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ABSTRACT

Cachexia and muscle deconditioning, which are the major comorbidities in
patients with chronic diseases including lung cancer (LC), impair disease
prognosis. Several biological mechanisms are involved in these two muscle
wasting conditions but current treatment options are limited. Hypothesis: the
biological mechanisms involved in muscle wasting and dysfunction may differ
between muscle deconditioning and LC induced cachexia in mice. We also
hypothesized that the profile of molecular events implicated in disuse muscle
atrophy and muscle recovery, may be different between early and late phases
in gastrocnemius of mice exposed to hindlimb unloading. Pharmacological
inhibition of MAPK, NF-kB, and proteasome, and the deficiency of either PARP-
1 or PARP-2 proteins may revert impaired muscle mass and force in cachectic
animals. Objectives: to explore the differences in the biological mechanisms
potentially involved in muscle wasting and dysfunction in LC cancer cachexia
and disuse muscle atrophy. To establish the temporal sequence of the
molecular events involved in skeletal muscle mass loss during limb muscle
unloading and reloading. To investigate several pharmacological strategies
potentially beneficial for cachexia treatment. Methods: muscle mass, structure
and function, muscle proteolysis, muscle anabolism, signaling pathways, and
epigenetic markers were evaluated in 1) the diaphragm and gastrocnemius of
LC cachectic mice: wild type, Parp-17 and Parp-2"; 2) in gastrocnemius of mice
exposed to different periods of hindlimb immobilization and recovery. Results:
In LC cachectic wild type mice: muscle proteolysis, MAPK, NF-kB, and protein
acetylation were increased, while muscle structure and function, muscle
anabolism, microRNAs, myogenic transcription factors and hystone
deacetylases were decreased. After late-time points of hindlimb immobilization,
muscle structure and function, and muscle anabolism were decreased, whereas
FoxO signaling and proteolysis were increased. Muscle reloading improved the
alterations seen during immobilization, especially during late phases.
Pharmacological inhibition of NF-kB and MAPK, and PARP-1 and -2
deficiencies improved muscle mass and force through a decrease in protein
oxidation and catabolism, together with a greater content of contractile and

functional proteins. Conclusions: Molecular mechanisms involved in muscle



mass loss and dysfunction are slightly different depending on the underlying
condition (cancer or disuse). During disuse muscle atrophy, biological
mechanisms are characterized by a differential expression profile between
early- and late-phases, being the latter a crucial stage for muscle recovery. NF-
kB and MAPK inhibitors, as well as available PARP inhibitors, may have

potential clinical applicability for cancer cachexia treatment.
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RESUMEN

La caquexia y el decondicionamiento muscular, los cuales son las mayores
comorbilidades en pacientes con enfermedades cronicas tales como el cancer
de pulmoén (CP), empeoran el pronostico de la enfermedad. Diversos
mecanismos biologicos estan involucrados en estas dos condiciones de
desgaste muscular pero las opciones actuales de tratamiento son limitadas.
Hipotesis: los mecanismos biolégicos implicados en la pérdida de masa y
funcion muscular podrian diferir entre el decondicionamiento muscular y la
caquexia inducida por CP en ratones. El perfil de eventos moleculares
involucrados en el desuso y en la regeneracion muscular, podrian ser
diferentes entre las etapas tempranas y tardias en el gastrocnemio de ratones
expuestos a inmovilizacion de la extremidad posterior. La inhibicion
farmacolégica de MAPK, NF-kB, y el proteosoma, y la deficiencia de las
proteinas PARP-1 o PARP-2 podrian revertir la pérdida de masa y fuerza de los
musculos en los animales caquécticos. Objetivos: explorar las diferencias en
los mecanismos biolégicos potencialmente implicados en la perdida y
disfuncion muscular en la caquexia por CP y en el decondicionamiento
muscular. Establecer la secuencia temporal de eventos biologicos involucrados
en la pérdida de masa muscular durante la descarga y recarga del musculo de
las extremidades. Investigar diferentes estrategias farmacoldgicas
potencialmente beneficiosas para el tratamiento de la caquexia. Métodos: la
masa, estructura y funcion de los musculos, la protedlisis y el anabolismo
muscular, vias de sefializacién, y marcadores epigenéticos fueron evaluados
en 1) el diafragma y gastrocnemio de ratones con caquexia por CP: wild type,
Parp-1" y Parp-2”; 2) en el gastrocnemio de ratones expuestos a diferentes
periodos de inmovilizacion y recarga. Resultados: en los animales wild type
caquécticos: la proteolisis, MAPK, NF-kB, y la acetilacion proteica aumentaron,
mientras que la estructura, funcion, anabolismo, microRNAs, factores de
transcripcion miogénicos, y las histonas deacetilasas disminuyeron. Después
de periodos tardios de inmovilizacion de las extremidades posteriores, la
estructura, funcién, y el anabolismo muscular disminuyeron, mientras que FoxO
y la protedlisis se incrementaron. Tras la recarga muscular, las alteraciones

observadas durante la inmovilizacion mejoraron, especialmente durante las
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fases finales. La inhibicion farmacoldgica de NF-kB y MAPK, y la deficiencia de
PARP-1 o -2 mejoraron la masa y fuerza muscular mediante la disminucién de
la oxidacion y el catabolismo proteico, junto con un mayor contenido de
proteinas contractiles y funcionales. Conclusiones: Los mecanismos
moleculares implicados en la pérdida de masa y funcidbn muscular son
ligeramente diferentes dependiendo de la enfermedad subyacente (cancer o
desuso). Durante el desuso, dichos mecanismos se caracterizan por un peffil
de expresion diferencial entre fases de inmovilizacion tempranas y tardias,
siendo estas Ultimas cruciales para la recuperacion muscular. El tratamiento
con inhibidores de NF-kB y MAPK, asi como los inhibidores de PARP
disponibles, pueden tener potencial aplicabilidad clinica para el tratamiento de

la caquexia por cancer.
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ABBREVIATIONS

AcFoxO: acetylated forkhead box O

ActRIIB: activin receptor type-11B

ADP: adenosine diphosphate

Akt: RAC-alpha serine/threonine-protein kinase
ATP: adenosine triphosphate

Bax: Bcl-associated X

Bcl-2: B-cell lymphoma 2
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GDF: growth and differentiation factor

HAT: histone acetyltransferase
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HNE: hydroxynonenal

I: immobilization

INF-y: interferon-gamma

IGF-1: insulin-like growth factor 1

IkB-a: nuclear factor kappa-light-chain-enhancer of activated B cells inhibitor-alpha
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MAPK: mitogen-activated protein kinase
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MEF2: myocyte enhancer factor 2

miR: microRNA

mMiRNA: microRNA

MRF: myogenic regulatory factor
MRNA: messenger ribonucleic acid
MtDNA: mitochondrial deoxyribonucleic acid
MTOR: mammalian target of rapamycin
MuRF1: muscle ring finger protein 1
MyHC: myosin heavy chain

MyoD: myogenic differentiation

NAD: nicotinamide adenine dinucleotide

NDNA: nuclear deoxyribonucleic acid
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NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells
NT: nitrotyrosine

p70S6K: 70 protein S6 kinase

PARP: Poly-ADP ribose polymerase

Pax7: Paired Box 7

pPERK: phosphorylated extracellular signal-regulated kinase

PET: positron emission tomography

pFoxO: phosphorylated forkhead box O
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PI3K: phosphoinositide 3-kinase
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gRT-PCR: quantitative reverse transcription - polymerase chain reaction
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RISC: ribonucleic acid-induced silencing complex
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RNS: reactive nitrogen species

ROS: reactive oxygen species
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SOD: superoxide dismutase

SRF: serum response factor
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TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
UPF: Universitat Pompeu Fabra

UPS: ubiquitin-proteasome system

XPO5: exportin-5

YY1l:yinyang 1
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Introduction

INTRODUCTION

In this section the main concepts that comprise the current thesis are defined,
including muscle wasting and dysfunction, which are the major comorbidities
associated with chronic diseases and several conditions in humans. Cancer
induced cachexia and disuse muscle atrophy are the two conditions studied in
this thesis. In the first place skeletal muscles are introduced, since are the
target organs analyzed in this investigation. Secondly, biological mechanisms
involved in the process of muscle dysfunction and muscle mass loss in cancer-

induced cachexia and disuse muscle atrophy are also described in this section.

1- Skeletal muscles

Around 40% of the total body weight is comprised of skeletal muscle, which is a
specialized tissue with the capacity to contract and relax and it is essential to
generate movements that allow the development of physiological activities such
as maintain posture, breathing, walking or running. Thus, these organs need to
be in optimal conditions to perform their vital functions (1, 2).

1.1- Muscle structure and organization

Skeletal muscles are composed of a group of fibers, called muscle fascicles,
which are formed by muscle cells or muscle fibers that are organized with their
longitudinal axes in parallel (1, 2). Each skeletal muscle fiber is surrounded by a
cell membrane known as sarcolemma, and has a cytoplasm named
sarcoplasm. Within the sarcoplasm of muscle cells are located multiple nuclei
for each muscle fiber, mitochondria, and the main intracellular structures in
striated muscles, the myofibrils (figure 1) (1-3). Every myofibril is formed by
different types of proteins: the muscle contractile proteins actin and myosin, the
regulatory proteins tropomyosin and troponin, and the accessory proteins titin
and nebulin (2). While actin is grouped forming clusters in order to constitute the
thin filaments, myosin molecules are joined together forming the thick filaments
(figure 2) (1, 4).

The disposition of thick and thin filaments in a myofibril originates a
repeating pattern of light and dark bands, characteristic of the skeletal muscle

(1, 2, 4, 5). One repeating unit of the pattern forms a sarcomere, which is the
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contractile unit of striated muscles and consists of various distinct regions. Each
sarcomere is delimited by two dense protein regions named Z-discs. The area
between the Z-discs alternates light bands and dark bands, known as | and A
bands respectively. | bands only has thin filaments, while A bands contains
thick filaments. Both myosin and actin filaments are overlapped in external
regions of A bands, whereas the central region (H zone) only contains myosin.
In the middle of H zone is located the M line, where the thick filaments are
attached (1-3, 5, 6).

Skeletal muscle

Mitochondrion

Sarcoplasm Sarcolemma

Myofibril

Figure 1. Skeletal muscle structure and organization. Figure was produced using Servier

Medical Art (http://www.servier.com).
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Furthermore, there are other proteins that also contribute to the stability and
structure of the sarcomere. Titin is a big protein that expands from M line to Z
disc and acts maintaining the myosin filaments centered on the sarcomere,
while nebulin regulates thin filament longitude during sarcomere assembly (2,
6).

r:z?s;z.e/ T >Y<<? ~

Myosin head

Figure 2. Thin (A) and thick (B) filaments of a muscle myofibril. Figure was produced using
Servier Medical Art (http://www.servier.com).

1.2- Fiber type composition

Myosin is the most abundant protein in the skeletal muscle and has the ability to
create movement and generate force through actin-myosin cross-bridge
mechanism.

Several isoforms of myosin take place in different types of muscle and
contribute to determine the muscle’s speed and contraction. Each fiber type
confers to the muscle different structural and functional properties. In this
regard, each muscle can perform different activities depending on the fiber type
composition. Proportions and sizes of each muscle fiber type can change in
response to different conditions such as exercise, training and environmental
factors, which regulate muscle phenotype with the purpose of adapt to the

different functional requirements (1, 5, 7, 8).
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Muscle fibers can be classified into three main types according to the

morphological, biochemical, physiological and metabolic characteristics as
showed in the following table (Table 1) (1, 2, 5, 8):

Type | Type lla Type llb
METABOLIC CHARACTERISTICS
Twitch speed Slow Fast Very fast
Myosin ATPase Slow Fast Very Fast
activity
Metabolism Oxidative; aerobic Oxidative Glycolytic; anaerobic
glycolytic;
aerobic
Myoglobin High Medium Low
content
Endurance Fatigue-resistant Moderately fatigable
fatigue-
resistant
STRUCTURAL CHARACTERISTICS
Color Dark red Red White
Mitochondrial High Medium Low
density
Fiber diameter Small Medium Large
ACTIVITIES BEST STUDIED FOR
Use Endurance-type Sprinting, Short-term intense or
activities: running a walking powerful movements:

marathon, maintaining

posture

jumping

Table 1. Characteristics of skeletal muscle fiber types (1, 5, 7).

The type | muscle fibers are the slow-twitch fibers, characterized by forming

part of red muscles, color given by its high myoglobin content. This type of
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fibers has an oxidative metabolism owing to the elevated mitochondrial content
that makes it fatigue resistant (8, 9). Both type lla and type Ilb muscle fibers
are the fast-twitch fibers, which are found in the white muscles (low myoglobin
content) and are characterized for having a glycolytic metabolism. Type lla
fibers possess high mitochondrial content that confers them an oxidative-
glycolytic metabolism, which make them fatigue resistant, but less than type |
fibers (5, 8, 9). However, type llb fibers have low mitochondrial content and
they do not have oxidative metabolism. This type of fibers has exclusively
glycolytic metabolism that make them easily fatigable (1, 5, 9).

As previously mentioned, every muscle in our body is composed by
proportions of each fiber type in order to perform a given function. Moreover,
the distribution pattern of muscle fiber types varies between species. For
example, the diaphragm, a respiratory muscle exposed to continuous
involuntary contractions, is considered a faster muscle in rodents than in
humans (10). In this manner, this respiratory muscle contains 10% of type |
fibers and 90% of type Il fibers in mice (11), weather in humans the proportions
are around 30% of type | and 70% of type Il fibers (12).

In contrast, limb muscles are subjected to voluntary contractions that allow
the generation of daily life movements. Gastrocnemius, the most representative
limb muscle in rodents, is essentially involved in running, jumping and other
"fast” movements of limbs, and for this reason it contains a high proportion of
fast-twitch fibers. By contrary, soleus muscle which is closely connected to the
gastrocnemius and it is implicated in standing and walking, is characterized by

containing a higher proportion of slow-twitch fibers (13-15).

1.3- Energy production in muscles

Muscles need energy constantly in order to contract, to generate force and to
produce movement. ATP is the energy source of muscle physiology and it is

synthesized by different pathways depending on muscle demands (1, 15):

e Direct phosphorylation: for short-duration exercise (15 seconds), ATP is
formed from creatine phosphate and ADP by the enzyme creatine kinase

(CK). ATP generated from this pathway is very limited, so when the muscle
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activity is prolonged (30-40 seconds), ATP is synthesized by anaerobic
metabolism (5, 15).

e Anaerobic pathway (glycolysis and lactic acid formation): in the
cytosol, each glucose molecule is converted in two pyruvate molecules, two
ATP, and two NADH through the glycolysis. Owing to the lack of oxygen,
piruvate is converted into lactate by the action of the enzyme lactate
dehydrogenase (5, 6, 15).

e Aerobic pathway: for prolonged-duration exercise (hours) and under
adequate oxygen conditions, the pyruvate obtained in the glycolysis is
conducted inside the mitochondria and converted to acetyl coenzyme A
(CoA). The acyl unit of acetyl CoA then is incorporated into the citric acid
cycle where is combined with oxaloacetate to produce citrate. Each
completed cycle releases two molecules carbon dioxide and produces one
ATP, three NADH, and one FADH, (1, 2, 5).

In the next step of the aerobic metabolism, NADH and FADH, transport
their electrons to the electron transport system, located in the inner
mitochondrial membrane. Energy from electrons moving along the electron
transport system pumps protons from the mitochondrial matrix to
intermembrane space, generating a proton concentration gradient. Then,
protons move back across the membrane to the matrix, via ATP synthase
(4-6).

The synthesis of ATP through the electron transport system is known as
oxidative phosphorylation and has a net energy yield of thirty-two molecules

of ATP for each molecules of glucose (5, 6).

2- Muscle dysfunction and muscle wasting

Strength and endurance are the main functional properties of the muscle.
Strength is the capacity of the muscle to generate force through muscle
contractions, while endurance is the ability of the muscle to maintain that force
for a long period of time. Strength depends on muscle mass, whereas
endurance depends on the proportion of type | fibers, which are the most

fatigue-resistant (16, 17).
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Skeletal muscle dysfunction is an alteration of normal muscular activity,
and it is characterized by a decline in strength and/or endurance of the affected
muscles, which may lead to muscle weakness and fatigue (16, 17). Muscle
dysfunction may be associated with muscle wasting, defined as muscle mass
loss. Moreover, muscle wasting may also be part of cachexia, which is defined
as a multifactorial syndrome characterized by an ongoing loss of both adipose
and skeletal muscle tissue, as well as loss of visceral tissue, together with a
reduced muscle strength and endurance, weakness and fatigue. This wasting
syndrome is presented as a complication of chronic or end-stage malignant
diseases such as cancer (18-21).

Muscle dysfunction and wasting are comorbidities associated with several
respiratory diseases including chronic obstructive pulmonary disease (COPD),
and lung cancer (LC) (16, 20, 21). Moreover, these patients may also undergo
disuse muscle atrophy caused by prolonged bed rest, or due to limited exercise
capacity as a consequence of the underlying disease (22, 23). The alteration of
normal muscle function, as well as the presence of muscle mass loss due to
these diseases or conditions impairs the quality of life of these patients, and
getting worse the prognosis of the disease (19-21, 24).

2.1- Conditions associated with muscle dysfunction and wasting

2.1.1- Lung cancer

Cancer is one of the main conditions associated with muscle dysfunction and
muscle wasting. Lung cancer is the most common cause of cancer death
worldwide, with about 1,500,000 deaths annually (25). It has been reported that
more than half of patients with this tumor type, among others, usually show an
important weight loss, including skeletal muscle wasting and develop cachexia,
which impairs the quality of life of these patients (26-30). A recent study of our
group has been shown that vastus lateralis of lung cancer cachectic patients
exhibited a reduction in type Il fibers size, together with an increase in muscle
structural abnormalities impairing the exercise capacity and quadriceps muscle

force in these patients (16).
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In addition, cancer cachexia is related to a reduced tolerance to
anticancer therapy and a reduced survival (31) being the cause of death in 20-
40% of cancer patients (20, 28).

In this regard, due to the great impact of cachexia in lung cancer prognosis,
therapeutic targets to prevent or treat cachexia are necessary, but no effective
treatment is currently available. Sulfasalazine and Bortezomib are drugs already
approved for use in patients for treatment of rheumatoid arthritis and multiple
myeloma, respectively (32, 33). These drugs act by inhibiting certain biological
mechanisms (described in section 2.2) also involved in the development of
cancer-induced cachexia, but nevertheless its effects on this disease remain
unknown. Before designing studies in patients, especially with regard to
therapeutic interventions, is essential the use of experimental animal models,
which simulate human diseases and test the effects of therapeutic strategies. In
our group it has been performed several animal models of cancer-induced
cachexia in order to explore the effects of this disease on respiratory and
peripheral muscles (34, 35). In this regard, already exist experimental validation
of animal models for studying paraneoplastic syndromes of cancer, as well as
the potential treatments.

2.1.2- Disuse

Muscle wasting can also take place in absence of the disease, during extended
periods of muscle disuse including physical inactivity, chronic bed rest, when a
single limb is immobilized, and spaceflight.

Disuse muscle atrophy can lead to a significant decrease in muscle mass
and strength, thus impairing physiological function of respiratory or limb
muscles (23, 36-38).

As to study the mechanisms responsible for disuse muscle atrophy in
humans is very complex, numerous experimental animal models have been
designed with the aim to simulate the different conditions that cause disuse
muscle atrophy in humans. For example, tail suspension is an animal model
based on unloading hindlimb muscles, which is suitable for studying
microgravity-induced atrophy due to spaceflight (39). Denervation is an efficient
method for simulating the pathology of trauma in which nerve functions have

been affected (40). In order to mimic muscle atrophy due to prolonged bed rest
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or limb cast, the most effective animal model is the hindlimb immobilization (22,
23, 41, 42).

