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ABSTRACT

Skeletal muscle is a highly plastic and dynamic connective tissue that is predominantly
responsible for force generation, bodily movement, basal energy metabolism, and general quality
of life. Muscle mass is determined by a balance between protein synthesis and breakdown. This
balance can shift towards hypertrophy or atrophy in response to factors such as nutrition,
physical activity, hormonal changes, injury, or disease. Ribosomes play a crucial role in
facilitating protein synthesis by translating genetic information into functional proteins. The
production of ribosomes involves all three RNA polymerases, with the initial and rate-limiting
step being the transcription of ribosomal (r)RNA genes (rDNA) by RNA polymerase I (Pol I).
The efficiency of translation is also critical for protein synthesis and is regulated by the
mechanistic target of rapamycin (mTOR) signaling pathway during muscle hypertrophy.

Skeletal muscle loss occurs in various wasting conditions. Cancer cachexia, a debilitating
syndrome characterized by severe muscle atrophy, leads to significant weight loss and adversely
affects patients' quality of life and survival rates. This condition not only reduces muscle mass
but also impairs muscle function, leading to fatigue, reduced physical performance, and
limitations in daily activities. The study of muscle in cancer cachexia is of great importance for
understanding the underlying mechanisms of muscle wasting, metabolic dysfunction, and loss of
muscle function in cancer patients. Such insights are essential for developing effective
treatments, as current options for cancer cachexia are inadequate. Advancing our knowledge in
this area may significantly enhance patient outcomes and quality of life, underscoring its
importance in ongoing research. The overarching goal of this dissertation aims to explore how

translational capacity and efficiency in skeletal muscle is influenced during cancer cachexia.



Preclinical models have been crucial in elucidating the mechanisms of muscle wasting in
lung cancer (LC). In study 1, we examined anabolic deficits and proinflammatory effectors in
LP07 and Lewis lung carcinoma (LLC) tumor models. Tumor growth led to significant weakness
in LPO7 mice but not in LLC mice, despite both models showing similar reductions in
gastrocnemius muscle mass. LPO7 tumors caused reductions in ribosomal RNA (rRNA) and
rRNA gene (rDNA) transcription elongation, while LLC tumors did not affect ribosomal
capacity. In the LP07 model, expression of Pol I elongation-associated subunits increased,
whereas LLC tumors elevated mRNAs of Pol I elongation-related factors. Both models exhibited
similar reductions in ribosomal protein (RP)S6 and 4E-BP1 phosphorylation, independent of
mTOR phosphorylation in LPO7 mice. Muscle inflammation varied by tumor type. The LLC
tumor-bearing mice had increased IL-6 and TNF-oo mRNAs, while NLRP3 mRNA upregulation
was independent of tumor type. In summary, both models caused muscle wasting, but only the
LP07 model showed muscle weakness with reduced ribosomal capacity. Intracellular signaling
diverged at the mTOR level, and the LLC model showed a more pronounced increase in
proinflammatory factors. This study’s findings reveal novel, divergent anabolic deficits and
proinflammatory effector expressions in LP07 and LLC lung cancer models.

Study 2 further investigated potential inhibitory effects on anabolic processes in skeletal
and cardiac muscles using the Yoshida AH-130 ascites hepatoma model of cancer cachexia in
rats. After 7 days of tumor burden, rats exhibited reduced body weight, as well as decreased
skeletal muscle and heart weights. These changes coincided with lower levels of rRNA and
notable 4E-BP1 hypophosphorylation. Both skeletal and cardiac muscles showed signs of
endoplasmic reticulum stress, evidenced by elevated GADD34 mRNA expression. Furthermore,

heart tissue exhibited heightened INF-y mRNA levels, while both skeletal and cardiac muscles



displayed significantly elevated IL-1p mRNA levels. This study’s findings suggest that
diminished translational capacity and efficiency likely contribute to decreased skeletal muscle
and heart masses in the Yoshida AH-130 ascites hepatoma model. Moreover, divergent responses
in striated muscle tissues through endoplasmic reticulum stress and production of pro-
inflammatory cytokines may also play significant roles in this process. In conclusion, the
findings of this dissertation advance the understanding of molecular mechanisms underlying

muscle wasting in cancer cachexia.
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CHAPTER 1. INTRODUCTION

1.1. SKELETAL MUSCLE PHYSIOLOGY

Skeletal muscle is a highly plastic and dynamic connective tissue that comprises
approximately 30-40% of total body weight (1). Muscle is primarily comprised of water (75%),
protein (20%), and several smaller substrates to include lipids, carbohydrates, and minerals (5%)
(1). The maintenance of muscle mass is determined by a balance between protein synthesis and
breakdown (2). This balance can be shifted to favor either hypertrophy or atrophy in response to
nutrition, physical activity, hormonal balance, injury, or disease. Skeletal muscle is
predominantly responsible for force generation and bodily movement, posture maintenance,
basal energy metabolism, storage of carbohydrates and amino acids, heat production, and general
quality of life (1, 3).

The sliding filament theory of muscle contraction has been a fundamental concept in the field
of muscle physiology for decades. Based on the independent findings by A.F. Huxley and R.
Niedergerke (4) and H.E. Huxley and J. Hanson (5) in 1954, this theory suggests that muscle
contraction occurs through the sliding of actin and myosin filaments past each other within the
sarcomere (6). The classical sliding filament theory has since been expanded to include the role
of titin, a giant elastic protein found in muscle sarcomeres. Studies show that titin is activated
during muscle contraction and may contribute to the overall force production of skeletal muscle
(7). Additionally, this proposed three-filament sarcomere model, which includes the thin actin
filaments, thick myosin filaments, and titin, has been suggested as a more comprehensive
explanation for the mechanisms of muscle contraction (8). While the sliding filament theory has

been fundamental in understanding muscle contraction, this theory alone cannot explain this



phenomenon. For example, the enhanced state of titin during active stretch and eccentric
contractions in skeletal muscle is not accounted for by the classical understanding of the sliding
filament theory (7). Overall, research in muscle physiology has evolved to encompass a

multidisciplinary approach to understanding the mechanisms that regulate muscle function.

1.1.1. Skeletal muscle structure

The structure of skeletal muscle is characterized by a specific and well-defined
arrangement of muscle fibers and associated connective tissue. At the gross tissue level, muscle
size is determined by the number and size of individual muscle fibers (9). Muscle fibers are
multinucleated and exist in a terminally differentiated post-mitotic state once fully developed
(10). Skeletal muscle is primarily comprised of three major connective tissue layers, the
endomysium, perimysium, and epimysium. These layers support the structure of the skeletal
muscle and provide essential mechanical and chemical environments (11). The innermost layer,
the endomysium, surrounds the individual muscle fibers. These fibers are grouped into muscle
fascicles by the middle layer, the perimysium, and the outermost layer, the epimysium, encases
the entire muscle. These layers, collectively known as the extracellular matrix, are crucial for the
development and growth of skeletal muscle (11, 12). The extracellular matrix is essential for
forming functional muscle units by guiding muscle cell growth (11) and participates in the
transduction of mechanical force into intracellular signaling pathways (12). Together, the
extracellular matrix not only facilitates force transduction but also organizes muscle fibers into
cohesive muscle structures.

Satellite cells, the stem cells of skeletal muscle, are located between the sarcolemma and

the basal lamina. These cells contribute to muscle growth, repair, and regeneration. When



activated by myogenic factors, the satellite cells proliferate and differentiate into new muscle
fibers (13). A single muscle fiber is ~100 pm in diameter and 1 cm in length and is encased by
the sarcolemma (1). The sarcolemma is associated with a complex of various proteins that link to
the internal myofilament structure. This is predominately made up of the thin filament actin
protein, and the thick filament, myosin, both of which play a crucial role in muscle contraction
and are essential for maintaining muscle strength and integrity (1, 6). Two other proteins that
contribute to the mechanical and physiological properties of muscle are titin (7, 8) and nebulin
(14). Titin is a large ~4,000kDa elastic protein that attaches to the Z disk of the sarcomere and to
myosin to stabilize and align the thick myosin filament. While nebulin is integrated into the thin
actin filaments and facilitates the alignment of the Z disk (14). In addition to actin and myosin,
these proteins contribute to the integrity of the sarcomere, maintain passive tension, and assist in
the assembly of myofibrils (1).

The composition of muscle fibers plays a crucial role in various physiological functions.
There are two main types of fibers in skeletal muscle, type I and type II, each with distinct
characteristics and functions. These fiber types are identified by the type of myosin heavy chain
(MyHC) protein they express (15). Type I muscle fibers are rich in mitochondria, highly
oxidative, and are fatigue-resistant with a slower contractile rate (16). In contrast, type Il muscle
fibers are known for their fast contraction capabilities, are often associated with muscle power
and strength, and maintain a higher capacity for growth (16). Type II fibers can be further
classified into type IIA, which has a more oxidative phenotype, and type IIx, which are highly
glycolytic and quick to fatigue (1).

Skeletal muscles contain a heterogeneous combination of both type I and type II fibers,

varying by muscle to support a variety of tasks and movements (16). For example, in C57BL6J



mice, the soleus muscle is composed of approximately 37% type I and 67% type II fibers, while
the gastrocnemius comprises around 6% type I and 94% type 11 fibers (17). This heterogeneous
mix of fiber types is predominantly associated with the specific functions of each muscle (16).
The smaller soleus muscle is responsible for maintaining posture and stability, and thus more
resistant to fatigue. While the larger gastrocnemius muscle is primarily engaged in dynamic and
rapid movements such as running or jumping. Thus, the arrangement of mixed fiber types is

dependent on the muscle's function and its role in locomotion.

1.2. REGULATION OF SKELETAL MUSCLE MASS

Skeletal muscle responds to external stimuli in ways that influence its biochemical and
mechanical properties, as well as its size. The mass of skeletal muscle is determined by the
balance between protein synthesis and degradation (2). In response to external stimuli such as
resistance exercise, mechanical loading, nutrients, and growth factors, the regulation of protein
turnover in skeletal muscle demonstrates remarkable adaptability. This allows the skeletal muscle
to respond quickly and adjust appropriately to various conditions (18). Muscle hypertrophy
occurs when the rate of protein synthesis significantly exceeds the rate of degradation, resulting
in a net accumulation of protein (2). Conversely, external stimuli such as immobilization,
nutrient deprivation, inflammation, viral infection, and tumors can negatively affect protein
turnover and lead to muscle atrophy. In this instance, when the rate of protein degradation
exceeds the rate of synthesis, the net outcome is a loss in muscle mass (2). Understanding these
mechanisms is crucial for developing strategies to maintain or enhance muscle health under

different conditions.



1.2.1. Protein Synthesis and Muscle Hypertrophy

In myocytes, proteins are synthesized through the ribosomal translation of messenger (m)
ribonucleic acids (RNA), which determines the rate of protein synthesis (19). In mammalian
cells, ribosomes are composed of the 40S small and 60S large ribosomal subunits. These
subunits are assembled from four ribosomal (r)RNAs and approximately 80 different ribosomal
proteins (20). During translation, rRNA is responsible for catalyzing the formation of peptide
bonds in the ribosome (21). This suggests that the transcription of the rRNA genes (rDNA) is
critical for producing new ribosomes, often referred to as translational capacity, which is the
maximum capability of the cell to synthesize proteins.

