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Abstract

Cancer cachexia is a wasting syndrome causing involuntary weight loss and muscle atrophy.
PARP1 is a nicotinamide dinucleotide-dependent enzyme that modifies target proteins by
PARylation. The reversal process, dePARylation, is mediated by the PARG enzyme. PARP1
inhibitors are potent cancer agents, while PARG inhibitors are in clinical trials for similar
cancers. Here we examine the role of PARylation on muscle homeostasis in cancer cachexia.
We employed mouse models with inducible muscle specific knockouts of Parp1 (Parp1-IMKO)
or Parg (Parg-IMKO) to investigate their implications on skeletal muscle in a cancer cachexia
model. We assessed muscle loss, grip strength, and gene expression. Results show that Parp1-
IMKO mice had increased muscle wasting, while Parg-IMKO had degradation rates similar to
wild-type mice during cancer cachexia. This suggests reduced PARylation might worsen cancer
cachexia, while an increase does not. This supports PARG inhibitor development as anticancer
alternatives. Our study highlights challenges with PARP1 inhibitors and the need to study
PARylation and dePARylation in muscle health during cancer cachexia, impacting clinical

strategies using PARP1 or PARG inhibitors.
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1 Introduction

1.1 Cachexia

Cachexia is a multifactorial and multisystemic syndrome, characterized by severe weight loss,
muscle wasting, anorexia, and metabolic dysregulation®. Cachexia significantly compromises
patients' quality of life, functional capacity, and survival outcomes?. This disorder is not an
isolated entity but frequently develops as a secondary complication of chronic diseases such
as chronic obstructive pulmonary disease (COPD), heart failure, renal failure, and acquired
immunodeficiency syndrome (AIDS)*>*. The situation becomes critically complex, and the
implications are significantly more severe when cachexia manifests in the context of cancer,

leading to a condition termed cancer cachexial>°7%.

1.1.1 Cancer Cachexia

Cancer cachexia, recognized as a paraneoplastic syndrome, is distinct from cachexia resulting
from other underlying causes®™*°. The core manifestations of cancer cachexia overlap with
cachexia, including weight loss of more than 5 percent over the preceding 6 months and
muscle wasting, while the underlying pathophysiology, prognosis, and treatment
considerations can be markedly different>’~° For example, 1) The tumor itself plays a crucial
role in cancer cachexia, releasing various factors that trigger systemic inflammation and
metabolic changes; 2) The presence of cancer can exacerbate the nutritional and metabolic
challenges faced by patients, complicating the management of cachexia; and 3) Cancer
treatments such as chemotherapy and radiation can themselves contribute to or exacerbate

cachexia, adding another layer of complexity to the patient's clinical course®*.



1.1.1.1 Prevalence

This intricate interplay of systemic inflammation, metabolic abnormalities, and tumor-derived
factors, affects an estimated 50-80% of cancer patients!?13, thereby highlighting its substantial
prevalence of cachexia. It is estimated that cachexia contributes to at least 30% of cancer

deaths, underscoring the profound clinical implications of muscle wasting**.

Over recent decades, an alarming trend has emerged, indicating an increase in the incidence
of cachexia, particularly cancer cachexia. This rising prevalence can be attributed to several
intersecting factors. Firstly, the global surge in cancer incidence, driven by aging populations
and increased exposure to carcinogenic risk factors, has inevitably led to an escalation in
cancer cachexia cases. Secondly, advancements in early cancer detection and treatment
modalities have resulted in improved survival rates, thereby allowing patients to live long
enough to potentially develop cachexia. Lastly, our expanding knowledge and recognition of
this syndrome, coupled with more sophisticated diagnostic criteria and tools, have led to more

accurate and timely diagnoses of cachexia.

1.1.1.2 Symptoms of Cancer Cachexia

Cancer cachexia, with its multifactorial and multisystemic impact, manifests with a variety of
symptoms that extend beyond mere weight loss. Patients frequently present with anorexia or
loss of appetite, which further compounds the weight loss and nutritional deficiencies. Fatigue
is often reported and can be attributed to both general systemic illness and the specific loss

of muscle mass, which leads to reduced physical stamina and functional capacity. Muscle
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wasting or cachectic myopathy is another key symptom, characterized by progressive loss of
skeletal muscle mass. This can lead to significant weakness and functional impairment,
compromising the patients' mobility and independence. In advanced stages, cachexia can lead
to respiratory muscle weakness, further exacerbating the fatigue and reducing the patient's
exercise tolerance. Patients may also experience anemia and edema, further worsening their
overall health status. Additionally, due to the systemic inflammatory response, patients may
also suffer from low-grade fevert*4141> The weight loss, muscle wasting, and general
weakness can significantly impair a patient's functional capacity, compromising their ability to

perform daily activities and reducing their quality of life.

The physical debility can also limit their tolerance to cancer treatments, including
chemotherapy and radiation therapy, and may require dose reductions or treatment
discontinuation. The altered metabolic state can affect drug metabolism and clearance,
potentially reducing the efficacy of chemotherapeutic agents. Additionally, systemic
inflammation and the related increase in cytokines can induce resistance to certain

chemotherapy drugs?’.

1.1.1.3 Cachexia in Different Cancers and Sexes

Cancer cachexia manifests with varying degrees of prevalence, largely contingent upon the
type of cancer, patient demographics, and the stage of the disease. It is important to note that

this prevalence can vary significantly among different cancer types and patient populations'®.

A review of the available literature highlights intriguing disparities in the incidence of cancer

cachexia based on gender. Generally, male cancer patients appear to have a higher
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susceptibility to cachexia, though the reasons behind this tendency remain multifaceted and
complex®®. Hormonal differences, variations in body composition, and differing metabolic
rates between the sexes are thought to be contributing factors?® and this difference makes
certain drug only effective in one sex?! making it important to investigate both sexes in cancer

cachexia studies.

Certain types of cancer are more commonly associated with the development of cachexia.
Pancreatic and gastric cancers are notorious for their high incidence of cachexia, which can
exceed 80% in advanced stages. Lung, colorectal, and esophageal cancers also have a
significant association with cachexia. Cachexia can develop at any stage of cancer. However, it
is often more prevalent and severe in advanced stages, where the systemic burden of the
disease and the associated metabolic and inflammatory changes are typically most

pronounced1,18,22—24.

1.1.1.4 Mechanisms of Cancer Cachexia

Cancer cachexia is a complex, multifactorial syndrome whose genesis and progression are
shaped by a constellation of interrelated factors. The development of cachexia is primarily
driven by the cancer itself, but a variety of other influences, including certain drugs, can also
contribute to its onset and progression. Indeed, some chemotherapeutic agents such as 5-
fluorouracil (5-FU), cisplatin, and methotrexate and other medications used in the
management of cancer and its associated symptoms can inadvertently promote the

development of cachexia independent of their effect of tumor by exacerbating metabolic



dysregulation and inflammation, suppressing appetite, or causing nausea and other

gastrointestinal side effects that interfere with nutritional intake?>28.

At the molecular level, our understanding of cancer cachexia has been shaped by several key

hypotheses that revolve around systemic inflammation, metabolic changes, and tumor-

derived factors. This intricate interplay of factors creates a pathological environment that

promotes muscle wasting through increased protein degradation and/or decreased protein

synthesis, adipolysis®, and overall metabolic dysfunction?®:3°,

Systemic inflammation is a cardinal feature of cancer cachexia. It is driven by
proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-a)3!, interleukin
(1L)-13273>, and IL-6%%38, which are released by the tumor and immune cells. These
cytokines not only initiate and sustain the systemic inflammatory response but also
directly induce muscle proteolysis and lipolysis, leading to muscle wasting and fat loss.
They also interfere with the anabolic signals in muscle, inhibiting muscle regeneration
and growth 2>293173436=39 Notably, TNF-a has been implicated in the induction of the
ubiquitin-proteasome pathway, a key mechanism responsible for protein degradation
in muscles3?.

Metabolic changes are another critical component of the cachexia syndrome. Cancer
cells have an altered metabolic profile, often characterized by a shift towards aerobic
glycolysis, known as the Warburg effect. This leads to an increase in glucose
consumption by the tumor, potentially depriving the rest of the body of essential

nutrients*®. Additionally, the systemic inflammation** and hormonal changes



associated with cancer can induce insulin resistance®?, further exacerbating the
metabolic dysregulation.

e Tumor-derived factors, including proteolysis-inducing factor (PIF)*4* and lipolysis-
inducing factors (LIP)*3, have been identified as key players in the pathogenesis of
cancer cachexia. PIF, produced by certain types of cancer, directly induces protein
degradation in skeletal muscle through the activation of the ubiquitin-proteasome
pathway®. LIP, on the other hand, promote the breakdown of adipose tissue,
contributing to the loss of body fat observed in cachexia®®. Several molecular pathways
are implicated in the orchestration of these processes. The nuclear factor-kappa B (NF-
kB) pathway, which is activated by proinflammatory cytokines, plays a significant role
in muscle atrophy by upregulating the expression of ubiquitin ligases involved in
protein degradation?”#/48. The activation of the signal transducer and activator of
transcription 3 (STAT3) by IL-6 has also been associated with muscle wasting®®. The
myostatin/activin pathway is another critical pathway implicated in cachexia, as these

factors inhibit muscle growth and promote muscle atrophy*.

Collectively, these factors and pathways create a vicious cycle, where the tumor, systemic
inflammation, and metabolic changes perpetuate each other, leading to progressive muscle
wasting and metabolic dysfunction. The complex and multifactorial nature of cancer cachexia
underscores the need for a comprehensive, multimodal approach to its management,
targeting not just the tumor, but also the systemic inflammation and metabolic changes that

fuel this debilitating syndrome.



1.1.1.5 Cancer Cachexia Management

The management of cachexia requires a comprehensive, multimodal approach that
encompasses nutritional support, physical therapy, and pharmacological interventions, but
the options are currently limited, and the effectiveness is often suboptimal. Currently, there
are limited treatment options available, and these are primarily aimed at managing symptoms

rather than addressing the underlying pathophysiology®®1°2°:39.50,51,

e Nutritional support remains a cornerstone of cachexia management, aiming to
counteract weight loss and nutritional deficiencies. However, given the metabolic
changes associated with cachexia, nutritional support alone often proves insufficient
in reversing muscle wasting or halting disease progression?°.

e Pharmacological interventions have been pursued to augment the management of
cancer cachexia.

o Progestogens, such as megestrol acetate and medroxyprogesterone, are used
to stimulate appetite and promote weight gain. However, their impact on
muscle mass and function is negligible, and they are associated with potential
side effects including thromboembolism and adrenal insufficiency>?.

o Non-steroidal anti-inflammatory drugs (NSAIDs) like indomethacin have been
examined for their potential to mitigate the systemic inflammation
contributing to cachexia. While indomethacin can provide some symptom

relief, it is often limited by gastrointestinal side effects>3°.



o Anamorelin, a selective ghrelin receptor agonist, has shown promise in clinical
trials, enhancing appetite, body weight, and lean body mass in patients with

cancer cachexia®’ 2.

Despite these options, the limitations of existing treatments underscore the necessity for
more effective therapeutic strategies. Ongoing research is exploring targeted therapies,
focusing on the molecular pathways implicated in cachexia, as well as combination therapies

that address the condition from multiple angles.

The best strategy to manage cancer cachexia, however, may be prevention. Given the modest
effectiveness and potential side effects of the currently available treatments, interventions
that can prevent or delay the onset of cachexia may offer the greatest benefit. This emphasizes
the need for early recognition of cachexia and the importance of ongoing research to unravel

the complex pathophysiology and identify novel therapeutic targets.

1.1.1.6 Models in Cancer cachexia

Research models play a pivotal role in elucidating the complex pathophysiology of cancer
cachexia. Both in vivo and in vitro models provide valuable insights, each with their distinct

advantages and limitations.

e /n Vivo Models: Mouse models are commonly employed in cancer cachexia research
due to their genetic similarities with humans and well-characterized response to tumor
growth. The use of specific mouse strains allows researchers to examine the influence

of different genetic backgrounds on the development of cachexia. In addition to the



choice of mouse strain, the injection site of the tumor can also affect the manifestation
of cachexia. Subcutaneous and orthotopic injections are often employed to mimic the
disease's natural progression®3. Among the mouse models, the Lewis Lung Carcinoma
(LLC) model has been extensively used due to its consistent and reproducible induction
of cachexia. Benefits of the LLC model include its reliability for studying the
mechanisms underlying this condition. However, limitations may include its lack of
complete genetic resemblance to human tumors, which can sometimes limit the
translational relevance of the findings®. Another commonly used model is the Colon-
26 (C26) carcinoma model. The C26 model is particularly useful for studying the
metabolic aspects of cancer cachexia and is known for inducing severe muscle wasting.
However, it may not be as effective for studying other systemic effects associated with
cachexia, such as inflammation®°7.

e In Vitro Models: Cell lines serve as a useful tool for studying the molecular mechanisms
underlying cancer cachexia. They allow for controlled manipulation of variables and
are essential for mechanistic studies for example by treating muscle cells with
conditioned media from cachexia inducing cell lines. Several cell lines, both cancerous
(e.g C26, LLC) and non-cancerous (e.g. C2C12), can be employed to study different
aspects of cachexia, such as muscle wasting, adipose tissue atrophy, and systemic

inflammation.