Although the different conditions of disuse muscle atrophy share the
common feature in loss of muscle mass, differences in how this muscle loss
occurs may exist. Disuse muscle atrophy due to physical inactivity or limb cast
is characterized by a rapid atrophy of slow-twitch muscles such as soleus
muscle, and fibers size reduction of limb muscles (22, 37, 43). However, exist
some controversy regarding to the fiber type proportions during disuse muscle
atrophy. On the one hand, studies performed in hindlimb immobilized rats
between 4 and 8 weeks have been reported that there is frequently a switch of
the muscle fiber-type composition, giving rise a transition of slow to fast myosin
isoform expression in gastrocnemius and soleus muscles (44). On the other
hand, some studies have been shown that in soleus muscle of rats exposed to
14 days of spaceflight, fiber proportions were maintained despite the existence
of a tendency of type | fibers shift to a type Il fibers (45). The reasons of these
contradictory results could be due to the use of different experimental models of
disuse muscle atrophy, or owing to the immobilization period.

Muscle activity after the immobilization period, results in a gradual increase
of muscle mass and force production (22, 46). Several studies have been
shown that after 7 days of hindlimb immobilization followed by 11 days of
recovery period, there is a progressive increase in protein synthesis and muscle
function, as well as increased expression of genes involved in energy

metabolism in the mouse gastrocnemius muscle (22, 23).

2.2- Biological mechanisms involved in muscle dysfunction and
mass loss in different models

2.2.1- Oxidative and nitrosative stress

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are highly
reactive molecules that are produced at low levels within skeletal muscle fibers,
playing a positive role in muscle contraction and muscle force production (35,
47, 48). In order to maintain the constitutive levels of ROS and RNS inside the
muscle cells, some intracellular antioxidant enzymes act neutralizing the
increased levels of these reactive species (49). These antioxidant enzymes

including catalase, cytosolic superoxide dismutase (SOD1), and mitochondrial
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superoxide dismutase (SOD2), are highly expressed within skeletal muscles
(48). However, when the increased levels of ROS and RNS cannot be
neutralized by the antioxidant agents, occurs a phenomenon named oxidative
and nitrosative stress (48, 50, 51). These excessive levels of ROS and RNS
can exert injurious effects in muscle proteins, membrane lipids and even nucleic
acids (DNA) (52). Proteins, including structural proteins of skeletal muscle are
the major targets of ROS and RNS, leading to the alteration on its function as
well as an increase of its degradation, contributing to muscle mass loss and
muscle dysfunction (53). Quantification of carbonyl groups, which appear as a
result of the oxidation of some amino acids, is a good marker to explore protein
oxidation (48, 53). In addition, final products of lipid peroxidation such as
malondialdehyde (MDA), 4-hydroxy-2-onenal (HNE), and 3-nitrotyrosine (NT)
formation from the reaction of peroxynitrite and tyrosine, are important markers
of oxidative and nitrosative stress (48, 50, 53, 54).

Consistent evidence of our group showed that redox imbalance is involved
in muscle wasting and dysfunction in both respiratory and limb muscles of
COPD patients (48, 51, 53), as well as COPD patients with lung cancer (16),
and cancer cachectic animals (35, 48, 50). In addition, several studies have
been demonstrated the implication of oxidative and nitrosative stress in disuse
muscle atrophy (43, 55-57).

2.2.2- Inflammation

Inflammation is a protective biological response of our body against
aggressions of foreign agents, with the aim to destroy, defend or isolate these
external agents and repairs the tissue damage. In this manner, inflammatory
response is a beneficial pathological process for our body due to the limitation
of the pathogen action. During the inflammatory process, host cells, proteins,
and other mediators are activated and they travel through the blood vessels
towards the site of damage, where release different substances such as
cytokines in order to eliminate the injurious stimuli and to initiate the tissue
healing process (2, 5). Nevertheless, an exaggerated or persistent inflammatory
process may become harmful (58). Excessive inflammatory mediators can exert

adverse effects in systemic circulation, arriving at organs and tissues, including
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muscles, damaging muscle structure and altering the muscle contraction,

leading to their dysfunction (59, 60).

Both local and systemic inflammation can take place in skeletal muscle
wasting and dysfunction. During the systemic inflammation response,
proinflammatory cytokines such as TNF-q, interleukin-1-beta (IL-1(, IL-6, and
interferon gamma (IFNy) are produced. These cytokines are shown to be
involved in muscle wasting diseases including cancer cachexia, by activating
intracellular signaling pathways that enhance protein degradation through the
activation of catabolic pathways, leading to muscle atrophy and dysfunction (16,
61-64). Nonetheless, as previously described, muscle inflammation seems to be
a less predominant event in muscle wasting diseases (16, 65, 66).

However, muscle atrophy during immobilization takes place in the presence
of local inflammation (22, 23), while in the rehabilitation after muscle disuse,

inflammation response decreases and return to basal levels (23).

2.2.3- Cell signaling pathways

Cell signaling is a part of complex system that has the function of communicate
information (signals) within the cell in order to regulate cellular activities. Signal
transduction take place when an extracellular or intracellular stimulus activates
a specific receptor situated on the membrane cell or inside the cell. In turn, this
receptor triggers a number of biochemical events inside the cell, producing a
response. This signal transduction process normally involves multiple steps,
amplifying the signal response. In this manner one signaling molecule can
originate more than one cellular response (67, 68).

Oxidative and nitrosative stress, and inflammation, act as activators of a
great number of signaling pathways that in turn, stimulate the activity of different
effectors promoting skeletal muscle atrophy and dysfunction, by an imbalance
between the rate of protein synthesis (anabolism) and degradation (catabolism),
being the latter the predominant (50, 51, 69). Mitogen-activated protein kinase
(MAPK), nuclear factor-KappaB (NF-kB), and forkhead box O class (FoxO) are
the main signaling pathways involved in muscle mass loss associated to

different diseases and conditions (70-72).
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2.2.3.1- Mitogen-activated protein kinase (MAPK) pathway

MAPK is a family of proteins composed by four subgroups of signaling proteins,
each one sensitive to a given stimulus and specialized in a determinate
response in skeletal muscle: the extracellular signal-regulated kinases (ERKs) 1
and 2 (ERK1/2); the p38 MAPK, the c-Jun NH,-terminal kinase (JNK); and the
ERKS5 or big MAPK (71, 73).

All of these MAPK proteins are stimulated by cytokines, growth factors, and
cellular stress and then, through phosphorylation interact with other proteins or
transcription factors forming a signaling cascade which is involved in multiple
biologic processes such as cell proliferation, differentiation, hypertrophy,
apoptosis, and inflammation (70).

In skeletal muscle, these MAPKs are important regulators in muscle fiber
phenotype, muscle mass maintenance, and muscle diseases. The upregulation
of these pathways is shown to be involved in skeletal muscle atrophy diseases
by stimulating expression of protein degradation (E3 ligase atroginl/MAFbx and
muscle RING-finger protein-1 (MuRF1), and the consequently activation of
ubiquitin-proteasome system. In addition, MAPKs can promote the transcription
of genes implicated in apoptosis and autophagy, participating by this way in
muscle wasting through both, the ubiquitin-proteasome and autophagy-

lysosome dependent proteolytic mechanisms (74-79).

2.2.3.2- Nuclear Factor-kappaB (NF-kB) pathway
NF-kB is an important protein complex that, in response to oxidative stress and
proinflammatory cytokines, regulates the transcription of genes involved in
apoptosis, inflammation, differentiation, cachexia, muscle mass loss, and disuse
atrophy in skeletal muscle (16, 80-82). NF-kB family is formed by five different
proteins: p50, p52, p65, Rel B and c-Rel (83). In order to facilitate binding of
NF-kB to DNA and regulate gene expression, two of these proteins must form a
dimmer. Is well known that the dimmer p50-p65 is in charge of the majority
activity of NF-kB in skeletal muscle (84).

When the tissue is not submitted to any stimuli, NF-kB is found in the
nucleus attached to its inhibitor lkappaB-alpha (IkB-a). However, under various
stimuli, Ikappa kinase (IKK) is activated and therefore phosphorylates IkB-a,

which is ubiquitinated and degraded via proteasome. Exclusively only NF-kB
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complexes without their IkB-a inhibitory can translocate into the nucleus and
regulate gene expression and consequently mediate multiple signaling

pathways such as apoptosis, inflammation and differentiation (83, 85).

2.2.3.3- Forkhead box O family (FoxO) pathway

Forkhead box transcription factors are a family of proteins characterized by
having a conserved DNA-binding domain named the “forkhead box”. Mammals
have four different members of the FoxO family: FoxO1, FoxO3, FoxO4, and
FoxO6, all of them regulate cell growth, cell proliferation, cell differentiation, and
cell longevity by up-regulating genes involved in energy metabolism, apoptosis,
and cell cycle arrest (86, 87).

FoxO transcription factors are regulated by different stimuli, such as IGF-I,

cytokines, and oxidative stress. These triggers control FoxO activity by post-
translational modifications, such as phosphorylation, acetylation, ubiquitination,
and methylation, which allow FoxO movement between the cytoplasm and the
nucleus (88).
Several studies, some of our group, have shown that FoxO transcription factors
are important mediators of muscle mass loss associated with cancer-cachexia,
COPD, hindlimb suspension and denervation (12, 16, 89-91). It has been
reported that the activation of FoxO transcription factors carries to an increase
expression of the muscle-specific ubiqutin ligases and the autophagy related
genes, which in turn upregulate the ubiquitin-proteasome system and
autophagy (12, 16, 71, 79).

2.2.3.4- Myostatin/ActivinliB pathway

Myostatin or growth and differentiation factor-8 (GDF-8), is a member of the
transforming growth factor (TGF) family of proteins that is highly expressed in
skeletal muscle. Myostatin inhibits muscle growth and differentiation in the
process of myogenesis, being an important negative regulator of muscle mass
(92, 93). Myostatin regulates muscle growth by binding to the activin 1B
membrane receptor (ActRIIB), resulting in the phosphorylation of the Similar to
Mothers Against Decapentaplegic 2 and 3 (Smad2/3) transcription factors, and
inhibiting transcription genes including myogenin, which is essential for skeletal

muscle differentiation (94, 95). Moreover, myostatin is also involved in the
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regulation of different signaling pathways such as MAPK pathway, which block
the myogenesis responsible genes (96, 97). In addition, increased myostatin
expression inhibits Akt signaling leading to a decreased protein synthesis (97,
98). The myostatin-activin receptors binding also induces the activation of FoxO
transcription factors, allowing the transcription of MuRF1 and atrogin-1 which
promote the ubiquitination of muscle structural proteins including myosin,
leading to skeletal muscle wasting (99).

Increased myostatin levels has been shown to be involved in muscle
wasting diseases and conditions including cancer cachexia, and inactivity-
induced muscle atrophy (96, 100).

2.2.3.5- The Phosphatidylinositol-3kinase/RAC-alpha serine/threonine-
protein kinase /mammalian target of rapamycin/70 protein S6 kinase
(PIBK/Akt/mTOR/p70S6K) pathway

In muscles, the balance between protein synthesis and degradation allows the
proper muscle mass maintenance and a good response to different conditions
including exercise, and environmental factors. However, an imbalance between
the rate of protein catabolism and anabolism, in the favor of the first one, can
lead to muscle wasting diseases (101).

Protein synthesis, also known as protein anabolism, is essential for body
muscle development, strength growth and muscle mass recovery (102, 103).
The PI3SK/AKI/MTOR/p70S6K pathway is the main regulator of protein
anabolism. It is mainly activated by insulin-like growth factor-1 (IGF-1), which
when is attached to its receptor triggers the activation of PI3K. This kinase
phosphorylates and activates Akt, which, in turn promotes the stimulation of the
mammalian target of rapamycin (MTOR) (21, 104). The activation of mTOR
results in the phosphorylation and activation of p70S6K, which induces
phosphorylation of S6 ribosomal protein, leading to the protein synthesis at the
ribosome (103, 105, 106). Moreover, Akt activation also results in inhibition of
protein degradation by phosphorylating and thus repressing the transcription
factors of the FoxO family proteins. This way, FoxO members are unable to
enter the nucleus and to induce transcription of the muscle specific ubiquitin
ligases (MAFbx/Atrogin-1 and MuRF1) and autophagic related genes such as
autophagy protein microtubule-associated protein 1 light chain-3 (LC3) (21, 89,
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90, 107). Despite increased protein catabolism has been extensively shown in
different muscle wasting conditions, a decrease of protein synthesis has also
been demonstrated in several muscle wasting conditions, contributing to the

imbalance between protein synthesis and degradation (108).

2.2.4- Proteolytic systems

Protein catabolism, also named protein degradation or proteolysis, is an
important regulator of many physiological and cellular processes, along with
preventing the accumulation of unnecessary or damaged proteins in cells,
including in muscle cells. The proteolytic process, consist in the break of
proteins into smaller amino acids by the hydrolysis of the peptide bond, mainly
through enzymes called proteases (109).

However, an increased protein catabolism has been presented to be a
relevant mechanism of muscle mass loss in cancer-induced cachexia and
disuse muscle atrophy, among other muscle wasting diseases (16, 20, 110).
The following proteolytic pathways are involved in protein degradation in
skeletal muscle: autophagy, calpain system, caspase-mediated apoptosis, and
the ubiquitin-proteasome system, being the latter the main mechanism
implicated in the muscle wasting and dysfunction by the degradation of
contractile proteins (20, 31, 111, 112).

2.2.4.1- Ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) is the principal mechanism of protein
degradation in the mammalian cells. In UPS, proteins have to be marked with
multiple ubiquitin molecules in order to be degraded. This process can be
summarized in three consecutive steps, each one regulated by different
enzymes, the ubiquitin-activating E1, the ubiquitin-conjugating E2, and the
ubiquitin-ligase E3 (69, 113):

1) The ubiquitin activation: ubiquitin molecules are activated by the E1 enzyme

in an ATP-dependent process.

2) The ubiquitin conjugation: E2 enzyme catalyzes the transfer of ubiquitin
activated molecule from E1 to the active site of E2. E214« is an E2 enzyme that

regulates the ubiquitin conjugation of skeletal muscle proteins.
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3) The ubiquitin ligation: E2 enzyme carries the ubiquitin unit to the ubiquitin-
ligase enzyme E3 that is bound to a protein substrate. In this final step, the
protein receives the ubiquitin molecule, which after several cycles of
ubiquitination, will have a long ubiquitin chain. The muscle specific E3 ligases
atrogin-1 (also named muscle atrophy F box, MAFbx), and the muscle ring
finger-1 (MuRF1) play an important role in skeletal muscle atrophy (114, 115).
In addition, tripartite motif-containing protein 32 (TRIM32) is an E3 ubiquitin
ligase expressed in skeletal muscles that also is involved in the ubiquitination

process of skeletal muscle proteins (116).

Proteins marked with polyubiquitin can be recognized and therefore
degraded through the 26S proteasome complex, which is composed by the
regulatory subunit 19S, and the catalytic subunit 20S (67, 117).

2.2.4.2- Autophagy

Autophagy is a proteolytic mechanism which degrades cellular components,
even proteins, through enzymes contained within the lysosomes. During this
process, target proteins are surrounded by a vesicle named autophagosome.
Then, the autophagosome fuses with the lysosome, which degrades and
recycles its content (118, 119).

Autophagy takes place constitutively in order to maintain an anabolic and
catabolic balance in the cell. Nevertheless, upregulate autophagy activity can
induce muscle protein degradation and therefore muscle mass loss. Akt
signaling regulates the autophagy pathways in skeletal muscles by
phosphorylation and inactivation of FoxO transcription factors, thus preventing
the transcription of autophagy genes. Several autophagy enhancers, including
beclin-1, microtubule-associated protein 1A/1B-light chain 3 (LC3), and p62 are
shown to be involved in the process of muscle wasting in cachectic muscles of

COPD patients (16), and in experimental models of cancer cachexia (71, 120).

2.2.4.3- Calpain-calpastatin system

Calpains are calcium cysteine proteases that are ubiquitously expressed in
mammalian tissues. Calpains break directly the cytoskeletal proteins (titin and
nebulin), resulting in the liberation of contractile proteins (actin and myosin)
from the sarcomere, and the subsequent degradation by the proteasome
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system (121, 122). The -calpain proteolytic activity is regulated by the
concentration of cytosolic calcium, or by the levels of its endogenous specific
inhibitor, calpastatin (55).

Several studies have been reported that increased calpain levels are
involved in the muscle wasting process in cancer cachexia and in disuse
muscle atrophy (123, 124).

2.2.4.4- Caspase-mediated apoptosis
Apoptosis or programmed cell death is an important mechanism for maintaining
cell community in tissues. Cells subjected to this process are characterized by
have morphological changes, such as nuclear fragmentation or chromatin
condensation, resulting in a cell fragments known as apoptotic bodies, which
will be eliminated by phagocytic cells. This process of cell degradation is carried
out by the proteases called caspases (125, 126). The apoptotic mechanism is
regulated by proteins that either induce it (pro-apoptotic, i.e. Bcl-associated X,
Bax) or inhibit it (anti-apoptotic, i.e. B-cell ymphoma 2, Bcl-2) (55).

Apoptosis takes place normally during development or aging, but under
defective apoptotic conditions, this mechanisms can contributes to muscle
wasting diseases including cachexia and disuse atrophy (124, 127-130).

2.2.5- Mitochondrial dysfunction

Mitochondria are cell organelles that have a key role in energy production in
skeletal muscles as well as other tissues, through oxidative phosphorylation. In
addition, these organelles are involved in muscle mass maintenance and loss in
diseases. Alterations in muscle mitochondrial content and function are related
with several muscle wasting diseases, including cancer cachexia (109, 131),
and COPD (11, 132). Besides, some mitochondrial alterations can induce a
greater generation of ROS in skeletal muscles, which could be implicated in a
redox disbalance and an altered muscle function (11, 133). A recent study of
our group has shown that both diaphragm and gastrocnemius muscles of LC
cachectic mice exhibited an affected mitochondrial respiratory chain caused by
a reduction of mitochondrial chain complexes activity (34). This mitochondrial
dysfunction resulted in a reduced muscle mass and strength in those animals
(34).
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Moreover, mitochondrial DNA (mtDNA), which encodes thirteen proteins
that are crucial for oxidative phosphorylation and ATP generation, can be
damaged (10, 132, 134). Alterations or deficiencies in nuclear genes implicated
in the mtDNA synthesis can compromise mitochondrial biogenesis in skeletal

muscles and therefore inducing muscle loss (131).

2.2.6- Poly-ADP ribose polymerase (PARP)

PARP is a family of proteins involved in the regulation of several cellular
processes, including DNA repair, cell death, inflammation, differentiation, and
metabolism (135-138). Among the family of PARP proteins, PARP-1 and PARP-
2 are extremely conserved proteins, that are ubiquitously expressed in
mammalian tissues and are localized in the cell’s nucleus (136). These proteins
have greater activity in the cell. Concretely, PARP-1 is responsible for the 85%-
90% of PARP activity, whereas the rest is predominating PARP-2 (136).

PARP-1 and PARP-2 use NAD" as a substrate to form polymers of ADP-
ribose on other proteins and therefore are the major NAD"* consumers in several
cell types such as skeletal muscle cells (137, 139). In this regard, prolonged
PARP activation can reduce the NAD" levels and, thereby to impair glycolysis
compromising cell survival. In addition, a reduced glycolytic activity results in
ATP depletion, and an impaired flow of glucose-derived components into the
citric acid cycle, further compromising energy balance (140).