Ribosomes are the essential machinery that translates genetic information into functional
proteins, therefore, a sufficient population of ribosomes is necessary to support muscle protein
synthesis. Proper ribosomal synthesis requires all three RNA polymerases (Pol I, II, and III) (22),
with Pol I being the most critical of the three (23). Pol I transcription is considered a rate-limiting
step in ribosome biogenesis (23, 24). The rDNA is transcribed by Pol I to produce the 45S pre-
rRNA, a long, single-stranded RNA molecule that contains the sequences for 18S, 5.8S, and 28S
rRNAs, along with external and internal transcribed spacers (ETS and ITS). The 45S pre-rRNA
is then processed into the mature 28S, 188S, and 5.8S rRNAs (25). The role of Pol I1 is to
generate the mRNAs encoding the ribosomal proteins and processing factors, while Pol III is
responsible for 5S rRNA transcription in the nucleoplasm (25). The mature rRNAs along with
the ribosomal proteins are then assembled and processed into 40S and 60S subunits, and
transported to the cytoplasm to be assembled into mature ribosomes (26) (Fig. 1.2.). While any
impairments to the process of ribosome biogenesis will reduce overall translational capacity,

transcription of rTDNA by Pol I is the most critical step in this process (23). Previous studies in



rats showed an increase in RNA concentration in the soleus muscle during overload-induced
hypertrophy, which corresponded with significant increases in protein synthesis (27). Since
rRNA constitutes about 80% of all total RNA (28), the increase in RNA concentration reflects
enhancements to rDNA transcription. The functional overload of skeletal muscle in mice has
been shown to enhance early rDNA transcription, increase rRNA content, and induce

hypertrophic growth (29). These results indicate that enhanced rDNA transcription subsequently

leads to an increase in translational capacity.
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Figure 1.2. Translational Capacity

Schematic representation of ribosome production coordinated by all three RNA polymerases.

In addition to translational capacity, the efficiency of translation is crucial for promoting
protein synthesis. Translational efficiency is defined as the rate of mRNA translation into

proteins within cells (Fig. 1.1.). In skeletal muscle, this is predominantly regulated by the



mechanistic target of rapamycin complex 1 (mTORC1) signaling pathway (30). The makeup of
mTORCI comprises the mTOR kinase, regulatory associated protein of mTOR (raptor), DEP
domain-containing mTOR-interacting protein (DEPTOR), 40 kDa proline-rich Akt substrate
(PRAS40), and mammalian lethal with SEC13 protein 8 (mLSTS) (31). In skeletal muscle,
mTORCI activation by insulin growth factor 1 (IGF-1)/insulin receptor substrate-1 (IRS-1)
signaling is essential for hypertrophy (32, 33). This pathway operates through Akt activation via
phosphoinositide 3-kinase (PI3K)s phosphorylation of phosphatidylinositol 4,5-bisphosphate
(PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3) (34). Active Akt phosphorylates the
tuberous sclerosis complex (TSC)1/2, inhibiting its GTPase-activating protein (GAP) activity
towards the small G protein Rheb. The GTP-bound Rheb activates mTORC1, which then
phosphorylates elF4E binding protein 1 (4E-BP1) and the 70kDa ribosomal subunit protein S6
kinase 1 (S6K1). Once phosphorylated, 4E-BP1 releases its inhibition of the eukaryotic
translation initiation factor 4E (elF4E), facilitating the recruitment of elF4G, elF4A, and the
poly(A) binding protein (PABP) into the translation initiation complex, elF4F (35). Activation of
S6K1 by mTORCI then leads to phosphorylation of ribosomal protein (RP)S6, subsequently
increasing mRNA translation and protein synthesis (36, 37). Additionally, mTORC1
phosphorylates other components of the translation initiation machinery, such as elF4G (38) and
eukaryotic translation elongation factor 2 kinase (eEF2K) (39). Signaling through the mTORC1
pathway plays a crucial role in facilitating muscle hypertrophy. Genetic overexpression of Akt in
mice significantly increased muscle fiber cross-sectional area (CSA), which was blocked by the
mTOR inhibitor rapamycin (33). This was also marked by increased S6K1 phosphorylation,
indicating a key role for mTORC1 in muscle hypertrophy. The activation of mTOR also plays a

role in rRNA synthesis (40) and producing ribosomal proteins via the RNA binding protein La



ribonucleoprotein 1 (LARPI) (41). When LARP1 is phosphorylated by mTOR and S6K1, it
alleviates its inhibition on ribosomal protein mRNA translation specifically (42). Additionally,

mTOR regulates rRNA synthesis by promoting rDNA transcription (30, 40, 43).

Growth Factors

Nascent peplide

Figure 2.1. Translational Efficiency

Schematic representation of mTORCI signaling to the translational machinery via growth factor stimulation.

Collectively, both translational capacity and efficiency determine the rate of protein
synthesis in skeletal muscle cells. Ultimately, understanding these mechanisms provides critical
insight into how muscle cells adapt to various stimuli and achieve growth through translational

efficiency and capacity.

1.2.2. Protein Degradation and Muscle Atrophy

In contrast to skeletal muscle hypertrophy, a loss of skeletal muscle mass is observed

under many different conditions including disuse, various disease states (sepsis, cancer, and renal



failure), and aging. Accordingly, the proteolytic systems involved in muscle atrophy are
responsive to a number of different triggers such as immobilization and disuse, transforming
growth factors (TGF) such as myostatin, inflammatory cytokines, endoplasmic reticulum (ER)
stress, and nutrient availability. Each of these factors or conditions can facilitate increases in
protein degradation.

The primary process involved in the breakdown of muscle proteins is the ubiquitin-
proteasomal system (UPS), which centers around the 26S proteasome tasked with degrading
ubiquitin-tagged proteins (44). The UPS is crucial for protein degradation across all cell types
and plays a fundamental role in normal physiology. The addition of ubiquitin molecules by
ubiquitin activating enzymes (E1s), ubiquitin conjugating enzymes (E2s), and ubiquitin targeting
enzymes (E3s) serves as the canonical signal for degradation by the 26S proteasome (45). Two
muscle-specific E3 ligases, muscle-specific ring finger protein 1 (MuRF1) and atrogin-1 (also
known as muscle atrophy F-box), have been extensively studied in the context of muscle atrophy.
MuRF1 has been specifically identified as a mediator of muscle protein degradation (46). It
preferentially interacts with structural muscle proteins such as MyHC, myosin light chain-1
(MLC1), and MLC2, promoting their degradation (47). Increased expression of MuRF1 is
commonly observed during conditions associated with muscle wasting, such as cancer cachexia
(48, 49). Atrogin-1, on the other hand, promotes the suppression of protein synthesis through
degradation of a critical translation initiation factor complex, eukaryotic initiation factor 3
subunit 5 (elF3-f) (50). Similarly, atrogin-1 also targets myogenin for polyubiquitination and
degradation during myotube atrophy and disrupts muscle regeneration (51). These studies
suggest that although MuRF1 and atrogin-1 function through different regulatory pathways to

impede muscle mass, they do work in concert to facilitate muscle protein degradation.
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Skeletal muscle wasting conditions are often associated with systemic and local increases
in proinflammatory cytokines such as interleukin-1 (IL-1a and IL-1p), interleukin-6 (IL-6),
tumor necrosis factor (TNF-a), and interferon-y (IFN-y). These elevated cytokine levels promote
inflammation by binding to and signaling through their respective receptors, leading to the local
activation of protein catabolism (52). Increased production of pro-inflammatory cytokines such
as TNF-a, IL-1pB, or IL-6, may also contribute to the local pro-inflammatory environment,
increasing muscle-specific cytokine production, thereby promoting muscle wasting (53—56).
Much evidence suggests that TNF-a and IL-6 play a significant role in muscle wasting
conditions such as cancer cachexia and sepsis (56—60). The treatment with recombinant TNF-a
resulted in significant muscle mass and muscle protein content loss in rats (53). Overexpression
of I[L-6 impaired muscle growth during early adolescence and caused substantial muscle loss in
adult mice and involved increased expression of both MuRF1 and atrogin-1 (61). Both TNF-a
and IL-6 often work together to promote muscle wasting and exacerbate inflammation. For
example, treatment of C2C12 myotubes with recombinant TNF-a led to a decrease in total
protein content along with an increase in IL-6 (62). Additionally, exposure of myotubes to
recombinant IL-6 promoted myosin degradation, suppressed mTOR and p70S6k
phosphorylation, and reduced myotube diameter (63). These findings underscore the critical roles
of proinflammatory cytokines, particularly TNF-a and IL-6, in driving muscle wasting and
inflammation.

Skeletal muscle contains a specialized type of endoplasmic reticulum (ER) known as the
sarcoplasmic reticulum. This membrane-bound organelle is crucial for the regulated release of
calcium ions into the cytoplasm, triggering muscle contraction (64). In addition to its key role in

skeletal muscle calcium homeostasis, the ER also manages the proper folding, packaging, and
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trafficking of newly synthesized proteins from the ribosomes. When protein processing in the ER
is disrupted, the accumulation of misfolded proteins can cause ER stress. This dysfunction leads
to an accumulation of unfolded and misfolded proteins in the ER lumen, potentially affecting
cellular function and creating a toxic environment that can result in cell death (64—66). To
mitigate this stress, the unfolded protein response (UPR) temporarily halts protein synthesis and
increases the production of ER chaperones to clear the damaged proteins (64—66). The UPR is
initiated by three ER transmembrane sensors: activating transcription factor-6 (ATF6), inositol-
requiring enzyme 1 (IRE1) a, and protein kinase R-like ER kinase (PERK) (66).

During ER stress, the ER chaperone 78 kDa glucose-regulated protein (GRP78), also
known as binding immunoglobulin protein (BiP), dissociates from the intraluminal domain of
these transmembrane proteins to bind to the misfolded/unfolded proteins in the ER lumen (67).
Once GRP78/BiP is released, PERK auto-phosphorylates, leading to a cascade of signals
including the direct phosphorylation of the a-subunit of eukaryotic translation initiation factor 2
(elF2a) and the translation of activating transcription factor-4 (ATF4), which induces a pro-
apoptotic transcription factor called CCAAT/enhancer-binding protein homologous protein
(CHOP) (66, 67). Another ER transmembrane sensor, IRE1a, also becomes activated by
autophosphorylation during ER stress. Through its endonuclease activity, IRE1a promotes the
splicing of a 26-base intron from X-box-binding protein 1 (XBP1) mRNA (68). Once translated,
the spliced XBP1 (sXBP1) protein acts as an active transcription factor, inducing the expression
of ER chaperones and other UPR components to enhance the ER's folding capacity. Lastly, once
activated, ATF6 is transported from the ER to the Golgi apparatus, where it is cleaved and
functions as an active transcription factor that moves to the nucleus to increase the expression of

UPR proteins (69). The induction of the UPR genes through these pathways enhances the cell's
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protein folding capacity and decreases the load of misfolded/unfolded proteins. However,
excessive activation of the UPR can lead to apoptosis through each of the three pathways (64,
67). Recent studies on the role of the UPR and ER stress in muscle wasting conditions have
clarified their complex involvement in regulating muscle mass. In the atrophied muscle of Lewis
lung-cell carcinoma (LLC) mice, increased expression of sXBP1, CHOP, and ATF4, along with
elevated phosphorylation of elF2a, was observed (70, 71). However, inhibiting the UPR with 4-
phenylbutyrate (4-PBA) only served to exacerbate muscle wasting in both the control and LLC
tumor-bearing mice (70). This suggests that while excessive UPR activation may contribute to

muscle atrophy, the UPR is also essential for maintaining basal skeletal muscle mass.