The LLC model, derived from a spontaneous lung tumor in a C57BL mouse, has been
particularly valuable in both in vivo and in vitro cachexia research. In vivo, this model reliably

induces robust weight loss, muscle wasting, and systemic inflammation, closely mimicking the
9



human condition. LLC-conditioned media has proven useful for investigating the cellular and
molecular mechanisms underlying cachexia, such as muscle atrophy and metabolic

alterations®468-71,

Despite the insights obtained from these models, it's crucial to acknowledge that they cannot
fully recapitulate the complexity of cancer cachexia in humans. Therefore, findings from these
models should always be validated in human studies, and continuous efforts should be made

to improve the models' physiological relevance.

1.2 Skeletal muscle

Skeletal muscle, which constitutes about 40% of the total body mass in humans, is a highly
adaptable tissue responsible for locomotion and whole-body metabolic health. It possesses a
remarkable plasticity, enabling it to respond and adapt dynamically to various physiological
and pathological stimuli, including physical exercise, aging, nutritional status, and disease
states’?. Satellite cells, the resident stem cells in skeletal muscle, are pivotal for the repair and
regeneration of damaged muscle fibers. These cells spring into action upon muscle injury or
stress, multiplying and maturing to replenish the muscle tissue and maintain its functional
integrity’3. Understanding the intricate biology of skeletal muscle is, therefore, not only
fundamental to comprehending human physiology but also crucial in managing a wide range
of health conditions. One such condition where skeletal muscle biology takes center stage is
cachexia. Impairment of both muscle and muscle satellite cell function are key factors affected
during cachexia that would otherwise help to maintain muscle mass?%°. However, despite its

clear significance, the mechanisms underpinning muscle wasting in cachexia remain only
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partially understood. To effectively address this gap, it is essential to dig in into the
complexities of skeletal muscle biology, exploring the molecular and cellular processes that
govern muscle mass maintenance and the factors that tip the balance towards muscle loss in

disease states.

There are three main types of muscles in the human body: skeletal, smooth, and cardiac.
Skeletal muscles are responsible for voluntary movements and are predominantly attached to
the skeleton. Smooth muscles are involuntary and are found in various organs and structures,
including the digestive tract, blood vessels, and airways. Cardiac muscle, also involuntary, is

found exclusively in the heart, where it drives the heartbeat’*.

1.2.1 Muscle Energy Metabolism

Muscles are energy-demanding tissues, requiring a constant supply of ATP to support their
contractile function. The energy metabolism of muscle is a complex and dynamic process,
involving multiple metabolic pathways including glycolysis, oxidative phosphorylation, and

fatty acid oxidation’%’>.

1.2.2 Muscle Plasticity

Muscle plasticity, the ability of skeletal muscle to alter its structural and functional properties
in response to various stimuli, serves a pivotal role in maintaining muscle homeostasis. This
remarkable adaptability is seen in the form of muscle hypertrophy (an increase in muscle size)
or muscle atrophy (a decrease in muscle size), modulations in energy metabolism, and the

transition of muscle fiber types’4"".
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Muscle hypertrophy, the process where muscle fibers increase in size due to an increase in
myofibrillar protein content, is a result of chronic resistance exercise or mechanical overload’®.
This process is orchestrated by a complex network of signaling pathways, predominantly
involving the Insulin-like Growth Factor 1 (IGF-1)/Akt/mechanistic target of rapamycin (mTOR)
pathway. Upon mechanical stress, IGF-1 is secreted, which in turn activates Akt, a crucial
protein kinase. Activated Akt then triggers mTOR, stimulating protein synthesis and
suppressing protein degradation, thus leading to an overall increase in muscle mass’®8%,
Additionally, Akt promotes the translocation of glucose transporter type 4 (GLUT4) to the cell
membrane, improving glucose uptake and enhancing glycogen synthesis, which fuels the high
energy demand during hypertrophy®8* Resistance training also stimulates mitochondrial
biogenesis and shifts muscle metabolism towards oxidative phosphorylation, ensuring an

efficient energy supply for enhanced protein synthesis®8’.

Conversely, muscle atrophy is characterized by a decrease in muscle fiber size, primarily due
to an increase in protein degradation or a decrease in protein synthesis. It can occur due to
several conditions such as prolonged disuse, malnutrition, aging, or disease states, including
cachexia®1. At the molecular level, two major proteolytic systems, the ubiquitin-proteasome
system (UPS) and the autophagy-lysosome system, are activated. UPS is regulated by two
muscle-specific E3 ubiquitin ligases, Atrogin-1/MAFbx (Fbxo32) and MuRF1 (Trim63), which
target myofibrillar proteins for degradation®?724. The autophagy-lysosome system degrades
cellular components, including damaged organelles like mitochondria, through
autophagosomes that fuse with lysosomes®>°>°¢. The forkhead box O (FOXO) family of

transcription factors, particularly FOXO1 and FOXO3, are central regulators of muscle atrophy.
12



When activated, FOXO factors upregulate genes involved in proteolysis, including Atrogin-1
and MuRF1, and autophagy-related genes®’~19. Metabolic changes in muscle atrophy involve
a decrease in energy utilization, a shift towards a glycolytic phenotype, and impairment in
mitochondrial function, leading to a reduction in ATP production and increased reactive

oxygen species (ROS) generation®®.

1.2.3 Muscle mitochondrial changes in cachexia

Mitochondria experience significant alterations during cachexia®®. There's a reduction in
mitochondrial number, along with morphological changes, such as swelling and
disorganization of cristae!. Mitochondrial biogenesis, regulated by PGC-la, and
mitochondrial dynamics, controlled by proteins such as Drp1 and Mfn2, are disrupted during

cachexig®102-107,

Mitochondrial function also suffers, with compromised oxidative phosphorylation
(OxPhos)t08109 This often occurs in unison with an increase in reactive oxygen species (ROS)
generation, a sign of oxidative stress, which can further damage cellular structures and disrupt

cellular functions!10111,

1.2.4 Impact of tumor on muscles
Tumor-derived factors can also stimulate the upregulation of muscle-specific E3 ubiquitin
ligases, such as MuRF1 and Atrogin-1/MAFbx, enhancing protein degradation and contributing

to muscle wasting?%94 1127115,
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1.3 NAD? in health and disease

Nicotinamide adenine dinucleotide (NAD*) is a vital pyridine nucleotide coenzyme ubiquitously
present in all living cells, playing a critical role in numerous biological processes. As a key redox
cofactor, NAD* participates in a multitude of redox reactions through its ability to oscillate
between its oxidized (NAD*) and reduced (NADH) forms. Given the diverse roles of NAD* in
cellular metabolism and regulation, maintaining optimal NAD* levels is critical for cellular
health and function. Disruptions in NAD* homeostasis has been implicated in various age-
related diseases, cancer cachexia, metabolic disorders, and cellular senescence, highlighting
the significance of understanding and modulating NAD* metabolism for therapeutic

interventions!16-122,

1.3.1 NAD* Boosting

In recent years, the potential to boost NAD* levels has garnered significant attention as a
possible strategy to combat cancer cachexia induced muscle loss'%, aging'?® and age-related
diseases like sarcopenia'?®. This interest is rooted in numerous studies demonstrating that
NAD* levels decline with age and in various disease states such as cachexia, potentially
contributing  to  cellular  dysfunction,  tissue  degeneration, and disease

progression109,116,117,123,124

e NAD* precursors and supplementation: One approach to targeting NAD* metabolism

109" such as

in age-related diseases and cachexia is the use of NAD* precursors
nicotinamide (NAM), nicotinic acid (NA), nicotinamide riboside (NR), and nicotinamide

mononucleotide (NMN). Supplementation with these precursors has been shown to
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increase cellular and tissue NAD™ levels, improving various physiological parameters in
animal models of aging and age-related diseases?>*?®, such as metabolic disorders,
neurodegenerative diseases.

e Inhibiting NAD*-consuming enzymes: Apart from its redox functions, NAD* is a
substrate for several NAD* consuming enzymes that regulate essential cellular
processes. Several enzymes consume NAD* during their catalytic processes, such as
PARPs (poly(ADP-ribose) polymerases) and ADP-ribosyl cyclases (CD38/CD157).
Inhibition of these enzymes can help preserve cellular NAD+ levels and improve cellular
function!?>%7. For example, PARP inhibitors (described in detail in section 1.3.2.3.3)
have shown promise in treating cancer, particularly in cases where the cancer cells
have defects in DNA repair pathways'?130 CD38 inhibitors (described in detail in
section 1.3.2.2) are being investigated for their potential to improve metabolic

function and reduce inflammation in age-related diseases*3'.

The modulation of NAD* levels can profoundly impact cellular function, enhancing the cell's
ability to manage stress, repair DNA, regulate metabolism, and ultimately maintain overall
cellular health. These interventions could have profound implications for combating cancer
cachexia, age-related diseases. Nonetheless, more research is needed to fully understand the
long-term effects of these interventions and their potential application in human health and

disease.
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1.3.2 NAD*Consumers

NAD* consumers are a diverse group of enzymes that participate in a wide array of cellular
processes, highlighting the importance of NAD* in cellular metabolism, signaling, and overall
cell function!?®>. By modulating NAD* levels and activity, these enzymes contribute to the
regulation of various physiological processes and the maintenance of cellular homeostasis*?®.

These enzymes include PARPs, Sirtuins, SARM1, CD38/157 ADP-ribosyl cyclases, and DNA

ligase!®?. Below we summarize several of these NAD+ consumers.

1.3.2.1 Sirtuins

Sirtuins are a family of NAD* dependent protein deacetylases and mono ADP-
ribosyltransferases that play key roles in numerous cellular processes, such as DNA repair,
gene silencing, cell survival, and aging. Sirtuins utilize NAD* as a substrate to remove acetyl
groups from target proteins or to transfer ADP-ribose moieties to them. In doing so, sirtuins
modulate the activity of various transcription factors and metabolic enzymes, affecting cellular
responses to nutrient availability, oxidative stress, and DNA damage. In mammals, there are
seven known sirtuins (SIRT1-SIRT7), each exhibiting distinct subcellular localization, substrate

specificity, and functional roles'?>.

1.3.2.2 ADP-ribosyl cyclase (CD38 and CD157)

ADP-ribosyl cyclases, such as CD38 and CD157, are NAD* consuming enzymes that catalyze the
formation of cyclic ADP-ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate
(NAADP) from NAD* or NADP*, respectively. These molecules function as intracellular calcium

messengers, regulating calcium release from intracellular stores and modulating various
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calcium-dependent cellular processes, such as proliferation, differentiation, and

migrationt33:134,

1.3.2.3 Poly (ADP-ribose) Polymerases (PARPs)

Poly (ADP-ribose) polymerases (PARPs) are evolutionarily conserved enzymes with crucial
roles in many cellular processes. Their primary function involves catalyzing the transfer of ADP-
ribose units from NAD+ onto target proteins. This action results in either mono-ADP
ribosylation (MARylation) or poly-ADP ribosylation (PARylation), which in turn influences the
function, localization, and stability of the target proteins. Consequently, this affects cellular
activities such as DNA repair, gene transcription, chromatin remodeling, cellular stress

responses, immune regulation, and signaling pathways*3>137,

1.3.2.3.1 Classification of PARP Family Members

The PARP family members are characterized by their conserved catalytic (CAT) domain
responsible for their ADP-ribosylation activity. They are composed of different protein
domains that determine their specific functional properties and target specificity. Accordingly,

the PARP enzymes can be classified into four main groups:

e DNA-dependent PARPs: Comprising of PARP1, PARP2, and PARP3, these enzymes
recognize and bind to damaged DNA structures due to their DNA-binding zinc finger
motifst38. Specifically, PARP1 also contains a BRCA C-terminus domain which is primary
involved in protein-protein interaction. Their primary role involves DNA damage

recognition and repair and maintaining genomic stability*3°.
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e Tankyrases (PARP5a and PARP5b): These enzymes, also known as Tankyrasel and
Tankyrase2, possess ankyrin repeat domains and a sterile alpha motif (SAM) domain.
They are involved in diverse cellular processes such as telomere maintenance, Wnt
signaling, and mitotic spindle assembly*4°.

e CCCH-type zinc finger PARPs: This group includes PARP7, PARP12, and PARP13, which
contain CCCH-type zinc finger motifs. These enzymes are involved in gene expression
regulation, RNA processing, antiviral response and cellular stress responses4=149,

e Macrodomain-containing PARPs: Examples are PARP9, PARP14, and PARP15,
characterized by a macrodomain that recognizes and binds to ADP-ribose moieties.
These enzymes are involved in various aspects of immune regulation and cellular stress

responsest>0151,

Given their diverse roles in cellular processes and their implication in various disease states,
PARP enzymes have emerged as promising therapeutic targets. The development of PARP
inhibitors has become a significant focus of research for the treatment of conditions such as

cancer, neurodegenerative diseases, and inflammatory disorders.