Aside from play a role in oxidative metabolism, PARP enzymes are also
implicated in metabolic regulation by influencing mitochondrial function. Silent
mating type information regulation 2 homolog-1 (SIRT1), a NAD*-dependent
type lll deacetylase, regulates oxidative metabolism by the acetylation and
regulation the activity of a number of enzymes and transcriptional regulators
(141, 142). In skeletal muscle, SIRT1 is an important regulator of mitochondrial
function (143). In fact, the activity of SIRT1 is controlled by the bioavailability of
the substrate NAD". Evidences suggest that increased NAD" content results in a
higher SIRT1activity (142). Thus SIRT1 acts as an intracellular sensor by
increasing the mitochondrial biogenesis to achieve the energy requirements of
the cell (144).

The NAD" dependence of PARP and SIRT1 suggests that these enzymes
could compete for a limited NAD". Recent studies have demonstrated that the
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genetic deletion of either Parp-1 or Parp-2, or through the pharmacological
inhibition of PARP activity, intracellular NAD" levels can be elevated in skeletal
muscle, and hence increasing SIRT1 activity and mitochondrial function (145,
146). Moreover, it has been shown that Parp-2 deletion increases SIRT1
expression and activity in cultured myotubes without changing NAD" levels,
leading to an increased mitochondrial content (146). These results insinuate
that PARP-2 behaves as a direct negative regulator of the SIRT1 promoter.
Therefore, PARP may alter SIRT1 activity by reducing or not NAD"
bioavailability.

PARP-1 and PARP-2 are also involved in tumorogenesis of some cancer
types (147, 148) by altering the mechanisms of DNA repair, thereby stimulating
tumor progression (147-150). In fact, the overexpression of PARP-1 is related
with low survival rates in patients with breast cancer (151). A recent study of our
group conducted in lung cancer Parp-17~and Parp-27 mice, showed that these
animals exhibited a reduction in tumor weight and tumor cell proliferation
through an increase in oxidative stress, apoptosis and autophagy (152). In
addition, pharmacological inhibition of PARP-1 and PARP-2 has been shown to

be a treatment option for several cancer types including lung cancer (153, 154).

Taking into account all these findings, PARP inhibitors could play a dual
role as therapeutic agents: anti-tumoral and anti-cachectic.

2.2.7- Epigenetic events
Epigenetics are the functionally relevant modifications to the gene expression
that do not implicate an alteration in the DNA sequence. These epigenetic
modifications can induce changes in skeletal muscle plasticity in response to
environmental stimuli, such as immobilization, as well as some diseases
including COPD (155-158). Epigenetic regulation of gene expression includes
several changes including protein acetylation and microRNAs (155, 159, 160).
Recent studies, some of our group, propose that these epigenetic
modifications may play an important role in the loss of muscle mass and
dysfunction (155-157).
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2.2.7.1- Protein acetylation and deacetylation

Genes are packaged into the nucleus of our cells forming the chromatin.
Chromatin is comprised by an octamer of protein histones (two of each of the
core histones H2A, H2B, H3, and H4), which compact the DNA resulting in the
functional basic unit of DNA package, the nucleosome (161). Chromatin
structure can be modulated, leading to two different types of chromatin
depending on the degree of its condensation. When chromatin is slightly
compacted, genes are more accessible and therefore, they are transcriptionally
active. In this case, chromatin is called euchromatin. However, heterochromatin
is referred to a tightly packaged chromatin, which difficult the accessibility to the

transcription factors, repressing gene transcription (161, 162).

Acetylation and deacetylation of histones are to mechanisms that control
gene expression through modulation of chromatin structure. On the one hand,
acetylation is a post-translational modification of histones that consists in the
transference of the acetyl group from acetyl-CoA to a lysine residue. This
modification leads to an opened chromatin (euchromatin) which is
transcriptionally active. On the other hand, deacetylation reverses this action
resulting in a closed chromatin (heterochromatin) that is transcriptionally
inactive (155, 159, 161, 163).

Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are

two different groups of enzymes, which regulate this contrary process (155,
159, 161).
HATSs, that are responsible of histone acetylation, are involved in the process of
muscle wasting allowing the transcription of NF-kB and FoxO transcription
factors, both implicated in protein degradation (163). By contrary, HDACs revert
the acetylation process by removing acetyl groups of the lysine residues, thus
preventing gene transcription. Exist 18 HDACs divided into four classes, being
HDAC3 (a class | HDAC), HDAC4 (a class lla HDAC), HDACG6 (a class llb
HDAC), and silent information regulator 1 (SIRT1) (a class Il HDAC, also called
sirtuins) the most important in the regulation of muscle mass (163-167).

Proteins other than histones, including transcription factors, can be

acetylated or deacetylated in order to modify its function and turnover. This
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reversible process is mediated by the enzymes HATs and HDACs that increase
or decrease, respectively, the protein acetylation levels.

Concretely, HDAC3 and SIRT1 deacetylate p65 subunit, preventing the activity
of transcription factor NF-kB, and thus impeding muscle atrophy (168, 169). In
addition, SIRT1 acts blocking the transcription of FoxO genes leading to the
inhibition of atrophy-related genes (atrogin-1 and MuRF-1) (170). Furthermore,
SIRT1 enhances the peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a) (171), which induces fiber type switching from
fast- to slow-twitch, and also impedes the transcription of FoxO genes (172). In
this manner, SIRT1 prevents the muscle mass loss and promoting muscle
growth (170, 173).

Furthermore, in the presence of an imbalance between protein acetylation
and deacetylation, in favor of the first ones, proteins become hyperacetylated,
being more susceptible to be degraded (163). In fact, HATs can act as ubiquitin
ligases increasing the ubiquitin proteasome activity (174). Besides, excessive
protein acetylation may be due to a deficient HDACs activity. A recent study has
been reported that a reduced expression of HDAC6 and SIRT1 in muscles of
septic rats contributes to muscle wasting (165).

In this regard, protein acetylation acts as an important regulator of muscle

mass, contributing to the process of muscle wasting (163).

Moreover, acetylation and deacetylation also control the expression of
myogenic transcription factors such as the myocyte enhancer factor-2 (MEF2)
family (159). This family of transcription factors, which includes MEF2C and
MEF2D, regulates muscle differentiation and muscle repair and are decreased
in muscle wasting diseases and conditions (159, 175). In contrast, the
transcription factor Yin Yang 1 (YY1), which inhibits myogenesis and muscle

gene expression, is found to be increased in muscle wasting processes (176).

2.2.7.2- MicroRNAs
MicroRNAs (miRNAs) are non-coding ribonucleic acids of approximately 20-30
nucleotides of length that are involved in the regulation of gene expression.

MiRNAS repress protein translation or promote mRNA degradation by means of
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base-pairing with complementary sequences of the mRNAs targets (177). A
single miRNA have several targets (mMRNA) and these in turn can be regulated
by multiple miRNAs. In this manner, miRNAs are implicated in various
processes such as the regulation of muscle mass and muscle phenotype (155,
178).

These small non-coding RNAs are firstly transcribed as long transcripts into
the nucleus, which are named primary miRNAs (pri-miRNAs) (179). The
ribonuclease (RNase) Ill endonuclease Drosha associated with Pasha (hamed
DGCRS8) splits the pri-miRNA into a smaller miRNA precursor (pre-miRNA).
This pre-miRNA is transported from the nucleus towards the cytoplasm through
exportin-5 (XPO5), where once there a second RNase Il endonuclease cleaves
the pre-miRNA in order to obtain two short (22 nucleotides) complementary
molecules of mMIRNA. One strand of this miRNA duplex is degraded whereas the
other one becomes in the mature miRNA, which is incorporated into the RNA-
induced silencing complex (RISC) allowing the identification and binding to the
complementary target mMRNA. The union between the miRNA and the mRNA
results in the degradation of the latter or the inhibition of protein translation
(178, 180).

Numerous miRNAs are highly expressed in the skeletal muscle, some of
them being muscle-specific miIRNAs also known as myomiRs. miR-1, miR-133,
and miR-206 are the most studied muscle-specific miRNAs since have an
important relevance in muscle development, muscle mass, muscle fyber type,
and muscle wasting conditions (156, 178, 181). In addition, non-muscle specific
mMiRNAs including miR-486, are also expressed in skeletal muscles and are
necessary for the regulation of muscle growth and homeostasis (182).

During development, myomiR regulation is directed by myogenic regulatory
factors (MRFs), such as myogenin and myogenic differentiation 1 (MyoD), as
well as serum response factor (SRF) and MEF2 (175, 183, 184). MicroRNAs
miR-1 and miR-206 induce MEF2 expression by the repression of HDAC4
activity, promoting muscle differentiation, whereas miR-133 enhances myoblast
proliferation by blocking the SFR and inhibiting myotube formation. However,
miR-486 acts directly on the FoxO expression, decreasing its activity and thus

42



Introduction

promoting protein synthesis and muscle growth, through the activation PISK/Akt
signaling (184, 185).

These miRNAs are shown to be involved in the process of muscle wasting
during muscle related diseases and conditions. Concretely, a recent study has
been reported that miR-1 expression is downregulated in the quadriceps of
COPD patients, leading to its skeletal muscle dysfunction (186). In experimental
models of disuse muscle atrophy, the gastrocnemius of mice exhibited a
reduction of miR-206, whereas miR-1 and miR-133 levels showed a trend
towards reduction. These results, together with the increase of muscle atrophy
genes (atrogin-1 and myostatin) in the same muscle, contributed to the loss of
muscle mass and force generation (114, 158). By contrary, pharmacologycal
administration of miR-1, miR-133, and miR-206 into the injured tibialis improve

mucle regeneration (187).
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Rationale and hypothesis

RATIONALE AND HYPOTHESIS

Skeletal muscle dysfunction and wasting are important systemic manifestations
associated with chronic diseases such as lung cancer. In addition, muscle
deconditioning takes place in patients with chronic illnesses, which have to rest
for long periods of time, or have limited exercise capacity as a result of the
underlying disease.

Evidence shows that muscle mass loss associated with these conditions occurs
as a consequence of enhanced muscle proteolysis, mainly through the ubiquitin
proteasome system, which is regulated by cell signalling pathways such as NF-
kB and MAPK. However, in vivo studies demonstrating the effectiveness of the
pharmacological inhibition of these pathways are still lacking.

Epigenetic mechanisms such as muscle-specific microRNAs, histone
acetylation/deacetylation balance, and myogenic transcription factors which
regulate muscle mass maintenance and muscle repair in several chronic
respiratory diseases, could also be involved in the muscle wasting process
during cancer cachexia and disuse muscle atrophy. Moreover, overexpression
of PARP-1 and PARP-2 promotes carcinogesis and tumor progression, and
impairs muscle metabolism affecting mitochondrial function, but their role in
protein anabolism and catabolism, muscle mass, muscle function and other
epigenetic mechanisms in in vivo models of cancer cachexia remains unclear.

Despite the knowledge of the molecular and cellular mechanisms involved
in disuse muscle atrophy due to immobilization, the temporal sequence of
different events is still undefined. Furthermore, the biological mechanisms
involved in the recovery process of muscle mass and function after the

immobilization period are also poorly understood.

In the current thesis, we hypothesized that the biological mechanisms
involved in the process of muscle wasting and dysfunction may differ between
disuse muscle atrophy and LC induced cachexia in mice. Moreover, we also
hypothesized that the profile of molecular events implicated in deconditioning of
skeletal muscles, as well as in the recovery process of muscle following
immobilization may be different between early- and late-time points in limb
muscles of mice exposed to hindlimb unloading. Finally, we also hypothesized
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Rationale and hypothesis

that pharmacological inhibition of MAPK, NF-kB, and proteasome mechanisms,
as well as the deficiency of either PARP-1 or PARP-2 proteins may have
beneficial effects on total body and muscle weights and force production in LC

cachectic mice.
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OBJECTIVES

The different objectives of each study have been defined in the corresponding

articles and manuscripts.

In this regard, the specific objectives of each study were summarized as

follows:
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Objectives

Study #1: Pharmacological strategies in lung cancer-induced cachexia:
effects on muscle proteolysis, autophagy, structure, and weakness

In the respiratory and limb muscles from lung cancer (LC) cachectic mice

receiving concomitant treatment with MAPK, NF-kB, or proteasome inhibitors:

1) To assess physiological characteristics: body and muscles weights, limb

muscle strength, and tumor size

2) To explore molecular mechanisms potentially involved in muscle wasting and

dysfunction:

- Redox balance: protein carbonylation and nitration, and antioxidant

enzymes

- Inflammation: tumor necrosis factor alpha (TNF-a), interferon gamma

(IFNy), interleukin 1 beta (IL-1pB), and interleukin 6 (IL-6)
- Proteolysis: tyrosine release

- Proteolysis markers: E2 enzyme E2;4«, E3-ligases (atrogin-1 and Murf-
1), C8-20S, and total ubiquitinated proteins

- Signaling pathways: MAPK, NF-kB, and FoxO
- Autophagy: LC3, p62, and beclin-1
- Muscle mass markers: myostatin and myogenin

3) To evaluate muscle contractile and functional proteins: actin, myosin,

creatine kinase (CK), and carbonic anhydrase 111 (CAllI)
4) To analyze muscle structural characteristics:
- Muscle phenotype: fiber size and composition

- Muscle structural abnormalities
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Objectives

Study #2: MicroRNA expression and protein acetylation pattern in
respiratory and limb muscles of Parp-1" and Parp-2” mice with lung

cancer cachexia

In the diaphragm and gastrocnemius muscles of either Parp-1"" or Parp-2" lung

cancer (LC) cachectic mice:

1) To evaluate the effects of PARP-1 or PARP-2 selective deletions on body

and muscle weights, and grip strength
2) To analyze the expression levels of several epigenetic modifications:
- Muscle-enriched microRNAs: miR-1, miR-133, miR-206, and miR-486

- Total protein hyperacetylation, acetialtion levels of FoxO1, FoxO3, and
PGC1-a and levels of histone deacetylation (HDAC3, HDAC6, and
SIRT1)

3) To determine the levels of myogenic transcription factors: MEF2C, MEFD2,
and YY1

4) To assess the expression of downstream markers of myogenic transcription

factors MEF2C, MEF2D, and YY1: a-actin, PGC1-a, and muscle CK
5) To analyze muscle phenotype: fiber size and composition

6) To explore potential correlations between physiological and molecular

variables in cachectic wild type, Parp-17" and Parp-2" animals

In the subcutaneous tumor of wild type, Parp-1", and Parp-27 lung cancer (LC)

cachectic mice:

1) To explore tumor size

2) To assess autophagy levels: LC3 and SIRT1
3) To evaluate apoptotic markers: Bcl-2 and Bax

4) To analyze tumor cell proliferation: Ki-67 levels
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Study #3: Muscle protein catabolism, phenotype, and function in
respiratory and limb muscles in Parp-l"'or Parp-2"' mice with lung cancer

cachexia

In the diaphragm and gastrocnemius muscles of either Parp-1"or Parp-2” lung

cancer (LC) cachectic mice:

1) To explore the effects of Parp-1 or Parp-2 selective deletions on body and

muscle weights, and grip strength
2) To analyze Poly-ADP ribosylation activity

3) To assess molecular mechanisms potentially involved in muscle wasting and

dysfunction:
- Redox balance: protein carbonylation and antioxidant enzymes
- Proteolysis: tyrosine release
- Signaling pathways: NF-kB

- Proteolysis markers: E3-ligases (atrogin-1, Murf-1, and TRIM32), C8-
20S, and total ubiquitinated proteins

4) To determine levels of muscle anabolism: Akt/mTOR/p70S6K pathway and

mitochondrial content
5) To evaluate muscle contractile proteins: actin and myosin
6) To analyze muscle structural characteristics:

- Muscle phenotype: fiber size and composition

- Muscle structural abnormalities
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Objectives

Study #4: Time-course of muscle mass loss, damage, and proteolysis in
gastrocnemius following unloading and reloading: implications in chronic

diseases

In the gastrocnemius muscle of mice exposed to a) different time-points of
unilateral hindlimb immobilization or b) 7-days of unilateral hindlimb

immobilization followed by different recovery periods:

1) To assess physiological characteristics: body and gastrocnemius weights,
and limb muscle strength

2) To assess molecular mechanisms potentially involved in muscle wasting and

dysfunction:
- Proteolysis: tyrosine release

- Proteolysis markers: proteasome activity, E3-ligases (atrogin-1, Murf-1,
and TRIM32), C8-20S, and total ubiquitinated proteins

- Markers of muscle atrophy: growth and differentiation factor 15
(GDF15)

3) To determine levels of muscle anabolism: Akt, p70S6K, and mitochondrial

content
5) To evaluate muscle contractile and functional proteins: actin and myosin
6) To analyze muscle structural characteristics:
- Muscle phenotype: fiber size and composition

- Muscle structural abnormalities

In the blood of animals exposed to a) 1, 7, 15, and 30 days of immobilization
and b) 7-days of unilateral hindlimb immobilization followed by 1, 15 and 30

days of recovery:

1) Muscle damage: troponin |
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Study #5: Short- and long-term hindlimb immobilization and reloading:

profile of epigenetic events in gastrocnemius

In the gastrocnemius muscle of mice exposed to a) different time-points of
unilateral hindlimb immobilization or b) 7-days of unilateral hindlimb

immobilization followed by different recovery periods:

1) To assess physiological characteristics: body and gastrocnemius weights,

and limb muscle strength
2) To analyze the expression levels of several epigenetic modifications:
- Muscle-enriched microRNAs: miR-1, miR-133, miR-206, and miR-486

- Protein hyperacetylation, acetylated histone 3 (AcH3), and levels of
histone deacetylation (HDAC3, HDACS6, and SIRT1)

- Acetylated levels of FoxO, PGC1-a, and NF-kB

3) To determine the levels of myogenic transcription factors: Pax7, MEF2C,
MEFD2, and PTEN

4) To analyze muscle phenotype: fiber size and composition
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Methods

The different methodologies used in the four studies are summarized below. Detailed

information about the different materials and methods of each study is described in the

corresponding online data supplement of the articles.