1.3. MUSCLE WASTING IN CANCER CACHEXIA

Cancer cachexia is a debilitating condition that is underscored by severe muscle atrophy.
This multifactorial syndrome is characterized by significant muscle wasting and weight loss,
profoundly affecting patients' quality of life and survival rates (72). Cancer cachexia not only
reduces muscle mass but also impairs muscle function, contributing to fatigue, decreased
physical performance, and an impairment to overall daily activity. Presently, the etiology of
cancer cachexia is still being uncovered. Losses of muscle mass and function are currently
understood to be a result of disruptions in muscle homeostasis, particularly in muscle protein
turnover. This involves an acceleration in protein catabolism and suppression of anabolism (72).
These disruptions arise from a complex interplay of tumor-derived factors, systemic
inflammation, and metabolic changes. Pro-inflammatory cytokines such as TNF-a, IL-6, and
IFN-y play a central role in promoting muscle protein breakdown and inhibiting protein synthesis

during cachexia (73). Additionally, the upregulation of the ubiquitin-proteasome pathway and the
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autophagy-lysosome system leads to increased muscle protein degradation (74). Significant
reductions in translational signaling (75—77) and translational capacity (75, 78) have also been
observed in cachectic muscle; however, the mechanisms behind these anabolic deficits remain
poorly understood. Although no treatments are currently approved for the treatment of cancer
cachexia, enhancing our understanding of the mechanisms behind cachexia-induced muscle
wasting, metabolic alterations, and contractile dysfunction is crucial. This knowledge is essential

for developing effective therapeutic interventions in the future.

1.3.1. Lung Cancer Cachexia

Lung cancer (LC) is one of the most prevalent cachexia-inducing malignancies in the
United States and carries a higher risk of inpatient death than all other cancers combined (79,
80). Current treatment options for LC-associated cachexia have shown limited effectiveness in
preventing muscle wasting, largely due to an incomplete understanding of the underlying
mechanisms. Preclinical animal models of LC have helped identify several molecular
mechanisms that promote muscle wasting.

Much of the existing knowledge about muscle wasting mechanisms in LC has been
generated using the Lewis lung carcinoma (LLC) model and LP07 lung adenocarcinoma model.
In xenografted LLC tumor-bearing mice, muscle wasting is linked to impaired muscle function
(77, 81-83), deficits in protein synthesis (81), elevated proteolysis (77, 81, 83, 84), and increased
systemic and local inflammation (81, 85). Additionally, the LPO7 xenograft model has shown
similarities in muscle wasting to the LLC model (86—88) However, despite both tumor types
originating in the lung and causing muscle wasting, it is unknown whether they involve similar

anabolic disruptions. This is crucial because muscle wasting in cancer is associated with reduced



14

ribosomal capacity (75, 78, 89, 90). In addition to impairments to translational capacity,
alterations in intracellular signaling involved in translational control may also promote muscle
wasting in LC (70, 81, 87). In late-stage non-small cell lung cancer (NSCLC) patients, reductions
in p70S6k and 4E-BP1 phosphorylation were observed in coordination with severe muscle loss

(91). However, the role of translational capacity in LC cachexia has yet to be explored.

1.3.2. Liver Cancer Cachexia

Hepatocellular carcinoma is one of the fastest growing and deadliest cancers in the
United States (92). Approximately 25% of patients with hepatocellular carcinoma develop
cachexia, significantly increasing mortality rates (93). Additionally, the tissue-wasting effects of
cachexia extend beyond skeletal muscle, causing significant impairments in the heart as well.
The Yoshida AH-130 ascites hepatoma is a widely studied pre-clinical model for cancer cachexia
research. In this aggressive cancer model, rats xenografted with AH-130 tumors rapidly lose
skeletal and cardiac muscle mass (78, 94-96). This muscle wasting is often accompanied by
systemic and local inflammation, disrupted cellular metabolism, and elevated proteolysis (53, 97,
98).

Elevations in systemic inflammation have also been previously linked to impaired
cardiovascular function (55, 99). For example, increases in circulating IL-1b and IL-6 have been
observed during heart failure (100, 101). Endogenous production of TNF-a has been found in
chronic heart failure patients and an overexpression in the heart leads to cardiovascular
complications (102). However, while systemic inflammation has been previously documented in
several models of cancer cachexia (53, 97), the effects of local cytokine production in the

skeletal and cardiac muscles of AH-130 Yoshida tumor-bearing rat remains unanswered.
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Translational efficiency, in addition to capacity, is crucial for muscle mass maintenance.
Suppressed anabolic signaling has been observed in cachectic AH-130 tumor-bearing rats (96,
103, 104), but the root cause remains undetermined. One potential contributor is the induction of
ER stress, which arises from the accumulation of unfolded or misfolded proteins in the ER. The
UPR under this stress represses translational signaling to restore cellular proteostasis (66). ER
stress-induced UPR activation has been previously linked to cancer cachexia (70). Increased ER
stress markers have been observed in the skeletal muscle of LLC and APCMin/+ cachectic mice
(70). However, the role of ER stress in muscle wasting in the Yoshida AH-130 ascites hepatoma
model has yet to be fully elucidated.

The study of muscle in cancer cachexia is of paramount importance for understanding the
underlying mechanisms of muscle wasting, metabolic dysfunction, and loss of muscle function in
cancer patients. Detailed insights into these processes are critical for the development of
effective therapeutic strategies, as current treatment options for cancer cachexia are lacking.
Advancing our knowledge in this area has the potential to significantly improve patient outcomes

and quality of life, making it a vital focus of ongoing research.

1.5. DISSERTATION OBJECTIVES

The objective of this dissertation is to examine the role of translational capacity and
efficiency in skeletal muscle during cancer cachexia. This explored through two studies in pre-
clinical animal models structured around the following aims:

1. Determine whether muscle wasting in the LP07 and LLC preclinical models of lung

cancer-induced cachexia involves similar anabolic deficits and the local expression of

proinflammatory factors.
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2. Investigate the impact of tumor-burden on translational capacity and efficiency in skeletal

and cardiac muscle mass using the Yoshida AH-130 hepatoma model.
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CHAPTER 2. LP07 AND LLC PRE-CLINICAL MODELS OF LUNG
CANCER INDUCE DIVERGENT ANABOLIC DEFICITS AND
EXPRESSION OF PRO-INFLAMMATORY EFFECTORS OF MUSCLE

WASTING

This chapter is published:

Belcher DJ, Guitart M, Hain B, Kim HG, Waning D, Barreiro E, Nader GA. LP07 and LLC
preclinical models of lung cancer induce divergent anabolic deficits and expression of pro-
inflammatory effectors of muscle wasting. J Appl Physiol 133: 1260-1272, 2022. doi:

10.1152/japplphysiol.00246.2022.

2.1 ABSTRACT

Pre-clinical models have been instrumental in elucidating the mechanisms underlying
muscle wasting in lung cancer (LC). We investigated anabolic deficits and the expression of pro-
inflammatory effectors of muscle wasting in the LP07 and Lewis lung carcinoma (LLC) tumor
models. Tumor growth resulted in significant weakness in LP0O7 but not in LLC mice despite
similar reductions in gastrocnemius muscle mass in both models. The LP07 tumors caused a
reduction in ribosomal (r)RNA and a decrease in rRNA gene (rDNA) transcription elongation,
while no changes in ribosomal capacity were evident in LLC tumor bearing mice. Expression of
RNA Polymerase I (Pol I) elongation-associated subunits Polr2f, PAF53, and Znrd] mRNAs was
significantly elevated in the LPO7 model, while Pol I elongation-related factors FACT and Spt4/5

mRNAs were elevated in the LLC mice. Reductions in RPS6 and 4E-BP1 phosphorylation were
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similar in both models but was independent of mTOR phosphorylation in LPO7 mice. Muscle
inflammation was also tumor-specific, IL-6 and TNF-a mRNA increased with LLC tumors, but
upregulation of NLRP3 mRNA was independent of tumor type. In summary, while both models
caused muscle wasting, only the LP07 model displayed muscle weakness with reductions in
ribosomal capacity. Intracellular signaling diverged at the mTOR level with similar reductions in
RPS6 and 4E-BP1 phosphorylation regardless of tumor type. The increase in pro-inflammatory
factors was more pronounced in the LLC model. Our results demonstrate novel divergent
anabolic deficits and expression of pro-inflammatory effectors of muscle wasting in the LP07

and LLC pre-clinical models of lung cancer.

2.2 INTRODUCTION

Lung cancer (LC) is one the most prevalent cachexia-inducing malignancies in the United
States, with a greater risk for inpatient death than all other cancers combined (1, 2). Current
treatment options for LC-associated cachexia have shown limited effectiveness at preventing
muscle wasting, in part, due to the limited understanding of the mechanisms underlying this
condition. The use of pre-clinical models of LC has facilitated the identification of several
molecular mechanisms promoting muscle wasting, yet their use continues to pose unique
challenges. Differences in host genetic background, immune status, tumor origin, administration
route, differential onset of tumor growth, and tumor burden can introduce confounding variables
that limit the elucidation of the mechanism driving muscle wasting in LC (3—10). In addition to
the scarcity of human clinical data on LC-induced muscle wasting, these limitations may hinder
progress towards the development of therapeutic interventions to prevent or reverse muscle

wasting in cancer cachexia (11).
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Much of the current knowledge about the mechanisms promoting muscle wasting in LC
was generated using the Lewis lung carcinoma (LLC) model (5, 6, 8, 12—14). Following LLC
tumor development, muscle wasting is associated with impaired muscle function (5, 6, 8, 9, 14),
deficits in protein synthesis and elevated proteolysis (5, 6, 14, 15), increased systemic and local
inflammation (5, 9), and mitochondrial dysfunction (8, 14). More recently, the LP07 lung
adenocarcinoma (LP07) model revealed myopathogenic similarities with the LLC model (3, 4,
10). However, despite both tumor types originating from the lung and producing muscle wasting,
whether they involve similar anabolic deficits remains unknown. This is an important problem as
muscle wasting in cancer is associated with a reduction in ribosomal capacity (16—19). Anabolic
impairments play a critical role in muscle wasting because muscle mass is largely determined by
alterations in protein synthesis rates, which in turn depends on the ribosomal capacity of the muscle
(20, 21). In addition to a lower ribosomal production, alterations in intracellular signaling involved
in translational control may also promote muscle wasting in LC (4, 5, 13). Whether these anabolic
mechanisms are similarly affected in skeletal muscle of LPO7 and LLC tumor models remains to
be investigated.

Congruent with the alterations in protein metabolism, an increase in systemic pro-
inflammatory cytokines is often associated with tumor burden (16), and has been consistently
demonstrated in pre-clinical models (5-7, 17) and late-stage LC patients with muscle wasting (23—
26). Based on their effects on whole body metabolism, systemic cytokines can be classified as pro-
(e.g. IL-1b, IL6, TNF-a) or anti-cachectic (e.g. IL-4, IL-10, IL-13) (27), and can play a role in
local cytokine production to promote muscle wasting (28-30). A potential mediator of in situ
cytokine production is the nucleotide-binding oligomerization domain-like receptor family and

pyrin domain containing 3 (NLRP3) inflammasome. In response to inflammatory insults, NLRP3
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mediates IL-1p and IL-18 production (31) to control local tissue inflammation (32). Currently,
there are no data available about the involvement of the NLRP3 inflammasomes in cancer-induced
muscle wasting. Because of the potential inflammatory responses to different tumor types, and the
role of NLRP3 in modulating local muscle low-grade chronic inflammation during the progression
of muscle wasting, we asked whether the different models of LC could elicit the coordinated
expression of NLRP3 and downstream cytokines IL-13 and IL-18.