1.3.2.3.2 Mono and Poly-ADP-ribosylation

Mono-ADP-ribosylation involves adding a single ADP-ribose unit to the target protein, while
poly-ADP-ribosylation involves the addition of multiple ADP-ribose units to form a linear or
branched poly(ADP-ribose) (PAR) chain on the target protein. The former often affects protein-
protein interactions, enzymatic activities, or subcellular localization, modulating the function

of the target protein. On the other hand, the latter can serve as a scaffold for the recruitment
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of other proteins, leading to changes in protein complex assembly, chromatin structure, or

transcriptional activity>2 7154,

The PARP family enzymes, particularly PARP1, are the primary mediators of PARylation. PARPs
use NAD+ as a substrate to catalyze the transfer of ADP-ribose units onto target proteins,
generating long, branched chains of poly(ADP-ribose) (PAR). The process begins with the
activation of PARP enzymes in response to specific cellular signals, most notably DNA damage.
Once activated, PARP enzymes cleave NAD* into nicotinamide and ADP-ribose, and the latter
is covalently attached to specific amino acid residues on target proteins. The process can be
reversed by poly(ADP-ribose) glycohydrolase (PARG) ( described in detail in 1.4) and other

ADP-ribose hydrolases, which remove the PAR chains from proteins.

PARylation plays crucial roles in various cellular processes. The most well-studied role of
PARylation is in the DNA damage response. PARylation at DNA damage sites leads to the
recruitment and activation of DNA repair proteins, facilitating the repair process. Moreover,
PARylation also plays roles in the regulation of gene transcription, chromatin structure, cell
death pathways, and immune responses. The dysregulation of PARylation has been linked to

a variety of human diseases, including cancer, neurodegenerative diseases, inflammation, and

aging.

Given that NAD* is a substrate for PARylation, the process of PARylation has a significant
impact on cellular NAD* levels and NAD* metabolism. Excessive activation of PARPs, such as

during severe DNA damage, can lead to depletion of cellular NAD* and energetic crisis, a
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condition termed "PARP-trapping". Therefore, the regulation of PARylation is crucial for

maintaining NAD* homeostasis and cellular health.

Given the critical roles of PARylation in DNA repair and cell death, PARP inhibitors have been
developed as cancer therapeutics, especially for cancers with defects in DNA repair pathways.
Furthermore, the modulation of PARylation might also hold promise for neurodegenerative
diseases, cardiovascular diseases, and age-related conditions, which are associated with

dysregulation of NAD* metabolism and PARylation>%1>4,

1.3.2.3.3 PARP inhibitors

The most well-known and clinically advanced group of PARP-targeting drugs are the PARP
inhibitors, which are primarily used for the treatment of certain types of cancer. PARP
inhibitors work by blocking the enzymatic activity of PARP enzymes, thus preventing them
from certain functions such as repairing DNA damage. This is particularly effective in cancer
cells with pre-existing defects in DNA repair pathways, such as BRCA1/2-mutated cancers, a
strategy that can kill cancer cells in a process known as synthetic lethality. Several PARP
inhibitors, including olaparib, rucaparib, and niraparib, have been approved for the treatment
of ovarian, breast, and prostate cancers. Ongoing research is exploring the potential of PARP
inhibitors in other cancer types and in combination with other therapeutic modalities, such as

immunotherapy>>1°8,

As outlined in table below, all the cancer drugs under consideration can inhibit PARP1, PARP2,
or PARP3. It is noteworthy that Talazoparib exhibits a broader inhibitory profile, targeting not

only PARP1, PARP2, and PARP3, but also tankyrase 1 (TNKS1) and tankyrase 2 (TNKS2).
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Additionally, Olaparib demonstrates a similar inhibitory range, impacting PARP1, PARP2,

PARP3, and TNKS1155156.158.159,

Table 1: List of prominent PARP1 inhibitors with FDA approval

Mechanism Year of

Drug Name Pharmacokinetics Indication first

of action
approval

Mean half-life=~36 h; PARP1,

Niraparib inkljiAbI?t?on median time to maximal  PARP2, Ovarian 2017
concentration=3 h PARP3
PARP Mean half-life=17 h; PARP1,
Rucaparib inhibition median time to maximal  PARP2, Ovarian 2016
concentration=1-9 h PARP3
{obiet o 110 houre  PARPL,  Ovarian,
Olaparib PARP (capsule); median time PARP2, Breast, 2014
P inhibition P to r,naximal PARP3, Pancreas,
; TNKS1 Prostate
concentration=1-5 h
Mean half-life = 90 PARPL,
PARP hours; median time to PARP2,
Talazoparib . . .. ! . PARP3, Breast 2018
inhibition maximal concentration
=1.0to 2.0 hours TNKST,
- ' ' TNKS2
1.4 PARG

Poly(ADP-ribose) Glycohydrolase (PARG) is an enzyme that plays a pivotal role in the regulation
of PARylation as a post translational modification. PARG's role is to reverse this modification.
It breaks the glycosidic bonds between ADP-ribose units in the PAR polymer, effectively
removing PAR from proteins and thereby reversing the effects of PARylation. This action makes
PARG crucial for maintaining the balance of PARylation in cells, which is important for normal

cellular function®%1°4,
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Dysfunction or imbalance in the activities of PARP and PARG enzymes can lead to excessive or
insufficient PARylation, both of which can have detrimental effects on cellular health.
Overactive PARP activity or insufficient PARG activity can lead to excessive PARylation,
depleting cellular NAD+ stores and leading to cell death. Conversely, underactive PARP activity
or overactive PARG activity can result in insufficient DNA repair, potentially leading to genomic

instability and cancer'>1>3,

Therefore, understanding the balance and interplay between PARPs and PARG is crucial for
understanding the cellular response to DNA damage, as well as the pathogenesis of diseases

associated with DNA repair defects and NAD* metabolism dysregulation.

1.5 The Role of PARP1 and PARG in Cancer Cachexia

Recent advances in cancer cachexia research have illuminated a plethora of complex biological
pathways, especially those implicated in muscle atrophy. Despite the growing comprehension
of myriad proteins and genes, the precise functions of PARP1 and PARG remain somewhat
nebulous. The potential therapeutic ramifications of modulating these molecules, particularly

in the context of muscle wasting conditions like cancer cachexia, merit in-depth exploration.

Both genetic and pharmacological inhibition of PARP1 in murine models have rendered
promising outcomes: improved muscular health attributed to improved mitochondrial
function'?®'?’ For example, mice treated with PARP1 inhibitors demonstrate increased
endurance and mitochondrial function??’. Concurrently, PARP1 deficient mice demonstrated
augmented mitochondrial content, amplified energy expenditure in brown adipose and

skeletal muscle, and resistance to metabolic disorders®®161 |n the context of cancer cachexia,
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where mitochondrial efficacy is often diminished*®?=1%4 inhibiting PARP1 may offer a strategy

to mitigate cachexia-induced mitochondrial impairments.

161

Notably, PARP inhibition also increases NAD* concentrations*®* - an imperative observation as

skeletal muscle NAD* levels are notably reduced in cancer cachexia'®. Augmenting NAD* levels

might be a viable therapeutic modality. Moreover, PARP1 inhibition increases SIRT1 activity*®?,

thereby potentially enhancing skeletal muscle metabolism?!

. Such advantages are also
evident in murine models with reperfusion injuries'®>1%” and senescence'®®, wherein PARP
inhibitors protect skeletal muscle mitochondrial biogenesis and bioenergetics. Examining the
wider implications, the ablation of PARP-1 prevents NF-kappaB activation'®®'’°, instrumental
in muscle protein degradation and inflammation. Furthermore, muscle transcriptional
responses to glucocorticoids, well-known muscle wasting agents, are contingent on PARP1-

mediated PARylation. All supporting the idea that Parp1 ablation might be beneficial in cancer

cachexia.

However, contrasting these findings, certain data demand attention. It is correct that Parp1
ablation might improve mitochondrial function and bioenergetics, but one should consider
another biological role of PARP1 and PARylation. For example, a study by Doles and colleagues
found that the adjunctive use of the PARP inhibitor veliparib with chemotherapy did not lead
to improved muscle mass in patients with cancer and all the 60 patients in this study
demonstrated significant weight loss'’t. Also, PARP1 mediated inhibition of the transcription
factor FOXO1, observed in Ewing sarcoma RD-ES and SK-ES-1 cell lines, and CAPAN1 pancreatic

172

cancer cells*’¢ requires attention as transcription factor FOXO1 regulates various proteins
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involved in muscle atrophy!!3

. Moreover, correlation between diminished PARP1 activity and
increased energy consumption is important*?’, particularly in the context of increased energy
consumption in cancer cachexial’?. Also, while the role of PARP1 in DNA repair is recognized,
its basal activity and its influence on glycolysis necessitate a comprehensive analysist’3.

Additionally, PARP1 knockout mice exhibit a lower grip strength!’4. Overall, emerging data

suggests that PARP1 has a protective role in muscle function and maintenance.

On the other hand, the role of PARG, the protein responsible for dePARylation, in muscle
biology remains under-researched. Although, non-specific PARG inhibitors like Ellagitannin
exhibit potential for muscle strength restoration'’>, there is an urgent need for more targeted
studies elucidating PARG’s function. Given the clinical administration of PARP1 inhibitors and
the dire prognostic implications of muscle depletion in cancer cachexia, grasping these
molecular “interplays is imperative. As pharmaceutical companies focus on developing PARG

inhibitors, deciphering their effects on muscle morphology is essential’.

Considering the ambiguous and limited data regarding the role of PARP1 and PARG in skeletal
muscle, and limited knowledge on their roles in cancer induced cachexia, we decided to
answer these questions. Thus, we postulate that the dysregulation of skeletal muscle
PARylation might exacerbate cancer cachexia. This proposition is not only clinically salient due
to the prevalent application of PARP1 inhibitors in the clinic but also helps us determine the
safety of therapeutic strategies centered on PARG inhibition. By elucidating these, we describe
a more informed strategy for the management and remediation of cancer cachexia when

considering pharmaceutical strategies that inhibit PARylation (PARPs) or dePARylation (PARG).
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Figure 1: Metabolism of PARylation.

In a process called PARylation, PARP1 transfer the ADP moiety to target proteins including
itself. This PAR chain can be later degraded by PARG. lllustration made by modifying a template

in Biorender.com.
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2 Hypothesis

Muscle deregulation of poly-ADP Ribosylation exacerbates Lewis Lung Carcinoma-induced

muscle cachexia.

Aim 1: Describing the role of PARylation-related gene expression in the context of muscle
physiology in cancer cachexia and exploring the therapeutic potential of targeting this pathway

using in vitro models.

Aim 2: Validating the effects and role of (de)PARylation, by ablating Parp1 or Parg expression

in mouse skeletal muscle, in the development and progression of cancer cachexia in mice.
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3 Materials and Methods

3.1 Generation of Inducible Skeletal Muscle Knockout Mice

To generate inducible muscle-specific ablation models of Parpl and Parg, a crossbreeding
strategy was employed. The first line of mice utilized was the mature muscle-specific Human
Skeletal actin promotor driven tamoxifen sensitive Cre-Recombinase mice (Human Skeletal
Actin-Mutated estrogen receptor, Cre, Mutated estrogen receptor, HSA-MCM)’’. In these
mice, the Cre gene, which is responsible for mediating recombination at specific DNA
locations, was driven by the Human Skeletal Actin (HSA) promoter, thus restricting its
expression to mature muscle tissues. The HSA-MCM mice are tamoxifen-sensitive, allowing
for the temporal control of the gene recombination process'’®. These HSA-MCM mice were
then bred with two other mouse lines: ParpI-Floxed (B6(Cg)-Parpl tmIc(EUCOMMIHmeu \N/[kr]) or
Parg-Floxed (C57BI/6N-Parg m2<(KOMPIMbp) /T ) mice. In these floxed mouse lines, LoxP sites,
which are specific DNA sequences recognized by the Cre enzyme, flank the Parpl Exon 4 or
Parg Exon 2-4 genes, respectively. This genetic arrangement permits the specific and inducible

deletion of the Parp1 or Parg genes in the presence of Cre and upon tamoxifen administration.

