure 5. Overview of cascade of the three arms of UPR response (PERK, IRE1a and
ATF6) and the biological process affected (Lebeaupin et al., 2018).

PERK dimerizes and becomes auto-phosphorylated, thus activating its cytosolic
kinase domain, leading to phosphorylation of elF2alpha (Figure 5). Specific cardiac
genetic ablation of PERK showed enhanced cardiac dysfunction after TAC (Liu et al.,
2014b, Liu et al., 2014a). Phosphorylation of elF2 causes inhibition of the general protein
synthesis and permits Cap-dependent translation of ATF4. Activation of ATF4 leads to
the transcription of genes related to antioxidant response and amino acid synthesis and
transports and promotes cell survival. However, ATF4 can also activate the expression
of the pro-apoptotic transcription factor C/EBP homologous protein (CHOP) and mediate
the ER stress apoptotic pathway (Hu et al., 2018). In fact, Chop knockout mice developed
less cardiac hypertrophy after TAC (Fu et al., 2010). In the same study by Liu et al.,
CHOP expression was induced in response to TAC in PERK knockout hearts, giving

CHORP a role in apoptosis contributing to heart failure.
Dissociation of GRP78 from ATF6 stimulates translocation of ATF6 to the Golgi

where it is processed by site 1 and site 2 protease (S1P and S2P) into an active
transcription factor, which switches on transcription of XBP1 mRNA (Figure 5).
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Dissociation of GRP78 from IRE1 results in dimerization and auto-
phosphorylation of IRE1. Thus activated, the endoribonuclease activity of IRE1 leads to
processing of unspliced XBP1 mRNA, while its kinase domain recruits TRAF2 and ASK1,
leading to activation of JNK (Figure 5). Duan et al., demonstrated two miRNas able to

inhibit XBP1 in the progression of heart failure (Duan et al., 2015).

Interestingly, ER stress can promote ER-mitochondria contact, enhancing ATP
production and Ca?* uptake. This modest increase in stress contributes favourably to the
cellular adaptation to ER stress (Bravo et al., 2011). However, when there is persistent

ER stress, there is an induction of death mediated by mitochondria Ca?* overload.

ER-mitochondria contacts and mitochondrial dynamics

As mentioned, MFN2, a fusion mitochondrial protein located on the surface of the
OMM, also regulates ER morphology and MAMs. Intriguingly, mitochondrial fission at
ER-mitochondria contact has been observed prior to DRP1 recruitment. Thus, in the ER-
mitochondria contact sites there is a primary fission constriction that may allow DRP1 to
induce fission (Friedman et al., 2011). In fact, previous studies show that DRP1 localizes
at ER (Pitts et al., 1999). Furthermore, ER-mitochondria contact sites are the positions
that mediate mtDNA synthesis and the distribution of the new mitochondria after fission
(Lewis et al., 2016, Qin et al., 2020).

ER-mitochondria contacts and autophagy

Most of the lipids that conform organelle membranes are synthesized in
association with the ER membrane (van Meer et al., 2008). Autophagy is also involved
in the degradation of misfolded ER proteins. It has been established that autophagosome
formation (the initial step of autophagy) occurs near the ER (Mizushima et al., 2011).
Overexpression of VAPB, a protein involved in UPR response located at the ER
membrane, reduces autophagosome formation by enhancing ER-mitochondria contact
(Gomez-Suaga et al.,, 2017). Also, under starvation conditions, autophagy-related
protein 14 (ATG14) is recruited to MAMs to stimulate autophagosome biogenesis
(Hamasaki et al., 2013).
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Autophagy is one of the responders to ER stress. Under these conditions,
autophagy is activated via signaling that commonly involves activation of the nutrient
energy sensor AMP kinase (AMPK) and inhibition of the mammalian target of rapamycin
(mTOR). Generally, conditions that induce ER stress also activate autophagy. However,
either ER stress itself can induce autophagy (Yorimitsu et al., 2006, Wiersma et al., 2017)
or an impairment/increase of autophagy can promote/decrease ER stress, respectively

(Gonzalez-Rodriguez et al., 2014).

Moreover, dysregulation of Ca?* in MAMs leads to autophagy deficiency. This
interruption of Ca?* transport from ER to mitochondria causes AMPK translocation to
MAMs and the activation of autophagy through BECLIN1. mTORCZ2, another inducer of
autophagy, is in MAMs and regulates its integrity (Colombi et al., 2011). The mechanistic
target of rapamycin (mMTOR) is a widely studied sensor of nutrient sufficiency. Upon
inhibition of MTOR autophagy is inducted, which related mTOR signaling as

indispensable for cardiac function after pressure overload (Sciarretta et al., 2018).

ER-mitochondria contacts and apoptosis

An increase in UPR levels can promote cell survival. However, when ER stress
is sustained (excessive), the ER apoptotic pathway is activated and promotes apoptosis.
Members of the BCL2 family proteins are important during regulation of apoptotic cell
death. During ER stress, BCL2 antiapoptotic protein has been shown to be translocated
to MAMs, where an increasing Ca?* influx from ER to mitochondria occurs as an adaptive
response to further increase mitochondrial bioenergetics (Williams et al., 2016). Either
an overexpression of BCL2 (Distelhorst and McCormick, 1996) or a deficiency of BAX
and BAK proapoptotic proteins (Wei et al., 2001) confer protection against lethal ER
stress. Activation of PERK leads to the induction of CHOP, which, as previously
described, is an important element in pro-death signaling. However, the three arms of
UPR can induce transcription of CHOP. GADD34, a protein involved in elF2

dephosphorylation, has been shown to promote apoptosis (Adler et al., 1999).
Once the upstream activation of these proteins has occurred, the Caspase

system executes the apoptosis. Among all, caspase 12 (in rodents) (Nakagawa et al.,
2000, Szegezdi et al., 2003, Saleh et al., 2006) and caspase 4 in humans.
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ER-mitochondria and lipid metabolism

Physical interactions linking ER and mitochondria play a role not only in Ca?*
transfer but also in lipid transferring between the two organelles (Rusinol et al., 1994).

MAMs are enriched in cholesterol and sphingolipids, related to the accumulation
of caveolin-1 (Sala-Vila et al., 2016). MAMs promote the formation of the substrates of
structural biological membranes: phosphatidylcholine, PE, and phosphatidylserine. In
fact, cardiolipin, the most abundant IMM phospholipid, is firstly synthesized in the ER to
further be modified in mitochondria to exert its cardioprotective effect (Osman et al.,
2011). Cardiolipin strongly interacts with the membrane proteins of the IMM, including
the MCU (Ghosh et al.,, 2020). Individual levels of cholesterol esters, PEs, and
triacyclglycerols have been associated with cardiovascular diseases (Stegemann et al.,
2014).

Nutritional strategies to shape cardiovascular system fithess

Non-pharmacological strategies for HF patients are a moving target. To date,
studies underpinning nutritional recommendations for HF remain limited. Among all, the
Mediterranean diet (PREDIMED study)- an intervention known to decrease the incidence
of cardiovascular events with nuts and olive oil (Estruch et al., 2018) showed that major
cardiovascular events were lower in patients assigned to a supplemented-Mediterranean
diet than among those with a reduced-fat diet. Another intervention, the dietary approach
to stop hypertension (DASH) diet (Guo et al., 2021), emphasizes the consumption of
whole grains, fruit, vegetables and low-fat, among others. This antioxidant dietary
approach was mainly addressing HF-induced inflammation and ROS generation
(Aleksandrova et al., 2021).

Accumulated evidence links diets rich in carbohydrates with metabolic syndrome
(Hyde et al., 2019, Liu et al., 2019). The restriction of sugar in the diet has been proposed
as a therapy for metabolic disease, such as Non-Alcoholic Fatty Liver Disease (Cohen
et al., 2021), insulin resistance or type 2 diabetes (Janket et al., 2003). Studies show that
following a low-carbohydrate diet shares common weight loss benefits with low-fat diets
(Hu et al., 2012, Bazzano et al., 2014). Special attention is made to the type of fat eaten
under a low carbohydrate diet, in which fat is not restricted. Therefore, the use of this
dietary restriction has emerged as a nutritional strategy for fighting cardiovascular
diseases. During recent years, low-protein diets based on a reduction in sulfur-amino

acids has been used for specific disease conditions, such as metabolic disorders or
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kidney disease (Handoom et al., 2018, Watanabe, 2017). The use of this diet has also
been linked to a reduction in the risk of cardiovascular events (Santesso et al., 2012,
Moatt et al., 2020).

Low-protein intakes maximize lifespan and high protein intakes maximize
reproduction (Han and Ren, 2010). The life-prolonging effects and the decrease in age-
associated morbidity is a common pattern of calorie restriction practice (Han and Ren,
2010).

Dietary activation of autophagy

Caloric restriction (CR) is defined as a reduction in food intake without
malnutrition. Many studies have related the importance of dietary patterns, specifically,
calorie restriction with cardiac function prognosis (Weiss and Fontana, 2011, de Lucia et
al., 2018). CR has been described as having cardioprotective effects and improving
functional outcomes in animal models (Sandesara and Sperling, 2018) and in humans
(Dolinsky and Dyck, 2011). The molecular mechanism responsible for this
cardioprotection involves reduced inflammation (Ahmet et al., 2011), myocardial fibrosis
(Escobar et al., 2019), or oxidative stress, among others. It is also known to reduce the
nutrient sensing pathway mTOR, promoting the elimination of damaged organelles
(autophagy) (Bagherniya et al., 2018). Modulation of autophagy is a primary mechanism
underlying the lifespan and health promoting of CR.

It is yet to be clarified whether the energy restriction protocol benefit is also
observed in a more time-restricted window, which could be linked to circadian rhythm
leading it to be thought that it is not about not eating but about when. In this regard, a
form of time-dependent CR is intermittent fasting (IF). IF involves significant energy
restriction on alternate time frames with ad libitum consumption in non-fasting periods.
Preclinical and clinical studies have confirmed the therapeutic effect of the IF diet on a
wide range of chronic disease, including CVD: it reduces body weight (Grajower and
Horne, 2019), type Il diabetes (Grajower and Horne, 2019) or damage by myocardial
infarction (Okoshi et al., 2019). Although the mechanisms are not fully understood, the
beneficial influence of IF in the heart suggests that autophagy could also play a
significant role in maintaining cardiac homeostasis in this scenario (Nishida et al., 2009).
Under normal conditions of nutrients, low levels of autophagy help to maintain cellular
homeostasis. However, during starvation or periods of energy deprivation, autophagy is

induced in an attempt to supply cellular nutritional demands.
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General summary of the state of the art

DCM represents an intervention-targetable disease in which mitochondria
remains a critical organelle and its malfunction in any aspect (morphology, dynamism,
or metabolism) negatively affects cardiac function. In general, cells are prepared to
replace themselves when an error occurs, and apoptosis takes place. However, the poor
heart regenerative capacity results in a total loss of cardiomyocytes. Thus, maintaining
good cardiac fitness is essential. Autophagy is one of the mechanisms responsible for
maintaining cell homeostasis, thus being vital in the heart. In fact, it is well known that
deficiencies in autophagic flux impair cardiac function. Whether a dysregulated
autophagic flux is the primary damage remains unknown. ER stress has been tightly
associated with an impaired autophagy through its interaction with mitochondria. Any of
these molecular pathways are plausible for being targeted with activators and/or
inhibitors being also a useful tool for studying their impact in cardiac function. In fact, not
only pharmacological interventions but also nutritional approaches have been used to
tackle impaired autophagy and ER stress. In view of the current state of the art, the
overall hypothesis of this work is that all the above-mentioned pathways play a relevant
role in the development of DCM associated with Yme 1/ cardiac genetic ablation, and so
different therapeutic strategies, such as nutritional interventions, to tackle these defects

would be beneficial.

Main motivation of this study

DCM is the principal cause of clinical HF in young and middle-aged individuals
worldwide. The lack of specific therapies has led us to investigate new strategies for its
prevention. In addition, the molecular bases of the disease are yet to be fully understood.
Previous studies have reported the role of mitochondria as one of the main disease
contributors. For this purpose, our group established a mice model of DCM in which
cardiac genetic deletion of the mitochondrial protease Yme1/ progress to HF. However,
the molecular mechanisms by which this genetic ablation develops to DCM have yet to
be shown. In this thesis, we seek to uncover new potential roles of YME1IL in
development of the disease and the mechanism behind DCM. Moreover, due to our
group’s interest in translational medicine, we investigate in this mouse model the pre-

clinical use of different nutritional approaches for targeting this untreatable disease.
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Objectives

The overarching goal of this work is to characterize the mechanisms by which
cardiomyocyte Yme1/ ablation leads to DCM and the development of interventions to

treat/prevent HF.
The overarching goal will be addressed through the following specific aims:

1. To delineate the molecular basis responsible for late-onset DCM upon genetic

ablation of Yme1I. For this aim, we propose the following 3 specific objectives:

a. To determine the impact of Yme1/ ablation on cardiomyocyte metabolic

pathways and their association with HF initiation and progression.

b. To study the role of YME1L in cardiomyocyte quality control mechanisms

(mitophagy and autophagy).

c. To evaluate the role of YME1L in mitochondria-to-ER interplay and the impact of

these on HF development.

2. To test nutritional interventions that could alleviate Yme 1/ ablation-associated HF.

For this aim, we propose the following 2 specific objectives:

a. To compare different dietary approaches based on variable fat concentrations
(i.e., high fat, non-fat, low fat) as strategies able to ameliorate DCM and HF

development in mice lacking YME1L in cardiomyocytes.
b. To study the synergistic effect of the best dietary approach identified in (a) and

intermittent fasting on their capacity to prevent development of DCM and HF in

mice lacking YME1L in cardiomyocytes.
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Materials and Methods

Mice handling

Yme1l cardiac specific knockout mice (cYKO) were generated as described in
(Wai et al., 2015). Experimental procedures were approved by the CNIC animal Care
and ethics committee and Madrid regional authorities (PROEX 099/16 and 176.3/20) and
pursuant to EU Directive 2010/63EU and Recommendation 2007/526/EC, enforced in
Spanish law under Real Decreto 53/2013. Mice were maintained under pathogen-free
conditions in a temperature-controlled room and a 12-hour light-dark cycle at the CNIC
animal facility. Water was available ad libitum. For the purpose of this thesis, different
diets were administered ad libitum once the animals were adult onwards. The

composition of each diet was as follows:

Non Fat Diet Chow CNIC Low Fat Diet | High Fat Diet

E15100-147 Diet Lab5k54 E15112-34 E15742-347
Crude protein, % 20.8 19 20.7 241
Crude fat, % 0.2 4.6 10.2 34
Crude fibre, % 5 4.2 5 6
Crude ash, % 5.6 6.3 5.9 6
N free extracts, % 63.6 55,5 53.9 271
Starch, % 45 40.7 334 1.1
Sugar/dextrines % 16.8 ~13 18.3 23.8

Table 2. Diet composition representing the percentage (%) of macronutrients
and starch. N=nitrogen

The data from this table was extracted from the datasheet of each diet. The data
regarding Sugar/dextrines from the chow CNIC diet was calculated considering that N

free extracts should be the sum of starch + sugar + other components.
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Intermittent fasting-feeding regimens

cYKO mice were subjected to different intermittent fasting protocols. The

periodicity and feeding regimen after fasting was as described below.