The goal of this study was to examine whether muscle wasting in the LP07 and LLC pre-
clinical models of LC involved similar anabolic deficits and the local expression of pro-
inflammatory factors. We hypothesized that muscle wasting following LP07 or LLC tumor
implantation will be associated with a reduction in ribosomal capacity as a consequence of lower
rDNA transcription together with alterations in mTOR and downstream signaling involved in
translational control. Additionally, we sought to determine whether the expression of local pro-
inflammatory effectors of muscle wasting was similar regardless of tumor type. Our findings
revealed that despite the LPO7 and LLC tumor cells originating from the lung and producing
similar levels of muscle wasting, the LPO7 model resulted in a larger reduction in force production.
Anabolic deficits involved a specific decline in rDNA transcription elongation in the LPO7 model.
A reduction in mTOR phosphorylation was only evident in the LLC model, but RPS6 and 4E-BP1
phosphorylation was negatively affected regardless of the tumor type. Muscle expression of the
pro-inflammatory cytokines IL-6 and TNF-a was higher in LLC mice, and while NLRP3
expression was similar in LP07 and LLC models, IL-18 and IL-18 were not induced in either
model. Overall, our findings show that despite producing a similar muscle wasting phenotype,
these pre-clinical models of LC induce muscle wasting via divergent anabolic deficits,

neuromuscular, and pro-inflammatory mechanisms.
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2.3 METHODS

2.3.1. Animals

All animal experiments were approved by both the animal care and use committees of the
Universitat Pompeu Fabra and Pennsylvania State University for the LP07 and LLC models
respectively, in accordance with the ethical standards set in the 1964 Declaration of Helsinki. The
LP07 model was generated as previously described (4). Briefly, 4x10° LP07 tumor cells (RRID:
CVCL_W&868) resuspended in 200ul MEM were subcutaneously inoculated under anesthesia into
the right flank of 8-week-old randomly selected female BALB/c mice and 200ul MEM alone was
injected in control mice. The LLC model was generated as recently described (15) by injecting
5x10° LLC cells (RRID: CVCL 4358, CRL-1642, ATCC, Manassas, VA) in 100 uL sterile PBS
subcutaneously into the right flank of 8-week-old randomly selected female C57BL6/129mice.
Control mice were injected with 100uL of sterile PBS. Both LP07 and LLC models were monitored
for tumor growth over a 28-30-day period, and upon euthanasia, the gastrocnemius muscles were
excised, frozen and stored at -80°C for subsequent analysis. Age matched BALB/c or C57BL6/129

mice were used as controls for the LPO7 and LLC models respectively.

2.3.2. Determination of muscle function

Forelimb force production was determined via the grip strength test prior to tumor cell
inoculation and prior to euthanasia as previously described (3, 33). Briefly, mice were allowed to
grasp a wire mesh attached to a force transducer (Bioseb, Vitrolles, France) while held by the base
of the tail. Three pulls were recorded with 5 seconds of rest between trials and absolute grip

strength was calculated as the average of the peak forces from the three trials.
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2.3.3. RNA Extraction and Real-time Quantitative Polymerase Chain Reaction

Total RNA was extracted using Direct-zol RNA MiniPrep kit (Cat. No. R2051, Zymo
Research, Irvin, CA) following manufacturer instructions as previously described (16). Briefly,
following extraction, RN A was quantified spectrophotometrically using a CLARIOstar Microplate
Reader with a LVis Plate (BMG Labtech, Ortenberg, Germany) and cDNA synthesized through
reverse transcription PCR using the SuperScript VILO ¢DNA synthesis kit (Cat. No. 11756500,
Zymo Research, Irvin, CA). The cDNA products were then used to quantify the respective mRNA
and rRNA quantities via qRT-PCT (BioRad CX384) utilizing GoTaq qPCR Master (Cat. No.
A6002, Promega, Madison, WI). The full list of qRT-PCR primers is found in Table 2.1. All

analyzed transcripts via qPCR were normalized to GAPDH by the comparative Ct (AACt) method.
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Target Forward Sequence 5°-3’ Reverse Sequence 5°-3’

45S pre-rRNA (ETS) | CCAAGTGTTCATGCCACGTG CGAGCGACTGCCACAAAAA
45S pre-rRNA (ITS) | CCGGCTTGCCCGATTT GCCAGCAGGAACGAAACG
UBTF CGCGCAGCATACAAAGAATACA GTTTGGGCCTCGGAGCTT
SSRP1 CAGAGACATTGGAGTTCAACGA GCCCGTCTTGCTGTTCTTAAAG
Spt16 TGGGACCTCGCGTGATTCTC GCCACGTCTGTAAGGCAGTTG
Spt4 AGTGGCAGCGAGTCAGTAAC AGTGGCAGCGAGTCAGTAAC
Spt5 CTGGAGAAAGAAGAGATTGAAGCC | TCAGACCCTCCATACACCGT
Twtstnb CTGAGCCTGGGCAGACGTTA CAGGCTTAGGGATAGAGGCGT
PAF-53 CTCGGTTCTCCTGCCCTCC AGAAAGAGGTACACGCCGCC
Znrdl TCACACCAGACAGATGCGCT AAAGCATGGTAGCCGGAGGG
Polr2f TCGACGGCGACGACTTTGAT GGCCCGCTCATACTTGGTCA
IL-6 AGCCAGAGTCCTTCAGAGAGA GGAGAGCATTGGAAATTGGGG
TNF-a GTCCCCAAAGGGATGAGAAGT TTTGCTACGACGTGGGCTAC
NLRP3 AGAGTGGATGGGTTTGCTGG CGTGTAGCGACTGTTGAGGT
IL-1B TGCCAAAAGGAAGATGATGCT ACCCTCCCCACCTAACTTTG
IL-18 GCACCTTCTTTTCCTTCATCTTTG GTTGTTCATCTCGGAGCCTGT
Myostatin TGGCCATGATCTTGCTGTAA CCTTGACTTCTAAAAAGGGATTCA
GAPDH ACTGAGCAAGAGAGGCCCTA TATGGGGGTCTGGGATGGAA

2.3.4. Western Blot Analysis

Samples were homogenized and extracted in RIPA lysis buffer (50mM Tris pH 8.0, 150mM

NaCl, 1% Triton X-100, 0.1% SDS) supplemented with Pierce™ Protease and Phosphatase

Inhibitor Mini Tablets (Cat. No. A32959, Thermo Fisher Scientific, Waltham, MA). The extracted

proteins (10pg) were separated by SDS-PAGE on polyacrylamide gels, transferred to PVDF

membranes as previously described (16), and subjected immunoblotting using the following

antibodies: 4E-BP1 (1:2000, Cell Signaling Technology [CST] Cat. No.

9644, RRID:

AB 2097841); Phospho-S6 Ribosomal Protein (S235/236) (1:2000, CST Cat. No. 2211, RRID:

AB 331679), S6 Ribosomal Protein (1:2000, CST Cat. No. 2217, RRID: AB _331355), mTOR

(1:2000, CST Cat. No. 2983, RRID: AB_2105622), Phospho-mTOR (Ser2448) (1:1000, CST Cat.
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No. 2971, RRID: AB 330970). All blots were verified for equal loading using whole membrane
staining with 0.2% India ink in PBS (Alfa Aesar™ Cat. No. J61007AP, Thermo Fisher Scientific,

Waltham, MA).

2.3.5. Statistical Analysis

All data are reported as means + standard deviation (SD) or mean standard error (SE) where
appropriate and represented as either fold change or as percentage change from control. To reduce
variability, potential outliers were identified by a ROUT test with the maximum false discovery
rate set to 1%. A two-tail unpaired t-test was used when comparing the model tumor weights and
tumor to BW ratios. All other comparisons were analyzed by a two-way (model x tumor) ANOVA.
A planned Tukey’s multiple comparison was performed in the event that there was a significant
interaction or main effect. P values < 0.05 were considered significant. Correlations between the
changes in muscle mass and rRNA, elongation subunits, pol I subunits, translational signaling
factors, and cytokine mRNA expression were calculated using Pearson product-moment
correlation coefficients where appropriate. All statistical analyses were performed and graphically

represented using GraphPad Prism 8 (GraphPad Prism, RRID: SCR_002798, San Diego, CA).

2.4. RESULTS

2.4.1. Skeletal muscle wasting is similar in LP07 and LLC models of cachexia

Changes in tumor-free body weight relative to initial body weight revealed a significant
decrease in the LLC tumor group only (P=0.008) (Fig. 2.1A). Additionally, analyses of both raw
tumor weight (P=0.001) (Fig. 2.1B) and the percentage of the tumor weight relative to whole body

weight (P=0.023) (Fig. 2.1C) were significantly higher in the LLC model when compared to the
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LP07. Relative gastrocnemius muscle mass was significantly lower in both the LP07 (P=0.026)
and LLC (P<0.002) tumor mice (Fig. 2.1D). Gastrocnemius wet muscle weight was also
significantly decreased in both the LP07 (P=0.031) and the LLC (P<0.001) models. However,
despite similar reductions in relative muscle weight, the LPO7 tumor model experienced a decline
in forelimb grip strength (P<0.001) which was not apparent in the LLC model (P=0.645) (Fig

2.1F).
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Figure 2.3. Skeletal muscle wasting is similar in LP07 and LLC models of cachexia

A: change in body weight (BW) was calculated as the percentage difference between initial and tumor-free end
endpoint BW in grams. B: tumor weights are expressed in grams. C: the ratio of tumor weights was divided by the
end BW and expressed in percentages. D: end gastrocnemius wet weight in milligrams was normalized as a
percentage relative to their respective control. E: end gastrocnemius wet weight in milligrams. F: change in forelimb
grip strength was calculated as the percent difference between initial and endpoint force in Newtons. Data are
expressed as means + SD. A two-way ANOVA followed by a Tukey’s multiple-comparisons test was performed for
the change in tumor-free BW, relative muscle weight, and grip strength; and an unpaired two-tail t test was used for
tumor weight and ratio of tumor to total end BW. Significant difference from LP07 control: **P < 0.01; from LLC
control: #P < 0.01, ###P < 0.001; between tumor groups: TP <0.05, +1P <0.01, T11P < 0.001. gastroc,
gastrocnemius; LLC, Lewis lung carcinoma.
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2.4.2. LP07 tumors reduced rRNA levels and rDNA transcription elongation

Losses in total rRNA content occurred in the LP0O7 tumor mice (P=0.008), while no
observable differences were found in the LLC model (P=0.916) (Fig. 2.2A). When compared to
their LLC counterparts, we found that total rRNA content was approximately 60% lower in the
tumor-bearing LP07 mice (P=0.002), and strongly correlated with losses in muscle mass (LP07:
r=0.708, P=0.022) (Fig. 2.2B). While no alterations were found in 45S pre-rRNA 5’ external
transcribed spacer (ETS) transcription, a reduction in the 45S pre-RNA internal transcribed spacer
1 (ITS) was observed in LPO7 mice when compared to controls (P=0.007) and no detectable

differences in either ETS or ITS transcripts in the LLC model (Fig. 2.2C).
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Figure 4.2. Tumor-bearing LP07 mice exhibited significantly lower ribosomal (r)RNA and 45S pre-rRNA internal

transcribed spacer (ITS) compared with controls and LLC tumor mice

A: quantification of total rRNA. B: Pearson’s product-moment correlations between rRNA and gastrocnemius
muscle mass in LP07 and Lewis lung carcinoma (LLC) inoculated mice. C: expression of 45S pre-rRNA 5’ external
transcribed spacer (ETS) and ITS. Data are expressed as fold-change from controls + SE. A two-way ANOVA
followed by a Tukey’s multiple-comparisons test was performed for all direct comparisons. Correlations were
calculated using Pearson’s product-moment correlation. Significant difference from LP0O7 control: *P < 0.05;

between tumor groups: TP < 0.05.
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2.4.3. RNA pol I elongation-related subunits are upregulated in LP07 tumor bearing mice

To further investigate possible explanations for the loss of rRNA and ITS transcripts
observed in the LPO7 model, we next analyzed the mRNA expression of pol I subunits associated
with 458 pre-rRNA elongation. Examination of pol I subunit mRNA showed significant increases
in Polr2f in LPO7 tumor mice compared to both control (P=0.006) and LL.C tumor bearing mice
(P=0.001) and significantly which negatively correlated to muscle mass loss (r=-0.785, P=0.007).
Additionally, increased PAF53 (P=0.022) and Znrd1 (P=0.004) mRNA transcripts were uncovered
in the LPO7 model only (Fig. 2.3A) with significant correlations to muscle mass (PAF53: r=-0.720,