The HSA-MCM and Parp1-Floxed mice lines were procured from the Jackson Laboratory. Parg-
Floxed mice were generated with collaboration with Canadian Mutant Mouse Repository
(CMMR). Mating schemes and housing conditions adhered to institutional animal care
guidelines. This breeding strategy allowed us to create mouse models wherein the Parp1 and
Parg genes could be conditionally deleted in mature muscle tissues upon tamoxifen

administration.
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Mouse with Parp1 or Pargflanked by Mouse expressing tissue-specific Cre
loxP and Modified Estrogen Receptor (MER)

LoxP site Skeletal muscle tissue
specific promoter

-,

{ HsA HKME/R | cre | MER

Tamoxifen
5-day daily gavage
at 200mg/kg

X
l o g o= gl

Parp1 or Parg

Parp1 or Parg gene

' deletion occurs ey
+  exclusively at skeletal | +.-°

muscle tissues

Mature Muscle-Specific Parp1 or Parg KO

Figure 2: Generation of Parp1-IMKO and Parg-IMKO mice.

Parpl or Parg mice were crossed with HSA-MCM mice. Upon tamoxifen administration, the
activity of Cre enzyme in these mice led to targeted ablation of the floxed gene. lllustration
made by modifying a template in Biorender.com.
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3.1.1 Animal housing

A series of experiments were conducted using distinct groups of mice, selected randomly prior
to each experiment. All animal studies received approval from the University of Ottawa Animal
Care Committee (Protocols #: Hse-3236) and the ethics committee. The mice were maintained
under a strict 12-hour light/dark cycle, had ad libitum access to food and water and were
housed at room temperature. Tissues were collected from the mice during light period. The
study involved groups of mice approximately 9 weeks old. Tamoxifen was administered to the
mice via gavage for 5 consecutive days at 200mg/kg dose to activate the Cre-Lox

recombination, this was followed by a 2-week rest period.

3.1.2 Mouse Genotyping

A small portion of ear tissue was collected from each mouse processed for DNA extraction.
For DNA extraction, each sample underwent treatment with 50 mM NaOH and was incubated
at 95°C for 30 minutes, which was followed by neutralization with 100 mM sodium acetate.

After sacrificing the mice, a small sample of the tail was used to confirm the genotyping.

The extracted DNA was subsequently utilized for genotyping via polymerase chain reaction
(PCR). Specifically, 200 ng of DNA was introduced into the Phire Tissue Direct PCR Master Mix
(Thermo Scientific, Catalogue number F170S), along with primers targeting the HMG-CoA
reductase (HMGR) and Cre recombinase genes, or LoxP Parg and wildtype Parg. The primer

sequences are available in the table 2.

The mixture was then subjected to thermocycling conditions that included denaturation at

98°C for 3 minutes, followed by 40 cycles of denaturation at 98°C for 10 seconds, annealing at
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65°C for 10 seconds, and extension at 72°C for 30 seconds, culminating with a final incubation
at 72°C for 5 minutes. The resulting PCR products were preserved in a refrigerator for

subsequent analysis.

PCR product separation was performed using 2% agarose gel electrophoresis supplemented
with SYBR Safe dye (Catologue number S33102, Invitrogen™). The samples were loaded onto
the gel in Tris base, acetic acid, and EDTA (TAE) buffer and subjected to a constant electrical
charge of 90 volts for 30 minutes. The anticipated PCR product sizes for the HMGR and Cre
genes were 800 bp and 350 bp, respectively, or for LoxP 813bp and 283bp, knockout 283bp
and wildtype 648bp. The gel was subsequently imaged using a chemidoc under Syber-Safe

option.
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Table 2: List of primers used for genotyping.

Gene Target Primer direction Sequence

Hmgr Forward CAATCCTGGAGAAAACGCAC
Hmgr Reverse CAGAACACAGCACGGAAAGA
Cre Forward ATGTCCAATTTACTGACCG
Cre Reverse CGCCGCATAACCAGTGAAAC
Parg (wildtype) Forward CCTTGCATTCTGGGCTCATGGCTTG
Parg (wildtype) Reverse AAGCAGGAAGAACTAATGTGTCAGG
Parg (LoxP) Forward CTTAAGACCATCTGCAAGTCACAC
Parg (LoxP) Reverse GATGGCGAGCTCAGACCATAACTTC

3.2 Collagen Coating of Tissue Culture Dishes

A sterile 0.01% collagen solution was prepared using distilled autoclaved water. This solution
was made with collagen (Sigma-Aldrich catalogue number C7661). Subsequently, a volume of
3 ml of this diluted solution was uniformly spread over the entire surface of a sterile 10 cm

dish (Corning catalogue number 353003).

Once the solution was evenly applied, the dish was positioned in an incubator (HERAcell VIOS
160i, Thermo Fisher Scientific) programmed at a temperature of 37°C and an atmosphere of
5% COZ2. This setting was maintained for approximately 1 hour to facilitate collagen adherence

to the dish surface.
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Post incubation, the dish was then transferred under a biological safety cabinet, the surplus
collagen solution was carefully aspirated using a sterile aspirator. The drying phase generally
lasted between 1-2 hours. The resulting product was a dish layered with a fine coating of
collagen. This collagen coating furnished a nurturing environment conducive to myoblast

growth and adhesion in cell culture studies.

3.3 Isolation of Primary Myoblasts

Primary myoblasts were obtained from C57BI/6NTac mice. Hindlimb muscles of mice were
procured and rinsed twice with Phosphate Buffered Saline (catalogue number 311-010-CL,
Wisent Inc.). These muscles were subsequently minced using a sterile razor blade which was
previously submerged in 70% ethanol. The muscle fragments were then exposed to a solution
containing 10 g/L Collagenase B (catalogue number 11088831001, Roche Canada, Basel,
Switzerland) and 4 g/L Dispase Il (catalogue number D4693, Millipore Sigma, Burlington,
Massachusetts, USA) in Ham's F10 media (catalogue number 318-050-CL, Wisent Inc.). The

solution was incubated at 37°C for approximately 30 minutes, with intermittent agitation.

This mixture was then filtered using a 100um cell strainer, yielding a cell suspension that was
subsequently reconstituted in growth media. This growth media consisted of Ham's F10 media
(catalogue number 318-050-CL, Wisent Inc.), supplemented with 20% Bovine Calf Serum
(catalogue number SH3007203, Thermo Fisher Scientific), 1% penicillin-streptomycin (Gibco),
and 0.005% (2.5 ng/mL) basic Fibroblast Growth Factor (catalogue number ab155734, Abcam,

Cambridge UK)
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This cell suspension was left to incubate on a non-collagen-coated plate for 1-2 hours to enable
fibroblast adhesion while preventing myoblast adhesion. The supernatant, rich in myoblasts,
was then transferred to a collagen-coated plate (catalogue number 353003, Corning) for 24
hours. Afterwards, cells were detached using a 0.05% trypsin-EDTA solution (catalogue
number 325-043-CL, Wisent Inc.) and underwent a second pre-plating for 1-2 hours on non-
collagen-coated plates. The resulting supernatant was transferred to collagen-coated plates

and utilized in subsequent experiments.

The harvested cells were then expanded and cryopreserved. Briefly, cells were trypsinized
using 0.05% trypsin-EDTA solution (catalogue number 325-043-CL, Wisent Inc.) and
subsequently centrifuged at room temperature at 500 r.c.f. for 5 minutes. The supernatant
was discarded and the cell pellet was resuspended in freezing media, consisting of 40% growth
media (as defined earlier), 50% Bovine Serum Albumin (catalogue number SH3007203,
Thermo Fisher Scientific), and 10% Dimethyl sulfoxide (catalogue number 85190, Thermo

Fisher Scientific).

The cell suspension in the freezing media was then portioned into 1 ml aliquots in
cryopreserving vials (catalogue number CLS430659, Millipore sigma) and relocated to a Mr.
Frosty (catalogue number 5100-0001, Thermo Fisher Scientific) at room temperature, before

being transferred to a -80°C freezer for long-term storage.
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3.4 Collection of Lewis Lung Carcinoma-Conditioned Media

Lewis Lung Carcinoma (LLC) cells were induced at 50% confluency in their growth media. Post
24 hours, the media was gathered and transferred into a 50 mL tube. Subsequently, this tube
was centrifuged at 4°C for 5 minutes at 500 r.c.f to eliminate any cell debris. The supernatant
was carefully partitioned into aliquots, while the pellet was discarded. This conditioned media

was subsequently stored at -80°C for future use.

Unconditioned LLC growth media was also generated as a control. The media was formulated
by adding the identical supplements to DMEM as employed in the LLC growth media, with the
exclusion of culturing any cells. This unconditioned media was then divided into aliquots and

stored at -80°C for further use.

For experiments, the aliquoted conditioned media was thawed at 37°C, following which it was
diluted at a 1:2 ratio with growth media. As a control, the unconditioned LLC media was also
diluted at a 1:2 ratio with fresh growth media in a similar fashion. The resultant diluted media

was then utilized in experiments.

3.5 Differentiation of Primary Myoblasts to Myotubes

Primary myoblasts' differentiation into myotubes was executed via the following protocol.
Initially, the isolated primary myoblasts were propagated in growth media until they attained
an approximate confluence of 70%. Following this, myoblasts were trypsinized using 0.05%
Trypsin-EDTA buffer (catalogue number 325-043-CL, Wisent Inc.) and induced onto collagen-

coated 6-well dishes at a density of 100,000 cells per square centimeter.
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Post approximately 8 hours, myoblast adhesion to the plate was verified. The media was then
switched from the growth media to a differentiation media. This differentiation media
comprised of high glucose Dulbecco's Modification of Eagle Medium (catalogue number 319-
005-CL, Wisent, Saint Jean Baptiste, QC, Canada), supplemented with 5% heat-inactivated
horse serum (catalogue number 26050088, Gibco™ Fisher Scientific Company, Ottawa, ON,
Canada) and 1% penicillin-streptomycin (catalogue number 15070063, Thermo Fisher
Scientific). This differentiation media was replenished daily over a span of 3-4 days. To ensure

the reliability of results, all experiments were replicated at least twice in triplicate.

3.6 Tumor Allograft

To establish the tumor allograft model, LLC cells were trypsinized and prepared for injection
into the mice. The suspended cells were centrifuged at 500 r.c.f for 5 minutes at room
temperature, then washed twice with PBS to remove serum from the media and limit the
immune response in the mice. The cells were subsequently resuspended in PBS and their
count was determined using the Countess Il FL Automated Cell Counter (Catalogue number
C10228, Invitrogen), following the trypan blue (Catalogue number T10282, Invitrogen)
exclusion method. A solution comprising cells in PBS with a concentration of 5 x 1076 cells was
prepared, and 200 plL was loaded into a syringe with a 10 gauge needle which was kept on ice

to ensure cell viability.

For the in vivo experiment, the mice were anesthetized two weeks after tamoxifen

administration using 3.5% isoflurane vaporized in oxygen. Following this, LLC cells (1 x 1076
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cells in 200 pL of PBS) were subcutaneously injected into the mice's left flank. Control mice
were administered a 200 uL injection of PBS in the left flank. Any mice displaying ulceration at
the tumor site, a loss of 20% of their initial body weight, or a tumor size exceeding 17 mm x
17 mm were removed from the study before euthanasia, adhering to the stringent animal care

standards. The animals were then humanely euthanized through cervical dislocation.

3.7 Grip Strength

A comprehensive approach to measure forelimb grip strength was systematically
implemented on a weekly basis (day -1, 6, 13, 20) throughout the experiment. This procedure
involved acclimatizing the mice to the testing room for 30 minutes, followed by each mouse
grasping a wire mesh linked to a digital force transducer that recorded peak force. The mouse

was then gently pulled horizontally away from the mesh by the base of its tail.

Both Parp1-IMKO and Parg-IMKO mice, as well as their control counterparts, were utilized as
test subjects. The forelimb grip strength force was compared between nontumor control mice
and those induced with LLC. The test comprised five consecutive pulls, each separated by an
interval of approximately 5 seconds. The absolute grip strength, measured in gram-force, was
calculated as the average of the peak forces from top three pulls. This process offered an
accurate evaluation of muscle function and essential insights regarding the impacts of the
experimental manipulations on muscle mass and function. Additionally, the body weight of

each mouse was recorded before they were returned to their housing room.
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3.8 Body Mass Measurement

Throughout the study period, body mass was measured for each mouse on days 0, 4, 7, 11,
14, 18, and 21 of the experiment. The measurement was performed using a digital scale that
was calibrated before each use. The mice were weighed individually, with their weight

recorded to the nearest 0.1 g.

3.9 Tissue collection

At the end of the study, which occurred on day 23 for Parp1-IMKO mice and day 21 for Parg-
IMKO mice, all mice were humanely euthanized through cervical dislocation. Various tissues,
including Tibialis Anterior (TA), Gastrocnemius (GP), Quadricepses (Quad), Spleen, liver, blood,
soleus, and tumor were meticulously dissected from each mouse. The muscles were then
weighed using a precise scale, and the data was contrasted between the control group

(nontumor-PBS injected) and the experimental group (LLC induced).