Animal models

Animal model

laboratory-bred

strain

Groups

Study #1

Lung cancer
cachexia

BALB/c mice

Control (N=10)

LC-cachexia (N=10)

LC-cachexia + Proteasome inhibitor
(N=10)

LC-cachexia + NF-kB inhibitor
(N=10)

LC-cachexia + MAPK inhibitor
(N=10)

Studies #2
& #3

Lung cancer
cachexia

BALB/c mice

Control wild type (N=12)
LC-cachexia wild type (N=14)
Control Parp-1" (N=8)
LC-cachexia Parp-1" (N=12)
Control Parp-2" (N=6)
LC-cachexia Parp-2" (N=6)

Studies #4
& #5

Unilateral
hindlimb
immobilization

C57BL/6J mice

Non-immobilized (N=10)
1-day immobilized (N=10)
2-day immobilized (N=10)
3-day immobilized (N=10)
7-day immobilized (N=10)
15-day immobilized (N=10)
30-day immobilized (N=10)
1-day recovery (N=10)
3-day recovery (N=10)
7-day recovery (N=10)
15-day recovery (N=10)
30-day recovery (N=10)
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Physiological evaluation

Body weight and limb strength

Food intake measurements

Studies #1, #2 & #3

Tumor progression by positron emission tomography (PET)

Muscles and tumor weights measurements

Body weight and limb strength

Food intake measurements

Studies #4 & #5

Gastrocnemius muscle weights

Samples
Muscles Tumor Blood
: Diaphragm
Studies #1 & #2 Gastrocnemius Yes No
Diaphragm
Study #3 Gastrocnemius No No
Studies #4 & #5 Gastrocnemius - Yes

Molecular biology techniqgues

Immunoblotting
electrophoresis

of 1D

Tyrosine release assay

Luciferase reporter gene assay

Study #1
immunosorbent

Cytokine enzyme-linked

assay (ELISA)

Immunohistochemistry/
Hematoxilin and eosin staining
Optical microscopy

Terminal deoxynucleotidyl
transferase-mediated
dUTP nick-end labeling

(TUNEL) assay

Protein carbonylation and nitration, and
antioxidant enzymes

Autophagy

Signaling pathways

Proteolysis

Muscle contractile and functional
proteins

Protein catabolism
Transcriptional activity of NF-kB
Muscle levels of TNF-a, IFNy, IL-1(,

and IL-6

Muscle fiber size and composition of
type | and type Il fibers
Muscle damage

Muscle apoptotic nuclei
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Study #2

Trizol technique
Tagman based qPCR
reactions (real-time PCR)

Immunoblotting of 1D
electrophoresis

Immunohistochemistry &
Optical microscopy

Muscle RNA isolation
MicroRNA expression:
miR-1, miR-133, miR-206, miR-486

Total protein acetylation levels
Acetylated levels of FoxO1, FoxO3 and
PGCl-a

Histone deacetylases

Muscle-specific transcription factors and
their downstream targets

Autophagy

Apoptosis

Muscle fiber size and composition of
type | and type Il fibers

Study #3

QIAmp DNA Mini Kit &
absolute quantification by real-
time PCR of DNAs

Immunoblotting of 1D
electrophoresis

Tyrosine release assay

Immunohistochemistry &
Hematoxilin and eosin staining
Optical microscopy

Terminal deoxynucleotidyl
transferase-mediated
dUTP nick-end labeling
(TUNEL) assay

Muscle DNA isolation
Mitochondrial DNA (mtDNA) copy
number

Protein carbonylation and antioxidant
enzymes

Proteolysis

Muscle contractile and functional
proteins

Muscle anabolism

Signaling pathways

Protein catabolism

Muscle fiber size and composition of
type | and type Il fibers

Muscle damage

Poly ADP-ribosylation

Muscle apoptotic nuclei
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Tyrosine release assay
Proteasome activity assay

Immunoblotting of 1D
electrophoresis

Protein catabolism
Protein degradation
Proteolysis and atrophy

Muscle anabolism
Muscle contractile and functional

proteins
Total protein acetylation levels, histone
Study #4 deacetylases
Muscle-specific transcription factors
Cytokine enzyme-linked Plasma levels of troponin |
immunosorbent assay (ELISA)
Immunohistochemistry & Muscle fiber size and composition of
Hematoxilin and eosin staining type | and type Il fibers
Optical microscopy Muscle damage
Trizol technique Muscle RNA isolation
Tagman based qPCR MicroRNA expression:
reactions (real-time PCR) miR-1, miR-133, miR-206, miR-486
Immunoblotting of 1D Histone deacetylases
electrophoresis Downstream targets of epigenetic
Study #5 regulation
Total protein acetylation levels
Muscle-specific transcription factors and
their downstream targets
Immunohistochemistry & Muscle fiber size and composition of
Optical microscopy type | and type Il fibers
Statistical analyses
Phy5|olog|ca_l and biological Correlations
variables
Study #1 ANOVA+Tukey'’s post hoc test Pearson ’s correlation coefficient
Study #2 ANOVA+ Dunnett’s post hoc test , . -
; Pearson ’s correlation coefficient
Student’s T- test
Study #3 ANOVA+ Dunnett’s post hoc test Pearson ’s correlation coefficient
Studies ANOVA+ Dunnett’s post hoc test -
#4 & #5 Student’s T- test
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RESULTS

1- Summary of main findings Study #1

In LC-cachectic mice compared to non-cachectic controls:

Body and muscle weights and muscle function

Body and muscle weights (diaphragm and gastrocnemius), and in limb strength
were decreased.

Redox balance

Protein oxidation was increased while SOD2 levels were decreased in
diaphragm and gastrocnemius muscles.

Inflammation

INF-y levels were increased in the diaphragm, while TNF-a, IL-6 and IL-1f did
not differ between groups in any of the study muscles.

Signaling pathways

Protein levels of NF-kB p50, p-NF-kB p50, NF-kB p65 and p38 were higher in
both respiratory and limb muscles.

NF-kB transcriptional activity was higher in the gastrocnemius.

Protein levels of IkB and p-1kB were decreased in both muscles.

Proteolytic systems

Total protein degradation was increased in both diaphragm and gastrocnemius
muscles.

Protein levels of E2;4 were decreased only in the gastrocnemius.

Protein ubiquitination levels were greater in both muscles.

Muscle structural proteins

MyHC protein content was reduced in both muscles, while CK protein levels
were decreased only in the gastrocnemius.

Muscle structure characteristics

Fiber type proportions did not differ between groups in any of the study
muscles.

Type | and type Il fiber sizes were reduced in both muscles.

The different treated groups of rodents compared to non-treated LC-cachectic

animals:
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Body and muscle weights and muscle function

NF-kB and MAPK inhibitors induced an increase in body and muscle weights
(diaphragm and gastrocnemius), and an improvement of limb strength.
Subcutaneous tumor

All  pharmacological treatments reduced subcutaneous tumor weight:
proteasome inhibitor (18%), NF-kB inhibitor (27%) and MAPK inhibitor (60%).
Redox balance

Proteasome, NF-kB and MAPK inhibitors induced a reduction in protein
oxidation in both muscles, and an increase in SOD2 content in the
gastrocnemius.

Inflammation

Proteasome inhibitor reduced INF-y, TNF-o, IL-6 and IL-1B levels in the
gastrocnemius.

MAPK inhibitor induced a reduction of INF-y, TNF-a. and IL-6 in the diaphragm.
Signaling pathways

All three pharmacological treatments induced a reduction in total NF-kB p50
levels, and an increase in IkB and p-IkB protein content in both muscles.

NF-kB inhibitor reduced NF-kB p50, p-NF-kB p50, NF-kB p65 and p-NF-kB p65
levels in both muscles.

Proteasome and NF-kB inhibitors induced a decrease of NF-kB transcriptional
activity in the gastrocnemius.

MAPK inhibitor induced a reduction in p38, ERK1/2 and pERK1/2 levels in both
muscles.

Proteolytic systems

Proteasome, NF-kB, and MAPK inhibitors reduced total protein degradation in
both muscles.

All three pharmacological treatments reduced EZ2i4 protein content in the
gastrocnemius.

Proteasome inhibitor reduced protein ubiquitination levels in both muscles,
whereas NF-kB and MAPK inhibitors induced a decrease in that proteolytic
marker only in gastrocnemius.

Muscle structural proteins
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NF-kB and MAPK inhibitors increased MyHC protein levels, while the three
pharmacological strategies caused an increase in CK protein content in the
gastrocnemius.

Muscle structure characteristics

Proteasome and MAPK inhibitors increased type | fiber cross sectional area
(CSA) in both muscles.
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Results

2- Summary of main findings study #2

In LC-cachectic wild type mice compared to non-cachectic wild type controls:

Body and muscle weights and muscle function

Body and muscle weights (diaphragm and gastrocnemius), and in limb strength
were decreased.

Muscle structure

Fiber type proportions did not differ between groups in any of the study
muscles.

Type | and type Il fiber sizes were reduced in both muscles.

Gastrocnemius type Il fibers area and miR-133 levels were positively correlated.
MicroRNA expression

Expression levels of miR-1, miR-133, miR-206 and miR-486 were reduced in
both diaphragm and gastrocnemius muscles.

Protein acetylation and histone deacetylase levels

Total protein acetylation levels were increased in both muscles.

Acetylated levels of FoxO1 were increased in the diaphragm, while acetylated
FoxO3 protein content was increased in both muscles.

HDAC3, HDAC6 and SIRT1 protein content was reduced in both diaphragm
and gastrocnemius muscles.

Myogenic transcription factors and downstream markers

MEF2C, MEF2D and YY1 levels were decreased in both muscles.

CK protein content was reduced in both muscles.

In LC-cachectic Parp-1" or Parp2” mice compared to LC-cachectic wild type

animals:

Body and muscle weights and muscle function

Body and muscle weights (diaphragm and gastrocnemius), and in limb strength
were improved.

Subcutaneous tumor

PARP-1 and PARP-2 deletions reduced subcutaneous tumor weight, increased
apoptotic and autophagy levels, and reduced tumor cell proliferation.

Muscle structure

75



Results

Type | and type Il fiber sizes were improved in both muscles.

MicroRNA expression

Downregulation of miR-133, miR-206 and miR-486 was counterbalance
especially in gastrocnemius of Parp-1"" mice.

Protein acetylation and histone deacetylase levels

Increased protein acetylation was attenuated in both muscles by the
improvement in HDAC3, SIRT1, and acetylated FoxO3 levels in both muscles,
and acetylated FoxO1 levels in the diaphragm.

Myogenic transcription factors and downstream markers

Reduced MEF2C, MEF2D, were mitigated in both muscles.

CK protein content was improved in the gastrocnemius.
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Results

3- Summary of main findings Study #3

In LC-cachectic wild type mice compared to non-cachectic controls:

Body and muscle weights and muscle function

Body and muscle weights (diaphragm and gastrocnemius), and in limb strength
were decreased.

Muscle structure

Fiber type proportions did not differ between groups in any of the study
muscles.

Type | and type Il fiber sizes were reduced in both muscles.

Poly-ADP ribosylation

Levels of Poly-ADP ribosylation were increased in both muscles.

Redox balance

Protein oxidation was increased while SOD2 levels were decreased in
diaphragm and gastrocnemius muscles.

Proteolytic systems

Total protein degradation was increased in both diaphragm and gastrocnemius
muscles.

Total protein ubiquitination and protein content of 20S proteasome subunit C8
were greater in both muscles.

Levels of atrogin-1 were greater in both muscles.

Signaling markers in muscles

Activated levels of NF-kB p50 and NF-kB p65 were increased in both muscles.
Muscle anabolism

Activated levels of mMTOR were reduced in both muscles.

Activated levels of p70S6K were decreased in the gastrocnemius.

Levels of mtDNA/nDNA were reduced in both muscles.

Muscle structural proteins

MyHC protein content was decreased in both muscles.

Muscle structure characteristics

Proportions of abnormal muscle fraction, including inflammatory cells and

internal nuclei counts were increased in both respiratory and limb muscles.

91



Results

In LC-cachectic Parp-1" or Parp2” mice compared to LC cachectic wild type

animals:

Body and muscle weights and muscle function

Body and muscle weights (diaphragm and gastrocnemius), and in limb strength
were improved.

Muscle structure

Type | and type 1l fiber sizes were improved in both muscles.

Poly-ADP ribosylation

Increased Poly-ADP ribosylation levels were attenuated in both muscles.

Redox balance

Enhanced protein oxidation and reduced SOD2 levels were attenuated in both
muscles.

Proteolytic systems

Enhanced protein catabolism by the activation of the ubiquitin-proteasome
system (total protein ubiquitination, atrogin-1, and 20S proteasome C8 subunit)
was mitigated in both diaphragm and gastrocnemius muscles.

Signaling markers in muscles

Increased activated levels of NF-kB p50 and NF-kB p65 were attenuated in both
muscles.

Muscle anabolism

Activated levels of Akt, mTOR and p70S6K were partly improved in both
muscles.

Levels of mtDNA/NDNA were only improved in both muscles of Parp-1"
animals.

Muscle structural proteins

MyHC protein content was improved in the gastrocnemius of Parp-17" mice, and
in both muscles of Parp-2"" animals.

Muscle structure characteristics

Proportions of abnormal muscle fraction, inflammatory cells and internal nuclei

did not differ in any muscle between groups.
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Cancer-induced cachexia in Parp-1 and -2 deficient mice

ABSTRACT

Background: Muscle wasting and cachexia further impair disease prognosis, regardless of the
underlying condition. Strategies to treat cachexia are still at its infancy. Enhanced muscle protein
breakdown and ubiquitin-proteasome system are common features of cachexia associated with
chronic conditions including lung cancer (LC). Poly(ADP-ribose) polymerases (PARP) may play a
role in muscle metabolism and body composition. We hypothesized that protein catabolism,
proteolytic markers, muscle fiber phenotype, and muscle anabolism may improve in respiratory and
limb muscles of LC-cachectic Parp-1-deficient (Parp-1"") and Parp-2” mice. Methods: Body and
muscle weights, limb muscle force, muscle fiber phenotype, apoptotic nuclei, tyrosine release, total
protein ubiquitination, muscle-specific E3 ligases, NF-kB signaling pathway, and markers of muscle
anabolism (Akt, mTOR, p70S6K, and mitochondrial DNA) were evaluated in the diaphragm and
gastrocnemius of LC (LPO7 adenocarcinoma) bearing mice: wild type, Parp-17 and Parp-2".
Results: Compared to wild type cachectic animals, in both respiratory and limb muscles of Parp-17"
and Parp-2” cachectic mice: the characteristic enhanced protein catabolism (tyrosine release) via
activation of the ubiquitin-proteasome system (total protein ubiquitination, atrogin-1, and 20S
proteasome C8 subunit) was blunted, the reduction in contractile myosin and atrophy of the fibers
was attenuated, while no effects were seen in other structural features (inflammatory cells, internal or
apoptotic nuclei), and markers of muscle anabolism partly improved. Conclusions: These findings
suggest that PARP-1 and -2 are likely to play a relevant role in muscle protein catabolism. Thus, the
use of PARP inhibitors in patients with cancer cachexia warrants further attention.

Word count: 246

KEY WORDS: cancer-induced cachexia; muscle anabolism and catabolism; muscle atrophy and

myosin loss; Parp-1"" and Parp-2"" mice; mitochondrial biogenesis.



Cancer-induced cachexia in Parp-1 and -2 deficient mice

Introduction

Muscle dysfunction and mass loss are common features of many chronic conditions. In advanced
stages of respiratory and cardiac diseases and malignancies, the prevalence of muscle wasting and
cachexia is very high (von and Anker, 2010;Diaz et al, 2014;Evans et al, 2008;Fearon et al,
2011;Leiro-Fernandez et al, 2014;Sanchez-Salcedo et al, 2015;Sanchez, 2015;Muscaritoli et al,
2006). Muscle mass loss and dysfunction have a great impact on the patients’ quality of life as they
severely compromise exercise tolerance. Additionally, muscle wasting and weakness were shown to
negatively influence disease prognosis and survival (Evans et al, 2008;Muscaritoli et al, 2006;von
and Anker, 2010;Diaz et al, 2014;Penalver Cuesta et al, 2015;Rodriguez et al, 2014;Sebio et al,
2015;Fearon et al, 2011).

Despite that growing evidence has shown that mechanisms such as oxidative stress, systemic
inflammation, ubiquitin-proteasome system, metabolic derangements (Chacon-Cabrera et al,
2014;Fermoselle et al, 2011;Fermoselle et al, 2012;Puig-Vilanova et al, 2014), and myostatin
(Fermoselle et al, 2011;Whittemore et al, 2003;Zhou et al, 2010) are involved in muscle wasting and
cachexia, the contribution of other pathways that could have potential therapeutic implications
remain to be fully identified. In this regard, it has been recently demonstrated (Chacon-Cabrera et al,
2014) that attenuation of mitogen-activated protein kinases (MAPK) and nuclear factor (NF)-xB
signaling pathways induced beneficial effects on body and muscle weight loss in cancer-induced
cachectic mice through the action of a cascade of molecular events.

Poly(adenosine diphosphate-ribose) polymerases (PARPS) consist of a family of proteins
that catalytically cleave B-nicotinamide adenine dinucleotide (B-NAD") into nicotinamide and ADP-
ribose and transfer the ADP-ribose moiety to acceptor residues of target proteins (Yelamos et al,
2011). PARPs are involved in different biological functions such as maintaining genomic integrity,
transcription, angiogenesis, cell death in oxidative stress related pathologies, and metabolic and
immune regulation (Burkle and Virag, 2013;Yelamos et al, 2011).

Overactivation of PARP, which may occur as a result of increased oxidant production, exerts
deleterious effects on tissues mainly by depletion of cellular ATP stores that lead to cell dysfunction
and death (Ha and Snyder, 1999). Importantly, this mechanism of cell destruction participates in the
etiology of conditions such as acute lung and renal injuries (Kiefmann et al, 2004;Vaschetto et al,
2008;Zheng et al, 2005), and sepsis (Jagtap et al, 2002), which is also characterized by severe protein
catabolism and muscle wasting. On the other hand, PARP-1 and PARP-2 inhibition was also shown
to promote oxidative metabolism in skeletal muscles in two different studies (Bai et al, 2011b;Bai et
al, 2011a). These findings may be of potential interest in the treatment of the muscle wasting process

associated with chronic conditions including cancer, since pharmacological inhibitors of PARP-1

3



Cancer-induced cachexia in Parp-1 and -2 deficient mice

and -2 are also currently available in clinical settings. However, before a beneficial effect on muscle
mass loss and metabolism can be established from the use of those pharmacological inhibitors in
patients with severe muscle wasting and cachexia, the role of either PARP-1 or PARP-2 in protein
anabolism and catabolism, muscle phenotype and function deserves particular attention in animal
models. Furthermore, the specific mechanisms and molecular fingerprints potentially susceptible to
be targeted by selective inhibitors of PARP-1 and -2 activities in models of cachexia remain to be
identified. Also, whether Parp-1 and -2 deletions may ameliorate muscle metabolism and structure in
the main respiratory muscle, the diaphragm, in models of cachexia needs to be elucidated.

On this basis, we hypothesized that specific genetic deletion of Parp-1 and -2 in mice may
elicit a beneficial effect on total body and muscle weights and limb force, while inducing an
attenuation of muscle protein breakdown and expression of proteolytic pathways, and an
improvement in the content of contractile proteins and anabolic markers. Accordingly, the following
objectives were established to be analyzed in the diaphragm and gastrocnemius muscles of Parp-17"
and Parp-2”" mice exposed to lung cancer cachexia for one month: 1) to assess the effects of PARP -
1 and -2 deficiency on body and muscle weights, and limb muscle strength, 2) to explore levels of
protein degradation, markers of ubiquitin-proteasome pathway, contractile proteins, and muscle
anabolism including mitochondrial biogenesis, 3) to evaluate muscle structural abnormalities and
phenotype, and the rate of apoptotic nuclei, and 4) to analyze potential correlations between

physiological and molecular variables in cachectic wild type, Parp-17- and Parp-27" mice.

Materials and Methods (See additional information on all the methodologies in the online
supplementary material).

Animal model

Tumor. LPO7 is a cell line derived from the transplantable PO7 lung tumor that appeared
spontaneously in the lung of a BALB/c mouse (Diament et al, 1998). It has also been consistently
demonstrated that one month after cellular inoculation, all animals developed lung metastasis, spleen
enlargement, and severe cachexia without affecting any other organs (Chacon-Cabrera et al, 2014).
Mice. BALB/c female mice (ten weeks old) were obtained from Harlan Interfauna Ibérica SL
(Barcelona, Spain). Parp-l"' and Parp-2"' female mice (strain 129/Sv x C57BL/6), kindly provided
by Dr. de Murcia (de Murcia et al, 1997) (Strasbourg, France), were backcrossed on BALB/c
background for twelve generations. Genotyping was performed by PCR analysis using tail DNA as
described (Corral et al, 2005). Parp-17" and Parp-2”~ knockout animals were also used in another
study with the aim to explore epigenetic regulation of muscle wasting (Chacon-Cabrera et al, 2015).