P=0.019; Znrd1: r=-0.865, P=0.001) (Fig. 2.3B).
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Figure 2.5. RNA pol I subunit mRNA expression was increased in LP07 model

A: expression of RNA pol I elongation associated subunit mRNAs. B: correlations between RNA pol I elongation
associated subunit mRNAs and gastrocnemius muscle mass. Data are expressed as mean fold-change from controls +
SE. A two-way ANOVA followed by a Tukey’s multiple-comparisons test was performed for all direct comparisons.
Correlations were calculated using Pearson’s product-moment correlation. Significant differences from LP07 controls:

*P <0.05, **P < 0.01; between tumor groups: 1P <0.01
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2.4.4. RNA pol I-associated elongation factors are significantly elevated in the LLC tumor

bearing mice

Due to the disruption in rDNA transcription in 45S pre-rRNA elongation, we next
examined several RNA pol I associated elongation factors. Of the five factors evaluated, only
SSRP1, Spt4, and Spt16 mRNA transcripts were significantly elevated in LLC tumor-bearing mice
when compared to controls (Spt16: P=0.049; SSRP1: P=0.024; Spt4: P=0.010), while no changes
were observed in the LP07 (Fig. 2.4A). Further analyses revealed strong correlations between
Spt16 (r=-0.763, P=0.046), SSRP1(r=-0.730, P=0.017), and Spt4 (r=-0.713, P=0.021) and the

losses in muscle mass in the LLC model (Fig. 2.4B).
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Figure 2.6. An increase in RNA polymerase I (RNA pol I) elongation factors was found in the Lewis Lung
Carcinoma (LLC) model for Spt16, SSRP1, and Spt4 mRNA transcripts

A: expression of Sptl16, SSRP1, Spt4, Spt5, and UBTF mRNA. B: Pearson’s product-moment correlations between
RNA pol I elongation factor mRNA and gastrocnemius muscle mass in LP07 and LLC inoculated mice. Data are
expressed as mean fold-change from controls = SE. A two-way ANOVA followed by a Tukey’s multiple-comparisons
test was performed for all direct comparison. Correlations were calculated using Pearson’s product-moment
correlation. Significant differences from LLC control: #P < 0.05.
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2.4.5. Phosphorylation status of translational control factors differs between LP07 and

LLC models

We then investigated the anabolic deficits in the LPO7 and LLC models by examining
changes in translational control factor signaling. Western blots were used to compare the
phosphorylation status of mTOR®S?*#®) relative to total mTOR, the gamma band of 4E-BP1 relative
to total 4E-BP1 as a surrogate for phosphorylation, and the phosphorylation status of RPS6(5233/236)
relative to total RPS6. Here, we show a significant reduction in mTOR phosphorylation in the
tumor-bearing LLC mice when compared to their controls (P=0.042) and the LP07 tumor-bearing
group (P=0.036) (Fig. 2.5A) that strongly correlated to losses in muscle mass (r=0.929, P<0.001)
(Fig. 2.5C). Downstream of mTORC1, we uncovered similar decreases in RPS6 phosphorylation
(LPO7: P=0.020; LLC: P=0.003) and 4E-BP1 phosphorylation (LP07: P<0.001; LLC: P<0.001)

(Fig. 5A) with significant correlations to lower muscle mass in both models (RPS6: r=0.827,

P=0.011; 4B-BP1: r=0.792, P=0.019) (Fig. 2.5C).
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Figure 2.7. Phosphorylation Status of Translational Control Factors Differs between LP07 and LLC Models

A: quantification of mTOR, RPS6, and 4E-BP1 Western blots. B: representative Western blots for mTOR, RPS6, and
4E-BP1. The 4E-BP1 y subunit was normalized to total 4E-BP1 and phosphorylated ribosomal protein S6 at S235/236
(p-RPS6(S235/236)) was normalized to total RPS6 to assess protein phosphorylation status. C: correlations between
mTOR, RPS6, and 4E-BP1 Western blots and gastrocnemius muscle mass. Data are expressed as mean fold-change
from controls + SD. A two-way ANOVA followed by a Tukey’s multiple-comparisons test was performed for all direct
comparisons. Correlations were calculated using Pearson’s product-moment correlation. Significant differences from
LPO7 controls: *P < 0.05, ***P < (0.001; from LLC controls: ###P < 0.001. LLC, Lewis lung carcinoma.
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2.4.6. IL-6 and TNF-o mRNA are significantly elevated in LLC mice while NLRP3 mRNA

is induced regardless of tumor type

To assess specific pro-inflammatory cytokine profile in these models, we examined the
mRNA levels of selected effectors of muscle wasting. In the LLC tumor mice, muscle IL-6 and
TNF-a mRNA levels were significantly elevated when compared to both their respective control
groups (IL-6: P<0.001; TNF-a: P<0.001) and the LP07 group (IL-6: P<0.001; TNF-a: P=0.028)
(Fig. 2.6A), and negatively correlated with reductions in muscle mass (IL-6: r=-0.787, P=0.007;
TNF-a: r=-0.562, P=0.091) (Fig. 2.6B). Expression of the NLRP3 inflammasome, IL-1f and IL-
18 did not differ between models. However, NLRP3 mRNA levels were elevated in the tumor-
bearing mice of both models (LP07: P<0.001; LLC: P=0.004). The expression of myostatin

remained unaltered in either tumor model at the time points studied (Fig. 2.6A).
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Figure 2.8. Proinflammatory cytokine mRNA expression was only elevated in the skeletal muscle of cachectic LLC

mice

A: expression of proinflammatory cytokines (IL-6, TNF-o, NLRP3, IL-1B, and IL-18) and myostatin mRNA. B:
correlations between proinflammatory cytokine mRNA levels and gastrocnemius muscle mass. Data are expressed as
mean fold-change from controls + SE. A two-way ANOVA followed by a Tukey’s multiple-comparisons test was
performed for all direct comparisons. Correlations were calculated using Pearson’s product-moment correlation.
Significant differences from LP07 controls: *P < 0.05, ***P < 0.001; from LLC controls: ###P < 0.001. LLC, Lewis

lung carcinoma.
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2.5. DISCUSSION

We investigated key mechanisms underlying anabolic deficits and the expression of pro-
inflammatory cytokines using two established pre-clinical models of LC with muscle wasting.
Clinically, cancer cachexia is defined by a loss of body weight, weakness, and wasting of skeletal
muscle and adipose tissue that is not reversible by nutritional interventions (34-36). The
emergence of new pre-clinical models of cancer cachexia has raised awareness about potential
differences that may challenge their translational relevance for the understanding of muscle
wasting in humans (11, 37). This motivated us to determine if tumors originating from the same
tissue involved similar mechanisms of muscle wasting or whether they entail tumor-specific
mechanisms. LP07 tumors have been previously shown to cause a significant reduction in body
(~8%), gastrocnemius (~25%), and diaphragm (~25%) mass (3), while LLC tumor bearing mice
also experienced reductions in lean body mass (~10%), tibialis anterior (~25%), extensor
digitorum longus (~15%), soleus (~25%), and gastrocnemius (~20%) mass (15). Contrary to our
hypothesis, we report findings demonstrating divergent anabolic deficits and local expression of
pro-inflammatory cytokines in these established pre-clinical models of LC-associated muscle
wasting.

Impaired force production often accompanies muscle wasting and is a hallmark of cancer
cachexia (34, 36). We found that although both tumor types caused similar levels of muscle
wasting, the LP0O7 tumors resulted in a severe reduction in grip strength while the LLC tumor
bearing mice remained unaffected. This suggests that either the LP07 tumor impacts the
neuromuscular system in a tumor-specific manner, or that the Balb/c mouse strain is more
susceptible to neuromuscular impairments following an oncogenic challenge. Recent findings

from two independent laboratories using the C26, MC38, or HCT116 tumors as models of
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colorectal cancer reported that muscle wasting was associated with disruptions of neuromuscular
junctions (38, 39). The underlying cause of the force deficits was a defect in presynaptic axon
terminal morphology, which did not appear to show any tumor selectivity in the CD2F1 mouse
strain (39). Thus, while it seems likely that force deficits in the LPO7 may be a consequence
defective neuromuscular remodeling, it remains to be determined whether the LLC tumors can
impact the neuromuscular junction in a similar manner at a later time point, or whether the
C57BL6/129 mice are resistant to tumor-induced neuromuscular junction alterations.

Reduced skeletal muscle anabolism has been consistently reported in pre-clinical models
of cancer (16-19), and is largely determined by a diminished ribosomal capacity (15). Here, we
report that muscle rRNA levels were significantly reduced in LP0O7 but not in the LLC tumor-
bearing mice. The reduction in rRNA was consistent with our recent findings in the ES-2 ovarian
cancer model (16), but in the LP07 model, the deficit in rRNA production was a consequence of
decreased rDNA elongation as reflected by a lower (~40%) ITS signal. Because disruptions in Pol
I elongation can impair rRNA processing and hence rRNA levels (40), we examined the expression
of Pol I subunits and associated elongation factors to find out if the deficit in Pol I elongation was
a consequence of a reduced expression of these factors. The Pol I holoenzyme is composed of 13
subunits, of which Polr2f, PAF53, Znrd1, and Twistnb promote efficient transcription elongation
(41, 42). For example, mutations in rpa49 (yeast ortholog of PAF53) results in defective Pol 1
elongation (41), and ablation of the core Pol I subunit ABC23 (yeast ortholog of Polr2f), leads to
the loss of rpa43 (Twistnb), reduces rpal4 stability, and consequently impairs rRNA elongation
(42). Contrary to our assumption, we found that the expression of Pol I subunits involved in
transcription elongation was higher in LPO7 tumor-bearing mice. This intriguing finding resembles

the expression pattern of Pol I subunits previously reported in the ES-2 model with reduced rDNA
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transcription, where the expression of Pol I factors was elevated in response to lower rRNA
production (16). In the LP07 model, the specific response involved the upregulation of selected
Pol I elongation subunits, likely to counter the reduction in rDNA transcription elongation. Another
contrasting finding was the elevated expression of Pol I-associated elongation factors in the LLC
model. Due to the specific reduction in ITS levels, we focused on two complexes involved in Pol
I elongation. The Facilitates Chromatin Transcription (FACT) complex is a heterotrimeric protein
complex composed of the Spt16 and SSRP1 subunits (43), and is responsible for maintaining the
euchromatic state to facilitate transcription elongation (44). The Spt4/5 complex interacts with Pol
I to promote processivity along the rDNA repeat (45). While we did not find any differences in the
LPO7 group, the expression level of Spt16, SSRP1, and Spt5 mRNA was significantly elevated in
the LLC tumor bearing mice. Clearly, while the LPO7 tumor impaired transcription elongation, the
LLC model appears to maintain rRNA levels likely via the upregulation of elongation-specific
factors. These observations suggest that model specific regulatory mechanisms exist at the level
of rDNA transcription elongation that either impair (LP07) or maintain (LLC) rRNA production.
This is in contrast with our previous findings in the ES-2 ovarian cancer model where deficits in
rDNA transcription occurred at the initiation level (16).