Following dissection, some tissue samples were immediately flash-frozen in liquid nitrogen for
subsequent biochemical analysis. Other samples were embedded in Optimal Cutting
Temperature (OCT) compound (Catalogue number 23-730-571, Fisher Scientific) for
histological examinations. The embedded samples were then immersed in liquid-nitrogen
cooled isopentane for approximately 10 minutes before being placed in liquid nitrogen for

long-term storage.
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3.10 Total Protein Isolation and Quantification
3.10.1 Tissue Analysis

Flash-frozen quadriceps muscle tissue was first pulverized using a hammer on a liquid
nitrogen-chilled aluminum block. The resulting powder was weighed, with amounts between

15-25 mg recorded for subsequent analysis.

A supplemented radioimmunoprecipitation (RIPA) buffer was prepared prior to
homogenization. The buffer composition included 150 mM sodium chloride, 1% Triton X-100,
0.50% sodium deoxycholate, 0.10% sodium dodecyl sulfate, and 50 mM Tris. Protease and
phosphatase inhibitors were added to the buffer, specifically, the Roche Complete Protease
Inhibitor Cocktail (05892970001, Roche Canada, Basel, Switzerland) and Roche PHOStop
Phosphatase Inhibitor Cocktail (4906837001 Roche Canada, Basel, Switzerland). Additional
supplements in the buffer were 5 mM of sodium butyrate, 100 uM of fresh tannic acid, and 1

UM of olaparib. This buffer was added at a volume of 10 ul for each mg of tissue.

The tissue samples were homogenized using a Bead Mill 24 Homogenizer (Catalogue number
15340163, Fisherbrand) with two 2.8mm ceramic bead. The homogenization procedure
involved three 40-second cycles at a speed of 2.09 m/s, interspersed with 22-second resting

intervals.

Following homogenization, the homogenate was centrifuged at 16,000 rcf for 10 minutes at
4°C. The supernatant was then carefully transferred into a 1.5 mL microcentrifuge tube. The
supernatant underwent another round of centrifugation, after which the resultant

supernatant was moved to a new tube. This final supernatant sample was set aside for
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downstream protein quantification processes. The pellet, consisting mainly of cell debris, was

discarded.

3.10.2 Cell Culture Analysis:

Post-treatment, the media was drained from the Petri dishes and the dishes were washed
twice using room temperature phosphate-buffered saline (PBS), which was then also
removed. A volume of 150ul of ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer was
subsequently added to each dish. The cells were swiftly frozen in liquid nitrogen and the
resulting frozen lysate was collected via scraping with a cell scraper (Thermo Scientific™). The

lysate was then transferred into 1.5mL centrifuge tubes using a pipette.

Upon completion of homogenization and scraping, the tubes were instantly placed on ice and
subjected to vigorous vortexing. The lysate was centrifuged at 16,000 relative centrifugal force
(r.c.f.) at 4°C for 10 minutes, after which the supernatant was carefully collected. This
procedure was executed twice, with the pellet being discarded each time. The resulting

supernatant was transferred into fresh tubes and stored at -80°C for future use.

3.10.3 Total Protein Quantification:

The protein concentration in the samples was quantified using the DC protein assay (Bio-Rad
Laboratories, Hercules, California, USA). Freshly prepared bovine serum albumin (BSA)
standards were created in double distilled water (ddH20) to span the linear range that the DC
protein assay is designed to detect. Both standards and samples were analyzed in triplicate to

enhance accuracy.
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A colorimetric reaction was then performed, with the resulting absorbance measured using a
POLARstar Omega plate reader (BMG Labtech). The protein concentration was calculated by
dividing the measured protein quantity by the mass of tissue used for protein extraction,

yielding the protein extraction efficiency.

3.10.4 Western Blotting

The samples were adjusted to a similar concentration by diluting in RIPA buffer and 4x Laemmli
Buffer (Bio-Rad Laboratories, Hercules, California, USA Cat# 1610737), supplemented with
10% PB-mercaptoethanol (Fisher Bioreagents, BP176-100). The diluted lysates were then

heated for 5 minutes at 95 degrees Celsius, unless specified otherwise.

Subsequently, the diluted lysates were size-separated using 8%, 10%, or 12% SDS-PAGE gels,
depending on the molecular weight of the target protein. The gels were made using the TGX
Stain-free FastCast Acrylamide Kit (Bio-Rad Laboratories, Hercules, California, USA Cat#
1610183) with 10% Ammonium persulfate (APS) a day before the experiment and stored in a
refrigerator. Each well of the gel was loaded with 15-25ug of protein, and the samples were
separated using the Mini-PROTEAN system (Bio-Rad Cat# 1658006). The SDS-PAGE was run at
a constant 35mA, 90 volts across the gel for 30 minutes, then at 120 volts for 50-60 minutes

or until the ladder reached the end of the gel.

The StainFree gels were activated for 45 seconds using the stain-free setting on a ChemiDoc
Touch Imaging System (Bio-Rad). Following activation, the proteins were transferred to a

TransBlot Turbo Mini size 0.2um nitrocellulose membrane (Bio-Rad) via the Trans-Blot
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TurboTransfer System (Catalogue number 1704150EDU, Bio-Rad Laboratories, Hercules,

California, USA on the midi-gel setting.

To visualize total protein per lane, the nitrocellulose membrane was imaged again under the
stain-free blot setting with automatic exposure time, then blocked for an hour in a blocking
buffer consisting of 5% w/v bovine serum albumin (Sigma, SKU A7906) in TBS-T buffer (50mM
Tris-HCI, pH 7.6; 150mM NaCl; 0.1% Tween), while gently agitated at room temperature. The
membranes were then incubated with primary antibodies diluted in TBS-T buffer overnight at
4°C, under gentle agitation. After being washed three times for 5 minutes each in TBS-T, the
membranes were incubated for one hour with the corresponding IgG, horseradish peroxidase

(HRP)-conjugated secondary antibody, with gentle agitation at room temperature.

Following three additional TBS-T washes, detection was carried out on a ChemiDoc system
(Bio-Rad Laboratories, Hercules, California, USA) using 1 ml Clarity (Catalogue number
1705060, Bio-Rad Laboratories, Hercules, California, USA) or Clarity Max (Catalogue number
1705062, Bio-Rad Laboratories, Hercules, California, USA) enhanced chemiluminescent
solutions on the chemiluminescence setting. The instrument automatically calculated an initial
exposure time for imaging, which was then manually adjusted to capture multiple images and
ensure the blot was not saturated. Images were processed and quantified using FlJI software

on TIFF raw files after performing rolling ball background correction with a radius of 30.

In instances where membranes underwent a second round of immunoblotting, they were
stripped of previous antibodies using Restore PLUS Western Blot Stripping Buffer (Catalogue

number 46430 Thermo Scientific). The membranes were washed in the stripping buffer for 30
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minutes in a shaking incubator at 100 relative centrifugal force at 37 degrees Celsius. After
stripping, the membranes were reblotted with a secondary antibody and imaged to confirm

no bands.

Table 3: List of antibodies and dilutions used for protein quantification.

Total
: Product ° a. Primary Secondary
Protein protein

number dilution dilution

loaded

Total OxPhos Rodent ~ /\PG@M  Ab110413

WB antibody cocktail 10ug 1:1000 1:1000
: Cell
M/PARylation . _ E6FBA 10ug 1:1000 1:1000
signaling
Cell
FOX01 . . C29H4 10ug 1:1000 1:1000
signaling

3.11 RNA Isolation and Complementary DNA Synthesis
3.11.1 Tissue Analysis

The previously flash-frozen quadriceps muscle tissue was mechanically powdered using a
hammer on a liquid nitrogen-cooled aluminum block. From the resultant crushed tissue, a
segment weighing between 15-25 mg was accurately measured and transferred into

reinforced tubes.

For each of these tubes, 1 ml of TRIzol reagent (catalog number 15596018, Fisher Scientific,
Ottawa, ON, Canada) was added. This was followed by the addition of 200 uL of chloroform,
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leading to gentle mixing through the inversion of the tube 10 times. Subsequently, the samples

were subjected to centrifugation at 4°C with a force of 16,000 x g for a duration of 15 minutes.

The subsequent steps involved the extraction of the aqueous phase, which was then further
refined using the EZ-10 DNAaway RNA Mini Prep Kit (catalog number BS881133, BioBasic,
Markham, ON, Canada). This process adhered closely to the ma’ufacturer's guidelines, with
the one exception being the replacement of ethanol with isopropanol. The RNA was then

purified through elution in RNAase-free water.

Finally, the concentration of the RNA was determined using a NanoDrop 2000

Spectrophotometer (Fisher Scientific Company, Ottawa, ON, Canada).

3.11.2 Cell Culture Analysis

For the extraction of RNA from cell cultures, the cells were initially washed twice with room
temperature phosphate-buffered saline (PBS). Following this, as much of the PBS as possible
was aspirated and the plates were immediately flash-frozen in liquid nitrogen, before being

transferred to a -80°C freezer for storage.

When required, the cells were scraped off the plates using a cell scraper. The RNA was then
isolated employing the EZ-10 DNAaway RNA Mini Prep Kit (Catalogue number BS881133,
BioBasic, Markham, ON, Canada), in accordance with the ma’ufacturer's instructions, except
that isopropanol was used as a substitute for ethanol. Following the purification process, the
RNA was eluted in RNAase-free water. Its concentration was then quantified using a NanoDrop

2000 Spectrophotometer (Fisher Scientific Company, Ottawa, ON, Canada).
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3.11.3 cDNA Synthesis

After RNA extraction, the synthesis of complementary DNA (cDNA) was performed using the
NEB First Strand cDNA synthesis kit (M0368; New England Biolabs Canada, Whitby, ON,
Canada). In brief, each reaction involved the use of 1 pug of mRNA. This mRNA was then
incubated with a mix containing ProtoScript Reverse Transcriptase, 62.5 uM Random
Hexamers, 0.5 mM dNTPs, 10 mM DTT, and ProtoScript Il Buffer. The reaction conditions were

set at 25°C for 5 minutes, followed by 42°C for 60 minutes, and finally, 65°C for 20 minutes.

3.11.4 Quantitative Polymerase Chain Reaction (qPCR)

Quantitative PCR was conducted using the Luna Universal gPCR Master Mix (New England
Biolabs Canada, Whitby, ON, Canada) utilizing the Syber Green method. Each reaction was
assembled with 2.5 plL of Luna Universal gPCR Master Mix, 0.25 uM of both forward and
reverse primers, 2 UL of RNAse/DNAse-free water, and 2.5 ng of cDNA. The reactions were
carried out and the results were quantified with a CFX386 gPCR System (Bio-Rad Laboratories,

Hercules, California, USA).

The PCR cycling parameters included an initial denaturation at 95°C for 1 minute, followed by
45 cycles of 15 seconds at 95°C and 30 seconds at 60°C. The resulting expression levels were
normalized to the geometrical mean of at least 3 housekeeping genes, and relative gene
expression was calculated using the 2224 method. Statistical evaluations were carried out
using GraphPad Prism 9, with a p-value of less than 0.05 deemed to represent statistical

significance.
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Table 4: Primer sequences for RNA quantification.

Gene Target

Ppia

Ppia

Tbp

Tbp

Actb

Actb

Gapdh

Gapdh

Parpl

Parpl

Parp2

Parp2

Parp4

Parp4

Parg

Primer direction

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Sequence

GAGCTGTTTGCAGACAAAGTTC

CCCTGGCACATGAATCCTGG

ATGATGCCTTACGGCACAGG

GTTGCTGAGATGTTGATTGCTG

GGCTGTATTCCCCTCCATCG

CCAGTTGGTAACAATGCCATGT

TGGCCTTCCGTGTTCCTAC

GAGTTGCTGTTGAAGTCGCA

AAAGCAGGCTGGCGCCGG

ACAGAGACACCTCTGCTGCG

CACAGCTTGGTGACTTGTTCT

ACTCAGGCTTCAAAGTTTCCTC

TCTTGCCAAATACCGTGCTTT

TGCTTAAAAACTCCGTAGCTTCA

GGGGACTCCGCTACCAAAG
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Table 5: Cont. Primer sequences for RNA quantification.