Energy restriction for Eating days-ad libitum Energy restriction preNFD for 10 weeks.
two consecutive days chow diet intake for two Energy restriction for
and ad libitium intake Fasting days-energy consecutive days two consecutives days
of chow diet for other restriction and ad libitium and ad libitum intake of
five days intake of NFD for NFD for other five days
other five days
Days of the week 2Fast:5CD 2Fast:1CD:2Fast:2CD 2Fast:5NFD NFD+2Fast:5NFD
Monday Fast Fast Fast Fast
Tuesday Fast Fast Fast Fast
Wednesday Eat-CD Eat-CD Eat-NFD Eat-NFD
Thursday Eat-CD Fast Eat-NFD Eat-NFD
Friday Eat-CD Fast Eat-NFD Eat-NFD
Saturday Eat-CD Eat-CD Eat-NFD Eat-NFD
Sunday Eat-CD Eat-CD Eat-NFD Eat-NFD

Table 3. Overview of the feeding regimens used.
CD: Chow diet, NFD: non-fat diet

Echocardiographic analysis

Transthoracic echocardiography was blinded performed by an expert operator
using a high-frequency ultrasound system (Vevo 2100, Visual Sonics Inc., Canada) with
a 30-MHz linear probe. Two-dimensional (2D) and M-mode (MM) echography were
performed at a frame rate above 230 frames/sec, and pulse wave Doppler (PW) was
acquired with a pulse repetition frequency of 40 kHz. Mice were lightly anesthetized with
0.5-2% isoflurane in oxygen, adjusting the isoflurane delivery trying to maintain the heart
rate at 45050 bpm. Mice were placed in supine position using a heating platform and
warmed ultrasound gel was used to maintain normothermia. A base apex
electrocardiogram (ECG) was continuously monitored. Images were transferred to a

computer and were analysed off-line using the Vevo 2100 Workstation software.
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Systolic function analysis

For left ventricular (LV) systolic function assessment, parasternal standard 2D
and MM, long and short axis views (LAX and SAX view, respectively) were acquired. LV
ejection fraction, LV fractional shortening, and LV chamber dimensions were calculated

from these views.

Positron Emission Tomography-Computed Tomography (PET/CT)

"8F-fluorodeoxiglucose ("8F-FDG) PET for imaging glucose uptake

PET-CT studies were performed with a small-animal PET/CT scanner
(nanoScan, Mediso, Hungary). CT study was acquired 30 minutes after intravenous
administration of 16,8 £ 0.6 MBq of 18F-FDG using an X-ray beam current of 178 pA
and a tube voltage of 45 kVp and reconstructed using a Ramlack algorithm. After the CT
scan, PET data were collected for 30 minutes and reconstructed using Teratomo 3D
algorithm (Mediso, Hungary) with 6 subsets and 4 iterations, in an 85x65x236 matrix

(voxel dimensions of 0.4mm).

For the PET-CT acquisition, mice were anesthetized using isoflurane 2% and 1.8
L/min oxygen flow. Ophthalmic gel was placed in the eyes to prevent drying. Glucose

was measured before the 18F-FDG administration.

"8F_Fluoro-6-thia-heptadecanoic acid ("®F-FTHA) synthesis and PET for imaging fatty

acid utilization

"8F-FTHA was synthetized as previously described (Degrado, 1991). Briefly, 8F-
FTHA is synthetized by nucleophilic radiofluorination of the precursor benzyl-14-(R,S)-
tosyloxy-6-thiaheptadecanoate. Mixture of Kryptofix 222, K.COs (26.7 mg/mL) and
commercial '®F (ITP, K.,COj3 as solvent) was dried at 100°C under N, atmosphere. The
precursor solution (1 mg in 0.5 ml acetonitrile) was added and allowed to react for 8 min
at 90°C under N2 atmosphere. Hydrolysis of the benzyl protecting group was carried out
by 0.2M KOH addition and heat. The solution was then neutralized with acetic acid and
purified by C18 Sep-Pack. In order to make it injectable for mice, the purified product is
reformulated by ethanol evaporation and PBS 1x addition, reaching a 20% ethanol

solution in PBS 1x.
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Purity was evaluated by high-performance liquid chromatography (HPLC) on a
C18 column using methanol:water:acetic acid (88:12:0.4) as eluent at a flow rate of 0.8
ml/min.

In-vivo PET/CT imaging was performed in WT and cYKO mice. Before the
imaging studies, mice had free access to food and water. After being anesthetized (2%
isoflurane in 100% oxygen) each mouse received 8.2 + 0.5 mBqg of '®F-FTHA
intravenously.

PET/CT imaging (Mediso, Hungary) was carried out for 20 minutes immediately
after the administration of the radiotracer. Four frames of 5 minutes were reconstructed
to obtain the images. All data were corrected for dead time, decay, and photon

attenuation.

PET imaging analysis

Images were analysed with AMIDE software. Quantitative analysis was
performed by spherical regions of interest with voxel dimensions of 0.2x 0.2 x 0.2 mm
delineated on the coronal axis of the heart of each animal to capture the maximum '8F-
FDG uptake value. Standardized uptake value (SUVmax; proportional to the glucose
metabolism) was calculated as the maximum '"8F-FDG or 'F-FTHA uptake value

normalized by the injected activity and the body weight of the animal.

Metabolic cages

Mice were handled under controlled temperature and lighting. Animals had free
access to water and food. After an adaptation period of the animals, mice were monitored
for 3 days in individual metabolic cages (Oxyletpro Physiocage) for food and water
intake, energy expenditure, O»/CO- respiration, respiratory exchange ratio and physical
activity. Data was extracted and analysed with Metabolism 3.0 software. All data was
normalized for body weight (kg.). For illustration, data is shown in day (white) and night

(blue) cycles in a complete period of 44 hours.

Heart mitochondria isolation

Mice were sacrificed by cervical dislocation, animals were placed in a supine
position, ventral thoracic regions were wiped with 70% ethanol. An incision was made
on the descending aorta to exsanguinate and then two incisions were made in the heart

to avoid blood accumulation inside the heart.
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The heart was dissected and briefly washed with ice cold isolation buffer (IB)
(Sucrose 275 mM, Tris base 20 mM, EGTA 1mM, pH 7.2) to remove excess blood. The
heart was placed over a glass petri dish on ice and was immediately cut into small pieces
with a #10 bistoury blade. The small pieces of tissue were placed inside a 2 ml glass
tube on ice along with 2ml of IB plus Trypsin 100 ul/ml (Dutscher X0930), the tissue was
gently homogenized with a PTFE grooved pestle for tissue grinder for 4 min in ice. The
grinder was reshaped to avoid friction between the glass and the grinder allowing smooth

homogenization and to avoid the generation of air bubbles.

Trypsin was inactivated with 8 ml of IB plus 0.025 % BSA fatty acid free (Sigma-
Aldrich A6003). The suspension was transferred into a 15 ml centrifugation tube and
centrifuged at 1000 x g at 4 C for 10 minutes. The supernatant containing mitochondria
was collected and transferred into a 15 ml fresh tube for a second centrifugation at 32000
x g at 4 C for 15 minutes, the supernatant was discarded, and the crude mitochondrial

pellet was gently resuspended in 100 ul of IB + BSA.

High-resolution respirometry

Oxygen consumption was measured by high-resolution respirometry (Oxygraph-
2K, OROBOROS Instruments, Innsbruck, Austria). The oxygraph consists of a two-
chamber respirometer with a peltier thermostat and electromagnetic stirrers. Fresh
isolated mitochondria were incubated in a potassium medium containing 0.5 mM EGTA,
3 mM MgCl,-6H,0, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 200 mM sucrose,
and 1g/I BSA, adjusted to pH 7.1 with KOH at 30°C. The medium had previously been
equilibrated with air in each chamber completely open (set at 2 mL) at 37°C and stirred
at 750 rpm until a stable signal was obtained for calibration at air saturation. A final
concentration of 0.3 mg/mL of protein content in the respiratory buffer was used for the
measurements. A protocol was developed for measurement of the different
mitochondrial chain respiratory states, as follows. After closing the chamber, an initial
state 2 or routine was measured in the presence of 5 mM malate and pyruvate,
substrates for the complex |, which correspond to the basal respiration in absence of
ADP. Active respiration (state 3) was then initiated by adding 2.5 mM ADP promoting a
quick response of the ETC coupled to the oxidative phosphorylation translated into a
rapid increase of oxygen consumption until all ADP was phosphorylated to ATP. Then
oligomycin was added to inhibit ATP-synthase called mitochondrial respiratory state 4 or
leak state, which corresponds to a non-phosphorylating resting state. After that, titrations

of FCCP were added to measure uncoupled state.
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Finally, complex Ill activity was inhibited by the addition of 2.5 uM antimycin A.
The data was obtained at 0.2-s intervals using a computer-driven data acquisition system
(Datlab, Innsbruck, Austria).

H.O, flux, ATP production and extramitochondrial Ca?* movement were
simultaneously assessed with respirometry in the O2k-Fluorometer. H,O, flux was
measured using the H>O»-sensitive probe Amplex® UltraRed. 10 uM Amplex® UltraRed
(AmR), 1 U/mL horse radish peroxidase (HRP) and 5 U/mL superoxide dismutase (SOD)
were added to the chamber. Calibrations were performed with H-O- repeatedly added at

0.1 uM steps.

Measurement of ATP production was performed using the fluorophore
Magnesium Green™ as previously described in (Cardoso, 2021). CaGreen-5N, a single
wavelength fluorescent dye, was used to measure extramitochondrial Ca?* as performed
by (Naszai et al., 2019).

Adult mice ventricular myocytes isolation

The protocol for adult mouse ventricular myocytes is described here (Garcia-
Prieto et al., 2014). Briefly, Animals were euthanized with CO,. Once pedal pinch reflexes
were completely inhibited, animals were placed in a supine position and ventral thoracic
regions were wiped with 70% of ethanol. The heart was quickly removed, cannulated
through ascending aorta, and mounted on a modified Langendorff perfusion apparatus.
The heart was retrogradely perfused for 5 min at room temperature with Perfusion Buffer
[NaCl (113 mmol/L); KCI (4.7 mmol/L); KH2PO4 (0.6 mmol/L); Na;HPO4 (0.6 mmol/L);
MgS04-7H20 (1.2 mmol/L); NaHCOs (12 mmol/L); KHCO3 (10 mmol/L); Phenol Red
(0.032 mmol/L); HEPES-Na Salt (0.922 mmol/L); taurine (30 mmol/L); glucose (5.5
mmol/L); 2,3-butanodione monoxime (10 mmol/L), pH 7.4]. Enzymatic digestion was
performed with digestion-buffer [perfusion-buffer with Liberase™ (0.2 mg/mL); Trypsin
2.5% (5.5 mmol/L); DNase (5x10-3 U/mL) and CaCl, (12.5 umol/L) for 20-25 min at 37°C.
At the end of the enzymatic digestion, both ventricles were isolated and gently
disaggregated in 5 mL of digestion buffer. The resulting cell suspension was filtered
through a 100um sterile mesh (SEFAR-Nitex) and transferred for enzymatic inactivation
to a tube with 10 mL of stopping-buffer-1 [perfusion-buffer supplemented with fetal
bovine serum (FBS, 10% v/v) and CaCl, (12.5 umol/L).
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After gravity sedimentation for 20 min, cardiomyocytes were resuspended in a
stopping buffer-2 containing lower FBS (5% v/v) for another 20 min. Cardiomyocytes
Ca?"-reintroduction was performed in a stopping buffer-2 with two progressively
increased CaCl, concentrations (112 umol/L and 1 mmol/L). Cells were resuspended
and allowed to decant for 15 min in each step, contributing to the purification of the

cardiomyocyte suspension.

For imaging studies, the homogenous suspension of rod-shaped cardiomyocytes
was then resuspended in M199 supplemented with Earle’s salts and L-glutamine,
penicillin-streptomycin (1%), 0.1x insulin-transferring-selenium-A, bovine serum albumin
(BSA, 2g/L), blebbistatin (25umol/L) and FBS (5%). Cells were plated in the
corresponding plate precoated with 200ul of mouse laminin (10mg/mL) in phosphate-

buffer saline (PBS) for at least 1 hour.

For transmission electron microscope studies, rod-shaped cardiomyocytes were

resuspended in the corresponding fixation buffer.

Lysotracker staining

Isolated adult cardiomyocytes were plated for 1 hour in laminin-precoated p24
plates. After that time, the medium was removed and cardiomyocytes were stained with
100 nM of LysoTracker™ Red DND-99 (#L7528, Thermo Fisher) in M199 completed
medium for 30 mins at 37°C. After that time, the medium was removed and replaced with
new M199 completed medium. Live cell imaging and fluorescent images were acquired
with a Nikon Time-lapse microscope. Lysotracker was observed using a 577/590

excitation/emission filter.

Cathepsin function assay

WT and cYKO mice were euthanized, the heart was cut into three parts and
collected in three cold PBS tubes for the study of different cathepsin activity. Protocols
were followed as described in each datasheet: Cathepsin D activity (Abcam #65302),
Cathepsin B activity (Abcam #65300) and Cathepsin L activity (Abcam #ab65306).
Briefly, after collection in cold PBS, tissue was resuspended in a cell lysis buffer and

homogenized using a PTFE grooved pestle for tissue grinder for 2 minutes on ice.
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After 10-15minutes incubation on ice, samples were centrifuged for 5 minutes at
4°C at maximum speed. The supernatant was transferred to a new tube and the assay
procedure for measuring the activity was performed as indicated in each datasheet. For
measuring the activity, fluorescence microplate available at CNIC with the following filters
excitation was used: 355/460 for cathepsin D and 390/538 for cathepsin B and L.
Fluorescence measurement in each sample was normalized to total protein content
measured by BCA kit.

Transmission electron microscopy (TEM)

For adult isolated cardiomyocytes. Cells were fixed with a 3% glutaraldehyde in
a 0.1M cacodylate buffer. After washing the fixative in a cacodylate buffer, post-fixation
was carried out with 1% aqueous osmium tetroxide in 0.8% potassium ferricyanide for 1
hour. After washing, a block contrast was performed in 2% aqueous uranyl acetate for

30 minutes.

For heart tissue. Tissue was fixed with a mixture of 4% paraformaldehyde and
2% glutaraldehyde in 0.1 M a cacodylate buffer. After washing the fixative in a cacodylate
buffer, the tissue was postfixed with 1% osmium tetroxide in 0.8% potassium ferricyanide

for 1 hour.

After these steps, protocol continued as follows: the sample was dehydrated
passing through ethanol in increasing concentration (30%-50%-70%-95%-absolute) and
acetone to proceed to Durcu-pan epoxy resin infiltration. After polymerization of the resin,
ultrathin sections (60 nm) were made with a Leica Reichert Ultracut S ultramicrotome
and placed on grids. Finally, the sections were contrasted with 2% uranyl acetate and
Reynolds lead. For the ultrastructural study, a Jeol Jem 1010 Transmission Electron
Microscope was used, equipped with a Gatan Orius200 SC digital camera (Pleasanton-
CA). Individual images were acquired at 10000X and 40000X magnification for:
mitochondria quantification (10000X) in tissue samples and MAMs evaluation (40000X)
in cardiomyocyte isolated samples using Imaged software 1.52p Wayne Rasband from
USA National Institute of health (NIH).
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TEM analysis

Using ImageJ software, mitochondria was hand-delineated for measuring surface
(um2) and quantity in 10 images of 10000X magnification for each animal. For the study
of the mitochondrial associated membranes (MAMS), we studied the following

parameters in 40000X magnification images:

ER lenght (nm) = length of the ER and mito contact

ER lenght in contact with mitochondria

MAM %) =
s coverage (%) Mitochondria perimeter

ER to mito distance: physical distance (nm) between the two organelles

Leupeptin assay for measuring autophagic flux

Mice received an intraperitoneal injection (i.p.) of PBS or 40mg/kg Leupeptin
(#109875-Merck Millipore). After 40 mins, the animals were euthanized, and heart tissue

was frozen in liquid N for further studies.