In addition to the discrepant alterations in ribosomal capacity, the LPO7 and LLC models
also produced dissimilar changes in muscle intracellular signaling. A reduction in mTOR
phosphorylation was only apparent in LLC mice, however a significant reduction in RPS6 and 4E-
BP1 phosphorylation was detectable in both models. While our results are consistent with previous
findings in cachectic LLC mice (5, 6, 13), a recent clinical investigation of late-stage non-small
cell lung cancer (NSCLC) patients reported reductions in p70S6k and 4E-BP1 phosphorylation

independent of changes in mTOR phosphorylation (23). Thus, it appears that the phosphorylation
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patterns induced by the LP07 model resemble those described in muscle from LC patients. The
dissociation in mTOR phosphorylation from its downstream targets is intriguing because mTOR
is recognized as the putative upstream modulator of RPS6(523%239) and 4E-BP1. A possible
explanation for the discrepancy between mTOR phosphorylation and downstream targets is the
input from Ras/Raf/ERK signaling, which may be operant in parallel to mTOR (6, 46). For
example, pharmacological inhibition of ERK with the MEK inhibitor U0126 can reduce
RPS65233236) phosphorylation to a greater extent than rapamycin (46), and the ERK inhibitor LY-
294002 can significantly reduce 4E-BP1 phosphorylation. Thus it is possible that ERK signaling
may operate along with mTOR to modulate RPS6 and 4E-BP1 phosphorylation (47), which
suggests that dysregulation of ERK signaling also contributes to the reduction in RPS6 and 4E-
BP1 phosphorylation in LC independent of mTOR. Whereas both LP07 and LLC tumor bearing
mice experienced a reduction in RPS6 and 4E-BP1 phosphorylation, a clear detrimental signaling
effect exists at the level of mTOR phosphorylation in the LLC tumor bearing mice.

Changes in systemic pro-inflammatory cytokines have been consistently associated with
muscle wasting in cancer (27, 35). Specifically in late stage LC patients, elevated TNF-a and IL-
6 levels are concurrent with the progression of cachexia (23, 24) and can aggravate the pro-
inflammatory milieu by stimulating in situ cytokine production (48). Increased systemic
inflammation has been well-documented in both LP07 and LLC models (4, 5, 9), however, it is
unclear if local skeletal muscle cytokine expression is conserved in these models (48, 49). We
found that LLC tumors induced a significant increase in muscle IL-6 and TNF-o mRNA, but the
LP0O7 tumor model did not significantly alter the expression of these cytokines. NLRP3, considered
to be important for local cytokine production via the inflammasome (31), was similar in both

models, but the pro-inflammatory cytokines IL-1p and IL-18 were not induced in either model.
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This was intriguing and contrary to our hypothesis that NLRP3, IL-1B, and IL-18 are
transcriptionally co-regulated. One possible explanation is that the elevation in NLRP3 mRNA
may serve as a priming mechanism for IL-1f3 and IL-18 processing, therefore once these cytokines
are produced, NLRP3 facilitates their maturation into active cytokines. Previous studies have
shown that sepsis-induced muscle wasting stimulates local NLRP3-dependent IL-1p production
(32). However, because the expression of these cytokines is transient and most severe following
acute insults (32, 50), the lack of changes in IL-1p or IL-18 mRNA suggests that these cytokines
may be induced during the acute phase of the wasting process rather than at this later stage. This
interpretation is consistent with recent findings demonstrating downregulation of pro-
inflammatory cytokines during the late stages (4 weeks) of muscle wasting in LLC tumor bearing
mice (51). We also examined if the LPO7 and LLC tumors caused any changes in myostatin, a
potent negative regulator of muscle growth (52). Myostatin mRNA expression was not induced by
either tumor, which is in line with clinical findings showing that myostatin mRNA was unaltered
in muscle biopsies from late-stage NSCLC patients (23, 24). Together with the lack of changes in
IL-1pB and IL-18 expression, our results suggest that myostatin may play a more prominent role in
the early stages of the wasting process (53). Altogether, the cytokine findings suggest that while
IL-6 and TNF-a appear to contribute to muscle wasting in a tumor specific manner (i.e. elevated
in LLC), the specific responses of other pro-inflammatory and growth suppressing factors may be
conserved but at earlier time points. The fact that NLRP3 expression was similar in both models
suggests that inflammasome-mediated local cytokine production may be a general response to
tumors. Clearly, while the LPO7 and LLC pre-clinical models of LC exhibit divergent pro-
inflammatory phenotypes, more research is warranted to establish their temporal involvement in

these two models of LC-induced muscle wasting.
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In summary, although both the LP07 and LLC pre-clinical models of LC resulted in
significant muscle wasting, clear differences in anabolic deficits, neuromuscular function,
intracellular signaling, and pro-inflammatory cytokine profiles demonstrate tumor specific
mechanisms of action that promote muscle wasting and loss of function. A limitation of this study
is that we were not able to define the role of tumor burden because we utilized two tumor types in
different genetic backgrounds. However, it is important to highlight that the LLC developed into
larger tumors compared to the LP07 with a ~2-fold higher tumor weight to body mass ratio. Yet,
muscle wasting was relatively similar in the two models studied. Further investigations designed
to address the role of tumor burden will help clarify how different tumor types induce anabolic

deficits and the expression of pro-inflammatory effectors in pre-clinical models of muscle wasting.
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CHAPTER 3. ANABOLIC DEFICITS AND DIVERGENT UNFOLDED
PROTEIN RESPONSE UNDERLIE MUSCLE AND HEART GROWTH
IMPAIRMENTS IN THE YOSHIDA HEPATOMA TUMOR MODEL OF

CANCER CACHEXIA

This chapter has been submitted for publication and is pending peer-review in
Physiological Reports:

Belcher DJ, Kim N, Navarro B, Moller M, Lopez-Soriano FJ, Busquets S, Nader GA.
Anabolic deficits and divergent unfolded protein response underlie muscle and heart growth
impairments in the Yoshida hepatoma tumor model of cancer cachexia. Physiol Rep: (Under

Peer-Review)

3.1. ABSTRACT

Cancer cachexia manifests as whole body wasting, however, the precise mechanisms
governing the alterations in tissue anabolism remain incompletely understood. In this study, we
explored the potential suppression of anabolic processes in both skeletal and cardiac muscles of
the Yoshida AH-130 ascites hepatoma model of cancer cachexia. After 7 days, tumor-bearing rats
displayed lower body, skeletal muscle, and heart weights. These deficiencies were associated
with decreased ribosomal (r)RNA, and significant 4E-BP1 hypophosphorylation. Indications of
endoplasmic reticulum stress were evident by elevated GADD34 mRNA expression in both
skeletal and cardiac muscles, and increased ATF4 expression in the skeletal, but not in heart

muscle. Increased tissue INF-y mRNA was uncovered in the heart, while IL-1 mRNA was
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significantly elevated in both skeletal and cardiac muscles. Our results indicate that lower
skeletal muscle and heart masses in the Yoshida AH-130 ascites hepatoma model likely involves
a marked reduction translational capacity and efficiency, and divergent alterations in

endoplasmic reticulum stress and tissue production of pro-inflammatory cytokines.

3.2. INTRODUCTION

Cachexia is a multifaceted bodily wasting condition that increases overall mortality and
morbidity of cancer patients (1-3). Reductions in fat and skeletal muscle mass and strength are
hallmarks of this condition (1, 3). Also prevalent is the loss of cardiac mass, which leads to
impaired heart function and reduced physical capacity (4). Collectively, these deteriorations
severely reduce quality of life and shorten lifespan of cancer patients. (1, 3, 4).

Hepatocellular carcinoma is one of the fastest growing and deadliest forms of cancer in
the U.S (5). Approximately 25% of hepatocellular carcinoma patients develop cachectic
symptoms, contributing to the increased rate of mortality (6). The Yoshida AH-130 ascites
hepatoma is one of the most extensively studied pre-clinical models of cancer cachexia in
hepatocellular carcinoma research. As a highly aggressive form of cancer, rats carrying the AH-
130 tumor experience a rapid loss in skeletal and cardiac muscle mass (7—10). This wasting is
often accompanied by systemic and local inflammation (11, 12), disrupted cellular metabolism
(13, 14), and elevated proteolysis (10, 13, 14). The intrinsic maintenance of skeletal and cardiac
muscle mass relies on the balance of protein turnover (15). Disruption to this equilibrium from a
suppression in protein synthesis, an elevation in protein degradation, or a combination of both
leads to tissue wasting. We recently showed that disruptions to anabolism in skeletal muscle

coincides with cancer-induced muscle wasting (16—18). This led to an overall reduction in
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ribosomal content, effectively suppressing the rate at which protein synthesis can occur (19).
Despite this understanding in skeletal muscle, the impact of cachexia on translational capacity in
the heart remains elusive.

In addition to the importance of translational capacity, translational efficiency also plays a
significant role in the maintenance of muscle mass. While a suppression in anabolic signaling has
been observed in cachectic AH-130 tumor-bearing rats (10, 20, 21), the root cause of this
deficiency remains undetermined. A potential contributor to this deficiency may be through the
induction of endoplasmic reticulum (ER) stress. This manifests through an accumulation of
unfolded or misfolded proteins that aggregate and clog the lumen of the ER (22). The unfolded
protein response (UPR), by ER stress, represses translational signaling to restore cellular
proteostasis (23). ER-stress induced UPR activation has been linked to several atrophying
conditions such as sarcopenia, inflammatory myopathies, muscular dystrophy, and cancer
cachexia (24). Increased expression of multiple ER stress markers have previously been
observed in the skeletal muscle of LLC and APCM™* cachectic mice (25). However, whether ER
stress is a significantly contributes to wasting in skeletal and cardiac muscle of Yoshida AH-130
ascites hepatoma model of cachexia remains to be elucidated.

Muscle wasting is often linked to systemic elevations in pro-inflammatory cytokines in
cancer (26-29). Cytokines, based on their impact on their organ and tissue effects, can be
categorized as pro- or anti-inflammatory (29). Increased production of pro-inflammatory
cytokines such as TNF-a, IL-1p, or IL-6, may also contribute to the local pro-inflammatory
environment, thereby promoting muscle wasting (26, 30, 31). Elevations in systemic
inflammation have also been previously linked to impaired cardiovascular function (32, 33). For

example, increases in circulating IL-1 B and IL-6 have been observed during heart failure (34,
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35). Endogenous production of TNF-a has been found in chronic heart failure patients and an
overexpression in the heart leads to cardiovascular complications (36). However, while systemic
inflammation has been previously documented in several models of cancer cachexia (2628, 37),
the effects of the local cytokine production in the skeletal and cardiac muscles of AH-130
Yoshida tumor-bearing rat remains unanswered.

Our goal in the present study was to determine whether reductions in translational
capacity and efficiency underlie impediments to skeletal and cardiac muscle mass in the Yoshida
AH-130 hepatoma model, and whether the induction of the unfolded protein response (UPR) and
local tissue expression of pro-inflammatory cytokines were modulated in this model of cachexia.
We demonstrate that inoculation with Yoshida AH-130 tumor cells caused a reduction in
ribosomal capacity and 4E-BP1 phosphorylation in both skeletal and cardiac muscle. Wasting
was associated with ATF4 and GADD34 gene expression in skeletal muscle, but the latter only in
the heart. Local IL-1p expression was detected in both skeletal and cardiac muscle of cachectic
rats and was accompanied by a marked increase in IFN-y expression in the heart but not in
skeletal muscle. Overall, these findings suggest that Yoshida AH-130 tumor-bearing rats undergo
skeletal and cardiac muscle wasting, in part, via a reduction in translational capacity,
dysregulated translational control signaling, UPR induction, and the expression of tissue pro-

inflammatory cytokines.