Gene Target

Sirtl

Sirtl

Trim63

Trim63

Fbxo32

Fbxo32

Ulk1

Ulk1

Pgcla

Pgcla

Redd1

Redd1

Redd?2

Redd?2

Primer direction

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Sequence

CAGCCGTCTCTGTGTCACAAA

GCACCGAGGAACTACCTGAT

CCAGGCTGCGAATCCCTAC

CCAGGCTGCGAATCCCTAC

ACACATCCTTATGCACACTGG

TCTCCATCCGATACACCCACA

ACATCCGAGTCAAGATTGCTG

GCTGGGACATAATGACCTCAGG

AGACGGATTGCCCTCATTTGA

GGTCTTAACAATGGCAGGGTTT

GGGATCGTTTCTCGTCCTCC

ATGAGGAGTCTTCCTCCGGC

TCACCCTGGGAGTCTGCTAAGT

TTTGGTTTGCTTTGATCTGGAC

46



3.12 Bioinformatics Analysis

For conducting gene expression analysis, the publicly available RNA sequencing datasets
GSE114820 and GSE133523 were employed. The data was processed using an assortment of
bioinformatic tools. Initially, the datasets were downloaded into the Galaxy platform (version
22.05), followed by quality control checks using the FastQC toolkit. Subsequently, the data was
refined and aligned to the genomes of either the mouse (Mus musculus, GRCm38.p5) or
human (Homo Sapiens, GRCh38) utilizing the Hisat2 alignment tool. The HTSeq framework was
employed to count the sequences, and the DESeq2 package was used to acquire normalized
gene expression levels and differentially expressed genes. The resulting normalized counts
were then log2 transformed, with a value of 1 added. For the Gene Set Enrichment Analysis

(GSEA), the WebGestalt toolkit was used.

3.13 Statistical analysis

The software GraphPad Prism 9 was utilized for all statistical analyses. For scenarios where a
single comparison was made between two groups at a single time point, Student's t-tests were
applied. When comparisons involved two groups across multiple time points, 2-way repeated
measures analysis of variance (ANOVA) was conducted. For situations where the comparison
involved two groups and two conditions (for example, treatment and genotype) at a single
time point, 2-way ANOVA was used. Post hoc tests using the Bonferroni correction were
performed, specifically comparing differences between genotypes unless otherwise indicated.
A threshold alpha value of 0.05 was established to determine statistical significance in all
instances. Trends that failed to reach statistical significance but had p-values less than 0.1 were

documented as such in graphs and explicitly reported in the text.
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4 Results

4.1 Poly (ADP) Ribosylation is associated with skeletal muscle health in humans.

Data retrieved from the consensus dataset from Protein Atlas, comprised of normalized
expression levels for 55 tissue types from merged Human Protein Atlas (HPA) and Genotype-
Tissue Expression (GTEx) transcriptomic datasets, indicates a substantial expression of PARP1
in skeletal muscle (Figure 1A)!. The dataset reveals skeletal muscle as one of the tissues with
the highest expression of PARP1, after tonsils, lymph nodes, and parathyroid glands. In
parallel, PARG? is the most highly expressed in skeletal muscle, following kidney, in humans

(Figure 1B).

Given the current use of PARP1 inhibitors, and the development of PARG inhibitors, in cancer
we examined data from the United States Food and Drug Administration's (FDA) Adverse Event
Reporting System (FAERS), which maintains comprehensive records of adverse clinical events
associated with pharmaceutical products. In this database, we discovered that cancer
treatments using inhibitors of PARP1 were associated with an increased incidence of
musculoskeletal and connective tissue disorders when compared to platinum-based
antineoplastic agents like Cisplatin (Figure 1C). Specifically, Niraparib, was associated with a
higher proportion of musculoskeletal adverse events compared to Cisplatin, which are often

used in association with PARP1 inhibitors. On the other hand, Talazoparib, had fewer reported

1 https://www.proteinatlas.org/ENSG00000143799-PARP1/tissue, on June 20, 2023
2 https://www.proteinatlas.org/ENSG00000227345-PARG/tissue, on June 20, 2023
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adverse effects (Figure 1C). This variation may be attributable to several factors such as
A)

differences in bioavailability or drug distribution.
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[ Musculoskeletal and Connective Tissue Disorders

[ Other

Talazoparib

Protein Atlas data showing high mRNA expression of A) PARP1 and B) PARG in human skeletal
muscle. Color-coded based on tissue groups with similar functional features, C) Reported

Figure 3. Inhibition of PARylation is associated with adverse musculoskeletal events.



musculoskeletal adverse events for PARP inhibitors (PARPi) as percentage and absolute
number of reported adverse events in relation to the total number of cases based on FAERS
data. nTPM: Number of Transcript per Million.

4.2 Genes involved in PARylation homeostasis are altered in cachectic muscles of mice.
Given that PARP1 and PARG are highly expressed in human skeletal muscle, combined with
observed musculoskeletal adverse effects of PARP inhibitors when treating cancer, we next
examined the expression of genes and biological pathways linked to PARylation homeostasis
in cachectic muscles. To do this we used a publicly available RNA-seq dataset (GSE114820)
from mice that exhibited Lewis Lung Carcinoma (LLC)-induced cachexia. In this study,
gastrocnemius muscle RNA was extracted for RNA sequencing (Figure 2A) from mice induced
with LLC and compared to controls. Genes significantly altered 4 weeks after LLC induction
revealed a pronounced upregulation of those involved in inflammation, indicating an integral
role of inflammation in cachexia (Figure 2B). Importantly, enhanced PARylation activity has
been linked to inflammatory responses in numerous tissues’*~*1. This was substantiated by
a Gene Ontology analysis of differentially regulated genes, suggesting again the involvement
of innate immunity, along with other processes known to involve PARylation signalling, such
193

as DNA damage and repair processes'3>18218 transcription®*192, mRNA processing®®3,

apoptosist®, and differentiation®> (Figure 2C).
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Figure 4: Analysis of differentially regulated genes in LLC-induced mouse muscle cachexia.

A) Experimental design for GSE114820 B) Volcano plot highlighting a pronounced upregulation
of inflammation-related genes, C) Gene Ontology analysis at week 4 reveals significant
activation of processes like innate immunity, DNA damage, and DNA repair in cachectic
muscles.

Further analysis of this dataset demonstrated that Parp1, Parp2, and ADP-ribose hydrolase 3
(Arh3) expression remained largely unchanged in the muscle of cachectic mice during the
progression of cancer cachexia (Figure 3A, B, C, |). Parp4, Tnks1, Neurl4, and Parg were
upregulated (Figure 3A, D, E,G,H), and Tnks2 was downregulated (Figure 2F) 4 weeks after LLC
induction indicating potential roles for these genes in cancer cachexia. These data do not
however examine changes in PARylation dynamics, through changes in enzymatic activity, yet

still emphasize the potential importance of PARylation in LLC-induced cancer cachexia.
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Figure 5: Dynamic changes in PARylation-related gene expression during cancer cachexia
progression in mice.

A) Heatmap showcasing the normalized gene expression four weeks post-LLC-induction. The
figure further illustrates gene expression of B) Parp1, C) Parp2, D) Parp4, E) Tnks1, F) Tnks2,
G) Neurl4, H) Parg, and |) Arh3. Normalized gene counts were log2 transformed after division
by the median. N=7-8. Significance is indicated by *: p < 0.05, **: p < 0.01, ***: p <0.001, and
*HkE*: p <0.0001, using one-way ANOVA with Bonferroni post-hoc correction.

4.3 PARG inhibition protects primary myotubes from atrophy-related gene expression.

We then turned our focus to the possible impact of LLC-Conditioned Media (LLC-CM) on gene
expression of myotubes as a cell culture model of cancer cachexia. Our gPCR analysis on
primary myotubes demonstrated that LLC-CM can increase Trimé63 (also known as MurF1)
gene expression, a gene involved in muscle protein degradation via the ubiquitin-proteasome
system®>%* (Figure 5C). Moreover, in accordance with previous research LLC-CM treatment
increases Reddl expression but not Redd2'°®, genes involved in cellular stress response
capable of inhibiting mechanistic Target of Rapamycin Complex 1*°7. However, while LLC-CM
increased the expression of Trim63, it did not increase the Fhoxo32 (also known as Atrogin1)
a gene shown to increase in LLC-CM treated myotubes and involved in muscle atrophy through
the regulation of protein synthesis and degradation. (Figure 6A). Atrogin-1 and MuRF1 operate
within the ubiquitin-proteasome pathway for muscle protein degradation but target different
substrates and may be regulated differently. Interestingly, inhibition of PARG using PDD
rescued the LLC-CM-mediated expression of Trim63 and Redd1 and had no effect on Fboxo32
and Redd?2 (Figure 6B). Moreover, since previous studies demonstrated that Redd1 inhibition

halts muscle mass loss in cancer induced cachexial®®

, and Trim63 is a major protein in the
ubiquitin proteasome system that degrades myosin heavy chain®!*?, increased PARylation

due to PARG inhibition appears to be beneficial.
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Figure 6: PARG inhibition reduces LLC-CM-induced atrophy-related gene expression in mouse
primary myotubes.

A)gPCR analysis on myotubes revealed increased expression of Trim63 and Redd1 after 24-
hours LLC-CM treatment, while Fbxo32 and Redd2 remained unchanged. B) PARG inhibition
halted the LLC-CM-induced overexpression of Trim63 and Redd1. Genes were normalized
based on geometrical mean of Thp, Actb, Gapdh, Ppia using 224, Bars in graphs represent
mean values and error bars are s.e.m. Statistical significance is denoted by *: p < 0.05, **: p <
0.01, ***: p <0.001, and ****: p < 0.0001, determined using student t-test (N=3)
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4.4 Optimization of LLC-Induced cancer cachexia in mice.

We then sought to further elucidate the impact of PARylation on cancer cachexia in vivo using
a tumor allograft model. Firstly, we optimized an LLC tumor allograft model for the evaluation
of onset and progression of cachexia over the course of 21-24 days. Female mice
subcutaneously injected with 1x10° LLC cells showed no differences in body mass post-
injection (Figure 7A), however, we noted a significant decrement in the tumor-free body mass
at sacrifice (Figure 7B). Tumor mass at sacrifice averaged 1.6 grams (Figure 7C). Splenomegaly
a symptom frequently associated with systemic inflammatory conditions such as cancer, was
observed at sacrifice (Figure 7D). Prominent declines in both the inguinal white adipose tissues
(IWAT) (Figure 7E) and gonadal white adipose tissues (gWAT) was recorded (Figure 7F), with
no change in brown adipose tissue (BAT) mass (Figure 7G). A trend towards a 16% reduction
in the mass of the Tibialis Anterior (TA) was observed (Figure 7H), accompanied by a reduction
in the combined mass of the gastrocnemius and soleus muscles (GPS) (Figure 71). The
Quadricep (Quad) mass also demonstrated a trend towards reduction (Figure 7J). These
trends, collectively, imply the onset of cachexia-induced muscle wasting. Mice injected with
5x106° cells cells displayed rapid subcutaneous tumor growth reaching an ethical endpoint by
day 18 (Figure S1A). Despite a reduction in overall body mass (Figure S1B), no reduction was
noted in the mass of the TA muscle (Figure S1C), suggesting that the swift tumor progression

might have overshadowed the cachexia-induced muscle wasting typically observed.
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Figure 7: Validating the 1x10° LLC cells induction model for cancer cachexia.

A) Body mass changes between groups injected with 1x10° cells. B) Tumor-free body mass,
C) tumor mass. D) Spleen mass E) iWAT mass, F) gWAT mass and G) BAT mass. H) TA mass |)
GPS mass loss J) Quad mass. Bars represent means, and error bars indicate s.e.m. Statistical
significance denoted by *: p < 0.05, **: p < 0.01, ***: p < 0.001, and ****: p < 0.0001 using
student t-test or two-way ANOVA with Bonferroni post-hoc correction. (N=6-7).

4.5 Skeletal muscle ablation of Parpl exacerbates muscle mass loss in LLC-induced cancer
cachexia of male mice.

To examine the role of PARylation during cancer cachexia we developed an inducible Parpl
muscle-specific knockout mouse (Parp1-IMKO) using Cre technology (Figure 8A). Due to the
breeding limitations all tests ere performed in male mice. Based on our optimization
experiments we used 1x10° LLC cells to induced cachexia in these mice and monitored them
for 24 days. Despite no difference in the percentage change of body mass (Figure 8B), a
substantial reduction was noted in the post-sacrifice tumor-free body mass of LLC-induced
mice of both genotypes when compared to their PBS-injected controls (Figure 8C). There was
no difference in LLC tumor mass or growth rates between Parp1-IMKO and WT mice (Figure
8D, E). Splenomegaly presented similarly in both LLC-induced WT and Parpl1-IMKO mice at
sacrifice (Figure 8F). The liver exhibited no significant change in mass in both LLC-induced WT
and Parpl-IMKO mice (Figure 8G). However, as expected LLC-induced reductions were
observed across adipose tissue depots and were similar in both wild-type and Parp1-IMKO
mice (Figure 8H, |, J). Importantly, progressive decrements in forelimb grip strength became
evident in WT but not Parp1-IMKO mice by day 20 post-LLC induction (Figure 8K, L). The mass
of the quadriceps, and combined mass of gastrocnemius and soleus muscles remained stable

in tumor-bearing WT mice but showed a significant decrease in Parp1-IMKO mice (Figure 8M,
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N). Both cohorts presented reduced tibialis anterior mass (Figure 80) with Parp1-IMKO mice
demonstrating a greater loss (24.8%) than WT mice (14.2%) when compared to their
respective control groups. This suggests that muscle specific Parpl activity may provide a
protective effect against muscle wasting in male mice in the context of cancer cachexia.
Consequently, the absence of Parp1 renders male mice more susceptible to muscle loss during
cancer cachexia. Collectively, these observations align with data from the FDA's adverse effect
reporting system on PARP1 inhibitors, reinforcing the notion that PARP1 may serve a

protective role against muscle mass loss.
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Figure 8: Muscle mass loss in cancer cachexia with Parp1 ablation in male mice.