Tunicamycin assay for inducing ER stress

Mice received an intraperitoneal injection (i.p.) of DMSO or 2mg/kg Tunicamycin
(#T7765-Sigma Aldrich). After 3 days, the mice were evaluated by echocardiography.
The mice were then euthanized, and heart tissue was frozen in liquid N2 for further

studies.

Protein extraction

Tissue samples were lysed in a RIPA buffer containing protease inhibitors
(complete-Roche) and phosphatase inhibitors (PhosphoSTOP-Roche) in a TissuelLyser
for 15 min at a frequency of 1/50 s. Samples were incubated in ice for 10 mins. The
supernatant was separated by centrifugation at 12000 g for 20 min at 4°C, and total
protein concentration was detected using a BCA protein assay kit (ThermoFisher) using
bovine serum albumin (BSA) as the standard. Protein was quantified with a Thermo

Scientific™ Pierce™ BCA Protein Assay Kit.
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Using a 96 well plate a standard curve of 10 pl of 0-2 concentrations mg/ml of
BSA and 2/5 pl of sample were prepared. Reactives A and B from the kit were mixed in
1:50 proportion and 200 ul were added to each well. All samples were prepared in
duplicate and incubated 30 min at 37 °C. Absorbance was read at 562 nm using a

xMark™ Microplate Absorbance Spectrophotometer (BR®).

Western blot

Equal amounts of protein (15-50ug, depending on the selected protein) were
separated by SDS-PAGE and transferred to a 0.2 um nitrocellulose membrane using
transfer apparatus (Trans-Blot®Turbo™ Transfer System) according to the
manufacturer’s protocol. Briefly, the transfer program was chosen according to the
molecular weight of interest protein. Then, membranes were stained with ponceau S to

check transfer efficiency and subsequently washed with 0.2% 1X TBST.

Blocking was performed in either 5% of non-fat milk or BSA (if phosphorylation)
in 1X TBST for 1 hour at room temperature, membranes were washed 3 times 5 min
each with TBST 1X and incubated overnight at 4°C balancing with antibodies in 2.5%
BSA / TBST solution.

Antibody Dilution Reference
LC3 1:1000 Abcam #51520
BECLIN1 1:1000 Cell Signaling #3738S
p62 1:1000 Cell Signaling #5114
p-AMPK 1:1000 Cell Signaling #2535
Total AMPK 1:1000 Cell Signaling #2532
PARKIN 1:1000 Abcam #77924
CHOP 1:1000 Cell Signaling #2895
MCU 1:1000 Cell Signaling #14997
ATF4 1:1000 Boster M00371
OxPHOs complex 1:5000-1:10000 Abcam #19615
OPA1 1:1000 Thermo Fisher #PA1-16991
p-DRP1 1:1000 Cell Signaling #3455S
Total DRP1 1:1000 Cell Signaling #8570S
MFN2 1:1000 Abcam #56889
VINCULIN 1:10000 Sigma Aldrich V4505
GAPDH 1:10000 Abcam #8245
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VDAC1 1:10000 Abcam #14734

Table 4. Antibodies, dilution and reference used for immunoblotting
experiments

The following day, membranes were washed 3 times 5 min each with TBST and
incubated for 1 hour with HRP-conjugated anti-mouse or anti-rabbit (1:5000 or 1:10000).
Bound antibody signals were developed with Immobilon® Western Chemiluminescent
HRP Substrates (MERCK, MILLIPORE). Quantitative densitometry was performed using

Fiji (ImageJ) software.

If phosphorylation was studied, the phosphorylated protein was revealed first.
Then, stripping of the membrane was performed in a hood for 5 mins at 65°C using
stripping buffer (For 1L: 740 mL dH20O, 200 mL SDS 10%, 125 mL HCL TRIS pH: 6.8, 8

mL B-mercaptoethanol).

After this, the membrane was incubated with the HRP-conjugated antibody to

ensure band elimination. Incubation with the Total-antibody was done as normal.

RNA extraction and cDNA preparation

RNA extraction was performed using RNeasy plus mini kit (# 74136, Qiagen).
Between 50-100 mg of tissue was digested using 300 ul of TRIzol reagent and
homogenized using a TissueLyser LT-QG®© 15 min 1/50 s frequency. Samples were
incubated 5 min at RT. The sample volume did not surpass 10% of the TRIzol volume
used. 0.1 ml of chloroform per 300 ul of TRIzol were added and samples were
energetically vortexed 15 s and incubated at RT 3 min. Centrifugation at 12000xg at 4°C
15 min was carried out. RNA remained in the upper aqueous phase after centrifugation,
which was transferred into a fresh tube. Following kit protocol, RNA was eluted in 40ul
of mgqH20 and quantified as described with DNA.

Isolated RNA was reverse-transcribed into cDNA using Applied Biosystems™
High-Capacity cDNA Reverse Transcription Kit. For the reaction, between 200-1000 ng
of RNA were added to 2 ul of RT buffer, 0.8 ul of DNTPs, 2 ul of random primers and 1
pl of reverse transcriptase to each well. Reaction was incubated in a C71000 Touch

Thermal Cycler (BR®) instrument using this protocol:
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Priming (25°C, 10 min), Reverse Transcription (37°C, 120 min), RT inactivation
(85°C, 5 min), Optional Step (4°C, hold). gPCR was conducted as explained, with Hprt

as loading control. Primers were designed with PrimerBlast.

Gene Reference Primer forward (FW)
Primer reverse (RV)
ATPaseVI NM_027439.4 FW: TGGGGAAAGCAAACTCGGTG
RV: AGAAAGAGCAGGTCAACCTCATTA
CtsB NM_007798.3 FW: ATTCACACCAATGGCCGAGT
RV: CCACCATTACAGCCGTCCC
CtsD NM_009983.3 FW: GGCAGTGCCTCTTATCCAGG
RV: CACCCTGCGATACCTTGAGT
CtsL NM_009984.4 FW: GTGGACTGTTCTCACGCTCA
RV: ACAAGATCCGTCCTTCGCTT
Lamp1 NM_001317353.1 FW: GGTAACAACGGAACCTGCCT
RV: TCTGGTCACCGTCTTGTTGT
Lamp2 NM_001017959.2 FW: TGGCTAATGGCTCAGCTTTCA
RV: GAACTTCCCAGAGGGGCATC
Tfeb NM_001161722.1 FW: AGATGCCTAACACGCTGCC
RV: CTCGCTTCTGAGTCAGGTCG
Perk NM_001313918.1 FW: CCGAAGTGACCGTGGAGGAC
RV: TGATTACCAAGGACCTGCCG
Chop NM_001290183.1 FW: ACCTGAGGAGAGAGAACCTGG
RV: CGTCTCCAAGGTGAAAGGCA
Grp78 NM_001163434.1 FW: TCTCAGATCTTCTCCACGGC
RV: AGGGGTCGTTCACCTTCATAG
Atf6 NM_001081304.1 FW: TGTATTACGCCTCCCCTGGA
RV: TGGTAATAGCAGATGATCCCTTCG
Ire1a NM_023913.2 FW: AGCTGTGGTCAAGATGGACTG
RV: TCCCGGTAGTGGTGTTTCTTGT
Atf4 NM_001287180.1 FW: ACCATGGCGTATTAGAGGCAG
RV: GATTTCGTGAAGAGCGCCAT
Hprt NM_013556.2 FW: AGGGATTTGAATCACGTTTGTGTC
RV: TTTGCAGATTCAACTTGCGCT

Table 5. Genes, reference and primers used for real-time quantitative PCR
experiments
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DNA extraction

Total heart DNA was extracted using DNeasy® Blood and Tissue kit (#69504
Qiagen). Briefly, a small heart tissue piece was incubated with an ATL buffer + proteinase
K at 56°C until completely lysed (minimum 3 hours to overnight). After this, an AL buffer
was added and mixed thoroughly by vortexing. 100% ethanol was added and mixed
thoroughly. The sample was added to a DNeasy spin column placed in 2 ml collecting
tubes. Following Qiagen protocol steps, DNA was eluted in 40 pl of mqH20.
Concentrations were determined using ND-1000 UV-Vis Spectrophotometer-
NanoDrop™. 1 ul of sample was placed onto a reader, absorbance was read at 260 and
280 nm. A ratio of 1.8-2 was considered as adequately pure for studies. After this, all

samples were normalized to 3 ng/ul.

Mitochondrial DNA quantification

For preparing the Master Mix: 5.4 ul from SYBR green PCR master mix (#
4368702, Applied Biosystem) + 0.3 ul of forward primer (10 uM) + 0.3 ul of reverse primer
(10 uM). To each well, 4 ul of the sample (3 ng/ul) + 6 ul of the Master Mix were added.
Running was performed in a CFX384Touch RT-PCR Detection System-Bio-Rad® (BR®)
instrument with the following protocol: step1 (50°C, 2 min), step2, (95°C, 10 min), step3
(95°C, 15 s and 60°C, 1 min; x39 cycles), step4 (65 to 95°C with 0,5°C increment each
55s).

For mitochondrial DNA (mtDNA) quantification, the ratio between a ND2
mitochondrial gene and HPRT nuclear reference gene was calculated. Primers were
designed with Primerblast. Template, reference sequence, orientation, sequence,
annealing T° and product length respectively showed for each gene:

Hprt (NC_000086.7): FW: GCTTGCTGGTGAAAAGGACC-59.7°C, RV:
TGATTGGCCAAAGGGCATCT-59.9°C. 74 pb

Nd2  (NC_005089.1): FW: TCAGCCTACTAGCAATTATCCCC-59.4°C, RV:
CTGTTGCTTGTGTGACGAAGT-59.3°C. 93 pb
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Statistics

Experimental data are represented as mean + standard error of the mean (SEM)
or standard deviation (SD), as indicated in each figure. Data were analyzed with Prism
Software (Graph Pad, Inc.). For normally distributed variables, comparison between two
groups were made by unpaired two-tailed Student t-test. For non-normally distributed
variables, the nonparametric Wilcoxon-Mann-Whitney test was used. Comparison
between more than two groups was made by One-way ANOVA with Dunnett’s or Sidak’s
multiple comparison test, depending on the experimental setting addressed. The Two-
way ANOVA t-test with Tukey's post-hoc test was used for two-group comparisons
considering tunicamycin treatment and genotype. Power calculations were used to
obtain statistical significance at p-values below 0.05; *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001
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Results

Cardiac-specific Yme 1/ ablation causes a late-onset dilated cardiomyopathy

We previously showed that mice lacking YME1L in cardiomyocytes (cYKO)
display a DCM phenotype in adulthood (Wai et al., 2015). To better characterize the
cardiac function trajectories in mice lacking cardiomyocyte’s YME1L, we performed a
serial longitudinal echocardiographic study (i.e., every 10 weeks from birth). As shown
in Figure 6A, LV size (LV internal diameter, LVID) and LV systolic function (LV ejection
fraction, LVEF) were unaffected during the first 20 weeks of life, showing a progressive
deterioration with pathognomonic features of DCM (LVID enlargement along with LVEF
decline) which becomes apparent at 30 weeks of age (Figure 6A). In Figure 6B, 6C, an
echo representative image showing the ventricular chamber dilation, clearly evidencing
an enlargement of the heart of a 40-week-old cYKO mice when compared with a wild-

type animal.
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Figure 6. Cardiac function progression in cYKO mice

(A) Echocardiographic evaluation of cardiac function of cYKO male mice in weeks. Left Y axis: Left
ventricular ejection fraction (LVEF-red), right Y axis: Left ventricular internal diameter (LVID-green).
X axis: age (weeks). Black dotted line represents selected LVEF (<40%) and LVID (>4mm) values
for cardiac dysfunction. Data represent means + SEM, *P<0.05, ** P<0.01 after Dunnett multiple
comparison paired t-test (N=11).

(B) Representative 2D echocardiography images of a WT animal (upper panel) and cYKO animal (lower
panel) from 40-week-old.

(C) Representative M-mode echocardiography images of a WT animal (upper panel) and cYKO animal
(lower panel) from 40-week-old.
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The slow progression and the late onset of the disease allowed us to establish
two differentiated timepoints to study the molecular correlates of the functional status:
(1) 10 weeks of age represents a subclinical stage of the disease, where LV size and
function are unaffected. (2) 35 weeks of age represents a timepoint of overt DCM with

end-stage HF phenotype (Figure 6A).

Before the onset of dilated cardiomyopathy, mitochondria from cardiomyocytes

lacking YME1L are large and display an enhanced respiration capacity

We previously showed that Yme1/ ablation in cardiomyocytes is associated with
fragmented mitochondria, which are smaller and more numerous, and a DCM phenotype
in adult mice (Wai et al., 2015). This mitochondrial phenotype was identified at late
stages of DCM, when HF was already present. Whether the mitochondria phenotype
preceded the onset of the DCM and HF phenotype remained unexplored. To this aim,
we studied the cardiomyocyte mitochondrial ultrastructure in cYKO mice (and WT
littermates) at the early timepoint chosen (10 weeks of age), where hearts were

anatomically and functionally normal.
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Figure 7. Mitochondrial ultrastructure before DCM

(A) Representative transmission electron microscopy (TEM) images of heart tissue from 10-week-old
WT and cYKO mice. Scale bar corresponds to 2um.

(B) Mitochondrial number. Data represent means + SD. ***P<0.001 after parametric unpaired t-test
(N=6)

(C) Mitochondrial size (um?2). Data represent means + SD. **P<0.01 after parametric unpaired t-test

Strikingly, transmission electron microscope (TEM) images (Figure 7A) revealed
a reduction in the number of mitochondria in cYKO mice (Figure 7B). Furthermore,
mitochondria were not only not smaller than those of WT, but they displayed an increase

in their size (surface) (Figure 7C).

These results suggest that lack of YME1L (and OPA1 processing) is not per se

enough to induce mitochondrial fragmentation.

The number of mitochondria DNA copies (surrogate for biogenesis) was
significantly reduced in cYKO mice (Figure 8). The latter suggests that the increase in
organelle size observed before cardiac function does not result from fusion or pre-
existing mitochondria. This is in line with the inability of YME1KO mice to undergo

mitochondrial fusion.
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Figure 8. Mitochondrial DNA content before

DCM

(A) Mitochondrial DNA (mtDNA) copy number
measured by the ratio between ND2
(mitochondria) and HPRT (nucleus) in heart
tissue from 10-week-old WT and cYKO mice.
Data represent means + SD. *P<0.05 after
parametric unpaired t-test (N=5-7)
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Mitochondrial DNA density is often correlated with the respiratory capacity of this
organelle (i.e., a reduction in mtDNA is linked with reduced ATP production and less
respiration). In order to study whether the reduction in mtDNA copies observed at the
tissue level was due to a reduction of mtDNA per mitochondria on the contrary to a
reduction of the number of mitochondria that are otherwise normofunctional, we decided
to evaluate mitochondrial bioenergetics using a High-Resolution Respirometer (HRR)
with the O2k in isolated mitochondria at the early stage where cardiac function is still

unaltered.

Briefly, the principle of the HRR-O2k is based on the monitorization of oxygen
concentration over time while performing various titrations of substrates and inhibitors of
the OXPHOS complexes to define the bioenergetic contribution and the effects of the
OXPHOS complexes.