Experimental design and Ethics. In all experimental groups (except for control rodents), LP07 viable
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cells (4x10°) resuspended in 0.2 mL minimal essential media (MEM) were subcutaneously
inoculated in the left flank of female BALB/c mice on day 1 and were studied for a period of one
month. Fifty-eight mice were used in the study, which were further subdivided into the following
groups: 1) control wild type (N=12), inoculation of 0.2 mL MEM; 2) LC-cachexia wild type group
(N=14), inoculation of LP07 cells in 0.2 mL MEM; 3) control Parp-l"' (N=8), inoculation of 0.2 mL
MEM; 4) LC-cachectic Parp-l"' mice (N=12), inoculation of LP07 cells in 0.2 mL MEM; 5) control
Parp-2"" (N=6), inoculation of 0.2 mL MEM; and 6) LC-cachectic Parp-2"" mice (N=6), inoculation
of LPO7 cells in 0.2 mL MEM. This controlled study was designed in accordance with the ethical
standards on animal experimentation (EU 2010/63 CEE, Real Decreto 53/2013 BOE 34, Spain) at
PRBB and the Helsinki convention for the use and care of animals. Ethical approval was obtained by
the Animal Research Committee (Animal welfare department, Catalonia, EBP-09-1228)

In vivo measurements in the mice

In all the study animals, body weight and food intake were measured every day during the entire
duration of the study, whereas limb force (grip strength) was determined on days 0 and 30 in all
animals as previously shown (Chacon-Cabrera et al, 2014;Whittemore et al, 2003). Control animals
were paired-fed according to the amount of food eaten by the cachectic rodents (3g/24h). As shown
in figure E1A, grip strength was assessed in the four limbs at the same time in all mice. Body weight
and grip strength gains were calculated as the percentage of the measurements performed at the end
of the study period (30 days) with respect to the same measurements obtained at baseline (day 0). In
all the animals, body weight and limb strength gains were calculated as follows: (final body weight
on day 30 — initial body weight on day 0)/ initial body weight on day 0 x 100, and (grip strength on
day 30—grip strength on day 0)/ grip strength on day 0 x 100, respectively.

Sacrifice and sample collection

Mice from all experimental groups were always sacrificed on day 30 post-inoculation of LP07 cells
or MEM (control animals), and diaphragm and gastrocnemius muscles were subsequently obtained.
In all mice, the weight of each muscle was determined using a high-precision scale immediately after
having been excised from the animals. LC-cachectic mice were macroscopically of smaller size than
healthy control rodents (Chacon-Cabrera et al, 2014). Frozen tissues were used for immunoblotting
and real-time polymerase chain reaction assay (qRT-PCR) techniques, while paraffin-embedded
tissues were used for the assessment of muscle structure abnormalities and fiber type morphometry.
Biological analyses

Muscle DNA isolation. Total DNA, including mitochondrial and nuclear DNA, was isolated from
diaphragm and gastrocnemius muscles of all mouse experimental groups using QIAmp DNA Mini

Kit (QiAgen, GmbH, Germany) (Andreu et al, 2009), following the manufacturer’s protocol of DNA
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purification from tissues, and without the use of RNase A. Total DNA obtained from muscles was
quantified using a spectrophotometer (NanoDrop, Thermo Scientific, Wilmington, Delaware, USA).
Absolute quantification of DNAs. Mitochondrial DNA (mtDNA) copy number was estimated through
the quantification of the mtDNA to nuclear DNA (nDNA) ratio (MtDNA/nDNA) by real-time PCR
(Andreu et al, 2009;McDermott-Roe et al, 2011).

Immunoblotting of 1D electrophoresis. Protein levels of the different molecular markers analyzed in
the study were explored by means of immunoblotting procedures as previously described (Chacon-
Cabrera et al, 2014). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading
control for all the immunoblots as shown in the corresponding figures.

Protein catabolism. Protein degradation was explored on the basis of the rate of production of free
tyrosine from muscle proteins as previously described (Chacon-Cabrera et al, 2014).

Muscle fiber counts and morphometry. On 3-micrometer muscle paraffin-embedded sections from
diaphragms and gastrocnemius muscles of all study groups, MyHC-I and —IlI isoforms were
identified using specific antibodies (Chacon-Cabrera et al, 2014).

Muscle structure abnormalities. The area fraction of normal and abnormal muscle was evaluated on
twenty 3-micrometer paraffin-embedded sections of the diaphragm and gastrocnemius of all study
groups muscles following previously published methodologies (Chacon-Cabrera et al, 2014) (Fig.
E1B).

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay. In muscle
paraffin-embedded sections, apoptotic nuclei were identified using the TUNEL assay (Chacon-
Cabrera et al, 2014).

Poly(ADP) ribosylation activity. In muscle paraffin-embedded sections, positively nuclei for pADPr
were identified using the specific antibody, and following previous published methodologies
(Chacon-Cabrera et al, 2014).

Statistical Analysis

Normality of the study variables was checked using the Shapiro-Wilk test. Physiologic, structural,
and molecular results are expressed as mean (standard deviation), since the last one represents in a
more realistic manner the variability of the sample (Jaykaran, 2010). For the purpose of the study,
results obtained in the diaphragm and gastrocnemius muscles were subsequently analyzed as follows:
1) LC-cachectic wild type mice versus their respective non-tumor controls, 2) LC-cachectic Parp-17"
animals versus their respective knockout non-tumor controls, 3) LC-cachectic Parp-2”" mice versus
their respective knockout non-tumor controls, and 4) any of the non-tumor knockout mice versus

non-tumor wild type animals. Comparisons described above were assessed using one-way analysis of
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variance (ANOVA), in which Dunnett’s post hoc analysis was used to adjust for multiple
comparisons among the study groups. The existence of potential correlations between different
variables was only tested in the LC-cachectic groups of mice (both wild type and knockout mice).
Specifically, correlations between physiological and biological variables were explored using the
Pearson’s correlation coefficient. A level of significance of P< 0.05 was established. The sample size
chosen was based on previous studies (Chacon-Cabrera et al, 2014;Chacon-Cabrera et al,
2015;Fermoselle et al, 2011), where very similar approaches were employed. In addition, statistical
power was calculated using specific software (StudySize 2.0, CreoStat HB, Frolunda, Sweden). Body
weight gain was selected as the target variable to estimate the statistical power in the study. On the
basis of a standard power statistics established at a minimum of 80% and assuming an alpha error of
0.05, the former parameter was sufficiently high to detect a minimum difference of 1.2 points
between groups in the sample size (minimum of N=6) and standard deviation.

Results

Physiological characteristics

LC-induced cachexia. Figure 1A illustrates the body weight curves in the animals of all the
experimental groups during the 30-day study period. As shown in Figure 1A and Table 1, cachectic
wild type mice exhibited a significant reduction in body weight gain compared to their respective
controls at the end of the study period (day 30). The weights of diaphragm and gastrocnemius
muscles and gain in limb strength were significantly reduced in cachectic wild type mice.
Importantly, in Parp-17" mice, a statistically significant reduction in these parameters was also
observed, but to a much lesser extent that in wild type animals. In cachectic Parp-2”" mice, no
significant differences were observed in body and muscle weights and limb strength between
cachectic and non-cachectic mice.

The expression of PARP-1 and PARP-2 was confirmed in the subcutaneous tumors of the wild type
and both groups of knockout mice, as previously reported (Chacon-Cabrera et al, 2015;Mateu-
Jimenez et al, 2016). Compared to cachectic wild type animals, the weights of the subcutaneous
tumors were reduced in both Parp-1"" and Parp-2”~ LC-cachectic mice (Table 1).

Effects of Parp deletion on non-cachectic control animals. As illustrated in Table 1, non-cachectic
knockout animals (Parp-17 and Parp-27") exhibited a reduction in the weights of their muscles
(diaphragm and gastrocnemius) compared to wild type non-tumor animals. However, no significant
differences were observed in body weight at baseline and body weight and limb strength gains in
either Parp-17" or Parp-2"" control mice compared to non-tumor wild type animals at the end of the
study period (Table 1 and Fig. 1A).
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Poly-ADP ribosylation in muscles

LC-induced cachexia. Poly-ADPr positive nuclei counts were increased in both diaphragm and
gastrocnemius of cachectic wild type mice compared to their respective controls (Figs 1B, 1C, E2A
and E2B). In both groups of cachectic knockout mice, no significant differences were seen in poly-
ADPr positive nuclei counts in any muscle between cachectic and non-cachectic mice (Figs 1B, 1C,
E2A and E2B).

Effects of Parp deletion on non-cachectic control animals. Poly-ADPr positive nuclei counts were
reduced in the diaphragm and gastrocnemius of both groups of non-cachectic knockout mice
compared to wild type non-tumor bearing rodents (Figs 1B, 1C, E2A and E2B).

Muscle redox balance

LC-induced cachexia. Total protein carbonylation was significantly increased in both diaphragm and
gastrocnemius muscles of cachectic wild type mice compared to their respective non-cachectic
controls (Figs. 2A, 2B, E3A, and E3B). Total carbonylated proteins did not differ between Parp-1"
or Parp-2"" cachectic mice and their respective non-cachectic knockout controls in any of the study
muscles (Figs. 2A, 2B, E3A, and E3B). Protein levels of SOD2 were significantly reduced in both
diaphragm and gastrocnemius muscles of cachectic wild type mice compared to their respective non-
tumor rodents (Figs. 2C, 2D, E3C, and E3D). SOD2 protein content did not differ between any of the
cachectic knockout groups of mice and their respective non-cachectic controls (Figs. 2C, 2D, E3C,
and E3D). Levels of SOD1 did not differ in any muscle between cachectic and non-cachectic mice in
any of the study groups (Figs. 2E, 2F, E3E, and E3F).

Effects of Parp deletion on non-cachectic control animals. Total protein carbonylation, SOD2 and
SOD1 levels did not differ between Parp-17 or Parp-2”" non-cachectic controls and non-cachectic
wild type rodents in any of the study muscles (Fig. 2A-2F, and E3A-E3F).

Proteolysis in muscles

LC-induced cachexia. Protein degradation, as measured by the release of the amino acid tyrosine,
was significantly increased in both diaphragm and gastrocnemius muscles of cachectic wild type
mice compared to non-cachectic controls (Fig. 3A and 3B). However, Parp-17" and Parp-2”
cachectic animals did not show any significant difference in protein degradation levels compared to
their respective non-cachectic controls in any of the study muscles (Fig. 3A and 3B). Total protein
ubiquitination and protein content of 20S proteasome subunit C8 were increased in both respiratory
and limb muscles of cachectic wild type mice compared to non-cachectic controls (Figs. 4A-4D, and
E4A-E5B). The levels of these proteolytic markers did not differ between any of the cachectic
knockout groups of mice and their respective non-cachectic controls (Figs. 4A-4D, and E4A-E5B).

Levels of E3 ligases TRIM32 and MURF-1 did not differ in any muscle between cachectic and non-
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cachectic mice in any of the study groups (Figs. 5A-5D, and E6A-E7B). Atrogin-1 content was
greater in both muscles of the cachectic wild type rodents compared to non-cachectic controls mice,
while its levels did not differ in any study muscle between cachectic and non-cachectic knockout
animals (Figs. 5E, 5F, E8A, and E8B).

Effects of Parp deletion on non-cachectic control animals. Tyrosine release, total protein
ubiquitination, 20S proteasome subunit C8 levels, TRIM32, MURF-1 and atrogin-1 levels did not
differ between Parp-17- or Parp-2”" non-cachectic controls and non-cachectic wild type rodents in
any of the study muscles (Figs. 3A, 3B, 4A-4D, 5A-5F, and E4A-E8B).

Signaling markers in muscles

LC-induced cachexia. Relative activated NF-kB p50 and NF-kB p65 levels were increased in the
diaphragm and gastrocnemius muscles of cachectic wild type mice compared to their non-tumor
controls, whereas no significant differences were observed in the same muscles between any of the
cachectic knockout mice and their respective non-tumor controls (Figs. 6A-6D, E9A-E10B).

Effects of Parp deletion on non-cachectic control animals. Relative activated NF-kB p50 levels did
not significantly differ between either non-cachectic Parp-17-, or Parp-2” and non-cachectic wild
type mice in any of the study muscles (Figs. 6A, 6B, E9A, and E9B). Compared to non-cachectic
wild type animals, relative activated NF-kB p65 levels were decreased only in the gastrocnemius of
non-cachectic Parp-2”"mice (Figs. 6C, 6D, E10A and E10B).

Muscle anabolism

LC-induced cachexia. Compared to their respective non-cachectic controls, cachectic wild type and
Parp-1"" animals did not show any significant difference in activated Akt muscle levels in any study
muscle, while in cachectic Parp-2” mice, activated Akt levels were increased in the gastrocnemius
but not the diaphragm (Figs. 7A, 7B, E11A, and E11B). Activated mTOR levels were decreased in
both muscles of cachectic wild type mice compared to wild type controls (Figs. 7C, 7D, E12A, and
E12B). However, an increase in activated mTOR levels was seen in the diaphragm of cachectic Parp-
27" animals and in the gastrocnemius of cachectic Parp-17"mice (Figs. 7C, and 7D, respectively, and
Figs. E12A and E12B). Compared to non-cachectic controls, no significant differences were detected
in p70S6K levels in the diaphragm of either cachectic wild type or any of the knockout mice (Figs.
7E and E13A). Activated p70S6K levels were decreased in the gastrocnemius of cachectic wild type
mice compared to their non-cachectic controls (Figs. 7F and E13B). Cachectic wild type and Parp-2
" animals showed a reduction in mtDNA/NDNA content in both respiratory and limb muscles
compared to their respective non-cachectic controls. However, no differences were seen in
mtDNA/NDNA levels in any study muscle of cachectic Parp-17" mice compared to the respective

non-cachectic controls (Figs. 7G and 7H).
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Effects of Parp deletion on non-cachectic control animals. Compared to non-cachectic wild type
animals, activated Akt, mTOR and p70S6K levels did not differ in any study muscle among the
experimental groups (Figs. 7A-7F and E11A-E13B). The ratio of mtDNA/nDNA did not
significantly differ between either non-cachectic Parp-17 or Parp-2”" and non-cachectic wild type
mice in any of the study muscles (Figs. 7G and 7H).

Muscle structural proteins

LC-induced cachexia. In diaphragm and gastrocnemius of wild type cachectic mice, protein levels of
contractile MyHC were reduced compared to their non-cachectic controls (Figs. 8A, 8B, E14A, and
E14B). In cachectic Parp-17" mice, MyHC levels also decreased in the diaphragm but not in the
gastrocnemius, compared to Parp-l"' non-cachectic animals (Figs. 8A, 8B, E14A, and E14B). MyHC
levels did not significantly differ between cachectic and non-cachectic Parp-2”" animals in any of the
study muscles (Figs. 8A, 8B, E14A, and E14B). Actin levels did not differ in the study muscles
between cachectic animals and their respective non-cachectic control rodents in any experimental
group (Figs. 8C, 8D, E15A, and E15B).

Effects of Parp deletion on non-cachectic control animals. MyHC and actin levels did not
significantly differ among the three non-cachectic groups of animals in any of the study muscles
(Figs. 8A-8D and E14A-E15B).

Muscle structure characteristics

LC-induced cachexia. The proportions of type | and Il fibers did not differ between cachectic and
non-cachectic conditions in any experimental group of mice. The size of both slow- and fast-twitch
fibers was significantly reduced in diaphragm and gastrocnemius of cachectic wild type mice
compared to their respective non-cachectic controls (Table 2 and Figs. E16A and E16B). However,
in both Parp-17" and Parp-2"" mice, the size of type | and type Il fibers did not show significantly
differed in any study muscle between cachectic and non-cachectic animals (Table 2 and Figs. E16A
and E16B). Compared to their respective non-cachectic controls, proportions of abnormal muscle
fraction, including inflammatory cell and internal nuclei counts were increased in both respiratory
and limb muscles of all study groups (Table 2). A significant correlation was found between
proportions of internal nuclei and tyrosine release in the diaphragm of the cachectic wild type mice
(r=0.749, p=0.032), but not in any of the knockout mice (r=-0.238, p=0.457 and r=0.784, p=0.065,
Parp-17" and Parp-2”" mice, respectively). Compared to their respective non-cachectic controls,
TUNEL-stained nuclei counts were increased in respiratory and limb muscles of all the cachectic
groups of mice (wild type, Parp-17-and Parp-27") (Table 2 and Figs. E16C and E16D).

Effects of Parp deletion on non-cachectic control animals. Proportions of type | and type Il fibers did
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not significantly differ between wild type and either Parp-17" or Parp-2”" non-cachectic controls in
any study muscle (Table 2 and Figs. E16A and E16B). The size of slow-twitch fibers was
significantly reduced in the gastrocnemius of non-cachectic Parp-2”~mice compared to non-cachectic
wild type animals (Table 2 and Figs. E16A and E16B). Proportions of inflammatory cells were
increased only in the diaphragm of Parp-2”~ controls compared to wild type non-cachectic animals
(Table 2 and Figs. E16C and E16D).

Discussion

The main findings in the investigation were that compared to non-cachectic control wild type
animals, in both diaphragm and gastrocnemius muscles of cancer cachectic wild type mice: 1) body
weight gain, muscle weights, limb strength, and the size of slow- and fast-twitch fibers in both
diaphragm and gastrocnemius muscles were lower, while structural abnormalities including
inflammatory cells and both internal and apoptotic nuclei were greater; 2) protein oxidation, PARP
activity and protein breakdown (tyrosine release) were increased; 3) levels of markers of the
ubiquitin-proteasome system were greater; 4) contractile myosin content was decreased, 5) NF-kB
signaling pathway was induced, and 6) several markers of muscle anabolism were reduced. Specific
genetic deletions of Parp-1 and -2 in the cancer cachectic mice induced a reduction in levels of
protein oxidation, PARP activity and protein catabolism, markers of ubiquitin-proteasome system,
NF-kB signaling pathway, and caused an improvement in levels of protein anabolism, body and
muscle weights, limb muscle strength, muscle fiber sizes, and contractile myosin levels. We believe
that the results encountered in the present study enhance existing knowledge in the field of muscle
wasting and cachexia associated with lung cancer. Moreover, deficiency of either PARP-1 or -2
induced several beneficial effects on the cachectic animals and their muscles that are discussed
below.

Muscle protein catabolism as measured by the tyrosine release assay was increased in the
diaphragm and gastrocnemius muscles of the cancer cachectic mice. Genetic inhibition of Parp-1 and
-2 blunted the rise in protein breakdown in both respiratory muscles of the cachectic animals. In a
previous investigation (Chacon-Cabrera et al, 2014), we demonstrated that NF-xB and MAPK are the
predominant signaling pathways driving muscle mass loss in this experimental model of cancer
cachexia. Additionally, in the same cachectic wild type mice, transcriptional activity of NF-kB was
significantly greater in the gastrocnemius muscles than in the non-cachectic control mice (Chacon-
Cabrera et al, 2014). In agreement with these findings, in the current investigation, NF-kB signaling
pathway was also activated in the diaphragm and gastrocnemius muscles of the cachectic wild type
animals. Collectively, it could be assumed that the reduced proteolytic degradation seen in the
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muscles of the cachectic knockout animals is likely to be the result of decreased NF-«xB
transcriptional activity induced by PARP-1 deficiency, as shown to occur in previous studies (Hassa
and Hottiger, 1999;Oliver et al, 1999). Importantly, the attenuation of protein degradation may also
account for the improvements observed in body and muscle weights and limb muscle strength in
Parp-1""and Parp-2"" cachectic mice.

Oxidative stress has been shown to trigger muscle wasting in patients (Barreiro et al,
2008;Barreiro et al, 2010;Fermoselle et al, 2012;Marin-Corral et al, 2010;Puig-Vilanova et al, 2014)
and animal models including the current model of cancer cachexia (Chacon-Cabrera et al,
2014;Fermoselle et al, 2011;Fermoselle et al, 2012;Puig-Vilanova et al, 2014) and to induce the
activation of PARP in the nucleus (de et al, 1994). On the other hand, it has also been demonstrated
that PARP activates the proteasome to degrade oxidative damaged histones (Ullrich et al, 1999). In
the current investigation, total protein ubiquitination levels were increased in the cachectic wild type
rodents, whereas no differences in this proteolytic marker were detected between cachectic and non-
cachectic control Parp-17" and Parp-2”" mice. These findings suggest that both PARP-1 and -2
deficiency blunted the rise in protein ubiquitination seen in the respiratory and limb muscles of the
cachectic knockout mice probably by reducing the levels of oxidants, which were previously shown
to be increased in diaphragm and gastrocnemius muscles of cancer cachectic mice (Chacon-Cabrera
et al, 2014) and quadriceps of cachectic patients with lung tumors (Puig-Vilanova et al, 2014).