Parpl knockout was confirmed in the quad muscle of animals, with gene expression
normalized based on geometrical mean of Thp, Actb, Gapdh, Ppia using 272, B) Changes in
body mass percentage, C) tumor-free body mass, D) Tumor mass and E) tumor growth. F)
splenomegaly was observed. G) Liver mass did not change. H) iWAT, 1), gWAT, J) BAT mass, K)
Grip strength post LLC-induction and at L) day 20. M) Quad mass and N) GPS mass, O) TA mass.
Bars in graphs represent mean values and error bars are s.e.m. Statistical significance is
denoted by *: p < 0.05, **: p < 0.01, ***: p <0.001, and ****: p < 0.0001, determined using
t-test or two-way ANOVA with a Bonferroni post-hoc correction. (N=4-6).

4.6 Parp1 ablation increases expression of genes linked to muscle degradation.

Next, we examined the role of PARP1 in regulating PARylation and signalling pathways
associated with muscle atrophy during cancer cachexia. We first examined the changes in
Mono/Poly ADP Ribosylation (M/PARylation) and found a reduction in Parpl-IMKO in
comparison to WT quadriceps. However, no alteration was observed between PBS-treated
mice and cachectic mice in both WT and Parp1-IMKO muscle, suggesting that cachexia does
not change the total M/PARylation in quadriceps (Figure 9A, B). Interestingly, in line with a
reduction in M/PARylation, FOXO1, a transcription factor that regulates genes involved in
muscle atrophy, was upregulated in PBS-treated Parp1-IMKO when compared to WT muscle.
Despite no further change of total M/PARylation in LLC-induced Parp1-IMKO mice, FOXO1 was
further elevated, an effect not observed in the WT group (Figure 9C). One of the genes
regulated by FOXO1 is Trimé63. In line with an increase in FOXO1 protein expression, PBS-
treated Parp1-IMKO mice show an upregulation of Trim63 transcript expression in muscle
when compared to WT mice. Trim63 gene expression in cachectic mice was similarly elevated
in both WT and Parp1-IMKO mice (Figure 9D). From this we conclude that despite observing
an increase in FOXO1 and Trim63 there was no change in muscle mass in PBS-treated Parp1-

IMKO mice compared to WT. However, we predict that it is the activation of this signalling
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pathway during normal physiological conditions that increases the susceptibility of Parpl-
IMKO mice to accelerated muscle protein degradation during cachexia when compared to WT
animals. Our investigation did not show an upregulation of Redd1 (Figure 9E), a previously
identified marker of muscle cachexia'®®that increased when myotubes were treated with LLC-
CM (Figure 4A). Moreover, Ulkl, a gene integral to autophagy, was reduced in ParpI-IMKO
but not WT mice following LLC induction (Figure 9F). The reduction of Ulk1 in Parp1-IMKO
mice during cachexia may exacerbate muscle atrophy and contribute to greater muscle mass

loss compared to WT mice.

Elevated Pgcl-a expression was observed in Parp1-IMKO mice when compared to WT animals,
which was completely attenuated in mice induced with LLC (Figure 9G). Prior studies have
elucidated the activation of Pgcla via Parpl inhibition due to increased intracellular NAD*
pools, further facilitating NAD*-dependent Sirtl-induced PGCla deacetylation. PGCla is
considered to be a master regulator of mitochondrial biogenesis. Consistent with this, we
observed an upregulation of subunits of the oxidative phosphorylation chain, specifically in
complex Il and V in PBS-treated Parp1-IMKO muscle when compared to WT muscle. Cachexia,
however, reduced all the complexes in both WT and Parpl-IMKO, suggesting that the
beneficial effects of Parp1 ablation on mitochondria cannot be maintained in cachexia (Figure

9H).

To check for compensation by other PARP enzymes we examined Parp2 and Parp4 genes
which did not differ between PBS- and LLC-treated groups for WT mice but was reduced for

both genes in Parp1-IMKO mice. This might suggest a potential influence of the cachectic state
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on the regulation of Parp2 and Parp4 in the absence of Parp1 (Figure 91, J). In contrast, Parg

expression remained stable across WT and Parp1-IMKO mice (Figure 9K).
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Figure 9: Gene Expression in Parp1-IMKO Mice in male mice.

A) Western Blotting (WB) for PARylation, quantified in B), C) WB for FOXO1. D) Trim63
expression, E) Redd1, F) Ulk1,G) Pgcla, H) WB for OxPhos complexes, |) Parp2 J) Parp4 K) Parg
expression in both WT and Parp1-IMKO groups. Genes were normalized based on geometrical
mean of Thp, Actb, Gapdh, Ppia using 272, Bars in graphs represent mean values and error
bars are s.e.m. Statistical significance is denoted by *: p < 0.05, **: p < 0.01, ***: p < 0.001,
and ****. p < 0.0001, determined using two-way ANOVA with a Bonferroni post-hoc
correction. (N=4-6)

4.7 Skeletal muscle ablation of Parg does not exacerbate muscle mass loss.

Given that PARG inhibition reduces LLC-CM-induced Trim63 and Redd1 expression in primary
myotubes (Figure 6A), we aimed to determine the role of PARG in mouse muscle during
cachexia. To do this we created a skeletal muscle-specific inducible Parg KO mouse model that
showed a significant reduction in Parg expression (Parg-IMKO; Figure 10A). These mice and
their WT controls then received an LLC allograft and were monitored for 21 days. In line with
the findings from the Parp1-IMKO cohort, our data did not indicate a significant difference in
body mass change for either male or female Parg-IMKO or WT mice (Figure 10B,C). However,
tumor-free body mass demonstrated a discernible reduction in both wild-type and Parg-IMKO
mice for males (Figure 10D) but not females (Figure 10E). Tumor mass did not show any
differences between the male or female animal groups (Figure 10F,G). Concurrent with
observations in the Parp1-IMKO cohort, we noted the occurrence of splenomegaly in our male
and female mice (Figure 10H, |) without changes in liver mass (Figure 10J, K). The induction of
cachexia significantly impacted gWAT in all groups, while BAT remained unaffected in both
male and female mice (Figure 10L, M, N, O). iWAT demonstrated a reduction in both groups
of the male mice following LLC-induction (Figure 10P), while only the Parg-IMKO female mice

remained unchanged (Figure 10Q).
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Figure 10: Effect of skeletal muscle Parg ablation on cancer cachexia in male and female mice.
A) gPCR analysis confirms the ablation of Parg in quadriceps muscles, with gene normalized
based on geometrical mean of Thp, Actb, Gapdh, Ppia using 2°2t. B) Male and C) Female Body
mass changes, D) Tumor-free body mass in males E) and females. F) Tumor mass in males and
G) females. H) Male spleen mass |I) Female spleen mass J) Male liver mass K) Female liver mass
L) Male gWAT and M) Female gWAT, N) Male BAT O) Female BAT, P) Male iWAT and Q) Female
iWAT. Bars in graphs represent mean values and error bars are s.e.m. Statistical significance is
denoted by *: p < 0.05, **: p < 0.01, ***: p <0.001, and ****: p < 0.0001, determined using
student t-test and two-way ANOVA with a Bonferroni post-hoc correction. (N=4-8)

Forelimb grip strength was not reduced for either Parg-IMKO or WT mice, even at the 20-day
mark in both sexes (Figure 11A, B, C, D). This divergence from the effect on WT mice in the
earlier Parp1-IMKO cohort set of experiments (Figure 8L) might be attributable to minor
variations in the execution of grip strength tests. A similar decline in TA mass was observed in
both groups WT and Parg-IMKO male mice following LLC-induction (Figure 11E). Although
when comparing to the Parp1-IMKO cohort of mice, the cachectic animals from the male
Parp1-IMKO cohort exhibited an average 24.8% reduction while the cachectic male mice from
the Parg-IMKO cohort only demonstrated an average 13% reduction. Female Parg-IMKO TA
mass was not significantly altered and therefore appeared protected against cachexia (Figure
11F). Altogether, Parg ablation in skeletal muscle does not augment the loss of TA mass under
the influence of LLC-induced cachexia in male mice and rather attenuates muscle loss in
female mice. No reduction was observed in GPS, Soleus, and Quad mass for either Parg-IMKO
or WT female or male mice (Figure 11 G, H, I, J, K, L). This result is similar to those found in the
WT mice from the Parp1-IMKO cohorts, however rather than causing a loss in muscle mass, as
was found in the Parp1-IMKO mice, Parg-IMKO mice did not show any exasperation of muscle

loss. These findings suggest that unlike in the absence of Parpl, there is no additional loss in
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muscle mass or strength following Parg ablation in males and in females there appears to be

an attenuation of TA muscle loss.
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Figure 11: Effect of skeletal muscle Parg ablation on cancer cachexia induced muscle mass loss
in male and female mice.
A) Forelimb grip strength changes over the course of 20 days following LLC-induced in males
B) Forelimb grip strength at day 20 after LLC induction in males and C) D) in females
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respectively. E) TA mass in males F) and females. G) GPS mass in males and H) females. ) Quad
mass in males and J) females. K) Soleus mass in males and L) females. Bars in graphs represent
mean values and error bars are s.e.m. Statistical significance is denoted by *: p < 0.05, **: p <
0.01, ***: p < 0.001, and ****: p <0.0001, determined using student t-test and two or three-
way ANOVA with a Bonferroni post-hoc correction. (N=4-8)

4.8 Parg ablation decreases the expression of genes involved in muscle atrophy in cancer
cachexia.

We next set out to investigate the impact of skeletal muscle Parg ablation on gene expression
in muscle isolated from male mice. In opposition to Parp1-IMKO mice, PBS-treated Parg-IMKO
mice showed no change in Trim63 expression and exhibited reduced expression in cachexia,
when compared to WT controls (Figure 12A). Interestingly, when comparing PBS- to LLC-
treatments Fbxo32 expression did not change in Parg-IMKO mice while the WT controls
trended higher (p=0.0668; Figure 12B). Redd1 expression did not change across any of the
mouse groups (Figure 12C). Ulk1, a gene that was elevated only in PBS-treated Parp1-IMKO
compared to LLC-induced mice, was not altered in this cohort (Figure 12D) suggesting that

Parg ablation does not influence the autophagy processes.

Finally, our data showed no significant impact of either cancer cachexia or Parg absence on
the expression levels of Sirtl, Pgcla, Parpl, Parp2, or Parp4 (Figure 12E, F, G). Thus, the
transcriptional regulation of SIRT1 or known PARylating PARP family members remained
unaltered. Our results present compelling evidence of the potential interplay between skeletal
muscle Parg ablation, and Trim63 and Fbxo32 expression, which may be responsible for the
lack of change, or attenuation in certain cases, of in vivo markers of muscle loss seen in male

or female Parg-IMKO mice.
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Figure 12: Attenuation of cachexia induced Trim63 and Fboxo32 responses with skeletal
muscle Parg ablation in male mice.

A) Trim63, B) Fbxo32, C) Redd1 D) Ulk1 E) Sirt1, F) Pgcla, G) Parpl H) Parp2 1) Parp4. Genes
were normalized based on geometrical mean of Thp, Actb, Gapdh, Ppia using 272, Bars
represent means, and error bars indicate s.e.m. Statistical significance denoted by *: p < 0.05,
**.p <0.01, ***: p <0.001, and ****: p < 0.0001, determined using one-way ANOVA with
Bonferroni post-hoc correction. (N=4-8)
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5 Discussion

Cancer cachexia represents a multifaceted paraneoplastic syndrome, predominantly
characterized by profound muscle wasting, which is observed in approximately 80% of
individuals diagnosed with cancer. The onset and progression of cancer cachexia are
influenced by a myriad of factors, including the specific tumor type, concurrent comorbidities,
and the spectrum of anticancer agents administered to the patient. Given the current absence
of efficacious pharmacological interventions specifically targeting cancer cachexia??, it
becomes imperative to critically evaluate the safety profiles of administered anticancer agents
in the context of cachexia development. Of note, a novel class of drugs designed to inhibit
PARP1 has been introduced to induce synthetic lethality with their applications continually
expanding. Through PARylation, PARP1 utilizes NAD* molecules to transfer ADP-Ribose
moieties to target proteins, consequently modulating their functional and structural
attributes. The counteractive process of dePARylation, is facilitated by PARG!28-130.183,198
Emerging evidence posits that inhibiting dePARylation mirrors the effects of PARylation

inhibition when considering processes such as DNA damage repair*3°

and may therefore pose
as equally effective anticancer treatments. Nevertheless, the many potential biological
ramifications of perturbing muscle specific (de)PARylation in the setting of cancer cachexia
remain inadequately explored. This study pioneers the examination of the consequences of

skeletal muscle-specific perturbation of PARylation, employing two inducible models of either

Parg or Parpl muscle specific knockouts.