Mitochondria from cYKO cardiomyocytes displayed a significant increase in
OxPHOS respiration and ETS capacity when compared to their control littermates
(Figure 9B, 9C). Moreover, ATP production in isolated mitochondria from cYKO mice
was also higher (Figure 9C). Finally, ROS production was significantly reduced in

mitochondria isolated from cYKO mice (Figure 9D).
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Figure 9. Respiration of isolated heart mitochondria before DCM

(A) Representative trace of High Resolution Respirometry taken from the DatLab software. Left axis
refers to Oz concentration [uM], right axis refers to O2 flux per Volume [pmol/(s*ml)], X axis
represents time in hours and minutes [h:m]. Blue line along the trace indicates oxygen concentration,
black and red line indicate oxygen consumption or (JO2) by the biological sample, WT and cYKO,
respectively.

(B) Oxidative phosphorylation (OxPHOS) from isolated heart mitochondria from WT and cYKO. Oxygen
consumption of mitochondria was measured in the presence of Pyruvate + Malate (PM), adenosine
diphosphate (ADP) and oligomycin (Omy). Data represent means + SD. *P<0.05 after parametric
unpaired t-test (N=10)

(C) Maximal respiration of the electron transport system (ETS) from isolated heart mitochondria from
WT and cYKO mice. ETS was measured in the presence of uncoupler FCCP + Antimycin A. Data
represent means + SD (N=10). *P<0.05 after parametric unpaired t-test (N=10)

(D) ATP production (mM) in isolated heart mitochondria from WT and cYKO mice. Data represent
means + SD (N=4).

(E) ROS production from isolated heart mitochondria from WT and cYKO mice. ROS was measured in
the presence of H202 and normalized against oxygen consumption. Data represent means + SD.
**P<0.01 after parametric unpaired t-test (N=9-10)

When individual complexes were analyzed by immunoblot (Figure 10A) an

increase in Complex Il expression was observed (Figure 5B).
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Figure 10. OxPHOS complexes expression in isolated heart mitochondria before DCM

(A) Immunoblot analysis of individual expression of OxPHOS complexes in isolated heart mitochondria
from WT and cYKO 12-week-old mice. VDAC1 was used as a loading control.

(B) Quantification of individual OxPHOS complexes in isolated heart mitochondria from WT and cYKO
12-week-old mice. Data represent means + SD. **P<0.01 after parametric unpaired t-test (N=3-5)

Collectively, these data indicate that cardiomyocyte mitochondria from young
cYKO mice (i.e., when there is no cardiac dysfunction) are larger (due to the inability to
fuse with one another) and display higher (compensatory) respiratory capacity. These
data suggest that the lack of YME1L is not directly associated with disbalanced

mitochondrial dynamics in early timepoints of cYKO mice development.
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Ruling out that primary dysfunction of mitochondria is present in a subclinical

stage of the disease, we explored organelle quality control processes.

Loss of cardiomyocyte’s YME1L results in impaired autophagy

In order to identify altered molecular pathways associated with future
development of DCM, we studied quality control machinery in 10-week-old cYKO mice
(a time when no phenotype is yet apparent). We speculate that maintenance of an
efficient removal of injured organelles (mitochondria and others) should be vital for the

conservation of cardiomyocyte homeostasis before the onset of cardiac dysfunction.

We explored LC3, a key marker recruited into autophagosomes during induction
of autophagy. We found an accumulation of LC3-ll in cardiomyocytes of cYKO animals
(Figure 11B). BECLIN1, implicated in early steps of autophagy initiation, was also
significantly upregulated in cYKO animals (Figure 11B).

To determine whether the observed accumulation of LC3-Il was due to enhanced
induction of autophagy or by contrast is resulting from defective autophagic degradation
(last steps of the process), we checked the density of p62/SQSTM1, a protein that is a

specific target of autophagy degradation.
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Figure 11. Autophagy markers expression in heart tissue before DCM.

(A) Immunoblot analysis of LC3, BECLIN1 and p62 expression in heart tissue from WT and cYKO 12-
week-old mice. GAPDH was used as a loading control.

(B) Quantification of LC3Il, BECLIN1 and p62 expression in heart tissue from WT (grey) and cYKO
(red) 12-week-old mice. Data represent means + SD. **P<0.01 after parametric unpaired t-test
(N=8-11)

The intracellular accumulation of p62 in cYKO mice confirmed the overt

insufficient autophagy in cardiomyocytes of these animals (Figure 11B).
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Altogether, these data indicate that the autophagic flux in cardiomyocytes from

cYKO mice is impaired by a defect in the final steps of the process.

Autophagosome-to-lysosome processing is altered in cardiomyocytes lacking
YME1L

Autophagosome-to-lysosome fusion is a critical step in the final execution of
autophagy. We evaluated whether a defect in this last step was responsible for the

impaired autophagy flux in cYKO cardiomyocytes.

Firstly, we evaluated the presence of acidic organelles (lysosome-associated
organelles) in isolated cardiomyocytes from cYKO and WT mice by using LysoTracker
Red (Figure 12A). As shown in Figure 12B, cardiomyocytes from cYKO displayed a

significantly higher density of Lysotracker Red puncta.
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Figure 12. Lysosome staining in isolated adult cardiomyocytes before DCM

(A) Representative fluorescence pictures of Lysotracker Red staining of isolated adult cardiomyocytes
from WT and cYKO 12-week-old. Brightfield pictures on the left.

(B) Quantification of Lysotracker Red staining signal of isolated adult cardiomyocytes from WT (grey)
and cYKO (red) 12-week-old mice. Data was normalized to WT fluorescence. Data represent means
+ SD. *P<0.05 after non-parametric Mann-Whitney test (N=3-4)
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To confirm the status of the lysosome formation process, we measured the

expression of some lysosome-related genes by qPCR.
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Figure 13. mRNA expression of lysosomal markers and function before DCM

(A) mRNA expression of ATPaseVI, CtsB, CtsD, CtsL, Lamp1, Lamp2, TFEB in heart tissue from WT
(grey) and cYKO (red) 12-week-old mice. Data represent means + SD. *P<0.05, **P<0.01 after
parametric unpaired t-test (N=5-7).

(B) Cathepsin B, D and L activity in heart tissue from WT (grey) and cYKO (red) 10-week-old mice.
Activity was normalized to pg of heart tissue protein. Data represent means + SD (N=7).

We found a pattern of gene expression suggestive of enhanced lysosomal
formation, as shown by the overexpression of Tfeb, Lamp1, and CtsD, (Figure 13A).
These data are in line with the higher abundance of lysosomes observed by LysoTracker
(Figure 12B).

We then wanted to explore whether a defective lysosome function was
responsible for the impaired autophagic flux. For this purpose, we measured the
lysosome functional capacity to fuse with autophagosome by measuring the activity of
cathepsins B, D, L. As shown in Figure 14B, we did not find any abnormality in cathepsin
function, suggesting that lysosome capacity to fuse with autophagosome is intact in

cYKO cardiomyocytes.

To confirm that the apparent defect in autophagosome-to-lysosome fusion was
responsible for the impaired flux, we performed a functional analysis by intraperitoneal
(i.p.) injection of 40mg/kg of the lysosomal inhibitor leupeptin (or vehicle) in cYKO mice
at the early timepoint (i.e., 10 weeks of age) and WT littermates. 40 min after leupeptin
injection, the mice were sacrificed and the heart levels of LC3-Il in the presence and
absence of leupeptin were analyzed (Figure 14A). As expected, in WT mice, LC3-lI

levels significantly increased after leupeptin injection.
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However, LC3-Il levels (which are significantly higher in cYKO mice as shown
previously in Figure 11B) variably increase further upon leupeptin challenge (Figure
14B).
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Figure 14. Autophagic flux measurement with leupeptin before DCM

(A) Immunoblot analysis of LC3 expression in heart tissue from WT and cYKO 12-week-old mice under
40mins of 40mg/kg of the lysosomal inhibitor leupeptin. GAPDH was used as a loading control.

(B) Quantification of LC3-Il in heart tissue from WT mice with (grey) and without (striped grey) leupeptin
and cYKO 12-week-old mice with (red) and without (striped red) leupeptin. Data represent means +
SD. *P<0.05 after parametric One-Way ANOVA test (N=5-11).

Altogether, these data confirm that lysosomes are normally generated in
cardiomyocytes lacking YME1L and suggest that the impairment of autophagy is not due
to a lysosomal defect. Therefore, these data identify a defective autophagosome-
lysosome fusion and/or degradation as a key feature of Yme71/ ablation in

cardiomyocytes.

Lack of YME1L disrupts ER-mitochondria tethering increasing Ca?* overload to

mitochondria

We speculated that the dysregulation of autophagy may be governed through the
interplay between mitochondria and another organelle. Since we observed an overt
structural change (enlargement) in mitochondria, we hypothesized that the interaction
with endoplasmic reticulum (ER) might be affected. In addition, ER is involved in

mitochondrial dynamics, which is disbalanced in cYKO mice.
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To address this, we evaluated by TEM the ER-mitochondria spatial interactions
(Figure 15A) by determining the distance, length and proportion of the mitochondrial
surface that was closely opposed to ER with a distance of less than 30 nm. A reduction
in MAMs coverage (Figure 15B), along with a reduction in ER length (Figure 15C) was
observed in isolated cardiomyocytes from cYKO mice, together with a decrease in ER-
mitochondria distance observed in isolated cardiomyocytes from cYKO mice (Figure
15D).
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Figure 15. Impact of Yme1/ ablation on MAMs association before DCM

(A) Representative transmission electron microscopy (TEM) images of isolated adult cardiomyocytes from 10-
week-old WT and cYKO mice. Mit (yellow)=mitochondria, ER (red)=Endoplasmic Reticulum. Scale bar
corresponds to 1um.

(B) Mitochondrial associated membrane (MAM) coverage (%), represented as the ratio between the ER length
in touch with mitochondria and mitochondrial perimeter. Data represent individual animals + SD (N=3-4).

(C) Endoplasmic reticulum (ER) length (nm), represented as the length of ER in touch with mitochondria. Data
represent individual animals + SD (N=3-4).

(D) ER to mitochondria distance (nm). Data represent individual animals + SD. *P<0.05, after parametric
unpaired t-test (N=4)
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To evaluate whether the altered ER-mitochondria spatial interaction had any
functional impact, we examined calcium content in mitochondria isolated from cYKO
mice (and their control littermates). As expected, cYKO cardiomyocytes” mitochondrial
had a significant increase in Ca?* concentration (Figure 16A). In line with this, we found
a significant upregulation in MCU (Figure 16B), the mitochondrial uniporter responsible

for Ca?* transfer from the inner mitochondrial membrane to the matrix (Figure 16C).
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Figure 16. Mitochondrial Ca?* flux before DCM

(A) Mitochondrial Ca?* flux in isolated heart mitochondria from WT and cYKO 10-week-old mice. Data
represent means + SD. Data represent fold increase means + SD. *P<0.05, after non-parametric
unpaired t-test (N=4).

(B) Immunoblot analysis of MCU expression in heart tissue from WT and cYKO 10-weel-old mice.
GAPDH was used as a loading control.

(C) Quantification of MCU expression in hearts from WT and cYKO 10-week-old mice. Data represent
means + SD. *P<0.05, after unpaired t-test (N=4-5)

Cardiac ablation of Yme1/ predispose to ER stress aggravating cardiac
dysfunction

After documenting the altered spatial interactions between mitochondria and ER,
we explored whether this was associated with ER stress. This was plausible since ER

stress regulates autophagy through mediating Ca?* handling.

Firstly, we examined whether cardiomyocytes from cYKO mice displayed
activation of ER stress signaling. We observed an mRNA overexpression in Chop
(Figure 17A) (the downstream target of the most well-known UPR branches), and Atf4
(Figure 17A), associated with a modest increase at the protein level (Figure 17C). No

significant changes were observed at the protein level of CHOP (Figure 17E).
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Figure 17. mRNA expression and immunoblot of ER stress markers before DCM

(A) mRNA expression of Atf4, Atf6, Chop, Grp78, Ire1a, Perk in heart tissue from WT and cYKO 10-
week-old mice. Data represent means + SD. ***P<0.001 after parametric unpaired t-test

(B) Inmunoblot analysis of ATF4 expression in heart tissue from WT and cYKO 10-week-old mice.
GAPDH was used as a loading control.

(C) Quantification of ATF4 expression in heart tissue from WT and cYKO 10-week-old mice. Data
represent means + SD (N=4-5)

(D) Inmunoblot analysis of CHOP expression in heart tissue from WT and cYKO 10-week-old mice.
GAPDH was used as a loading control.

(E) Quantification of CHOP expression in heart tissue from WT and cYKO 10-week-old mice. Data
represent means + SD (N=4).

These data suggest that a mild ER stress might take place in cardiomyocytes
from cYKO mice. To evaluate the functional impact of the mild ER stress observed at the
early stages where no DCM and HF are evident, cYKO mice (and their control
littermates) were challenged with intraperitoneal injection of DMSO or tunicamycin (TN)
2mg/kg for 72 hours. TN injection is a classical experiment used to elicit activation of the

UPR and unmask organ dysfunction related to ER stress.
Before TN, cardiac function in young mice was normal on echocardiographic

evaluation. However, 72h after TN injection, an overt systolic dysfunction (significant

deterioration in LVEF) was observed only in cYKO mice (Figure 18).
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Figure 18. Cardiac function under ER stress induction with

Tunicamycin

(A) Echocardiographic evaluation of cardiac function (%LVEF) of mice
under 2mg/kg of i.p. DMSO/Tunicamycin for 3 days. WT+DMSO (grey),
cYKO+DMSO (red), WT+Tunicamycin (striped grey),
cYKO+Tunicamycin (stripped red). Data represent means + SD.
*P<0.05 after Two-Way ANOVA test (N=5-7) with Tukey’s multiple
comparisons test.

Altogether, these data show that cardiomyocyte ablation of Yme1/ predispose to

ER stress, which can lead to overt cardiac dysfunction when the system is challenged.

Collectively, this first part of the study demonstrates that: Lack of YME1L in
cardiomyocytes results in an OMA1-mediated OPA1 processing, which impairs
mitochondrial fusion. As an early mechanism to compensate the inability to fuse,
mitochondria enlarge and display an increased respiration capacity along with
enhancement of ETS and reduced ROS. The structurally altered mitochondria results in
a remodeling of MAMSs, evidenced by altered spatial interaction between mitochondria
and ER and by increased Ca?* flux into mitochondria. These changes result in a subtle
ER stress, which upon tunicamycin challenge unmask a rapid cardiac systolic
dysfunction. ER stress results in an impaired autophagy. Impaired autophagy results in
progressive accumulation of waste material that would finally result in cardiomyocyte
dysfunction upon age, resulting in an overt DCM phenotype with associated HF and early

death of mice.

In order to demonstrate that impaired autophagy was the ultimate cause of late-
onset DCM and HF development, we tested interventions known to impact the

autophagic flux: dietary approaches.
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Since there are several diets known to modulate autophagy, firstly we evaluated
the impact of different diets on survival and cardiac function to then perform a
mechanistic evaluation on the selected diet(s) on autophagy, ER-to-mitochondria

interaction, and cardiac function.