Levels of markers of the ubiquitin-proteasome pathway such as the 20S proteasome C8 subunit
and that of the E3 ligase atrogin-1 were also significantly increased in the respiratory and limb
muscles of the cachectic wild type rodents compared to the non-tumor controls. These findings are in
agreement with previous studies, in which markers of this proteolytic system was consistently
upregulated in models of muscle wasting (Chacon-Cabrera et al, 2014;Fermoselle et al, 2011)
including patients with cachexia (Fermoselle et al, 2012;Puig-Vilanova et al, 2014). Importantly, in
both respiratory and limb muscles of Parp-17" and Parp-27~ cachectic mice, levels of those two
markers of proteolysis did not differ from the non-cachectic controls. These results imply that PARP-
1 and -2 deficiency attenuate protein degradation via the blockade of the ubiquitin-proteasome
system at different steps in both respiratory and limb muscles of the cachectic knockout animals.
They also suggest that the ubiquitin-proteasome system plays a major role in muscle proteolysis
observed in diaphragm and gastrocnemius muscles in this model of cancer cachexia, as previously
demonstrated (Chacon-Cabrera et al, 2014). It should also be mentioned that levels of the E3 ligases
TRIM-32 and MURF-1 did not significantly differ between cachectic and non-cachectic control mice
in any of the study muscles, thus implying that atrogin-1 is the key muscle-specific ligase involved in

proteasomal degradation of proteins in the respiratory and limb muscles in this experimental model
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of cachexia.

Levels of mTOR were significantly decreased in the diaphragm and gastrocnemius and those of
p70SK®6 in the latter muscles of the cachectic wild type mice compared to the non-tumor controls.
These findings are in agreement with those reported in models of colon cancer cachexia in mice
(White et al, 2011) and in muscles from elderly subjects (Fry et al, 2011;White et al, 2011), in which
mTOR signaling was suppressed together with a decline in the rate of myofibrilar protein synthesis.
Importantly, in cachectic Parp-17-and Parp-2"" mice, the decrease in mTOR levels was attenuated in
both muscles, thus suggesting that PARP-1 and -2 may interact with mTOR signaling in this model
of muscle wasting, especially in the limb muscle. Indeed, previous studies have shown that
pharmacological inhibitors of PARP prevent mTOR inhibition through its role in modulating
adenosine monophosphate-activated protein kinase pathways (Ethier et al, 2012).

Furthermore, mitochondrial biogenesis as measured by the ratio of mitochondrial to nuclear
DNA was reduced in diaphragm and gastrocnemius muscles of cachectic wild type animals
compared to non-cachectic controls. These results are in line with those recently reported in other
investigations, in which mitochondrial biogenesis impairment was shown to occur early in the
initiation of cachexia (White JP et al, 2012) and in muscles of rats bearing the Yoshida ascites
hepatoma (Fontes-Oliveira et al, 2014). Interestingly, in cachectic Parp-17" mice, but not Parp-27"
animals, the reduction in mitochondrial biogenesis was attenuated in respiratory and limb muscles of
the cachectic rodents. These findings are in line with previous data showing an improvement in
mitochondrial biogenesis upon inhibition of PARP-1, via Sirtuinl activity (Bai et al,
2015;Rajamohan et al, 2009). Depletion of PARP-2 also resulted in enhanced Sirtuinl activity and
increased mitochondrial biogenesis in several in vitro models (Bai et al, 2011a;Mohamed et al,
2014). Differences between Parp-17" and Parp-2”" cachectic mice in mitochondrial biogenesis
observed in this study may be the result of the distinctive interaction of PARP-1 and -2 with Sirtuinl
promoter: while PARP-2 does not modify Sirtuinl promoter activity, PARP-2 suppresses its activity
(Bai et al, 2011b). These findings warrant special attention in further studies in which the specific
role of PARP-1 and -2 in mitochondrial remodeling and function should be explored.

Importantly, protein levels of MyHC were significantly decreased in muscles of wild type
cachectic mice. These findings are in line with results previously reported by our group on
diaphragm (Marin-Corral et al, 2009) and quadriceps muscles of patients with advanced COPD and
cancer cachexia (Fermoselle et al, 2012;Puig-Vilanova et al, 2014) as well as in muscles of mice
with emphysema-induced cachexia (Fermoselle et al, 2011). A relevant finding in the investigation
was the attenuation of such a reduction in MyHC content observed in the study muscles, especially

the gastrocnemius, induced by PARP-1 and -2 genetic deletions in the cachectic animals.
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Importantly, the reported decrease in the rate of myofibrilar protein synthesis observed in models of
cachexia (White JP et al, 2012;White et al, 2011;Toth et al, 2013) and aging (Fry et al, 2011) may
partly account for the reduced levels of myosin in the cachectic muscles of wild type animals.
Additionally, reductions in myofibrilar protein content may also account for the smaller fiber sizes of
slow- and fast-twitch fibers observed in both muscle types of the cachectic wild type mice in the
study. Again, previous investigations from our group have also reported similar findings showing
that contractile myosin loss, but not actin, is involved in the atrophy of the muscle fibers in patients
(Fermoselle et al, 2012;Puig-Vilanova et al, 2014) and animals (Chacon-Cabrera et al, 2014;Marin-
Corral et al, 2010) with cachexia.

Interestingly, several structural abnormalities were detected in the diaphragm and gastrocnemius
muscles of cachectic wild type animals compared to non-cachectic controls. These results are similar
to those encountered in a former investigation from our group (Chacon-Cabrera et al, 2014),
suggesting that inflammatory and regenerative events underlie muscle wasting in the animals.
Moreover, levels of TUNEL-positive nuclei were also significantly increased in the respiratory and
limb muscles of all the cachectic groups of mice as also shown in a previous study (Chacon-Cabrera
et al, 2014). In general, structural abnormalities were not modified by selective deletion of either
PARP-1 or -2 activities. These findings suggest that PARP does not seem to directly interact with
muscle inflammation or regeneration processes taking place in the cancer cachectic muscles.

Study limitations

It is likely that the reduction in tumor burden observed in both groups of knockout mice may have
partly contributed to favoring body and muscle mass gain in the mice. In fact, deficiency of both
PARP-1 and -2 induced a reduction in tumor weights in the animals, as has recently been
demonstrated through several biological mechanisms (Chacon-Cabrera et al, 2015;Mateu-Jimenez et
al, 2016).

Another limitation is related to the lack of measurements on the progression of tumor size
throughout the study protocol in the tumor-bearing animals. In the study, tumor weights were only
available at the time of sacrifice in all experimental groups, partly because the investigation focused
on the assessment of the tumor effects on the cachectic muscles. Moreover, the weights of organs
such as the liver or heart were not available in all the animals. As no significant differences were
detected in body weight gain among the non-tumor control groups of animals, and an improvement
was seen in Parp-17 and Parp-2”" cachectic mice compared to their respective non-tumor controls,
we believe that it is not a major limitation in the study. Indeed, a major strength in the investigation
was that the potential beneficial effects of PARP-1 and PARP-2 genetic deletions have been explored

from three different perspectives: 1) whole body and muscle weights and force, 2) muscle fiber sizes,
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and 3) biological events involved in muscle catabolism, anabolism, and signaling in an experimental
model of LC-induced cachexia.

Future research should focus on the assessment of whether selective pharmacological
inhibitors of PARP-1 and -2 exert similar beneficial effects on muscles in models of cancer cachexia
including clinical settings.

Conclusions

In respiratory and limb muscles of tumor-bearing mice with cachexia, enhanced protein catabolism
through activation of the ubiquitin-proteasome system was blunted by the genetic inhibition of either
PARP-1 or PARP-2. The reduction in contractile myosin and atrophy of the fibers was attenuated in
respiratory and limb muscles of the cachectic Parp-1" or Parp-2”~ mice, while no effects were seen in
other structural features. Markers of muscle anabolism partly improved in both diaphragm and
gastrocnemius muscles of the cachectic PARP-deficient mice, especially in cachectic Parp-1""
animals. The pattern of expression of the biological events observed in the study muscles was similar
in Parp-1"" and Parp-2" LC-cachectic animals, except for mitochondrial biogenesis. These findings
imply that PARP-1 and -2 are likely to play a relevant role in muscle protein catabolism in cancer-
induced cachexia. Accordingly, the potential use of selective pharmacological inhibitors in patients

with cancer cachexia warrants further attention.
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FIGURE LEGENDS

Fig. 1A Mean values and standard deviations of the progression of the actual body weights in mice
from all the experimental groups are represented in the graph. Each experimental group is
represented by the following signs: non-cachectic control wild type animals (blue diamonds, N=12),
LC-cachectic wild type mice (squares, N=14), non-cachectic control Parp-17" rodents (triangles,
N=8), LC-cachectic Parp-17" mice (purple squares, N=12), non-cachectic control Parp-2" rodents
(green squares, N=6), and LC-cachectic Parp-2"" animals (open circles, N=6) over the study period
(1 month). Statistical significance is represented as follows: *, p<0.05, ***, p<0.001, and n.s., non-
significant differences between either wild type, Parp-17, or Parp-2”" LC-cachectic mice and their
respective control (non-tumor) rodents.

Fig. 1B-C Mean values and standard deviation of the percentage of positively-stained nuclei for
poly-ADP ribosylation in the diaphragm (panel B) and gastrocnemius (panel C). For statistical
analysis purposes, the following animals were used in each group: non-cachectic control wild type
(N=8), LC-cachectic wild type (N=8), non-cachectic control Parp-1" (N=8), LC-cachectic Parp-1""
(N=8), non-cachectic control Parp-2” (N=6), and LC-cachectic Parp-2”~ (N=6). Non-cachectic
control groups are represented in white bars, while LC-cachectic groups are represented in black
bars. Definition of abbreviations: LC, Lung cancer; PARP, poly-ADP ribose polymerase; ADPr,
ADP ribosylation. Statistical significance is represented as follows: *** p<0.001, and n.s., non-
significant differences between either wild type, Parp-17, or Parp-2”" LC-cachectic mice and their
respective control (non-tumor) mice; 1, p<0.05, {1, p<0.01, t11, p<0.001 and n.s., non-significant
differences between any of the control knockout animals and control (non-tumor) wild type mice.
Fig. 2A-F Mean values and standard deviation of total carbonylated proteins (panels A and B),
SOD2 (panels C and D), and SOD1 (panels E and F) in the diaphragm and gastrocnemius, as
measured by optical densities in arbitrary units (OD, a.u.). For statistical analysis purposes, the
following animals were used in each group: non-cachectic control wild type (N=7), LC-cachectic
wild type (N=8), non-cachectic control Parp-1" (N=7), LC-cachectic Parp-17~ (N=8), non-cachectic
control Parp-2” (N=3), and LC-cachectic Parp-2”~ (N=5). Non-cachectic control groups are
represented in white bars, while LC-cachectic groups are represented in black bars. Definition of
abbreviations: LC, Lung cancer; PARP, poly-ADP ribose polymerase; SOD, superoxide dismutase;
OD, optical densities; a.u., arbitrary units. Statistical significance is represented as follows: *,
p<0.05, **, p<0.01, and n.s., non-significant differences between either wild type, Parp-l"', or Parp-
27" LC-cachectic mice and their respective control (non-tumor) mice.

Fig. 3A-B Mean values and standard deviation of tyrosine release (hnmol/mg/2h) in the diaphragm

(panel A) and gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic
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control wild type (N=10), LC-cachectic wild type (N=10), non-cachectic control Parp-17" (N=8), LC-
cachectic Parp-l"' (N=12), non-cachectic control Parp-2"' (N=6), and LC-cachectic Parp-2"' (N=6).
Non-cachectic control groups are represented in white bars, while LC-cachectic groups are
represented in black bars. Statistical significance is represented as follows: *, p<0.05, and n.s., non-
significant differences between either wild type, Parp-17, or Parp-2”" LC-cachectic mice and their
respective control (non-tumor) rodents.

Fig. 4A-D Mean values and standard deviation of total ubiquitinated proteins (panels A and B), and
20S proteasome C8 subunit content (panels C and D) in the diaphragm and gastrocnemius, as
measured by optical densities in arbitrary units (OD, a.u.). For statistical analysis purposes, the
following animals were used in each group: non-cachectic control wild type (N=7), LC-cachectic
wild type (N=8), non-cachectic control Parp-17 (N=7), LC-cachectic Parp-17~ (N=8), non-cachectic
control Parp-2” (N=3), and LC-cachectic Parp-2”~ (N=5). Non-cachectic control groups are
represented in white bars, while LC-cachectic groups are represented in black bars. Definition of
abbreviations: LC, Lung cancer; PARP, poly-ADP ribose polymerase; OD, optical densities; a.u.,
arbitrary units. Statistical significance is represented as follows: *, p<0.05, *** p<0.001, and n.s.,
non-significant differences between either wild type, Parp-17, or Parp-2” LC-cachectic mice and
their respective control (non-tumor) mice.

Fig. 5A-F Mean values and standard deviation of TRIM32 (panels A and B), MURF-1 (panels C and
D), and atrogin-1 (panels E and F) protein content in the diaphragm and gastrocnemius, as measured
by optical densities in arbitrary units (OD, a.u.). For statistical analysis purposes, the following
animals were used in each group: non-cachectic control wild type (N=7), LC-cachectic wild type
(N=8), non-cachectic control Parp-1" (N=7), LC-cachectic Parp-17 (N=8), non-cachectic control
Parp-2”" (N=3), and LC-cachectic Parp-2”" (N=5). Non-cachectic control groups are represented in
white bars, while LC-cachectic groups are represented in black bars. Definition of abbreviations:
TRIM32, tripartite motif containing 32; MURF-1, muscle ring finger protein 1; LC, Lung cancer;
PARP, poly-ADP ribose polymerase; OD, optical densities; a.u., arbitrary units. Statistical
significance is represented as follows: **, p<0.01, ***, p<0.001, and n.s., non-significant differences
between either wild type, Parp-17, or Parp-2”" LC-cachectic mice and their respective control (non-
tumor) mice.

Fig. 6A-D Mean values and standard deviation from the p-NF-kB p50/NF-xB p50 (panels A and B),
and p-NF-kB p65/NF-kB p65 ratios (panels C and D) are depicted in the diaphragm and
gastrocnemius, as measured by optical densities in arbitrary units (OD, a.u.). For statistical analysis
purposes, the following animals were used in each group: non-cachectic control wild type (N=7),

LC-cachectic wild type (N=8), non-cachectic control Parp-1"" (N=7), LC-cachectic Parp-1" (N=8),
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non-cachectic control Parp-2” (N=3), and LC-cachectic Parp-2”~ (N=5). Non-cachectic control
groups are represented in white bars, while LC-cachectic groups are represented in black bars.
Definition of abbreviations: NF-kB p50, nuclear factor-kB p50 subunit; p-NF-xB p50,
phosphorylated-NF-kB  p50; NF-kB p65, nuclear factor-kB p65 subunit; p-NF-xB p65,
phosphorylated-NF-xB p65; LC, Lung cancer; PARP, poly-ADP ribose polymerase; OD, optical
densities; a.u., arbitrary units. Statistical significance is represented as follows: *, p<0.05, ***,
p<0.001, and n.s., non-significant differences between either wild type, Parp-17", or Parp-2” LC-
cachectic mice and their respective control (non-tumor) mice; 111, p<0.001 between any of the
control knockout animals and control (non-tumor) wild type mice.

Fig. 7A-H Mean values and standard deviation from the p-Akt/Akt (panels A and B), p-
MTOR/MTOR (panels C and D), and p-p70S6K/p70S6K (panels E and F) ratios, are depicted in the
diaphragm and gastrocnemius, as measured by optical densities in arbitrary units (OD, a.u.). For
statistical analysis purposes, the following animals were used in each group: non-cachectic control
wild type (N=7), LC-cachectic wild type (N=8), non-cachectic control Parp-17" (N=7), LC-cachectic
Parp-17" (N=8), non-cachectic control Parp-27- (N=3), and LC-cachectic Parp-27" (N=5). Mean values
and standard deviation of the mitochondrial DNA copy number in the diaphragm (panel G) and
gastrocnemius (panel H), as measured by the mtDNA/MDNA ratio in arbitrary units (a.u.). For
statistical analysis purposes, the following animals were used in each group: non-cachectic control
wild type (N=8), LC-cachectic wild type (N=8), non-cachectic control Parp-1" (N=8), LC-cachectic
Parp-17 (N=8), non-cachectic control Parp-2” (N=6), and LC-cachectic Parp-2” (N=6). Non-
cachectic control groups are represented in white bars, while LC-cachectic groups are represented in
black bars. Definition of abbreviations: Akt, RAC-alpha serine/threonine-protein kinase; p-Akt,
phosphorylated-Akt; mTOR, mammalian target of rapamycin; p-mTOR, phosphorylated mTOR;
p70S6K, p70 S6 kinase; p-70S6K, phosphorylated p70S6K; LC, Lung cancer; PARP, poly-ADP
ribose polymerase; OD, optical densities; a.u., arbitrary units. Statistical significance is represented
as follows: *, p<0.05, **, p<0.01, and n.s., non-significant differences between either wild type,
Parp-1", or Parp-2"" LC-cachectic mice and their respective control (non-tumor) mice.

Fig. 8A-D Mean values and standard deviation of MyHC (panels A anb B) and actin (panels C and
D) protein content in the diaphragm and gastrocnemius, as measured by optical densities in arbitrary
units (OD, a.u.). For statistical analysis purposes, the following animals were used in each group:
non-cachectic control wild type (N=7), LC-cachectic wild type (N=8), non-cachectic control Parp-1""
(N=7), LC-cachectic Parp-1"" (N=8), non-cachectic control Parp-27~ (N=3), and LC-cachectic Parp-2°
" (N=5). Non-cachectic control groups are represented in white bars, while LC-cachectic groups are

represented in black bars. Definition of abbreviations: MyHC, Myosin Heavy Chain; LC, Lung
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cancer; PARP, poly-ADP ribose polymerase; OD, optical densities; a.u., arbitrary units. Statistical
significance is represented as follows: *, p<0.05, **, p<0.01, ***, p<0.001, and n.s., non-significant
differences between either wild type, Parp-17", or Parp-2”" LC-cachectic mice and their respective

control (non-tumor) mice.
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Table 1 Physiological characteristics of wild type, Parp-17, and Parp-2” mice at the end of the study period

Wild type mice Parp-1""mice Parp-2" mice

Control LC-cachexia Control LC-cachexia Control LC-cachexia

(N=12) (N=14) (N=8) (N=12) (N=6) (N=6)
Age at baseline (weeks) 10 10, n.s. 10 10, n.s. 10 10, n.s.
Subcutaneous tumor weight (g) 1.86 (0.6) 1.11 (0.3), ** 1.21 (0.35), *
Body weight at baseline (g) 19.57 (0.85) 19.52 (0.80), n.s. 19.28 (0.78) 18.61 (0.93), n.s. 19.25 (1.06) 19.89 (0.92), n.s.
Body weight gain (%) +9.26 (2.63) -5.39 (9.54), *** +6.96 (2.23) +1.55 (3.69), * +4.34 (2.87) +3.06 (6.81), n.s.
Diaphragm weight (g) 0.090 (0.01)  0.067 (0.011), *** | 0.073 (0.01), T 0.062 (0.007), * 0.076 (0.012), 0.086 (0.013), n.s.
Gastrocnemius weight (g) 0.118 (0.006)  0.080 (0.018), *** | 0.105 (0.003), T 0.096 (0.007), * 0.096 (0.012), +1+ 0.098 (0.012), n.s.
Limb strength gain (%) +9.48 (6.47)  -12.50 (10.52), *** | +12.86 (8.13) -0.45 (6.08), ** +3.33 (1.99)

+2.10 (5.40), n.s.