Analyzing public RNA-seq datasets focused on cancer cachexia induced by LLC revealed

notable alterations in genes related to PARylation homeostasis, such as Parp4, Tnks1, and
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Parg. These changes in gene expression highlight the potential intricate relationship between
PARylation and the pathophysiology of cancer cachexia, setting the stage for our subsequent
mouse studies. Numerous murine models of cancer cachexia demonstrate a decrease of both
lean and adipose tissue mass, including those using the LLC-allograft model>19%:200 138 '|n our
experimental paradigm, both Parp1-IMKO and Parg-IMKO mice manifested reductions in
IWAT and gWAT which was align with previous reports>*®°. We found no difference between
our skeletal muscle-specific Parp1 or Parg ablation models following LLC induction, indicating
that there is no strong influence of skeletal muscle PARP1 or PARG on systemic processes or
energy metabolism in cancer cachexia. Similarly, splenomegaly, a surrogate marker of
systemic inflammation?°?, often concomitant with cancer cachexia-induced systemic
inflammation, was analogous in both Parg-IMKO and Parp1-IMKO mice relative to their WT
counterparts. This observation suggests that the spleen's inflammatory response remains

largely unaltered by muscle-specific ablation of Parp1 or Parg.

When assessing the role of PARylation on muscle cachexia we first observed distinct
phenotypic alterations following the skeletal muscle-specific ablation of Parp in mature male
mice. Specifically, muscle mass in the quadriceps, the TA, as well as the combined mass of the
gastrocnemius and soleus was exasperated when compared with the WT cohort. In contrast,
mature male and female mice with inducible muscle-specific knockout of Parg exhibited no
discernible muscle mass loss in the quadriceps and gastrocnemius, similar to their WT controls.
Interestingly, female Parg-IMKO mice, in particular, showed no loss in TA muscle mass in

comparison to the loss observed in WT mice.
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The pronounced muscle mass loss observed in Parp1-IMKO mice can potentially be ascribed
to the regulatory role that Parp1 plays in the inhibition of Foxol gene expression, which was
first demonstrated in Ewing sarcoma RD-ES and SK-ES-1 cell lines, and CAPAN1 pancreatic
cancer cells'’2. It is noteworthy that FOXO1 functions as a transcription factor, capable of
augmenting the expression of genes that are intrinsically linked to muscle atrophy, such as
Trim63112711%172 Trim63, in particular, is upregulated in various forms of muscle atrophy and
plays a pivotal role in the ubiquitination then degradation of proteins, including myosin heavy
chain!4. Related to this process, our analyses revealed an elevated expression of the Trim63
gene in the quadriceps of PBS-treated Parp1-IMKO mice which was maintained following LLC-
inductino. We predict that the elevated Trim63 levels in PBS-treated Parp1-IMKO may have
led to a susceptibility to muscle cachexia in these mice and exaggerated reduction of muscle
mass following LLC induction. We therefore propose that the persistent elevation of Trim63
gene expression might predispose the muscle to exacerbated protein degradation, especially
under stressors such as those induced by cancer cachexia*?*3, Intriguingly, Parg-IMKO mice

did not show significant changes in expression of Trim63 under PBS- or LLC-treated conditions.

Interestingly, previous research has demonstrated the potential beneficial effects of Parpl
ablation, or its pharmacological inhibition, on the improvement of mitochondrial metabolism
controlled by an NAD* surplus that drives NAD+-dependent SIRT1 activity 127127202 Qur
findings corroborate this particular mechanism by showing that the ablation of Parpl in
skeletal muscle leads to an enhancement of OxPhos protein levels in muscles. This is
particularly relevant to cancer cachexia as seminal work by Brown et al., along with

contributions from other researchers, posits that mitochondrial degeneration is an integral
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facet of the pathogenesis of cancer cachexia'®#?%, Our data not only confirms the notion of
mitochondrial degeneration in the context of cancer cachexia but also uniquely underscores
that while PARP1-mediated mitochondrial improvements are evident they do not counteract

the deleterious effects of cancer cachexia on muscle strength or mass.

In contrast to Parp1-IMKO mice, PBS-treated Parg-IMKO mice showed no increase in Trim63
gene expression. Further to this, upon LLC-induction of cachexia Parg-IMKO mice did not
exhibit a significant increase in Trim63, unlike the LLC-induced WT mice. In vitro analyses
further demonstrated the capacity of PARG to modulate Trim63 expression. Myotubes
exposed to LLC-conditioned media exhibited amplified Trim63 expression which was
attenuated with PARG inhibition via PDD treatment. Future investigative endeavors should be
channeled towards elucidating the mechanisms through which PARG and PARP1 regulates
Trim63 gene expression. To further examine the robustness of PARG’s influence on atrophy
related gene expression we examined another related gene named Fbxo32. A similar trend
was found where there was no difference between PBS-treated Parg-IMKO mice and WT
Fbxo32 expression, then following LLC-induction Parg-IMKO mice showed no increase while
WT mice trended upward (p=0.0668). Ultimately, under cachectic conditions Parg-IMKO mice
do now show upregulation of the atrophy genes tested and therefore may offer a protective

buffer against muscle atrophy in some cases.

The paradoxical observation that male Parg-IMKO mice, despite exhibiting diminished levels
of atrogenic markers like Trim63 and Fbxo32, sustain a similar rate of muscle mass loss to their

wild-type counterparts is intriguing. Muscle atrophy is a complex interplay of myriad molecular
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pathways. While Trim63 and Fbxo32 are established markers of muscle atrophy in the context
of cancer cachexia''>'**11> their diminished expression does not necessarily negate the
activation of alternative atrophy-inducing pathways. The equilibrium between protein
synthesis and degradation is pivotal for muscle mass maintenance in healthy adults. In muscle
atrophy, there's either an increase in protein degradation, a decline in protein synthesis, or a
combination of both. It's conceivable that in Parg-IMKO mice, other mechanisms or pathways
might be compensating for the attenuated atrogenic activity, culminating in a similar rate of
muscle mass loss, at least in male mice. One caveat is that in female Parg-IMKO mice there
appeared to be a protective effect on TA muscle mass when comparing to the observed loss

of TA mass in the WT animals following LLC-induction.

Nonetheless, we have not yet fully characterized either Parg-IMKO or Parp1-IMKO mice, and
despite wet muscle mass and grip strength providing invaluable insights, it is conceivable that
further testing will provide more accurate phenotyping of their muscle. For example,
guantitative metrics of the muscle phenotype should include an assessment of both fiber-type
and minimum ferret diameter. Additional in vivo tests could also inspect changes in protein
synthesis via puromycin integration to elucidate whether altered muscle mass equates to a
decreased rate of protein synthesis or measuring protein degradation with pulse-chase
method?®. Consequently, our data propound that heightened PARylation levels, via Parg
ablation, can counteract the cancer cachexia-induced upregulation of Fbxo32 and Trim63.
However, the precise mechanisms governing why this modulation did not change the overall
phenotype of male mice compared to controls and yet exhibited some improvement in female

mice remains enigmatic. Future work that will examine differences in gene and protein
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expression in both male and female mice for all cohorts (beyond the scope of this study) will

help define mechanistic differences that lead to altered phenotypes.

Metabolic differences between male and female organisms present a unique basis for the
inclusion of sex analysis in metabolic syndromes like cachexia. Variations in body composition,
insulin sensitivity, muscle fiber types, and hormonal regulation contribute to differential
cachexia responses between the sexes!??°. Some treatments may exhibit sex-specific efficacy,
underscoring the imperative necessity for inclusive research. Recognizing these differences,
our study adopted a comprehensive approach, encompassing both sexes. However,
mechanisms governing any sex differences noted, particularly in Parg-IMKO mice, have not
yet been explored. Avenues for exploration are diverse and may hinge on systemic differences.
For example, given that the androgen receptor can directly induce Parg expression in prostate
cancer cell lines?®, there might be a differential response to cancer cachexia in skeletal muscle
Parg ablation between the sexes. This inclusivity might pave the way for tailored therapeutic

strategies in the future.

6 Limitations and future work

Our study was not without limitations. Firstly, targeted gene expression analysis by gPCR
provides a snapshot but doesn't necessarily capture the entire narrative. A gene might exhibit
elevated expression, yet its protein levels might remain unchanged. As for the protein level,
changes in protein expression may not give insight into the activity of a protein which often
relies on protein-protein interactions and post-translational modifications. Although not
included in this thesis, we have prepared samples for unbiased RNA-seq that have been sent
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for analysis and for future proteomics analysis that will be combined with current and future
targeted quantification of gene and protein expression. Secondly, our study leveraged the LLC-
induced cachexia mouse model, derived from a spontaneous lung tumor in a C57BL mouse.
While invaluable for cancer cachexia research, this model cannot wholly emulate the
intricacies of human cancer cachexia. Consequently, findings from this model warrant
validation in human studies. Continuous endeavors should be made to enhance the model's
physiological relevance and thus exploration of alternative cachexia models such as patient-
derived xenograft models that could serve to corroborate our findings. Thirdly, another
limitation was the relatively modest sample size. There are several results that are inherently
susceptible to technical variation, such as when assessing muscle grip strength or muscle mass.
While our findings are enlightening, they should be interpreted with care. Increasing the
sample size in future studies for both sexes would increase the robustness of the results,
offering a better understanding of the roles of PARP1 and PARG in muscle homeostasis during
cancer cachexia. Moreover, advanced imaging techniques or molecular assays could provide
deeper insights into these aspects. For instance, ex vivo contraction experiments could offer
another layer of validation for muscle function. Another limitation of our investigation is that
we used unconditioned LLC growth as media as control for our In vitro studies. A better control
could be to use conditioned media from a non-cachexia-inducing cell line such as T-cell
lymphoblastoma cell line (EL4). Future work should also consider evaluating mitochondrial
function by isolating fresh mitochondria from muscle in each cohort and measuring their
respiration rates. This would complement our existing observations and provide a more

comprehensive view of muscle cell health. Lastly, it's worth noting that our study did not
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assess the role of PARG and PARP1 in muscle stem cells. This is worth further investigation, as
(de)PARylation could influence muscle regeneration in cancer cachexia. Prior investigations
have highlighted the exacerbation of membrane-level muscle damage in the of C26-induced
cancer cachexia mouse model. While damage in this model instigates the activation of muscle
progenitor cells, myogenesis is prematurely arrested, precluding full differentiation*®. Given
recent data about the role of PARP1 in myogenesis?%, the administration of PARP1 inhibitors
necessitates circumspection. Primarily, PARP1 is indispensable for the complete
differentiation of myoblasts?®®. Additionally, the expression dynamics of PARP1 undergoes
fluctuations during differentiation®>2%¢, Matteini et al. have elucidated that PARP1 reduces
the expression of myogenin and other MyoD targets, potentially through modulating
H3K4me3 levels or influencing MyoD binding'®>. Furthermore, the myogenetic transcriptional
activator, Yin Yangl, undergoes direct PARylation by PARP1.2%” Another pivotal player in
myogenic progression is the transcription factor CCAAT/enhancer binding protein beta
(C/EBPb)29%20%  which was initially identified to undergo PARylation during adipogenesis?®.
Given its role in myogenesis, C/EBPb might also be subjected to an influence from PARylation.
To address this, we have already developed inducible mouse models lacking Parp1 or Parg in
resident muscle stem cells (satellite cells; Parpl-iMSKO, Parg-IMKSO) and our future
investigation will examine the role of (de)PARylation on muscle stem cell fate and function.
Collectively, these insights underscore the importance of preserving robust myogenesis in
both health and disease, thereby suggesting that pharmacological interventions altering

PARP1 or PARG be approached with caution.
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7 Conclusion

Our findings underscore that skeletal muscle-specific ablation of Parpl exacerbates muscle
wasting in cancer cachexia. This has profound clinical implications, especially as patients are
increasingly receiving PARP1 inhibitors. Given the correlation between cancer rates and age,
and the heightened susceptibility of the elderly to muscle wasting disorders like sarcopenia,
the development of safe cancer therapeutic agents is of paramount importance. To further
this endeavor, we probed the impact of Parg ablation in muscles during cachexia. Given that
the development of Parg inhibitors are underway and are being assessed in clinical trials to
induces synthetic lethality in cancer cells, akin to Parp1 ablation, our data might offer a proof
of concept that Parg ablation does not exacerbate muscle wasting in cancer cachexia and may

offer a better alternative to PARP1 inhibition.
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Supplementary Figure 1: Tumor reaches endpoint size prior to cachexia development
following injection of 5x10°8 LLC cells.

A) Tumor Volume, B) Percentage change in body mass relative to baseline, and C) TA Mass.
(N=1)
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