A fat-restricted diet prevents the onset of dilated cardiomyopathy and expands

lifespan in cardiac-specific YME1L KO mice

To identify the best nutritional approach to alleviate the DCM and HF phenotype,
10-week-old cYKO mice were randomly assigned to chow diet (=5% crude fat), non-fat
(NFD, <0.2% fat crude fat), low fat diet (10.2% crude fat) and high fat diet (HFD, 34%
crude fat) (see material and methods for more details regarding diet composition).
Cardiac function was serially monitored by echocardiography every 10 weeks.
Confirming our previous studies (Wai et al., 2015), HFD was associated with a delay in
the onset of DCM (LV volumes were more preserved, and LVEF was significantly better
than that in control-diet-treated mice at 40 weeks of age) (Figure 19A, 19B). However,
mice receiving NFD displayed even more preserved LV volumes and better cardiac
function at all evaluated timepoints (Figure 19A, 19B). LVEF at 40 weeks of age was
significantly higher in NDF-fed mice than in all the other groups (including the HFD-fed
one) (Figure 19C, 19D). A low-fat diet did not have any impact on cardiac function when

compared to the control diet (Figure 19A, 19B).
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Figure 19. Effects of a control, low, high, and fat-restricted diets on cardiac function of

cYKO mice

(A) Echocardiographic evaluation of cardiac function (%LVEF) in cYKO mice under a chow diet (grey),
non-fat diet (blue), low fat diet (green) and high fat diet (pink). Y axis represent %LVEF. X axis
represent mice age in weeks. Black dotted line to represent % of LVEF of cardiac dysfunction (40%).
Data represent means + SEM (N=9-14)

(B) Echocardiographic evaluation of left ventricular internal diameter (LVID; mm) in cYKO mice under a
chow diet (grey), non-fat diet (blue), low fat diet (green) and high fat diet (pink). Y axis represent
LVID; mm. X axis represent mice age in weeks. Black dotted line to represent mm of LVID of cardiac
dysfunction (4mm). Data represent means + SEM.

(C) 40-week-old cardiac function (%LVEF) in cYKO mice under a chow diet (grey), non-fat diet (blue),
low fat diet (green) and high fat diet (pink). Y axis represent %LVEF. X axis represent mice age in
weeks. Black dotted line to represent % of LVEF of cardiac dysfunction (40%). Data represent means
+ SEM, *P<0.05, **** P<0.0001 after One-Way ANOVA test with Sidak’s multiple comparisons test.

(D) 40-week-old ventricular enlargement (LVID; mm) in cYKO mice under a chow diet (grey), non-fat diet
(blue), low fat diet (green) and high fat diet (pink). Y axis represent %LVEF. X axis represent mice
age in weeks. Black dotted line to represent mm of LVID of cardiac dysfunction (4mm). Data
represent means + SEM, *P<0.05, **** P<0.0001 after One-Way ANOVA test with Sidak’s multiple
comparisons test.

We have previously shown that cardiomyocyte specific Yme1l ablation
significantly reduces life expectancy due to advanced HF. Given the effects observed in
cardiac function by different diets, we wanted to explore whether this translated into life
prolongation. As shown in Figure 20A, 20B, cYKO mice receiving NFD from the age of
10 weeks had a significantly longer life expectancy than animals receiving any other type
of diet. Of note, the modest effect of HFD on cardiac function did not translate into any

survival benefit compared to the control diet (Figure 20A, 20B).
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Figure 20. Lifespan of cYKO mice under a CD, NFD, LFD and HFD.

A) Lifespan of cYKO mice under a chow diet (grey), non-fat diet (blue), low fat diet (green) and high fat
diet (pink). Black dotted line represents 50% survival rate.

B) Median survival (weeks) of mice cYKO under a chow diet, non-fat diet, low fat diet and high fat diet.
***P<0.001, **** P<0.0001 after Log-rank (Mantel-Cox) test (N=9-14).
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After identifying the best nutritional approach in terms of cardiac function
improvement and life expectancy, we wanted to explore the mechanism leading to such

a benefit.

Non-fat diet impacts cardiac metabolism

The heart is an omnivore organ which can use different metabolic substrates.
However, in homeostatic circumstances (i.e., healthy hearts), the preferred substrate is
fatty acids due to the higher energetic efficiency of fatty acid oxidation. It is well described
that in HF conditions of different etiologies, a metabolic switch characterized by
preferential glucose utilization occurs. We previously reported that cYKO mice with overt
DCM phenotype display a significant increase in myocardial glucose uptake (Wai et al.,
2015). Here we wanted to explore the effect of NFD on cardiac metabolic substrate
utilization by in vivo micro-PET/CT imaging using glucose and fatty acid tracers. For in
vivo glucose uptake imaging, we used the commercially available 18F-
Fluorodeoxyglucose ('®F-FDG) tracer. Since no commercial PET tracer for in vivo
imaging of fatty acids uptake exists, in collaboration with the advanced imaging unit at
CNIC, we generated a fluor-based one: 14 (R, S)-['®F] fluoro-6-thia-heptadecanoic acid
("®F-FTHA). We chose 35 weeks of age for imaging since it is a time where cYKO mice

already display a DCM phenotype (Figure 21A).

As shown in Figure 21B, cYKO mice fed with a regular chow diet displayed an
increase in cardiac glucose uptake, with no modification of this free fatty acid uptake
(Figure 21C). cYKO mice fed with NFD displayed a normalization of glucose uptake
(which returned to levels similar to WT littermates), and a highly significant reduction in

this fatty acid use.
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Figure 21. Effect of diets on glucose and fatty acid heart metabolism

(A) Representative micro-PET/CT scans of [18F] FDG and [18F] FTHA injections uptake of 30-week-old
WT, cYKO+CD and cYKO+ NFD mice. Color scale define the intensity: warm color>cold color

(B) Average standardized uptake value (SUV) of [18F] FDG in WT, cYKO+CD and cYKO+NFD mice
hearts. Data represent means + SD. One-Way ANOVA test (N=6-9) with Dunnett’'s multiple
comparisons test.

(C) Average standardized uptake value (SUV) of [18F] FTHA in WT, cYKO+CD and cYKO+NFD mice
hearts. Data represent means + SD. ****P<0.0001 after One-Way ANOVA test (N=6-9) with
Dunnett’s multiple comparisons test.

These results show that the heart has an enormous metabolic flexibility for
adapting to nutritional restrictions. However, whether the changes in cardiac metabolism
entailed by a non-fat diet are responsible for the improvement in cardiac function

observed with this diet, remains to be elucidated.

Non-fat diet does not result in a caloric restriction

Although the calories of the diets were chosen to be equal (chow diet: 16,88
MJ/kg vs non-fat diet: 17,2 MJ/kg), we observed a significant difference in body weight
between the two groups (Figure 22A). To confirm that the beneficial effect of the lack of
fat in the animals” diet was not a problem in food consumption, the animals were
subjected to metabolic cages to measure food intake (Figure 22B). Despite a lower body
weight in the cYKO-treated mice, there was no difference in food consumption (Figure
22C, 22D), endorsing the idea that the lack of fat and not a caloric restriction due to no

food consumption was responsible for the cardioprotection and life-span extension.
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Figure 22. Food consumption analysis of cYKO under a CD and NFD

(A) Body weight (gr) of cYKO mice under a chow diet (grey) or a non-fat diet (blue). X axis represents
age of mice (weeks). Data represent means + SD. **P<0.01, ***P<0.001 **** after One-Way ANOVA
test (N=6-8) with Dunnett’s multiple comparisons test.

(B) Food intake represented as grams per day per body weight (gr) of cYKO mice under a chow diet
(grey) or a non-fat diet (blue). Data represent means + SD (N=6-8).

(C) Food consumption rate represented as the weight of food (gr) consumed by unit of animal weight
(gr) and calculated for each user defined interval of time (44hours). cYKO mice under a chow diet
(grey) and cYKO under a non-fat diet (blue).

(D) Food consumption rate represented in light/dark cycles and altogether of cYKO mice under a chow
diet (grey) and cYKO under a non-fat diet (blue). Data represent means + SD.

Non-fat diet prevents mitochondrial fragmentation

Lack of YME1L results in inability of mitochondrial fusion. As shown before
(Figure 7), to compensate this cardiomyocyte mitochondria lack YME1L enlarge in early
stages of life until the system fails, and the mitochondria become fragmented concurring
with overt development of the DCM and HF phenotype. Here we investigated the impact
of NFD on mitochondrial structure and function. For mitochondrial ultrastructure, hearts
from 35-week-old cYKO mice fed with NFD or regular chow (as well as WT littermates)
were studied by TEM (Figure 23A). By analyzing the number of mitochondria and in
accordance with our previous publication (Wai et al., 2015), cYKO mice under a chow
diet displayed an increase in mitochondria number, together with a reduction in their size

when compared to WT mice (Figure 23B, 23C).

A) WT cYKO+CD cYKO+NFD

OwT
E cYKO+CD
O cYKO+NFD

e o
2 9

Mitochondria number
Mitochondria size (um?)
o
5

o
N
hy

o
o
T

72



Figure 23. Impact of NFD in mitochondria ultrastructure

(A) Representative transmission electron microscopy (TEM) images of heart tissue from 35-week-old
WT, cYKO+CD and cYKO+NFD mice. Scale bar corresponds to 2um. Scale bar corresponds to 1um
in amplified figures.

(B) Mitochondrial number. Data represent means + SD. *P<0.05 after One-Way ANOVA test (N=3-5)
with Sidak’s multiple comparisons test.

(C) Mitochondrial size (um?). Data represent means + SD. ***P<0.001, after One-Way ANOVA test
(N=3-5) with Sidak’s multiple comparisons test.

The typical mitochondrial fragmentation (smaller and more numerous
mitochondria) systematically seen in cYKO middle-aged mice was completely prevented
by NFD. Mitochondria from cYKO NFD-fed mice were structurally similar to those of WT
mice. (Figure 23B, 23C).

To evaluate whether preservation of the mitochondrial structure by NFD feeding
was resulting from normalization of OPA1 processing, we studied the density of its
different isoforms (Figure 24A). As expected, (since the genetic ablation of Yme1/ was
still present), NFD did not rescue OPA1 isoforms (Figure 24B).
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Figure 24. Effect of NFD on OPA1 expression

(A) Immunoblot analysis of expression of OPA1 isoforms in heart tissue from WT, cYKO+CD,
cYKO+NFD 35-week-old mice. VINCULIN was used as a loading control

(B) Quantification of expression of OPA1 isoforms OPA1 in heart tissue from WT, cYKO+CD,
cYKO+NFD 35-week-old mice. Data represent means + SD (N=2-7)

Non-fat diet does not increase mitochondrial respiration capacity

After documenting the changes in mitochondrial structure after NFD, we explored
the ETS status. Bioenergetics using the HRR-O2k system were quantified in
mitochondria isolated from 35-week-old cYKO mice on a chow diet or NFD, as well as in
their WT littermates.
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Figure 25. Effect of NFD on mitochondrial respiration

A) Representative trace of High Resolution Respirometry taken from the DatlLab software. Left axis
refers to Oz concentration [uM], right axis refers to O2 flux per Volume [pmol/(s*ml)], X axis
represents time in hours and minutes [h:m]. Blue line along the trace indicates oxygen concentration,
grey, red, and blue lines indicate oxygen consumption or (JO2) by the biological sample, WT,
cYKO+CD and cYKO+NFD, respectively.

B) Oxidative phosphorylation (OxPHOS) from isolated heart mitochondria from WT, cYKO+CD,
cYKO+NFD 35-week-old mice. Oxygen consumption of mitochondria was measured in the presence
of Pyruvate + Malate (PM), adenosine diphosphate (ADP) and oligomycin. Data represent means +
SD. *P<0.05 after parametric unpaired t-test (N=4-7) with Sidak’s multiple comparisons test.

C) Maximal respiration of the electron transport system (ETS) from isolated heart mitochondria from
WT, cYKO+CD and cYKO+NFD 35-week-old mice. ETS was measured in the presence of uncoupler
FCCP + Antimycin A. Data represent means = SD (N=4-7) with Sidak’s multiple comparisons test.

As previously shown, the compensatory increased respiration capacity observed
in isolated mitochondria from 10-week-old cYKO mice is lost when animals reach the
overt DCM phenotype: at 35 weeks of age respiration and ETS capacity in cYKO mice
are no different from that of WT littermates (Figure 25B, 25C).
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Unexpectedly, OxPHOS capacity was reduced in mitochondria isolated from

NFD-fed cYKO mice, along with attenuated ETS capacity.

After documenting that improved mitochondrial function was not the leading
mechanism driving the improvement in cardiac function, we explored interactions

between mitochondria and ER.

Fat restricted diet maintains the close spatial relationship between mitochondria

and ER

As shown in Figure 15, the early compensatory mechanism including a close
interaction between mitochondria and ER is lost at later stages of life, concurring with
the development of the DCM and HF phenotype. Here we explored the impact of NFD
on these inter-organelle interactions by TEM (Figure 26A). When compared to animals
receiving a chow diet, NFD was associated with a significant decrease in mitochondria
MAM'’s coverage (Figure 26C), ER length (Figure 26D), and ER dilation (Figure 26E).
However, while in a subclinical stage the distance of ER-mitochondria was reduced
(Figure 15D), at this point where we have cardiac dysfunction the distance between the

two organelles increases in cYKO mice regardless of the diet used (Figure 26F).
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Figure 26. Effect of NFD on MAMs association

(A)

(B)

(©)

(D)
(E)
(F)

Representative transmission electron microscopy (TEM) images of isolated adult cardiomyocytes
from 20-week-old WT, cYKO+CD and cYKO+NFD mice. Mit (yellow)=mitochondria, ER
(red)=Endoplasmic Reticulum. Scale bar corresponds to 1Tum

Mitochondrial size (um?). Data represent individual mitochondria + SD. ****P<0.0001, after
nonparametric Kruskal Wallis test.

Mitochondrial associated membrane (MAM) coverage (%), represented as the ratio between the ER
length in touch with mitochondria and mitochondrial perimeter. Data represent individual animals +
SD. *P<0.05, after nonparametric Kruskal-Wallis’s test (N=3-4)

Endoplasmic reticulum (ER) length (nm), represented as the length of ER in touch with mitochondria.
Data represent individual animals £ SD (N=3-4)

Endoplasmic reticulum (ER) width, represented as the width of ER in touch with mitochondria. Data
represent individual animals + SD (N=3-4)

Endoplasmic reticulum (ER)-mitochondria distance (nm), represented as the distance between ER
and mitochondria. Data represent individual animals £ SD. *P<0.05, after nonparametric Kruskal-
Wallis’s test (N=3-4)

Higher distances between the two organelles were further supported by a

significant decrease in MFN2, known as a MAM-tethering protein, under a chow diet
(Figure 27A, 27B). Interestingly, this MFN2 inhibition was partially reestablished by the
non-fat diet (Figure 27A, 27B).
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Figure 27. Effect of diets on mitochondrial dynamics

(A) Immunoblot analysis of MFN2 expression in heart tissue from WT, cYKO+CD, cYKO+NFD 35-week-
old mice. VINCULIN was used as a loading control.

(B) Quantification of MFN2 expression in hearts from WT, cYKO+CD, cYKO+NFD 35-week-old mice.
Data represent means + SD. *P<0.05, after parametric One-Way ANOVA test (N=4-5) with Sidak’s
multiple comparisons test.

Collectively, structural analysis shows that NFD prolongs the compensatory

status seen in early ages of cYKO mice without apparent DCM and HF phenotype. This

prolongation of the compensatory status is in line with the preserved cardiac function

when cYKO mice are subjected to NFD.
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One of the principal association roles of MAMs is Ca?" signaling through the
IP3R1/Grp75/VDAC1 complex. We hypothesized that the NFD might alter the Ca?*

channeling complex in order to reestablish Ca?* flux between ER and mitochondria.