Variables are presented as mean (standard deviation).

Definition of abbreviations: Parp-17 and Parp-2", poly-ADP ribose polymerase-1, and -2 knockout mice, LC, lung cancer; N.A., not ap
Statistical significance: *, p<0.05, **, p<0.01, ***, p<0.001, and n.s., non-significant differences between either wild type, Parp-1"

licable.
, or Parp-2" LC-

cachectic mice and their respective control (non-tumor) rodents; +, p<0.05, T+, p<0.01, and 117, p<0.001 between any of the control knockout animals and
control (non-tumor) wild type mice. Comparisons were assessed using one-way analysis of variance (ANOVA), in which Dunnett’s post hoc analysis was

used to adjust for multiple comparisons among the study groups.
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Table 2 Muscle structural characteristics of wild type, Parp-17", and Parp-2"" mice at the end of the study period

Wild type mice Parp-1""mice Parp-2"" mice
Muscle Control LC-cachexia Control LC-cachexia Control LC-cachexia
(N=10) (N=10) (N=8) (N=12) (N=6) (N=6)
Fiber type composition
. Diaphragm 9(2) 8 (3),ns. 9(1) 9(2),ns. 7(2) 9(2),ns.
Type fibers (%) . strocnemius 13 (3) 13 3), n.s. 13 2) 13 (2), ns. 17 (4) 15 (2), n.s.
Type Il fibers Diaphragm 91 (2) 92 (3), n.s. 91 (1) 91 (2), n.s. 92 (3) 90 (2), n.s.
(%) Gastrocnemius 87 (3) 87 (3), n.s. 87 (2) 87 (2), n.s. 83 (4) 85 (2), n.s.
Type | fibers area  Diaphragm 322 (70) 239 (28), ** 325 (77) 289 (58), n.s. 292 (49) 311 (67), n.s.
(um?) Gastrocnemius 965 (107) 673 (121), *** 864 (109) 730 (190), n.s. 775 (128), T 707 (82), n.s.
Type Il fibers Diaphragm 397 (78) 310 (58), * 384 (80) 371 (76), n.s. 344 (98) 395 (114), n.s.
area (um’) Gastrocnemius 924 (134) 714 (135), ** 885 (99) 743 (182), n.s. 804 (66) 714 (61), n.s.
Muscle abnormalities

Abnormal Diaphragm 8.8 (0.7) 14.3 (3.9), ** 9.7 (2.3) 16.1 (4.9), *** 115 (2.6) 16 (2.5), *
fraction (%) Gastrocnemius 3.7 (1.6) 7.9 (1.7), *** 4.4 (1) 7.4 (2.1), ** 5.0 (1.8) 8.0 (2.4), *
Inflammatory Diaphragm 3.9 (0.4) 6.3 (1.4), ** 6 (1.2), p=0.055 9.7 (2.6), *** 6.6 (1.5), TT 9.7 (0.8), **
cells (%) Gastrocnemius 2.1 (1.0) 5.3 (1.8), *** 2.6 (0.6) 4.4 (1.6), * 2.3(1.1) 4.6 (1.8), *
Internal nuclei Diaphragm 3.7 (1.0) 7.2 (3.7), ** 3.3(L.5) 5.5 (2.2), * 4.3(0.7) 5.4 (0.6), *
(%) Gastrocnemius 1.5(0.7) 2.3(0.8), * 1.7 (0.8) 2.8 (0.8), ** 2.2 (0.5) 2.8(0.4), *
TUNEL- Diaphragm 48.5 (6.7) 65.8 (5.9), *** 49.1 (2.5) 57.5 (1.8), *** 49 (1.8) 59.5 (1.7), ***
E’;Js)'t've nuelel Gostrocnemius 516 (5.7) 67.7 (3.8), *** 49 (0.7) 5.5 (2.6), *** 48.6 (1.7) 60.8 (2.4), ***

Values are expressed as mean (standard deviation).

Definition of abbreviations: Parp-l"' and Parp-2™, poly-ADP ribose polymerase-1, and -2 knockout mice; LC, lung cancer; um, micrometer; n.s.,
non-significant.

Statistical significance: *, p<0.05, **, p<0.01, *** p<0.001, and n.s., non-significant differences between either wild type, Parp-1" or Parp-2"" LC-
cachectic mice and their respective control (non-tumor) rodents; 1, p<0.05, and {7, p<0.01 between any of the control knockout animals and control
(non-tumor) wild type mice. Comparisons were assessed using one-way analysis of variance (ANOVA), in which Dunnett’s post hoc analysis was
used to adjust for multiple comparisons among the study groups.
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FIGURE LEGENDS ONLINE SUPPLEMENT

Fig. E1 (A) Grip strength was assessed in the four limbs at the same time in all mice. (B)
Representative examples of 4 grids of 63 point-intercepts extracted from a gastrocnemius of a
cachectic mouse (x 400), in which all different categories for point counting were identified. Those
categories were defined using a specific number as described in the Methods section above.

Fig. E2 Representative examples of nuclei positively stained (black arrows, brown nuclei) and not
stained (red arrows, blue nuclei, hematoxylin counterstaining) for the pADPr assay in the diaphragm
(panel A) and gastrocnemius (panel B) of the different study groups of mice (x 400).

Fig. E3 Immunoblots of total carbonylated proteins of different MW, in kilodaltons, SOD2, and
SODL1 in the diaphragm (panels A, C, and E) and gastrocnemius (panels B, D, and F) muscles of the
following experimental groups: non-cachectic control wild type (N=7), LC-cachectic wild type
(N=8), non-cachectic control Parp-1" (N=7), LC-cachectic Parp-1" (N=8), non-cachectic control
Parp-2” (N=3), and LC-cachectic Parp-2”~ (N=5). GAPDH is shown as the loading control.
Definition of abbreviations: LC, Lung cancer; PARP, poly-ADP ribose polymerase; SOD,
superoxide dismutase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities;
a.u., arbitrary units; MW, molecular weights; KDa, kilodaltons.

Fig. E4 Immunoblots of total ubiquitinated proteins of different MW, in kilodaltons, in the
diaphragm (panel A) and gastrocnemius (panel B) muscles of the following experimental groups:
non-cachectic control wild type (N=7), LC-cachectic wild type (N=8), non-cachectic control Parp-17""
(N=7), LC-cachectic Parp-17" (N=8), non-cachectic control Parp-2"" (N=3), and LC-cachectic Parp-2°
" (N=5). GAPDH is shown as the loading control. Definition of abbreviations: LC, Lung cancer;
PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD,
optical densities; a.u., arbitrary units; MW, molecular weights; KDa, kilodaltons.

Fig. E5 Immunoblots of 20S proteasome C8 subunit content in the diaphragm (panel A) and
gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control wild
type (N=7), LC-cachectic wild type (N=8), non-cachectic control Parp-17" (N=7), LC-cachectic Parp-
17 (N=8), non-cachectic control Parp-2"" (N=3), and LC-cachectic Parp-2"" (N=5). GAPDH is shown
as the loading control. Definition of abbreviations: LC, Lung cancer; PARP, poly-ADP ribose
polymerase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u.,
arbitrary units; MW, molecular weights; KDa, kilodaltons.

Fig. E6 Immunoblots of TRIM32 protein content in the diaphragm (panel A) and gastrocnemius
(panel B) muscles of the following experimental groups: non-cachectic control wild type (N=7), LC-
cachectic wild type (N=8), non-cachectic control Parp-17 (N=7), LC-cachectic Parp-17" (N=8), non-
cachectic control Parp-2"" (N=3), and LC-cachectic Parp-27" (N=5). GAPDH is shown as the loading
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control. Definition of abbreviations: TRIM32, tripartite motif containing 32; +C, positive control;
LC, Lung cancer; PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate
dehydrogenase; OD, optical densities; a.u., arbitrary units; MW, molecular weights; KDa,
kilodaltons.

Fig. E7 Immunoblots of MURF-1 protein content in the diaphragm (panel A) and gastrocnemius
(panel B) muscles of the following experimental groups: non-cachectic control wild type (N=7), LC-
cachectic wild type (N=8), non-cachectic control Parp-17~ (N=7), LC-cachectic Parp-17" (N=8), non-
cachectic control Parp-2"" (N=3), and LC-cachectic Parp-27" (N=5). GAPDH is shown as the loading
control. Definition of abbreviations: MURF-1, muscle ring finger protein 1; +C, positive control; LC,
Lung cancer; PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate
dehydrogenase; OD, optical densities; a.u., arbitrary units; MW, molecular weights; KDa,
kilodaltons.

Fig. E8 Immunoblots of atrogin-1 protein content in the diaphragm (panel A) and gastrocnemius
(panel B) muscles of the following experimental groups: non-cachectic control wild type (N=7), LC-
cachectic wild type (N=8), non-cachectic control Parp-17~ (N=7), LC-cachectic Parp-17" (N=8), non-
cachectic control Parp-2"" (N=3), and LC-cachectic Parp-27" (N=5). GAPDH is shown as the loading
control. Definition of abbreviations: LC, Lung cancer; PARP, poly-ADP ribose polymerase;
GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary units;
MW, molecular weights; KDa, kilodaltons.

Fig. E9 Immunoblots of NF-kB p50 and p-NF-kB p50 proteins in the diaphragm (panel A) and
gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control wild
type (N=7), LC-cachectic wild type (N=8), non-cachectic control Parp-17" (N=7), LC-cachectic Parp-
17 (N=8), non-cachectic control Parp-2"" (N=3), and LC-cachectic Parp-2"" (N=5). GAPDH is shown
as the loading control. Definition of abbreviations: NF-kB p50, nuclear factor-kB p50 subunit; p-NF-
kB p50, phosphorylated-NF-xB p50, LC, Lung cancer; PARP, poly-ADP ribose polymerase;
GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary units;
MW, molecular weights; KDa, kilodaltons.

Fig. E10 Immunoblots of NF-kB p65 and p-NF-kB p65 proteins in the diaphragm (panel A) and
gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control wild
type (N=7), LC-cachectic wild type (N=8), non-cachectic control Parp-17" (N=7), LC-cachectic Parp-
17 (N=8), non-cachectic control Parp-2"" (N=3), and LC-cachectic Parp-2"" (N=5). GAPDH is shown
as the loading control. Definition of abbreviations: NF-xB p65, nuclear factor-kB p65 subunit; p-NF-
kB p65, phosphorylated-NF-«B p65; LC, Lung cancer; PARP, poly-ADP ribose polymerase;
GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary units;
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MW, molecular weights; KDa, kilodaltons.

Fig. E11 Immunoblots of Akt and p-Akt proteins in the diaphragm (panel A) and gastrocnemius
(panel B) muscles of the following experimental groups: non-cachectic control wild type (N=7), LC-
cachectic wild type (N=8), non-cachectic control Parp-17~ (N=7), LC-cachectic Parp-17" (N=8), non-
cachectic control Parp-2"‘ (N=3), and LC-cachectic Parp-2"‘ (N=5). GAPDH is shown as the loading
control. Definition of abbreviations: Akt, RAC-alpha serine/threonine-protein kinase; p-Akt,
phosphorylated-Akt; LC, Lung cancer; PARP, poly-ADP ribose polymerase; GAPDH,
glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary units; MW,
molecular weights; KDa, kilodaltons.

Fig. E12 Immunoblots of mTOR and p-mTOR proteins in the diaphragm (panel A) and
gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control wild
type (N=7), LC-cachectic wild type (N=8), non-cachectic control Parp-17" (N=7), LC-cachectic Parp-
17 (N=8), non-cachectic control Parp-2"" (N=3), and LC-cachectic Parp-2”" (N=5). GAPDH is shown
as the loading control. Definition of abbreviations: mTOR, mammalian target of rapamycin; p-
mMTOR, phosphorylated mTOR; LC, Lung cancer; PARP, poly-ADP ribose polymerase; GAPDH,
glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary units; MW,
molecular weights; KDa, kilodaltons.

Fig. E13 Immunoblots of p70S6K and p-p70S6K proteins in the diaphragm (panel A) and
gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control wild
type (N=7), LC-cachectic wild type (N=8), non-cachectic control Parp-17" (N=7), LC-cachectic Parp-
17 (N=8), non-cachectic control Parp-2"" (N=3), and LC-cachectic Parp-2”" (N=5). GAPDH is shown
as the loading control. Definition of abbreviations: p70S6K, p70 S6 kinase; p-70S6K,
phosphorylated p70S6K; LC, Lung cancer; PARP, poly-ADP ribose polymerase; GAPDH,
glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary units; MW,
molecular weights; KDa, kilodaltons.

Fig. E14 Immunoblots of MyHC protein content in the diaphragm (panel A) and gastrocnemius
(panel B) muscles of the following experimental groups: non-cachectic control wild type (N=7), LC-
cachectic wild type (N=8), non-cachectic control Parp-17~ (N=7), LC-cachectic Parp-17" (N=8), non-
cachectic control Parp-2"' (N=3), and LC-cachectic Parp-2"' (N=5). GAPDH is shown as the loading
control. Definition of abbreviations: MyHC, Myosin Heavy Chain; LC, Lung cancer; PARP, poly-
ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities;
a.u., arbitrary units; MW, molecular weights; KDa, kilodaltons.

Fig. E15 Immunoblots of actin protein content in the diaphragm (panel A) and gastrocnemius (panel

B) muscles of the following experimental groups: non-cachectic control wild type (N=7), LC-
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cachectic wild type (N=8), non-cachectic control Parp-17 (N=7), LC-cachectic Parp-17" (N=8), non-
cachectic control Parp-2”" (N=3), and LC-cachectic Parp-2”" (N=5). GAPDH is shown as the loading
control. Definition of abbreviations: LC, Lung cancer; PARP, poly-ADP ribose polymerase;
GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary units;
MW, molecular weights; KDa, kilodaltons.

Fig. E16 Representative examples obtained from the diaphragm (panel A) and gastrocnemius (panel
B) of the different study groups of animals. Myofibers positively stained with the anti-MyHC type 11
antibody are stained in brown color (x 200). Type | fibers were not stained (white color).
Representative examples of nuclei positively stained (black arrows, brown nuclei) and not stained
(red arrows, blue nuclei, hematoxylin counterstaining) for the TUNEL assay in the diaphragm (panel
C) and gastrocnemius (panel D) of the different study groups of mice (x 400).

A. Chacon-Cabrera et al. Fig. E1A

Limb grip strength
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A. Chacon-Cabrera et al. Fig.E1B
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A. Chacon-Cabrera et al. Fig. E2
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A. Chacon-Cabrera et al. Fig E3
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A. Chacon-Cabrera et al. Fig.E4
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A. Chacon-Cabrera et al. Fig.E6
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A. Chacon-Cabrera et al. Fig.E10
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A. Chacon-Cabrera et al. Fig. E12
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Results

4- Summary of main findings Study #4

In immobilized animals compared to 30-day non-immobilized controls:

Body and muscle weights and muscle function

Total body weight and food intake did not differ between groups.

Change in gastrocnemius muscle weight was reduced from 3- to 30-day |
animals. Limb strength gain was decreased in all immobilization groups of
animals.

Muscle structure characteristics

Proportions of slow-twitch muscle fibers were significantly reduced, while those
of fast-twitch were increased in 15- and 30-day | study groups.

The size of both type | and type Il fibers was reduced in the gastrocnemius of 7-
, 15-, and 30-day | mice.

Proportions of abnormal muscle fraction and internal nuclei counts were
increased in the gastrocnemius of animals immobilized from 3 to 30 days.
Inflammatory cells were greater in the gastrocnemius of 7-, 15, and 30-day |
animals.

Proteolytic systems

Muscle catabolism, proteasome activity, levels of 20S proteasome subunit C8,
total protein ubiquitination, and atrogin-1 were increased in the gastrocnemius of
7-, 15-, and 30-day animals.

Protein content of MURF-1 was greater in the gastrocnemius of all
immobilization groups of mice.

Levels of TRIM32 and GDF15 did not differ in the gastrocnemius among the
study groups.

Muscle structural proteins

Protein levels of MyHC were reduced in the gastrocnemius of 3-, 7-, 15-, and
30-day | animals. Actin protein content did not differ in the gastrocnemius
between groups.

Systemic damage

Plasma troponin-I levels were increased in 7-, 15-, and 30-day | animals.
Muscle anabolism

No differences were detected in activated Akt levels in the gastrocnemius of any

of the study groups of animals. Activated p70S6K levels were decreased in the
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gastrocnemius of 15- and 30-day | mice. The ratio of mtDNA/nDNA was

reduced in the gastrocnemius of all immobilized animals.

In recovery groups of animals compared to 7-day immobilized controls:

Body and muscle weights and muscle function

Total body weight and food intake did not differ between groups.

Change in gastrocnemius muscle weight was increased in 15- and 30-day R
mice. Limb strength gain was raised as from three and up to thirty days of
recovery.

Muscle structure characteristics

Proportions of gastrocnemius type | and type Il fibers did not differ between
groups. The sizes of slow- and fast-twitch fibers were increased in the
gastrocnemius of 7-, 15-, and 30-day R.

Proportions of abnormal muscle fraction and inflammatory cell counts were
reduced in the limb muscle of 3-, 7-, 15-, and 30-day R mice. Internal nuclei
proportions did not differ between groups.

Proteolytic systems

Muscle catabolism was decreased in all recovery groups of rodents.

In the gastrocnemius, proteasome activity was reduced in 3-, 7-, 15-, and 30-
day R animals.

Protein levels of 20S proteasome subunit C8, total protein ubiquitination, and
atrogin-1 were lower in the gastrocnemius of 7-, 15-, and 30-day R animals.
Levels of MURF-1 were decreased in the gastrocnemius of 3-, 7-, 15-, and 30-
day R groups of rodents. Levels of TRIM32 and GDF15 did not differ in the
gastrocnemius among the study groups.

Muscle structural proteins

Gastrocnemius MyHC protein levels were increased only in the 30-day R
animals. Protein levels of actin did not differ in the gastrocnemius between
groups.

Systemic damage

Plasma levels of troponin-1 were decreased in 15- and 30-day R animals.
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Muscle anabolism

Activated Akt levels did not differ in the gastrocnemius among the different
experimental groups. Activated p70S6K levels were increased in the limb
muscle of 15- and 30-day R rodents. mtDNA copy number was reduced in the

limb muscle of 7-, 15-, and 30-day R animals.
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Results

5- Summary of main findings Study #5

In immobilized animals compared to 30-day non-immobilized controls:

Body and muscle weights and muscle function

Total body weight and food intake did not differ among groups.

Change in gastrocnemius muscle weight was reduced from 3- to 30-day |
animals. Limb strength gain was decreased in all immobilization groups of
animals.

Expression microRNA in gastrocnemius

Expression levels of miR-1 and -206 were reduced in the gastrocnemius of 3-,
and 7-day I, and 7- and 15-day | cohorts, respectively. Expression of miR-486
was downregulated in the gastrocnemius of 3-, 7-, 15-, and 30-day | animals.
Mir-133a expression did not differ between groups.

Myogenic transcription factors

Protein levels of Pax7 were significantly increased in the gastrocnemius of and
3-, 7- 15-, and 30-day | cohorts. Protein levels of MEF2C, MEF2D, and PTEN
did not significantly differ among the | study cohorts of mice.

Protein acetylation levels

Total protein acetylation and acetylated H3 levels in the gastrocnemius did not
differ between groups.