3.3. METHODS

3.3.1. Animals and tumor inoculation

Male Wistar rats (8-week-old) were housed in a controlled environment with a temperature

of 22+2°C and a normal dark cycle of 12 hours with lights on from 08:00 a.m. to 08:00 p.m. All
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animal experiments were made in accordance with the European Community guidelines for the
use of laboratory animals (38), and The Bioethical Committee of the University of Barcelona
approved the experimental protocol. Rats were randomly divided into control (n=6) or tumor
groups (n=7). Animals in the tumor group received an intraperitoneal (i.p.) inoculation of 10® AH-
130 Yoshida ascites hepatoma cells, while those in the control group received an equal volume of
saline. After 7 days, animals were weighed and anesthetized with an i.p. injection of
ketamine/xylazine mixture (3:1) (Imalgene® and Rompun®, respectively). Throughout the duration
of the study, food and water were supplied ad libitum. In both animal groups, food intake and body
weight were determined on Day 0 and immediately before sacrifice on Day 7. Food intake was
calculated by: (food weight on Day 7 — food weight on Day 0)/initial body weight on Day 0 % 100.
Tumors were carefully extracted from the peritoneal cavity to assess tumor volume and cell
density. The gastrocnemius muscles and heart tissues were rapidly excised, weighed, frozen in

liquid nitrogen, and stored at -80" C until further analysis.

3.3.2. RNA Extraction and Quantitative Polymerase Chain Reaction

Total RNA extraction from gastrocnemius and heart tissues were performed as previously
described (18). Briefly, tissues were homogenized in TRIzol reagent (Cat. No. 15596026, Ambion,
Thermo Fisher Scientific, Waltham, MA), RNA was extracted using Direct-zol RNA MiniPrep kit
(Cat. No. R2051, Zymo Research, Irvin, CA) following the manufacturer’s instructions, and
quantified spectrophotometrically using a CLARIOstar Microplate Reader and a LVis Plate (BMG
Labtech, Ortenberg, Germany). Next, cDNA was synthesized from 1pug of RNA through reverse
transcription PCR using the SuperScript™ IV VILO™ cDNA synthesis kit (Cat. No. 11756500,

Invitrogen, Thermo Fisher Scientific, Waltham, MA). Analysis of mRNA and rRNA was
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performed via qPCR (BioRad CX384) with GoTaq qPCR Master (Cat. No. A6002, Promega,
Madison, WI) and primers listed in table 3.1. All transcripts were normalized to the average of
GAPDH and B-actin by the comparative Ct (AACt) method and represented as fold-change from
controls. XBP1 splicing (sXBP1) was determined as described previously (39) using primers

targeting the 26 base pair intron cleaved by IRE1 and normalized to total XBP1 (t-XBP1) mRNA.

Table 3.1. qPCR primers

Target Forward Sequence 5°-3’ Reverse Sequence 5°-3’

ATF4 GTTTGACTTCGATGCTCTGTTTC GGGCTCCTTATTAGTCTCTTGG
GADD34 CTCTGAAGGGTAGAAAGGTGC TCGATCTCGTGCAAACTGCT
sXBP1 GCTGAGTCCGCAGCAGGT CAGGGTCCAACTTGTCCAGAAT
t-XBP1 TGGCCGGGTCTGCTGAGTCCG ATCCATGGGAAGATGTTCTGG
IL-1B CAGCTTTCGACAGTGAGGAGA TGTCGAGATGCTGCTGTGAG
IL-6 CTCTCCGCAAGAGACTTCCA GGTCTGTTGTGGGTGGTATCC
IFN-y GCCCTCTCTGGCTGTTACTG CCAAGAGGAGGCTCTTTCCT
TNF-a GATCGGTCCCAACAAGGAGG CTTGGTGGTTTGCTACGACG
GAPDH AGTGCCAGCCTCGTCTCATA CGTTGAACTTGCCGTGGGTA
B-Actin CACCCGCGAGTACAACCTTCT CGTCATCCATGGCGAACTGGT

3.3.3. Western Blot Analysis

All tissue samples were homogenized and extracted in RIPA lysis buffer (50 mM Tris pH
8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) supplemented with Pierce Protease and
Phosphatase Inhibitor Mini Tablets (Cat. No. A32959, Thermo Fisher Scientific, Waltham, MA)
using 1 tablet per 10mL of lysis buffer. Protein (10-30 pg) was separated by SDS-PAGE on
polyacrylamide gels, transferred to PVDF membranes as previously described (18), and
immunoblotted using the following antibodies: 4E-BP1 [1:4,000, Cell Signaling Technology
(CST); Cat. No. 9644, RRID: AB 2097841]; Phospho-S6 Ribosomal Protein (S235/236; 1:1,000,

CST; Cat. No. 2211, RRID: AB 331679), S6 Ribosomal Protein (1:2,000, CST; Cat. No. 2217,
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RRID: AB 331355), elF4E (1:2,000, CST; Cat. No. 2067 RRID: AB_2097675). Immunoblots for
phosphorylated and total RPS6, 4E-BP1, and eIF4E were performed on the same membrane,
respectively. All blots were verified for equal loading using the respective whole lane of Ponceau
S stains (Cat. No. J63139.K2, Thermo Fisher Scientific, Waltham, MA). The phosphorylated RPS6
was normalized to its total RPS6 singal, the upper gamma band of 4E-BP1 was normalized to the

total 4E-BP1 signal, and eIF4E was normalized to the respective whole lane of Ponceau S stains.

3.3.4. Statistical Analysis

All data are reported as means + standard deviation (SD) or mean standard error (SEM)
where appropriate. Percentage differences between groups were calculated as:
|Vi— V2| /[(V1—V2) /2] x 100 and rounded to the nearest whole number. Potential outliers were
identified by a ROUT test with the maximum false discovery rate set to 1%. All comparisons were
analyzed via a two-tail unpaired t test. P values < 0.05 were considered significant. Correlations
between the changes in skeletal or cardiac muscle mass and rRNA were calculated using Pearson’s
product-moment correlation coefficients. All statistical analyses were performed and graphically

represented using GraphPad Prism 10 (GraphPad Prism, San Diego, CA, RRID: SCR_002798).

3.4. RESULTS
3.4.1. Yoshida AH-130 ascites-induced skeletal and cardiac muscle wasting involves a
reduction in ribosomal capacity

Mean tumor volume in the inoculated rats was 62.68 + 3.92 mL, with an average tumor

cell count of 5877.00 + 279.13. Normalized food intake over the study duration was significantly
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lower in the tumor-bearing rats compared to controls (-15%, P=0.002). The presence of Yoshida
AH-130 hepatoma tumors resulted in a significant reduction in final tumor-free body weight
(FBW) relative to initial body weights (IBW) that was 89% lower than the control treated rats
(P<0.001; Fig. 3.1A). Skeletal muscle mass was 25% lower (P<0.001; Fig. 1B) and heart mass
was 17% lower (P<0.001) relative to IBW (Fig. 3.1C) in tumor inoculated rats. In skeletal muscle,
rRNA was ~40% (P=0.002) lower in tumor-bearing rats (Fig. 3.2A), and 37% (P=0.074) lower in
the heart when compared to controls (Fig. 3.2B). The reduction in rRNA was significantly
correlated with muscle weight (=0.628, P=0.021; Fig. 3.2A) and cardiac weight (r=0.557,
P=0.048; Fig. 3.2B).
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Figure 3.9. Yoshida AH-130 tumor inoculation yields a loss in body weight, skeletal muscle, and heart mass

A: Change in tumor-free body weight (FBW) relative to initial body weight (IBW) in grams for control and tumor-
bearing rats. B: End-point gastrocnemius muscle mass in milligrams was normalized to IBW in grams. C: Heart mass
in milligrams was normalized to IBW in grams. Data are expressed as the mean + SD. Statistical significance was
determined by a two-tailed unpaired t-test. Significant difference from control: ***P < 0.001. gastroc, gastrocnemius.
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Figure 3.10. AH-130 tumor inoculation induces a loss in rRNA that is associated with reductions in skeletal and

cardiac muscle mass

A: quantification of total RNA in skeletal muscle (top). Pearson’s product-moment correlations between rRNA and
skeletal muscle mass (bottom). B: quantification of total rRNA in the heart (top). Pearson’s product-moment
correlations between rRNA and heart mass (bottom). Data are expressed as the mean = SD. Statistical significance
was determined by a two-tailed unpaired t-test for total RNA. Correlations were calculated using Pearson’s product-
moment correlation coefficients. Significant difference from control: **P < 0.01.
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3.4.2. Yoshida AH-130 ascites hepatoma modulate translational initiation factor

phosphorylation in both skeletal and cardiac muscle

In addition to a reduction in translational capacity, the inoculation with Yoshida AH-130
ascites hepatoma cells caused a significant reduction in 4E-BP1 phosphorylation in both skeletal
(-74%, P<0.001) and cardiac (-81%, P=0.004) muscles (Fig. 3.3A & 3.3B). The eIF4E protein
levels were elevated in the skeletal muscle of AH-130 tumor rats (206%, P=0.004; Fig. 3.3A), but
no difference was found in the heart (Fig. 3.3B). No significant differences in RPS6

phosphorylation (Ser 235/236) were found in either skeletal muscle or heart (Fig. 3.3A & 3.3B).
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Figure 3.11. Translational control factor 4E-BP1 is hypophosphorylated in both the skeletal and heart muscle of tumor-
bearing rats

A: Quantification of 4E-BP1 Western blots and representative blots using 10pg per lane in the skeletal muscle and
heart. The 4E-BP1 y subunit was normalized to total 4E-BP1 to assess protein hypophosphorylation status. B:
Quantification of el[F4E Western blots and representative blots using 10ug per lane in the skeletal muscle and heart.
Total e[FAE was normalized to the respective whole Ponceau S-stained lane. C: Quantification of phosphorylated
ribosomal protein S6 at S235/236 (p-RPS6) normalized to total RPS6 Western blots and representative blots using
30ug per lane in skeletal muscle and 10pg per lane in the heart. Representative images of all Western blots were
cropped for final presentation and are accompanied by cropped representative Ponceau S (Pon S) staining images that
were used for normalization. Data are expressed as mean fold-change from controls + SD. Statistical significance was
determined by a two-tailed unpaired t-test. Significant difference from control: **P < 0.01, ***P < 0.001.
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3.4.3. UPR gene expression is elevated in Yoshida AH-130 treated rats

Tumor presence increased mRNA levels of ATF4 (88%, P<0.001) and GADD34 (301%,
P<0.001) in skeletal muscle (Fig. 3.4A) but only GADD34 mRNA expression was induced in the
heart (48%, P=0.033; Fig. 3.4B). XBP1 splicing (sXBP1) was significantly decreased in the
cardiac muscle (-42%, P=0.005), and trended towards significance in the skeletal muscle (-26%,

P=0.067) of tumor-bearing rats (Fig. 3.4A & 3.4B).
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Figure 3.12. Expression of ER-stress mRNA suggests dysregulation of the UPR in the skeletal and heart muscles of
Yoshida AH-130 rats.

A: Expression of ATF4 mRNA in skeletal muscle and heart. The ROUT test for outliers removed 1 sample from tumor
group of the heart (n=6). B: Expression of GADD34 mRNA in the skeletal muscle and heart. The ROUT test for
outliers removed 1 sample from the control (n=5) and tumor (n=6) groups respectively of the heart. C: Expression of
spliced XBP1 normalized to total XBP1 mRNA in skeletal muscle and heart. Data are presented as mean fold-change
from controls = SEM. Statistical significance was determined by a two-tailed unpaired t-test. Significant differences
from control are indicated by asterisks: *P < 0.05, **P <0.01, ***P < 0.001.