We isolated heart mitochondria from WT, cYKO+CD and cYKO+NFD and
measure mitochondrial calcium with Oroboros, confirming disrupted Ca?* handling in
cYKO mice and reestablished to basal levels by a non-fat diet (Figure 28A). We next
explored MCU, the mitochondrial uniporter that acts as a gatekeeper of Ca?* entry into
the mitochondrial matrix. Congruently with our hypothesis, cYKO animals under a chow
diet have an increased MCU expression which directly correlates with the increase in
Ca?". In accordance, animals under a NFD present restored MCU expression levels
(Figure 28B, 28C).
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Figure 28. Impact of NFD on Ca?* flux

(A) Mitochondrial Ca?* content in isolated heart mitochondria from WT (grey), cYKO+CD (red),
cYKO+NFD (blue) from 35-week-old mice. Data represent means + SD. (N=3-4).

(B) Immunoblot analysis of MCU expression in heart tissue from WT, cYKO+CD, cYKO+NFD 35-week-
old mice. VINCULIN was used as a loading control.

(C) Quantification of MCU expression in hearts from WT, cYKO+CD, cYKO+NFD 35-week-old mice.
Data represent means + SD. *P<0.05, **P<0.01 after parametric One-Way ANOVA test (N=4-5) with
Sidak's multiple comparisons test.

Taking all of this into consideration, analysis of isolated mitochondria revealed
that cYKO mice present an overload of mitochondrial Ca?*, restored by the use of a fat

restricted diet. This restoration concurs with the cardioprotective status at this timepoint.
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Fat restricted diet does not prevent ER stress

As shown before, lack of YME1L in cardiomyocytes is associated with subtle ER
stress at early stages (Figure 17). This process is “exhausted” at later stages, as
evidenced by the significant reduction of ATF4 protein levels (Figure 29D, 29E),
becoming overt later in life (35 weeks). NFD was not associated with changes in the

levels of proteins related to ER stress (Figure 29D, 29E).
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Figure 29. Effect of NFD on ER stress

(A) mRNA expression of Atf4, Atf6, Chop, Grp78, Ire1a, Perk in heart tissue from WT, cYKO+CD,
cYKO+NFD 35-week-old mice. Data represent means + SD. *P<0.05, ****P<0.0001 after parametric
One-Way ANOVA test (N=5-8) with Sidak's multiple comparisons test.

(B) Immunoblot analysis of CHOP expression in heart tissue from WT, cYKO+CD, cYKO+NFD 35-week-
old mice. VINCULIN was used as a loading control.

(C) Quantification of CHOP expression in heart tissue from WT, cYKO+CD, cYKO+NFD 35-week-old
mice. Data represent means + SD (N=4-5)

(D) Immunoblot analysis of ATF4 expression in heart tissue from WT, cYKO+CD, cYKO+NFD 35-week-
old mice. VINCULIN was used as a loading control.

(E) Quantification of ATF4 expression in heart tissue from WT, cYKO+CD, cYKO+NFD 35-week-old
mice. Data represent means = SD (N=3-5). ***P<0.001 after parametric One-Way ANOVA test.

Fat-restricted diet does not alleviate autophagy impairment of late stages

Autophagosome-lysosome fusion is inhibited in cardiomyocytes from cYKO mice.
Here we explored whether NFD could alleviate this blockage and restore autophagic flux.
We first measured the steady state of LC3 and BECLIN1. Remarkably, in cYKO mice
NFD resulted in a prominent accumulation of LC3-Il as compared to those under a chow
diet (Figure 30A, 30B). When autophagosome to lysosome fusion was inhibited by
intraperitoneal administration of leupeptin (40 min before sacrifice), LC3-1l levels did not
increase, showing that the autophagosome to lysosome was not restored in NFD
conditions (Figure 30A, 30B).
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Figure 30. Effect of NFD on autophagic flux

(A) Immunoblot analysis of LC3 expression in heart tissue from WT, cYKO+CD and cYKO+NFD 35-
week-old mice under 40mins of 40mg/kg of the lysosomal inhibitor leupeptin. GAPDH was used as

a loading control.

(B) Quantification of LC3 expression in heart tissue from WT, cYKO+CD and cYKO+NFD 35-week-old
mice under 40mins of 40mg/kg of the lysosomal inhibitor leupeptin. Data represent means *+ SD.
*P<0.05, ***P<0.001 after parametric One-Way ANOVA test (N=3-4) with Holm-Sidak’s multiple

comparisons test.

(C) Immunoblot analysis of BECLIN1 expression in heart tissue from WT, cYKO+CD and cYKO+NFD

35-week-old mice. VINCULIN was used as a loading control

(D) Quantification of BECLIN1 expression in heart tissue from WT, cYKO+CD and cYKO+NFD 35-
week-old mice. Data represent means + SD. **P<0.01 after parametric One-Way ANOVA test (N=4-

5)

levels since this is a nutrient sensing marker of autophagy induction (Figure 31A). As
shown in (Figure 31B), pAMPK levels were remarkably upregulated in cYKO mice

receiving NFD, together with a non-significant increase in PARKIN-mediated autophagy

To analyze the cause of massive LC3-Il accumulation, we measured p-AMPK

(Figure. 31D).

Thus, the increase of p-AMPK and LC3-Il in cYKO mice fed with NFD might be

responsible for an increase in the initiation step of autophagy. However, NFD does not

alleviate the impaired autophagic flux associated with lack of YME1L.
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Figure 31. Effect of NFD on autophagy-related pathways

(A) Immunoblot analysis of p-AMPK expression in heart tissue from WT, cYKO+CD and cYKO+NFD
35-week-old mice. t-AMPK was used as a loading control

(B) Quantification of p-AMPK expression in heart tissue from WT, cYKO+CD and cYKO+NFD 35-week-
old mice. Data represent means + SD. *P<0.05, **P<0.01 after parametric One-Way ANOVA test
(N=4-5) with Sidak’s multiple comparisons test.

(C) Immunoblot analysis of PARKIN expression in heart tissue from WT, cYKO+CD and cYKO+NFD
35-week-old mice. SDHA was used as a loading control

(D) Quantification of PARKIN expression in heart tissue from WT, cYKO+CD and cYKO+NFD 35-week-
old mice. Data represent means + SD (N=4-5)

Synergistic beneficial effect of intermittent fasting and NFD

After documenting that NFD resulted in a significant induction of autophagy,
although the flux is not restored, we wanted to explore whether another intervention

known to increase the early steps of the process could have an additional benefit.

Firstly, we tested the effect on lifespan and cardiac function of an isolated caloric
restriction. To this aim, 20-week-old cYKO mice were placed on an intermittent fasting
regimen consisting of 2 consecutive days fasting followed by 5 days on regular chow
(2:5). Cardiac function was measured by echocardiography every 10 weeks (Figure
32A).
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As expected, compared to the control chow diet, 2:5 intermittent fasting was
associated with an improvement in cardiac function (Figure 32B) together with a modest
prolongation in lifespan (Figure 32C).
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Figure 32. Effect of 2:5CD IF protocol on cardiac function and lifespan of cYKO mice

(A) Experimental design scheme with cYKO mice under ad libitum chow diet (n=12) and animals under
IF protocol 2 days fasting + 5 days chow diet (n=11). CD: chow diet

(B) Echocardiography evaluation of LVEF in cYKO male mice under ad libitum chow diet (grey) or
2Fast:5CD (green) feeding protocol. Data represent means + SD. **P<0.01, after multiple unpaired
t-test. Black dotted line represents the limit established for cardiac dysfunction. LVEF: left ventricular
ejection fraction

(C) Lifespan of cYKO mice under ad libitum chow diet (black) or 2Fast:5CD (green) feeding protocol.
Log-rank (Mantel-Cox) test, *P<0.05.

We tested a more aggressive intermittent fasting protocol, consisting of (2 days
fasting = 1 day of regular chow diet > 2 days fasting—> 2 days regular chow diet) (Figure
33A). As shown in Figure 33B, the benefits in cardiac function compared to regular chow
were much more modest than those of the less aggressive intermittent fasting shown

before. No impact of intermittent fasting on lifespan was observed (Figure 33C).
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Figure 33. Effect of 2:1:2:2 IF protocol on cardiac function and lifespan of cYKO mice

(A) Experimental design scheme with cYKO mice under ad libitum chow diet (n=12) and animals under
IF protocol 2 days fasting + 1 chow diet + 2 days fasting + 2 chow diet (n=7). CD: chow diet

(B) Echocardiography evaluation of LVEF in cYKO male mice under ad libitum chow diet (grey) or
2Fast:1CD:2Fast:2CD (yellow) feeding protocol. Data represent means + SD. p value=n.s., after
multiple unpaired t-test. Black dotted line represents the limit established for cardiac dysfunction.
LVEF: left ventricular ejection fraction, n.s.: non-significant

(C) Lifespan of cYKO mice under ad libitum chow diet (black) or 2Fast:1CD:2Fast:2CD (yellow) feeding
protocol. Log-rank (Mantel-Cox) test. p value=n.s.

We then combined both dietary approaches (intermittent fasting and NFD). 20-
week-old cYKO mice were placed on the 2:5 intermittent fasting protocol, NFD being the
diet used for the 5 days of feeding (Figure 34A). A much more pronounced
cardioprotective effect was observed, as evidenced by a significantly higher LVEF at all
timepoints measured (Figure 34B). Of note, lifespan was significantly prolonged by this

protocol (Figure 34C). These data show a synergistic effect of both dietary interventions.
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Figure 34. Effect of 2:5NFD IF protocol on cardiac function and lifespan of cYKO mice

(A) Experimental design scheme with cYKO mice under ad libitum chow diet (n=12) and animals under
IF protocol 2 days fasting + 5 days non-fat diet (n=12). NFD: non-fat diet

(B) Echocardiography evaluation of LVEF in cYKO male mice under ad libitum chow diet (grey) or
2Fast:5NFD (purple) feeding protocol. Data represent means + SD. **P<0.01,***P<0.001 after
multiple unpaired t-test. Black dotted line represents the limit established for cardiac dysfunction.
LVEF: left ventricular ejection fraction

(C) Lifespan of cYKO mice under ad libitum chow diet (black) or 2Fast:5NFD (purple) feeding protocol.
Log-rank (Mantel-Cox) test, *P<0.05.

Finally, in order to demonstrate that the sooner the pathological process is
compensated the higher cardiovascular benefits, we explored whether an earlier
initiation of NFD (i.e., at 10 weeks of age rather than 20) could show stronger
cardioprotective effects. To this aim, mice were placed on NFD at 10 weeks of age
followed by a later (20 weeks) initiation of the 2:5 intermittent fasting protocol (Figure
35A). Strikingly, the effects on cardiac function and lifespan were massively improved

as compared to all previous interventions (Figure 35B, 35C).
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Figure 35. Effect of pretreatment with NFD + 2:5NFD IF protocol on cardiac function and

lifespan of cYKO mice

(A) Experimental design scheme with cYKO mice under ad libitum chow diet (n=12) and animals under
10 weeks NFD pretreatment + IF protocol 2 days fasting + 5 days NFD (n=10). NFD: non-fat diet

(B) Echocardiography evaluation of LVEF in cYKO male mice under ad libitum chow diet (grey) or
NFD+2Fast:5NFD (orange) feeding protocol. Data represent means + SD. *P<0.05, ****P<0.0001
after multiple unpaired t-test. Black dotted line represents the limit established for cardiac
dysfunction. LVEF: left ventricular ejection fraction.

(C) Lifespan of cYKO mice under ad libitum chow diet (black) or NFD+2Fast:5NFD (orange) feeding
protocol. Log-rank (Mantel-Cox) test, ***P<0.001. NFD: non-fat diet

Throughout this dissertation we have demonstrated the beneficial use of a fat-
restricted diet in cardiac function and lifespan. In this last chapter, we demonstrate a
positive effect on cardiac function solely by the implementation of a mild food-restriction
protocol (2:5days) that is strongly accentuated when combined with a NFD. Despite not
having the molecular mechanism pathway responsible for this cardioprotection, this
synergic effect of both therapies opens the door to further exploring the combination of
more nutritional approaches aimed at modulating cardiac dysfunction despite a cardiac-
genetic defect.
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Discussion

Dilated cardiomyopathy remains the leading cause of heart failure worldwide
(Merlo et al., 2018, Schultheiss et al., 2019). However, the lack of specific therapies for
this cardiovascular disease remains a huge problem. Current emerging studies highlight
mitochondria, the powerhouse of the cell, as a common factor in the diagnosis of many
cases of HF (Brown et al., 2017, Ramaccini et al., 2020). This doctoral thesis seeks to
uncover a new potential relation between mitochondrial dysfunction led by Yme 1/ cardiac
deficiency and heart failure. Moreover, we explore the role of nutritional approaches as

a tool for preventing the late stage of heart failure.

During the performance of the project, we have stated two phases of the disease:
1) Prior to the onset of DCM, in which all the results will reflect the consequence of Yme1/
cardiac genetic ablation; and 2) once DCM is already established, where we investigate

how to revert the consequences observed by Yme1/ deletion.

The role of YME1L in the progression of dilated cardiomyopathy

The role of the protease YME1L in OPA1 processing and mitochondrial
fragmentation has been widely discussed (Ruan et al., 2013, Anand et al., 2014).
Mitochondria contribution in the heart represents a high percentage and its correct

function is essential for cardiac wellness (Piquereau et al., 2013).

Considering that cYKO mice developed a marked mitochondrial fragmentation at
late stages (Wai et al., 2015), we wanted to establish the first connection: Does this
fragmentation occurs prior to the onset of DCM? Paradoxically, we found the opposite:
an increase in mitochondria size with a lower number of them in cYKO young animals.
The increase in the volume of mitochondria under specific cardiac deficiency of YME1L
is contrary to our thoughts that decreased fusion proteins results in mitochondrial
fragmentation. However, two independent laboratories unexpectedly demonstrated that
cardiac-specific Mfn2 knockout mouse models evoked mitochondrial enlargement
(Papanicolaou et al., 2011, Chen et al., 2012, Dorn et al., 2015). This interesting data in
a subclinical stage of the disease confirm that despite the gene defect involved in
mitochondrial dynamics, this is not present at early stages but may concur with the onset
of DCM.
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Moreover, this modest change in mitochondrial volume does not correlate with
an increase in mtDNA, but rather a decrease. It is not new that heart failure pathologies
accompany defects in mtDNA, helping to predict and evaluate cardiovascular risk (Hong
et al., 2020, Wang et al., 2021b). Thus, we next wanted to investigate whether this early

marker of mtDNA damage was sufficient to cause a mitochondrial respiratory defect.

Mitochondrial dynamics and metabolic regulation are closely linked (Zorzano et
al., 2010). Either L-OPA and S-OPA1 isoforms can preserve cristae structure and
respiration when expressed individually in OPA1 deficient cells (Del Dotto et al., 2017,
Lee et al., 2017). Thus, OPA1 processing apparently does not regulate the formation of
cristae or the maintenance of respiratory chain complexes. However, the downregulation
of OPA1 can lead to mitochondrial fragmentation and reduced oxygen consumption
(Zorzano et al., 2010). Among the functions of YME1L, it degrades damaged or non-
assembled IMM proteins such as respiratory chain subunits (Stiburek et al., 2012,
Rainbolt et al., 2013). In the literature, loss of YME1L impairs function of respiratory
complex | (Cesnekova et al., 2018). In adult neural stem and progenitor cells (NSPCs),
Yme1l deletion is not associated with mitochondrial dysfunction and aberrant
ultrastructures (Wani et al., 2022). In spinal cord mitochondria, the absence of YME1L in
neurons at early stages of axonal degeneration does not have an impact on respiration.
Whereas a late onset of respiratory deficiency was observed in these animals together
with aberrant cristae structure deterioration (Sprenger et al., 2019). Taking all these into
consideration, we were expecting to see either no effect or a decrease in respiratory
function in cYKO mice. Contrary to our thoughts, prior to the onset of the disease,
isolated heart mitochondria from cYKO mice display a higher oxidation capacity, together
with maximum respiration values and an increased ATP production and less ROS
production. Despite not measuring super complexes formation, our preliminary data on
individual respiratory complexes does not indicate an increased protein expression that

could explain the high respiration activity.