Histone deacetylase levels

HDACS3 and HDACSG6 protein content in the gastrocnemius did not differ between
groups. SIRTL1 protein levels were decreased in the gastrocnemius of 2-, 3-, 7-,
15-, and 30-day | animals.

Downstream markers of epigenetic regulation

Acetylated levels of Foxol and FoxO3 were increased in the limb muscle of 3-,
7-, 15-, and 30-day | animals. Levels of acetylated PGC-1a, and NF-kB did not
differ between groups.

Muscle phenotype

Proportions of gastrocnemius type | and type Il fibers did not differ between
groups. The sizes of slow- and fast-twitch fibers were increased in the

gastrocnemius of 7-, 15-, and 30-day I.
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In recovery groups of animals compared to 7-day immobilized controls:

Body and muscle weights and muscle function

Total body weight and food intake did not differ between groups.

Change in gastrocnemius muscle weight was increased in 15- and 30-day R
mice. Limb strength gain was raised as from three and up to thirty days of
recovery.

Expression microRNA in gastrocnemius

Expression levels of miR-1, -206 and -486 were upregulated in the
gastrocnemius of 1-, 3-, 7-, 15-, and 30-day R animals. Levels of mir-133a
expression did not differ between groups.

Myogenic transcription factors

Protein levels of Pax7 significantly decreased in the gastrocnemius of 3-, 7- ,
15-, and 30-day R cohorts of mice. Protein content of MEF2C, MEF2D, and
PTEN did not significantly differ among the study groups.

Protein acetylation levels

Total protein acetylation and acetylated H3 levels did not differ between groups
in the gastrocnemius.

Histone deacetylase levels

HDAC3 and HDACSG6 protein content in the gastrocnemius did not differ between
groups. SIRT1 protein levels were increased in the gastrocnemius of 3-, 7-, 15-,
and 30-day R animals.

Downstream markers of epigenetic regulation

Acetylated levels of FoxO1 and FoxO3 were decreased in the limb muscle of 3-,
7-, 15- and 30-day R animals. Levels of acetylated PGC-1a and NF-kB did not
differ between groups.

Muscle phenotype

Proportions of gastrocnemius type | and type Il fibers did not differ between
groups. The sizes of slow- and fast-twitch fibers were increased in the

gastrocnemius of 7-, 15-, and 30-day R.
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Discussion

DISCUSSION

Biological events involved in muscle mass loss during cancer-cachexia
and disuse muscle atrophy

Muscle wasting and dysfunction are common features of highly prevalent
chronic diseases including lung cancer, that lead to a reduced exercise
capacity, an impaired quality of life and a reduced survival (28, 188, 189). The
physical condition of these patients force them in many cases to be subjected to
prolonged bed rest and immobilization, and thus the loss of muscle mass is
increased regardless the muscle wasting of the underlying disease (190, 191).

In both animal models (cancer cachexia and disuse), muscle atrophy was
confirmed by the reduction observed in muscle weight, MyHC protein content,
and muscle fiber sizes, together with increased abnormal muscle fraction.
These structural events contributed to the impaired limb force production
observed in both muscle wasting conditions. These findings, which are in
agreement with earlier investigations conducted in our group on animal models
of muscle mass loss (35, 192), suggest that chronic diseases as well as muscle
deconditioning contribute in the same fashion to impaired muscle mass and
function of the affected muscles.

Importantly, in hindlimb immobilization but not in LC cachexia model,
gastrocnemius muscle exhibited a switch to a less fatigue resistant phenotype.
These results, which are in the line with those previously reported in other
studies of our group performed with cachectic rats (35, 192), indicate that
muscle deconditioning is probably the main contributor of slow-to-fast fiber type
switch in skeletal muscles of patients with chronic respiratory conditions that

impaired their exercise capacity.

In these two animal models, muscle mass loss and dysfunction is the
result of the underlying disease (LC), or prolonged muscle inactivity. Despite
that cancer cachexia and muscle deconditioning contributes similarly to impair
muscle mass and function, biological mechanisms that lead to this process may

be different depending on the underlying condition.
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Signaling pathways and proteolytic systems

In all study muscles of the two models, similar proteolytic pathways were shown
to be involved in the process of muscle mass loss. In LC cachectic mice and in
hindlimb immobilized rodents, the ubiquitin proteasome system appears to be
the main mechanism of protein degradation in the study muscles. However,
signaling regulation of muscle protein breakdown differs between the two
models. In LC cachexia mice, NF-kB and MAPK pathways were shown to be
the major signaling pathways of muscle mass loss in both muscles. These
results are in agreement with previous investigations conducted on cachectic
patients (12, 16), and other experimental models of cachexia (192).
Nevertheless, in our experimental model of hindlimb immobilization, FoxO
signaling pathway appears to regulate protein breakdown in the limb muscle, as
previously shown in rodents submitted to denervation (193), and in rats
exposed to hindlimb immobilization (194). These findings indicate that in disuse
atrophy, FoxO signaling is required to induce the transcription of atrogin-1 and
Murf-1 genes, leading to the ubiquitination and degradation of structural
proteins via proteasome system. On the contrary, in cancer cachexia, both NF-
kB and MAPK pathways are needed for the same purpose. Despite that in our
experimental model of hindlimb immobilization, NF-kB pathway was not
involved in the signaling muscle protein breakdown, previous studies performed
with hindlimb unloading (82) and denervation (195) models in rodents, reported
that NF-kB was activated in the slow-twitch muscle soleus. Differences in
experimental model design and phenotype of the study muscles may account
for the discrepancies among studies.

All these findings lead to the conclusion that during two different muscle
wasting conditions (with and without underlying disease), despite the
differences in muscle proteolysis signaling, the ubiquitin proteasome system
appears to be the main and common proteolytic mechanism involved in the

degradation of muscle structural proteins, and thus in the muscle mass loss.

Epigenetic events and post-translational modifications

MyomiR expression was downregulated in the study muscles of both LC
cachectic mice and hindlimb immobilized rodents. These findings are in

agreement with those reported in previous studies conducted in COPD patients
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(156, 186) and in rats exposed to hindlimb unloading (196). Muscle-enriched
microRNAs regulate muscle mass loss and repair through different targets in
both conditions. In LC cachexia model, reduced miR-1 and -206 levels inhibit
the expression of MEF2 transcription factors, thus repressing muscle
differentiation, as previously reported in myoblasts (184). Furthermore, in the
same model, downregulation of miR-486 expression may induce negative
regulation of hypertrophy signaling, such as Akt/mTOR, as previously described
(197). In fact, mTOR levels were shown to be reduced in this model of LC
cachectic mice. These findings suggest that, in LC cachexia, the negative
regulation of MyomiRs impedes regeneration of the affected muscles, thus
promoting muscle mass loss. However, in the current model of hindlimb
immobilization, the activation of Pax7 (a satellite cells proliferation marker)
through the downregulation of mir-1, -206, and -486, indicate that the myogenic
program is activated during muscle deconditioning in order to repair muscle
damage, as previously reported in other models of denervation and
immobilization (22, 198-200). The exact role of satellite cells activation and
proliferation during muscle immobilization is poorly understood and remains to
be elucidated. Current studies in our group are focus on the assessment of the
number of both total and activated satellite cells in the limb muscles of the
hindlimb immobilization model. In cancer-induced cachexia, the downregulation
of miR-133 prevents myoblast proliferation contributing to muscle mass loss, as
previously shown in the diaphragm of COPD patients (156). Conversely, miR-
133 seems not to play a relevant role in muscle deconditioning, as reported in a
previous investigation conducted on an experimental model of spaceflight (158).

Altogether, these results suggest that despite the important role of the
myomiR network in the regulation of muscle mass loss and repair in both
models, microRNAs regulate differently the skeletal muscle plasticity depending

on the underlying condition.

Hyperacetylation is a post-translational modification of proteins that renders
them more prone to degradation thus leading to muscle mass loss. This
process is regulated by the action of HDACs and HATs. Concretely, HATs exert
ubiquitin ligase activity and stimulate proteasome-dependent proteolysis (163).

Results obtained in both animal models indicate that muscle protein
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hyperacetylation only plays a relevant role in LC cachexia. Our findings imply
that protein hyperacetylation is a potential contributor of muscle mass loss
during cancer cachexia, as previously described in other investigations
performed in muscle wasting models and in humans (165, 201, 202). Despite
that hyperacetylation results in increased degradation of certain proteins, other
proteins can be stabilized by increased acetylation, such as FoxO transcription
factors which in acetylated state promotes its activity (203-205). Our findings
suggest that acetylation of FoxO transcription factors also contribute to muscle
protein loss, especially in the diaphragm of LC cachectic rodents, as previously
shown in other models (206). Moreover, in the present experimental model of
disuse muscle atrophy, histone deacetylase SIRT1 appears to regulate FoxO
signaling. Our findings indicate that in gastrocnemius exposed to mechanical
unloading, SIRT1 activity results impaired thus favoring the acetylation of FoxO
transcription factors, which in this state can promote the transcription of FoxO
genes leading to the activation of atrophy-related genes (atrogin-1 and MuRF-1)
(170).

Taking together all these findings, hyperacetylation of proteins seems to
have a relevant role in the regulation of muscle mass loss accompanied with the
underlying disease (cancer), rather than muscle deconditioning. The reasons
why hyperacetylation of proteins is more relevant in cancer-induced cachexia
model, may be that this mechanism also regulates gene expression in cancer
cells, thus impairing apoptosis and facilitating proliferation, which favor the
tumor progression (207). However, acetylation/deacetylation of FoxO
transcription factors appears to be a common pathway in muscle mass loss

during cancer cachexia as well as in muscle deconditioning.

Muscle anabolism

In both LC cachexia and hindlimb immobilization models, the
downregulation of markers of muscle anabolism (MTOR, p70S6K, and
mitochondrial content) also contributed to the process of muscle mass loss,
especially in the limb muscle. These results are in line with those recently
reported in other investigations performed in different experimental models of
cancer cachexia (108, 131, 208) and muscle disuse (209). Our data suggest

that mTOR signaling can be repressed by atrogin-1, thus inhibiting protein
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synthesis by the inactivation of p70S6K in both animal models. Different studies
have been shown that atrogin-1 seems to control protein synthesis by the
ubiquitination and therefore the degradation of the eukariotic translation
initiation factor 3 subunit F (elF3F), thus repressing p70S6K activation by
mTOR (104, 210, 211). Future studies should focus in the assessment of
whether muscle elF3F content is degraded in both animal models. These
findings indicate that, apart from the increase in protein degradation seen in the
muscles of both animal models, a negative regulation of muscle growth may
also contribute to the loss of muscle proteins in these two muscle wasting
conditions. A number of factors appear to contribute to reduced muscle
anabolism during cancer and muscle deconditioning. On the one hand, reduced
protein synthesis can be conducted by the systemic inflammatory response
associated with cancer. Inflammatory cytokines such as TNF-a, IL-1p and IL-6
are shown to be enhanced in LC patients (16, 212) and have been implicated to
impair the anabolic response of the skeletal muscles in experimental models of
sepsis (213, 214). On the other hand, alterations in muscle protein turnover
during muscle deconditioning can be driven by null physical activity together
with decreased levels of IGF-1 (hypertrophic stimuli) (215-217).

Time-course of muscle mass loss following immobilization and recovery
As described above, different molecular and cellular mechanisms are involved
in muscle mass loss during deconditioning. However, the temporal sequence of
these biological events differs between early and late phases of hindlimb
immobilization in mice.

Interestingly, gastrocnemius weight, limb muscle force, as well as MyHC
protein content and muscle structural abnormalities were impaired during early
phases of hindlimb immobilization (between one and three days), while
gastrocnemius muscle fiber CSA and the proportions of slow-twitch muscle
fibers were reduced after prolonged time-points of unloading (from seven days
of casting). These results are in accordance with previous reports performed in
animal models (22, 23) and in humans (218) exposed to mechanical unloading.
Conversely, recovery of muscle mass and function following hindlimb
immobilization appears to predominate in late phases of muscle reloading

(between seven and fifteen days of recovery). All these findings indicate that in
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the gastrocnemius, physiological characteristics rather than muscle
morphometry are especially susceptible to experience alterations at early
stages of muscle disuse. Nonetheless, during muscle recovery following
unloading, physiological and structural events seem to be accompanied
throughout time.

Importantly, in our model of hindlimb immobilization, epigenetic regulation is
shown to be involved in the process of muscle mass loss and repair during early
and late time points of muscle disuse (from two to thirty days). Concretely, the
downregulation of miR-1, -206, and -486 induced the activation of Pax7 (182).
These findings, which are in agreement with those reported in other models of
denervation and immobilization (22, 198-200), imply that satellite cells
proliferation is promoted during early phases of muscle disuse with the aim to
repair muscle damage induced by the unloading. The reduced expression of
these myomiRs was rapidly reverted after 1 day of muscle recovery, thus
inhibiting Pax7 (from days 3 and 30). These data indicate that after short
periods of muscle reloading, a specific pattern of microRNA expression
regulates the process of muscle mass repair. Moreover, in response to short-
time muscle unloading, reduced SIRT1 activity appears to increase acetylated
FoxO levels, leading to the transcription of atrogin-1 and Murf-1 genes.
However, despite the early activation of atrophy signaling, muscle proteolysis
increased after seven days of immobilization. These findings are in accordance
with the reduction on fiber CSA observed in the gastrocnemius after seven days
of muscle unloading. Interestingly, muscle proteolysis was mainly reverted
during early phases of reloading (between the third and seventh day), leading to
the muscle mass recovery after seven days of muscle remobilization. These
data are in the line with those previously reported in mice exposed to hindlimb
unloading and reloading (219). Taking all these results into consideration,
muscle mass loss observed during deconditioning can be explained by reduced
levels of SIRTL1 in this experimental model of hindlimb immobilization.

During disuse muscle atrophy, markers of muscle anabolism also differed
through time. On the one hand, p70S6K regulation seems to be reduced during
late phases of muscle unloading (fifteen days) and improved after 15 days of
reloading. On the other hand, mitochondrial content decreased in earlier phases

of immobilization (one day) and restored after 7-day of reloading period. These

246



Discussion

data indicates that muscle mass and structure are likely regulated by p70S6K
signaling, while mitochondria regulate limb muscle force. Nonetheless, future
studies should assess whether mitochondrial function is impaired in limb

muscles exposed to hindlimb immobilization and reloading.

Therapeutic approaches in cancer-induced cachexia

On the basis of the mechanisms involved in muscle mass loss in cancer-
cachexia, several strategies of potentially benefit were studied in the LC
cachexia animal model. Pharmacological inhibition of NF-kB and MAPK
signaling in cancer cachectic mice reduced muscle protein degradation and
oxidation, protein ubiquitination levels, myostatin content, and autophagy.
Moreover, muscles of cachectic animals treated with these two drugs exhibited
an improvement in myogenin and MyHC protein levels. These results may be
responsible for the amelioration seen in body and muscles weights, tumor size,
and limb muscle force in cachectic animals treated with the NF-kB and MAPK
inhibitors. However, despite the improvements in oxidative stress, proteolysis
and autophagy seen in study muscles, body and muscles weights, and limb
muscle force did not improved in response to the pharmacological inhibition of
proteasome. All these findings lead to the conclusion that NF-kB and MAPK
pathways play a relevant role in cancer-induced cachexia signaling in this

experimental animal model.

The potential beneficial effects of PARP-1 or PARP-2 deficiency on muscle
mass and function were also explored in LC cachexia model. Our data showed
that oxidative stress act as an activator of PARP activity, which contributed to
protein catabolism and muscle mass loss in LC cancer cachexia model. Genetic
deletions of Parp-1 and -2 in tumor-bearing animals restored the increased
protein oxidation and protein degradation observed in the study muscles of wild
type cachectic rodents, through the attenuation of NF-kB signaling and the
inhibition of the ubiquitin-proteasome system. Previous studies have
demonstrated that PARP-1 also acts as an activator of NF-kB signaling (220). In
this regard, our findings indicate that PARP-1 and PARP-2 deficiencies may
revert muscle mass loss by reducing both oxidative stress and NF-kB signaling

pathway.
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Interestingly, markers of muscle anabolism were improved in both muscles of
cancer cachectic knockout mice, thus suggesting that PARP-1 and -2 may
regulate mTOR signaling pathway in this model of cachexia. In fact, previous
studies have shown that pharmacological inhibition of PARP prevents mTOR
repression in human embryonic kidney cells (221). Moreover, the improved
mitochondrial content observed in the muscles of Parp-1" mice may be
regulated by SIRT1 signaling, as previously shown in brown adipose tissue and
muscle (222, 223). In this regard, PARP-1 deficiency may increase NAD+
availability for SIRT1 activation in this model of cancer cachexia. Indeed, SIRT1
protein content was greater in both muscles of cachectic knockout animals, thus
reinforcing this finding.

A novel finding in the present thesis was the interaction between PARP-1 or -
2 and muscle microRNAs expression. Our results indicated that PARP-1 and
PARP-2 deficiencies improved the expression of muscle-enriched microRNAS,
especially in the gastrocnemius of Parp-17" cachectic mice. These finding may
explain the attenuation of the reduction in myocyte enhancer factor (MEF2)
levels seen in the study muscles of cachectic knockout rodents. Further studies
are needed to insight into the network between PARP and muscle-enrich
microRNAs. Importantly, PARP-1 and -2 deficiencies got better the protein
acetylation/deacetylation balance, and concretely reduced the FoxO acetylated
levels in both muscles, thus decreasing its activity. Jointly, these data may
explain the improvements observed in MyHC content, muscle fiber sizes, and in
consequence the amelioration in body and muscle weights, tumor size, and limb
muscle force in both Parp-1" and Parp-2” cachectic animals. These findings
may be of potential interest in the treatment of muscle mass loss associated
with chronic conditions including lung cancer, since pharmacological inhibitors
of PARP-1 and -2 are also currently available for the treatment of several
cancer types (153, 154). Nonetheless, future studies should assess if
pharmacological inhibition of PARP-1 and -2 has similar therapeutic effects on

muscles in cancer cachexia models.

Given the results obtained in the different studies performed in the hindlimb
immobilization model, several pharmacological strategies of potentially benefit

are need to be studied. Since our results indicate that SIRT1 signaling
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contributes to muscle mass loss in this model of disuse muscle atrophy, it could
be interesting to explore the effects of pharmacological activation of SIRT1
during muscle disuse and during the recovery process following mechanical
unloading. Curcumin is a strong natural antioxidant which is shown to increase
SIRT1 activity, thus improving mitochondrial biogenesis in experimental models
of exercise training (224, 225). In this regard, new experiments are being

conducted in our group, in which animals are being treated with curcumin.
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CONCLUSIONS

Two different models of muscle mass loss have been studied in this thesis: 1)
cancer-induced cachexia and 2) disuse muscle atrophy in experimental
animals. Enhanced proteolysis as a result of activation of ubiquitin-proteasome
system was demonstrated in the mouse muscles in both models. The most
relevant signaling pathways were NF-kB and MAPK in the cancer cachexia
model, and FoxO1 and FoxO3 in the disuse atrophy model. Epigenetic events
such as downregulation of miR-1, miR-206, and miR-486 were observed in the
mouse muscles in the two models. Protein and histone acetylation, and
acetylation of transcription factors were altered in the muscles of mice in the
cancer-cachexia model, while only the acetylation of transcription factors was
modified in limb muscles of the disuse muscle atrophy model. Increased
expression of PARP-1 and -2 was demonstrated in the muscles of the cancer-
cachexia mice. Inhibition of NF-kB and MAPK activity ameliorated the process
of muscle mass loss and function as well as PARP-1 and -2 genetic deletions.
Collectively, these findings offer novel therapeutic strategies that may be

implemented in clinical settings in the near-future.
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