Thus, although our model displays a cardiac ablation of Yme 7/ from birth, this is
not translated into an early mitochondrial fragmentation, which leads us to speculate that
mitochondrial fragmentation is not triggering cardiac dysfunction but concurs with its
onset. Intriguingingly, mtDNA is decreased, although mitochondria respiration remains
higher and with lower ROS production. Altogether, malfunctioning and/or dysmorphology
of mitochondria is not present prior to the onset of DCM in cYKO mice, although mtDNA

could serve as a damage risk predictor.
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Although regenerative medicine is an emerging topic, the poor capacity of
cardiomyocyte to regenerate is accepted, which is almost inexistent (Eschenhagen et
al., 2017). Thus, having a good elimination system of damaged organelles in the cell
(autophagy) is vital for avoiding cell death in the heart. Most of the studies conducted
thus far have demonstrated a decline in autophagy once cardiac dysfunction is
established or due to genetic alterations (Kaludercic et al., 2020). Autophagy is also
crucial for maintaining mitochondrial respiration. In fact, an increase in
autophagy/mitophagy could result in more efficient elimination of damaged organelles,

leaving robust mitochondria with higher respiratory capacities.

Could cardiac Yme1/ ablation disrupt autophagy? Changes in autophagy due to
mitochondrial morphology are not new. Deletion of DRP1, a fission protein, in B-cells has
been shown to decrease mitochondrial autophagy and reduce respiration, among others
(Twig et al., 2008). In yeast, YME1L was required for selective mitophagy through the
processing of the autophagy related protein 32 (Atg32) (Wang et al., 2013). In mouse
embryonic fibroblasts (MEFs) it was observed that elongated mitochondria are spared
from autophagic degradation. Moreover, in OPA’- MEFs, the use of wortmannin, which
blocks autophagosome formation, prevents mitochondrial elimination, indicating that
mitochondria were degraded by autophagy (Gomes et al., 2011). Interestingly, new
evidence indicates that most of the mitochondrial protein turnover occurs through non-

autophagic processes (Vincow et al., 2019).

For our purpose, we initially investigated selective autophagy mediated by
macroautophagy. In our working model, data indicate an elevation of LC3-1l in cYKO pre-
symptomatic animals. The amount of autophagosomes (LC3-Il) in the cytosol can be
increased by two different mechanisms: increased autophagosome synthesis by
upstream processes or a blockade of lysosomal-autophagosome during a later stage.
To discriminate between these two scenarios, we measured BECLIN1 and p62 markers.
Both proteins were elevated in cYKO mice hearts. p62 has been proven to be degraded
during autophagy. Congruently, when autophagy is inhibited, p62 accumulates in the
cell, as in our model. Additionally, cardiac accumulation of p62 was also observed in
several heart diseases associated with protein quality control (PQC). In its role in
selective autophagy, p62 directly interacts with LC3. In our model, we therefore
evidenced an impaired capacity of the cardiomyocyte to eliminate dysfunctional
organelles. However, these results only reflect the steady state. To clearly prove its
impairment, the use of a lysosomal inhibitor (leupeptin) was used to measure the

autophagic flux. As expected, leupeptin had no effects on LC3-Il levels.
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Hence, autophagy flux was inhibited at late stage. However, whether the
autophagy failure arises from an impairment of autophagosome-lysosome fusion or from
a problem during degradation phase has yet to be elucidated. Further studies co-

localizing LC3 (autophagosome) and LAMP1 (lysosome) will clarify this aspect.

The possible inhibition at the degradation stage of autophagy may involve
lysosome as a contributor of the impairment. Red fluorescence by lysotracker staining
was increased in cardiomyocytes from cYKO mice, indicating an accumulation of acidic
organelles. In addition, cYKO mice display an upregulated expression of LAMP1, TFEB,
CTSD, indicating a possible role of lysosomal dysfunction. However, lysosomal function
in heart tissue from cYKO of CTSD, CTSB, CTSL remains normal. Although direct
activity on isolated lysosomes was not performed, this data may suggest that
autophagosome-lysosome fusion performs adequately but the problem in the late stage

might reside in the degradation stage.

Thus, we have established a new role of YME1L as a contributor of autophagy
inhibition. These experiments provide a new insight into the relationship between

mitochondrial dynamics and autophagy.

Thus far we have demonstrated: 1) unexpected mitochondrial dynamic
phenotype by the cardiac deletion of Yme1l, 2) a decrease in mtDNA with a higher
mitochondrial capacity and ATP production, and 3) autophagy inhibition at the late stage
of the flux. Considering the possible common pattern for these three features, we
introduced a key player that could govern these changes: the endoplasmic reticulum

(ER), or sarcoplasmic reticulum (SR) in the heart.

In the literature, ER is involved in autophagosome formation (Yamamoto and
Noda, 2020), ER stress boosts respiration (Strzyz, 2019) and ER stress modulates
autophagic flux (Yorimitsu et al., 2006, Gonzalez-Rodriguez et al., 2014, Wiersma et al.,
2017). Moreover, many studies relate ER dysfunction with the failing heart (Wang et al.,
2018).

Here, we have contributed to the understanding of ER stress in the development
of DCM. First, we measured mRNA levels of the three ER arms that govern UPR stress.
Our data indicate an upregulation of CHOP and a modest upregulation of ATF4 in cYKO
mice hearts, both downstream effectors of the PERK branch, suggesting an increased

ER stress.

88



CHOP induction has also been related to other UPR branches. Moreover, the
role of CHOP has also been associated with apoptosis, as such its high levels promote
cell death (Hu et al., 2018). Whether CHOP induces cell death prior to the onset of DCM
is not clear. Unfortunately, we were only able to measure protein levels of CHOP and

ATF4, which slightly increase in cYKO animals.

To our concern, the role of YME1L during ER stress has been poorly studied.
Lebeau et al., demonstrated that the PERK arm of the UPR response regulates
mitochondrial morphology during acute ER stress. To this aim, the authors confirm that
Yme1l depletion decreases elongated mitochondria during ER stress (Lebeau et al.,
2018). Thus, our data concur with this study confirming pre-existing ER stress in cYKO
mice. Moreover, to further confirm this result, we used the well-known ER stressor,
tunicamycin, to prove the effect of accelerating ER stress on cardiac function. As
expected, after three days of tunicamycin injection, cYKO animals dramatically
decreased cardiac function. These results suggest for the first time that cardiac genetic

ablation of Yme 1/ predisposes to ER stress-mediated cardiac dysfunction.

Both ER/SR and mitochondria membranes are closely apposed forming contact
sites through tethering complexes (Gao et al., 2020). In fact, up to 20% of mitochondria
are opposed to ER. Dysregulation of this ER-mitochondria contact site is one of the main
triggers of ER stress (Wang et al., 2021a). We therefore wanted to explore how the

contact sites between ER and mitochondria were affected by the deletion of Yme1l.

We isolated adult cardiomyocytes and analyzed MAMs coverage by TEM, ER
length and ER to mitochondria distance. We noticed a decrease in the percentage of ER
covering mitochondria (MAM’s coverage) in cYKO mice accompanied by a non-
significant decrease in length. The distance between ER and OMM is highly variable,
ranging from 10 to 100nm. In fact, dysfunctional mitochondria-ER connections are
responsible for many diseases. Decreased distance has been shown in response to ER
stress (Bravo et al., 2011) or starvation (Sood et al., 2014), while an increased distance

is shown with high glucose levels (Theurey and Rieusset, 2017).
In our model, we observed a reduced ER to mitochondria distance. Whether this

shortening is affecting the communication between the two organelles and therefore

affecting ER stress still needs to be elucidated.
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As previously described, Ca?* uptake is clearly dependent on ER-mitochondria
distance. There are eight protein complexes described tethering the physical distance
between ER and mitochondria. Here, we have only considered IP3R1 (or RyRs in the
heart)-GRP75-VDAC1-MCU, which participates in the Ca?" transfer from ER to
mitochondria. In isolated cardiac mitochondria from cYKO mice, our results indicate an
increase in mitochondrial Ca?" uptake. These results are further supported by the
increased levels of MCU, the calcium uniporter in the IMM involved in Ca?* transfer from
the IMM to the mitochondrial matrix. Significantly, Ca?* uptake not only affects the
modulation of cytosolic ions transient but also activates enzymes of the Krebs cycle to
modulate ATP production (Dorn and Maack, 2013, Holmstrom et al., 2015, Yu et al.,
2018), which also agrees with our results showing higher respiratory capacity and higher
ATP production. Whether this increase in MCU levels is a maladaptive response of the
cardiomyocyte leading to mitochondrial Ca?* overload and cell death remains elusive.
The role of MCU in the pathogenesis of heart failure is widely discussed. In mice with
pressure overload-lead to HF, MCU levels were increased (Yu et al., 2018, Zaglia et al.,
2017). However, in diabetic cardiomyopathy, MCU levels were decreased (Suarez et al.,
2018). In the heart, during acute injuries, MCU may mediate acute mitochondrial Ca?*
overload (Kwong et al., 2015). To further characterize the implication of ER stress in Ca?*
dysregulation in cardiomyocytes, we are conducting experiments studying the role of
Serca2a, the ATPase pump involved in transfering back the calcium ions from cytosol to

mitochondria, as a player in this scenario (Liu et al., 2011, Mekahli et al., 2011).

Interestingly, isolated heart mitochondria from cYKO mice display low levels of
ROS production. This result does not agree with published literature, in which
mitochondrial Ca?* overload is induced by mitochondrial ROS, both involved in a vicious
cycle resulting in cardiac dysfunction (Bertero and Maack, 2018a). This correlation was

beyond the scope of the study, but future data will clarify this connection.

Nonetheless, our data suggest that cardiac-specific genetic ablation of Yme1/
induce autophagy dysregulation with altered ER behavior, accompanied by an
acceleration of Ca?* influx from ER to mitochondria, predictably increasing metabolic

respiratory capacities and ATP production in the cell.
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Nutritional approaches for YME1L-HF prevention

Considering our group’s previous study (Wai et al., 2015), we decided to conduct
a more extensive analysis of diets with different compositions in macronutrients (fat,
carbohydrates, and proteins). As published, high-fat diet preserves cardiac function at
30 weeks in cYKO mice (Wai et al., 2015). Unexpectedly for us, a fat-restricted diet was
the best dietary approach regarding cardioprotection at later HF-stages and lifespan
extension. Although interesting, for the purpose of this thesis the possible difference in
cardioprotection among the diets will not be extensively discussed. Nonetheless,
although our main interest is the heart, we hypothesize different possibilities to explain
these results: lipotoxicity driven by high fat amounts could result in early death despite
improved cardiac function; other organs might have an influence; a metabolic problem
for fatty acid metabolism; macronutrient ratio as players in the (non) protection and/or
late deleterious effect. In any event, the possibility that DCM patients could respond to a

metabolic approach despite an underlying genetic defect is thus intriguing.

To date, this is the first preclinical study using a nearly complete fat restricted diet
(<0.2%) in the prevention of cardiovascular disease. In our working model, results
indicate that implementation of a non-fat diet to cYKO mice not only prevents onset of
the disease but also expands lifespan by 30%. Since these mice display a lower body
weight than those subjected to a chow diet, we firstly hypothesized that the animals were
under a calorie restriction (Redman and Ravussin, 2011). Previous studies in the field
have demonstrated that caloric restriction promotes healthy aging (Anton and
Leeuwenburgh, 2013). In the context of heart disease, its use is linked to reduced
oxidative stress, reduced inflammation and better prognosis of some cardiac
dysfunctions (Weiss and Fontana, 2011). To discard this possibility, food intake values
demonstrate no differences in food consumption between animals. Thus, we
demonstrate that the beneficial cardiovascular effect is strictly associated with fat

elimination in the diet rather than to a reduced caloric intake.
These experiments provide a new insight into the relationship between

development of the disease and the use of nutritional approaches focusing on

macronutrients rather than on calories.
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In our previous study, we did show an increase in glucose (FDG) uptake by
PET/CT in 40-week-old cYKO mice, a late-stage of HF considering their median survival
of 44 weeks (Wai et al., 2015). This result agrees with the literature, in which a shift

toward glycolysis is also present (Tran and Wang, 2019, Lopaschuk et al., 2021).

However, as mentioned in the introduction, whether there is a reduction in fatty
acid uptake due to the preferential use of glucose remains controversial. For this
purpose, we used a fluor based palmitic-acid tracer ('®F-FTHA) to follow fatty acid used
by the heart by PET/CT with the collaboration of the CNIC advanced imaging unit.

In our work setting, we established 35 weeks old as the age for measuring
PET/CT "®F-FDG and "®F-FTHA uptake. We did see a modest increase in FDG uptake
in cYKO mice under a chow fat diet, reestablished to almost basal levels after a non-fat
diet. The first result could have two explanations: 1) this metabolic switch to glycolytic
pathways is mainly due to the onset of disease or 2) underlies Yme1/ deletion. Recent
evidence points to YME1L together with mTOR and LIPIN1 (a lipid signaling
phosphatase) as regulators in the interface between metabolism and mitochondrial
dynamics during a specific type of cancer (MacVicar et al., 2019). Currently, we are
conducting a longitudinal study of cYKO from young ages to later stages with both tracers

to confirm the second explanation: that Yme 1/ deletion already alters metabolism.

The evaluation of myocardial fatty acid (FA) metabolism with PET using "®F-FTHA
radiotracer has been performed in pathologies such as coronary artery disease and DCM
(Schulz et al., 1996, Taylor et al., 2001). Although in most of the studies there is a shift
from fatty acids to glucose during HF, in this last study, patients suffering from HF display
an increase myocardial fatty acid uptake and a decreased glucose uptake. Nonetheless,
in our model, fatty acid was unaltered in the onset of disease. Whether FA uptake could
change during later stages of the disease may be a possibility. Moreover, FA uptake
levels were dramatically decreased after a fat-restricted diet. Hence, in our model, at the
onset of disease there is a metabolic switch towards glucose uptake with no influence in
fatty acid uptake. The use of a non-fat diet partially rescues the glycolytic shift and

enormously influences FA uptake.
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The heart exhibits a high abundance of lipids in the cardiomyocyte and
mitochondrial membranes (Pradas et al., 2018), playing an important role in cardiac
energy production, plasma membrane composition and pathogenesis of CVD (Sparagna
et al., 2007, Sysi-Aho et al., 2011, Le et al., 2014). The use of different fat-based diets
has been demonstrated to alter the heart lipidome (McCombie et al., 2012, Pakiet et al.,
2020). YME1L processes OPA1, which is in the inner mitochondrial membrane. Whether
the imbalanced OPA1 processing alters lipid membrane composition, and a non-fat diet
is able to bypass this defect and promotes cardioprotection could be a possibility. A study
performed in humans demonstrated that while a low-fat diet stimulates de novo
lipogenesis (DNL), high-fat contribution to DNL was depreciable (Hudgins et al., 1996),

giving importance to the endogenous synthesis of lipids rather than direct dietary intake.

After evaluating cardiac function and providing some understanding of
metabolism, we wanted to explore the impact of a fat-restricted diet in mitochondrial

remodeling.

Results from TEM indicate a decrease in mitochondrial size and an increased
number of mitochondria when cardiac Yme1/ is ablated in 35-week-old mice under a
chow diet. These results are in line with those we published in 2015 (Wai et al., 2015).
Interestingly, after a non-fat diet, mitochondrial size was highly augmented, and the
number of mitochondria was reduced when compared to animals under a chow diet, a
phenotype similar to a pre-symptomatic stage of cYKO mice previously described.
Damaged mitochondria may be selectively degraded by mitophagy. PARKIN, the most
studied gene known to eliminate dysfunctional mitochondria was only slightly elevated.
However, we cannot discard alternative mitophagy pathways involved in this process.
Considering the important role of Parkin in other HF models, we are currently studying

how a double ablation of Parkin and Yme 1/ could influence development of the disease.

We then speculated that the reduction in mitochondrial number when compared
to animals under a chow diet could be due to a reduction in mitochondrial fission when
a fat restricted diet is used. However, OPA1 isoforms remains altered promoting a state
of fission. The augmented mitochondria size is the other feature that we observed under
TEM. We speculate different mechanisms: 1) considering that there were no changes in
OPA1 isoforms, we studied MFN2, since it is involved in mitochondrial fusion of the outer

membrane.
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We did observe a higher expression of MFN2 with a non-fat diet. This result could
explain the increase in size. 2) Another hypothesis is that since under the use of this diet
mitochondria morphology remains similar to pre-symptomatic cYKO mice, mitochondria
under this scenario never go under the fission process and they become even more
“inflated” as a compensatory mechanism. Evidence suggests the association of “giant
mitochondria” to nutritional deficiencies, among others. These “giant mitochondria” are
formed due to cellular lipid accumulation and increased B-oxidation during the formation
and breakdown of triglycerides (Shami et al., 2021). Other studies relate exercise to
incremented mitochondrial volume, to cope with the respiratory capacity, being more

efficient for ATP production (Sorriento et al., 2021).

With regards to respiratory capacity, our results suggest a non-significant modest
decrease in OxPHOS capacity in cYKO mice under chow diet. Interestingly, this
deficiency in mitochondrial performance was not observed in pre-symptomatic animals.

Surprisingly, animals fed with a non-fat diet dramatically reduce respiratory capacity.

These results are significant in one important respect. Many authors have directly
linked deficient mitochondrial respiration to heart failure (Lemieux et al., 2011, Sabbah,
2020). However, here we observe greater respiration in animals with worse cardiac
function and the opposite for animals with a reestablished heart function. Thus, we
venture that there should be another mechanism supporting cardiovascular wellness in

these animals.

Taken together, these lines of evidence demonstrate that despite mitochondria
represent 25-30% of the myocardium, their respiration is not always a hallmark of cardiac

performance, as demonstrated with the normal cardiac performance under a non-fat diet.

Continuing with possible mechanism of cardioprotection, we wanted to explore
the possible effect of a non-fat diet in ER modulation. We isolated cardiomyocytes from
20-week-old mice and explored the three previously commented features of ER: ER
stress, Ca?* handling and MAMs.

On the one hand, our current study found higher ER-mitochondria distance in
cYKO mice non-dependent on the diet with a decreased MFN2 expression, slightly
rescued by a non-fat diet. These two results suggest a dysregulated ER-mitochondria
tethering, favoring its separation, as seen in the literature (de Brito and Scorrano, 2008,

Dorn and Scorrano, 2010).
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On the other hand, we demonstrated higher mitochondrial Ca?* levels, rescued
by a non-fat diet in accordance with higher MCU expression, reestablished by a non-fat

diet, favoring a closer ER-mitochondria contact.

There are several explanations for these apparently opposed results:

First. To date, an average distance of 15nm for Ca?* transfer between ER and
mitochondria is established (Csordas et al., 2006, Csordas et al., 2010). It is not clear
how a distance wider than that would impact Ca?* transfer. However, distances wider
than 25nm would not withstand the IP3-GRP75-VDAC complex, compromising Ca?*
transfer (Filadi and Pozzan, 2015). Although statically different, if we consider ER-
mitochondria distance non-pathological and the level of MFN2 as a product of
mitochondrial fragmentation due to Yme1/ ablation, then the increase of Ca?* uptake by
mitochondria and the MCU expression will be due to a closer proximity of ER to
mitochondria. This closer proximity will be reestablished by a non-fat diet treatment,

together with an increase of MFN2 levels and the restoration of Ca?* handling.

Second. Along the same line, if we consider both TEM results and MFN2 levels
a real reflection of the two-organelle connection, this will imply that mitochondria are
pathologically separated from the ER. This loss of interaction has been shown to promote
aging and cardiac disease. In some studies, mutations in Mfn2 result in disruption of the
structure and function of MAMs, by decreasing tethering by 30%. Then, as previously
mentioned, either mitochondria will need to be exposed to a very high concentration of
cytosolic Ca?* levels or to increase MCU to uptake the cytosolic Ca?* as a compensatory
mechanism of its detachment from the ER. If we consider this second scenario, treatment
with a fat restricted diet will partially preserve the ER-mitochondria contact and
ameliorate Ca?* handling and MCU levels in mitochondria. These data do not match
those observed in earlier studies, in which an increase in mitochondrial Ca%* was due to
a closer proximity of mitochondria to ER. Remarkably, ER stress ATF4 and IRE1a were
upregulated in non-fat diet cYKO mice. However, the protein levels of ATF4 were
dramatically decreased under both diets, suggesting a transcriptional regulation of UPR

response. Further experiments should be done to confirm this.
Therefore, although YME1L has been previously linked to ER stress, this is the

first study associating cardiac Yme1/ ablation to a dysregulation of MAMs and an

alteration of Ca?* handling during the development of heart failure.
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Moreover, the use of a fat restricted diet as a potential target for modulating MAMs
defects and Ca?* dysregulation is a promising tool to modulate this cardiovascular

pathology.

In our model, treatment with NFD increases levels of LC3-Il even above the levels
of the actual impaired cYKO mice under a chow diet. Interestingly, the use of leupeptin
does not further increase LC3-Il levels in NFD animals. Thus, NFD was stimulating the
first part of the autophagy by promoting the autophagosome formation. Accordingly, the
use of a non-fat diet as a modulator of autophagy may not be responsible for its
cardioprotective effect. However, a fat restricted diet could represent a very potent
therapeutic option in models in which general autophagy is diminished, such as cardiac
aging or acute myocardial infarction (AMI) (Wu et al., 2014, Abdellatif et al., 2018). During
AMI, autophagy was found to be induced in the acute phase and impaired in the latter
phase of AMI.

Treatment with 3MA, a potent pharmacological inhibitor of autophagy,
exacerbated cardiac dysfunction. Treatment with rapamycin, an autophagy enhancer,
attenuates cardiac remodeling (Wu et al., 2014). In another study, crossing a desmin-
related cardiomyopathy mouse model (DRC) in which autophagy is impaired with a
transgenic Atg7 mouse restores autophagy flux, ameliorates ventricular dysfunction,
decreases cardiac hypertrophy, and prolongs survival (Bhuiyan et al., 2013). To
complete our understanding of the autophagy blockage in these animals and the
potential use of different nutritional approaches in autophagy deficient cardiomyopathies,
we are currently generating animals in which ATG7 — a protein in charge of promoting
expansion of the autophagosome— and Yme1l are both deleted in the heart. Further
analysis with the non-fat diet and other therapies under these double knock-out mice will

provide a clue regarding the exact mechanism of autophagy and its possible modulation.

In recent years, many studies indicated modulation of autophagy as a therapy for
expanding lifespan and promoting healthy aging. In our working model, we have an
impaired autophagic flux in pre-symptomatic mice due to the cardiac genetic ablation of
Yme1l. Whether this condition aggravates the disease or is the cause remains unclear.
In the literature, several approaches have been used to restore autophagic impairment
(Abdellatif et al., 2018). Caloric restriction is known as the most potent physiological

stimulus of autophagy that ameliorates cardiac dysfunction.
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Ketogenic diets seem to improve cardiac phenotype, and although the
mechanism remains unclear, the use of ketone bodies proves the most reasonable
hypothesis for this improvement (Nasser et al., 2020). In humans, 3 months of a fasting-
mimicking diet is sufficient to lower age-related cardiovascular risk factors, such as

inflammation, body mass index, fasting glucose (Wei et al., 2017).

Many studies have related the use of HFD with an impaired cardiac autophagy in
animals with diet-induced insulin resistance, metabolic syndrome, and type Il diabetes
(Sciarretta et al., 2015, Yamamoto et al., 2017, Rabinovich-Nikitin et al., 2019). These
three conditions have been demonstrated to be associated with cardiovascular
abnormalities. Significantly, HFD has also been shown to inhibit autophagy by affecting
fusion of autophagosomes with lysosomes, increasing LC3-Il and p62 levels. However,
there is little evidence regarding the precise macronutrient or diet component (if any)

responsible for these changes.

In the previous study by our group, we also observed that supplementation of a
HFD prior to the onset the disease was able to maintain normal cardiac function at the
studied timepoint (Wai et al., 2015). Nonetheless, the molecular mechanism of this
prevention was not completely understood. At the same time, life expectancy of those
mice treated with HFD was similar to the control diet, thus dying at a similar time despite

cardiac function improvement.

As mentioned, here we propose the non-fat diet as the best nutritional approach

to target not only cardiac function but also expand lifespan.

It is not the first time that nutritional approaches have been used to modulate
mitochondrial dysfunction. To date, only the use of low-fat diets or a caloric restricted
diet in which the whole number of calories from all the macronutrients was reduced has
been studied. This is therefore the first time that the use of a fat-restricted diet has been

evaluated to treat HF.

Preclinical and clinical studies have shown the benefit of using intermittent fasting
(IF) as a prevention for cardiovascular disease (Ahmet et al., 2005, de Cabo and
Mattson, 2019, Dong et al., 2020). In this thesis, our first target was autophagy. Thus,
we decided to explore the effect of IF, a potent autophagy inducer, in the development
of DCM. Here, we used two different IF approaches, one of them, the 2:5 approach, is

used in human trials and in many mice studies.
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Comparing the two IF therapies, a 2:5 approach prevents the onset of the disease
better and extends lifespan in a significant manner, compared to a more aggressive IF
2:1:2:2 approach. However, none of them was comparable to a fat restricted diet. From
the literature, we did expect that IF per se would have a higher impact on cardiac
function. However, if one of the main targets of IF is promoting autophagy and, in our
model, autophagy is impaired, it would be plausible to think that it will have either a non-
effect or a very mild one. In fact, these results further support our data. Our study
indicates that autophagy is blocked in the second step of the autophagic flux; the

degradation step.

Therefore, any therapy aimed at increasing the first part of the autophagy
pathway when the degradation step is compromised will have none or a very small
impact, as occurred here. However, molecular analysis of the autophagic flux should be

performed to clarify this hypothesis.

To our surprise, combining a fat restricted diet and IF was able to increase the
survival of animals more than IF itself. In fact, pretreatment of cYKO mice with a non-fat
diet prior to the start of IF, incredibly preserves cardiac function and overall lifespan.
Although data are still being generated and further analysis will be necessary beyond
this Thesis, we speculate that combining therapies will be the ideal target for possible

human prevention of heart disease.

These results suggest that a better cardiac response is achieved by changing
macronutrient fat content of the diet rather than reducing caloric intake. However, many
studies pinpoint not a dietary restriction but a macronutrient ratio as responsible for better

overall wellness.

Overall, the contribution of this preclinical project will help to better understand
the molecular basis and foundations of DCM that could contribute for clinical application
in the human disease in the near future, where a nutritional approach might help to

alleviate patients with such a devastating cardiac disease.
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Study limitations

In a clinical scenario, patients will already present DCM, and it is relevant to
demonstrate that the proposed nutritional intervention can not only prevent but also treat
the disease once established. Here, we have only demonstrated the beneficial effect of
fasting and/or fat restriction to prevent the onset of the disease. For this reason, an
additional study will be needed within this aim to test the effect of fasting and/or a non-

fat diet once the DCM has already manifested.

To date, there is no available data in humans relating cardiovascular dysfunction
with YME1L deficiency. However, this has proved to be a good model for understanding
cardiovascular and mitochondrial dysfunction related diseases. Therefore, those
diseases sharing common features with the ones we observed in this model could also

benefit from similar therapeutic approaches in the last instance.

The use of a diet with 0.2% fat content proves difficult to maintain in a balanced
human diet. For this purpose, specific molecules able to mimic the beneficial fasting
effects are now being developing by several groups. Moreover, we have demonstrated
that specific elimination of fat from diet rather than a reduction in caloric intake was able

to delay cardiac dysfunction and to extend lifespan up to 25-30%.
As mentioned, our previous study demonstrates the beneficial short-term use of

a high fat diet in this cardiovascular setting. We cannot rule out that a specific fatty acid

could be responsible for the cardioprotection through another molecular mechanism.
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Conclusions

1. Neither mitochondrial fragmentation nor respiratory reduction are present in a
subclinical stage of dilated cardiomyopathy in cYKO mice, but they concur with

cardiac dysfunction.

2. Cardiac genetic ablation of Yme1/ is associated with an impairment of the
autophagic flux. This inhibition of autophagy underlies disease and impedes

correct functioning of the autophagic flux.

3. Impairment of the autophagic flux is associated with an increase in endoplasmic

reticulum stress during the development of dilated cardiomyopathy.

4. Endoplasmic reticulum stress promotes a dysregulation of mitochondrial Ca?*

handling between the two organelles.

5. A fat restricted diet delays onset of the disease by preserving cardiac function

and expanding lifespan.

6. A fat restricted diet preserves the mitochondrial ultrastructure by conserving
mitochondrial number and size. However, these changes do not correlate with

enhanced mitochondrial respiration performance.

7. A fat restricted diet does not rescue either autophagic flux impairment or ER

stress mediated by Yme1/ cardiac ablation.

8. Afatrestricted diet restores mitochondrial Ca?* uptake, suggesting Ca?* handling

as a possible target of the cardioprotective effect.
9. The combination of nutritional approaches such as fasting, and a fat restricted

diet ameliorates heart failure, inducing a more preserved cardiac function and an

overall increase in lifespan.
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Conclusiones

1. Ni la fragmentacién mitocondrial ni la reduccién respiratoria estan presentes en
una etapa subclinica de miocardiopatia dilatada en ratones cYKO, pero

coinciden con la disfunciéon cardiaca.

2. La ablacién genética de Yme1l en el corazén esta asociada con un bloqueo del
flujo autofagico. Esta inhibicién en la autofagia subyace a la enfermedad e impide

el correcto funcionamiento del flujo autofagico.

3. El bloqueo en el flujo autofagico esta asociado con un incremento del estrés del

reticulo endoplasmico durante el desarrollo de la cardiomiopatia dilatada.

4. El estrés del reticulo endoplasmico provoca una desregulacion del manejo del

Ca?* mitocondrial.

5. Una dieta sin acidos grasos retrasa la aparicion de la enfermedad, preservando

la funcion cardiaca y alargando la supervivencia.

6. Una dieta sin acidos grasos preserva la estructura mitocondrial, conservando el
namero y el tamafio de las mismas. Sin embargo, estos cambios no estan

asociados a una mejora en la respiracion de la mitocondria.

7. Una dieta sin acidos grasos no consigue mejorar ni el bloqueo autofagico ni el
estrés del reticulo endoplasmico mediado por la ablacion cardiaca del gen
Yme1l.

8. Una dieta sin acidos grasos restablece la captacién normal de Ca?* mitocondrial,

sugiriendo el manejo del Ca?* como posible diana de efecto cardioprotector.
9. La combinacién de terapias nutricionales como el ayuno intermitente y una dieta

sin acidos grasos mejora la insuficiencia cardiaca, induciendo una funcién

cardiaca mas preservada y un aumento en la supervivencia.
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