3.4.4. Yoshida AH-130 induced skeletal and cardiac muscle wasting involve the expression

of local pro-inflammatory cytokines

Following tumor inoculation, tissue IL-6 mRNA levels were on average higher in skeletal
(137%, P=0.065) and cardiac (143%, P=0.073) muscle, respectively, but failed to reach

significance (Fig. 3.5A & 3.5B). In the skeletal muscle, IL-1 mRNA expression was elevated in



77

the tumor group by 80% (P=0.012; Fig. 3.5A), and by 117% (P=0.002) in the heart (Fig. 3.5B).
Average IFN-y mRNA in the skeletal muscle was not different from control, but it was significantly
elevated in the heart by 75% (P=0.008; Fig. 3.5B). TNF-a mRNA levels in skeletal muscle were
not affected by the tumor, but heart levels increase on average without being statistically significant

(Fig. 3.5A & 3.5B).
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Figure 3.13. Local tissue expression of inflammatory mRNA is increased in cachectic rats

A: Expression of IL-6 mRNA in skeletal muscle and heart. B: Expression of IL-1p in skeletal muscle and heart. C:
Expression of IFN-y mRNA in the skeletal muscle and heart. The ROUT test for outliers removed 1 sample from the
control (n=5) group of skeletal muscle and the tumor (n=6) group of the heart. D: Expression of TNF-a mRNA in
skeletal muscle and heart. Data are presented as mean fold-change from controls + SEM. Statistical significance was
determined by a two-tailed unpaired t-test. Significant differences from control are indicated by asterisks: *P < 0.05,
**P <0.01.
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3.5. DISCUSSION

We investigated skeletal and cardiac muscle wasting related mechanisms in the Yoshida
AH-130 rat hepatoma tumor model. Inoculation with tumor cells resulted in skeletal and cardiac
muscle wasting, anabolic deficits, increases in the UPR and tissue expression of pro-inflammatory
cytokines. Consistent with our previous findings in ovarian, lung, and colon cancer models (16—
18), Yoshida AH-130 tumor cells caused a reduction in translational capacity in both skeletal and
cardiac muscle, although the decline in the heart did not reach statistical significance at the time
point studied. This finding aligns with earlier investigations using this model (7), and support the
interpretation that anabolic deficits play a central role in muscle wasting (16—18, 40). While the
loss of skeletal muscle is well-defined in cachexia, the impact of this condition on cardiac
anabolism is less clear. In this model, cardiac rRNA levels were reduced by ~36% following tumor
inoculation. Despite not achieving statistical significance, the reduction in translation capacity
strongly correlated with the alterations in cardiac mass. This indicates that, like in skeletal muscle,
the loss of ribosomes may play a critical role in cardiac muscle wasting. Another finding indicating
defective protein anabolism is the clear reduction in cap-dependent translation signaling.
Consistent with other models of cancer cachexia (41-43), we observed a significant decrease in
4E-BP1 phosphorylation in both skeletal and cardiac muscle of tumor-bearing rats.
Hypophosphorylation of 4E-BP1 increases its binding affinity for eIF4E, this in turn prevents the
formation of the translation initiation complex elF4F and reduces protein synthesis (44). In
contrast with 4E-BP1 hypophosphorylation, skeletal muscle elF4E protein was significantly
elevated in tumor-bearing rats, a response that was not mirrored in the heart. This may represent a
feedback mechanism attempting to restore proteostatic balance in wasting muscle, that is operant

in skeletal but not in cardiac muscle. Together, these findings indicate that cachexia involves a
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generalized reduction in the ability of striated muscle to synthesize proteins and suggest that both
translational capacity and efficiency may underlie the anabolic deficits characteristic of tumor-
induced cachexia.

The alterations in translational control mechanisms led us to investigate the UPR. As
expected, we observed an increase in ATF4 and GADD34 mRNA levels in skeletal muscle,
however only GADD34 was elevated in the heart of tumor-bearing rats. These findings partially
align with prior observations showing an increase in ATF4 mRNA levels in skeletal muscle of LLC
mice (45), while GADD34 expression remained unchanged (25). This raises the question as to
what extent the UPR is conserved across cachexia models. We also examined changes in XBP1
splicing and found a robust reduction in sXBP1 in both skeletal and cardiac muscle, although it
did not achieve significance in skeletal muscle. Contrary to the findings in this model, an increase
sXBP1 has been previously reported in skeletal muscle of cachectic LLC mice (25, 45). This is
intriguing because XBP1 is spliced under cellular stress (i.e. with activation of the UPR) (45). We
interpret this discrepancy as the disruption of the UPR being a possible atrophy exacerbating factor.
A failure to mount the UPR has been shown to increase muscle wasting, LLC mice treated with
the UPR inhibitor 4-Phenylbutyric acid (4-PBA) exhibited a suppressed ER stress response and
exacerbated muscle wasting. Similarly, myotubes incubated with LLC conditioned media + 4-PBA
displayed a smaller diameter and increased activation of proteolytic markers (25). Thus, the
defective UPR may reflect a failure to restore proteostasis in this hepatoma tumor model.

Skeletal and cardiac muscle atrophy in cancer has often been linked to changes in systemic
pro-inflammatory cytokines (31, 46, 47), which can stimulate the local expression of pro-
inflammatory effectors of muscle wasting (30, 48). Consistent with previous findings (49), we

found an increase in IL-6 mRNA in both muscle and heart of cachectic rats. However, this increase
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was not significant likely due to experimental variability associated with the Yoshida hepatoma
model. The elevation of IL-18 mRNA was similar in skeletal and cardiac muscle. Within skeletal
muscle, IL-1B can exert direct autocrine effects and activate the NF-kB pathway, leading to
increased protein breakdown and muscle wasting (50). The increase in IL-1p was also evident in
the heart indicating a possible conserved response to the tumor in striated muscle. Increased
expression of IL-1PB in cardiomyocytes of rats with chronic heart failure leads to substantial
interstitial fibrosis and impaired cardiac function (51), thus the increase in IL-1p expression may
underlie cardiac dysfunction in cachexia. The responses of both IL-6 and IL-1f in striated muscle
were opposite to the spleen and the brain, respectively (11), indicating that organs respond
differently to the tumor. We also observed a significant increase in [IFN-y mRNA expression in the
cardiac muscle where it can cause impairments in cardiac contractility and function by acting in
an autocrine fashion (52, 53). Changes in TNF-o were evident and variable but not significant in
the skeletal muscle, and are contrary to a previous report indicating elevated TNF-oo mRNA in the
skeletal muscle of rats bearing Yoshida hepatoma tumors (49). Overall, these findings suggest that
skeletal and cardiac muscle display divergent patterns of pro-inflammatory cytokine expression
despite undergoing similar atrophy, and that these factors may mediate tissue-specific cancer-
related alterations in physiological functions.

In summary, we provide evidence demonstrating that impaired anabolism, UPR, and local
production of pro-inflammatory cytokines may converge to facilitate tumor-induced muscle and
cardiac wasting. Consistent reductions in translational capacity and efficiency, with divergent
proteostatic stress control, and tissue pro-inflammatory cytokine expression in the Yoshida model
of hepatocellular carcinoma highlight the need for a more thorough understanding of the

multifaceted molecular mechanisms involved in tissue wasting in cancer cachexia.
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CHAPTER 4. RESEARCH SUMMARY AND FUTURE DIRECTIONS

Our investigations into the translational capacity and control signaling in skeletal muscle
during cancer cachexia have yielded several significant insights. Both LP07 and LLC preclinical
models of LC exhibit significant muscle wasting, distinct anabolic deficits, neuromuscular
impairments, and proinflammatory cytokine profiles. In the Yoshida AH-130 rat hepatoma tumor
model, we found that both skeletal and cardiac muscle wasting are associated with reduced
translational capacity, impaired anabolism, and increased expression of pro-inflammatory
cytokines. These findings collectively advance our understanding of the molecular mechanisms
underlying muscle wasting in cancer cachexia.

The first study (Chapter 2) aimed to determine whether muscle wasting in the LP07 and
LLC preclinical models of lung cancer-induced cachexia involved similar anabolic deficits and
the local expression of proinflammatory factors. Cancer cachexia is characterized by the loss of
body weight, muscle, and adipose tissue, and remains a significant clinical challenge. We aimed
to determine whether different lung tumor lines would involve similar mechanisms of muscle
wasting or if they would exhibit tumor-specific mechanisms. Our findings showed divergent
anabolic deficits and local expression of proinflammatory cytokines between the LP07 and LLC
tumor models, despite both causing significant muscle loss.

On a molecular level, we found that muscle rRNA levels were significantly reduced in
LPO7 but not in LLC tumor-bearing mice, via a specific impairment in Pol I elongation in the
LP07 model. Interestingly, the expression of Pol I subunits involved in transcription elongation
was higher in LP0O7 tumor-bearing mice, possibly as a compensatory response to reduced rRNA

production. We have observed a similar compensatory mechanism in a previous study involving
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an ovarian cancer cachexia model (1). In mice xenografted with the ES-2 ovarian cancer tumor,
our lab noted significant disruptions in translational capacity and rDNA transcription. Despite
this, there was an increase in mRNA expression of several Pol I factors and subunits, indicating
an attempt to maintain ribosome production following insult. However, it should be noted that
these findings were based on qPCR data, and the corresponding protein levels of these subunits
and transcription factors might not reflect the same pattern. The current research on translational
capacity and rDNA transcription in cachectic muscle is limited, highlighting the need for further
studies to better understand these mechanisms.

Additionally, we uncovered distinct differences in muscle intracellular signaling between
the two models. While both models showed reduced phosphorylation of RPS6 and 4E-BP1, a
reduction in mTOR phosphorylation was only apparent in LLC mice. This possibly suggests that
alterations in additional signaling pathways, such as the Ras/Raf/ERK pathway, may contribute
to the regulation of RPS6 and 4E-BP1 phosphorylation in LC. A companion study to this one
was also carried out comparing the HCT116 and C26 colorectal tumor models of cachexia (2).
This too found divergent outcomes in the mMTORCI1 signaling pathway in a manner that was
tumor specific. However, it is also possible that these results were due to the use of a mTOR
antibody specific to S2448 phosphorylation. Autophosphorylation of S2481 is reported to be
more representative of direct mTOR catalytic activity (3), and use of a mTOR S2481 phospho-
specific antibody may help further confirm the possibility of an mTOR independent reduction in
4E-BP1 and RPS6 phosphorylation.

Proinflammatory cytokine profiles also varied between the models in the expression of
IL-6 and TNF-a. Both models exhibited similar mRNA levels of NLRP3, indicating a potential

role of the inflammasome in local cytokine production. However, the absence of changes in IL-
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1B and IL-18 mRNA suggests that these cytokines may be induced during the acute phase of
muscle wasting rather than at the end stage we studied. A more thorough time-course
investigation of cachexia development is needed to further elucidate this question.

In conclusion, our findings reveal that while both LP07 and LLC preclinical models of
LC result in significant muscle wasting, they exhibit distinct anabolic deficits, neuromuscular
impairments, intracellular signaling alterations, and proinflammatory cytokine profiles. These
results underscore the importance of considering tumor-specific mechanisms in cancer cachexia
research and suggest that further studies are needed to explore the temporal dynamics and
contributions of different tumor types to muscle wasting in preclinical models. The biggest
limitation of this study was the differing genetic backgrounds of the LLC and LP07 mouse
models. It is possible that some observed differences were due to the mouse strains rather than
the tumors themselves. However, most current research on these models uses the C57BL6 mouse
for the LLC tumor and the BALB/c mouse for the LP0O7 tumor. Future studies should seek to
control for this variable. Overall, our findings in study 1 suggest that the manifestation of cancer-
induced muscle wasting may be tumor-type dependent rather than a universal phenomenon.

In Study 2 (Chapter 3), we examined the impact of tumor burden on translational
capacity and efficiency in skeletal and cardiac muscle using the Yoshida AH-130 hepatoma
model. This study focused on the mechanisms of striated muscle wasting. We observed that
tumor cell inoculation led to skeletal and cardiac muscle wasting, anabolic deficits, increased
UPR, and elevated pro-inflammatory cytokines. Consistent with findings in ovarian (1), lung
(Chapter 2), and colon cancer models (2), the Yoshida AH-130 tumor reduced rRNA in skeletal
muscle, supporting the idea that impairments to translational capacity are central to muscle

wasting in cachexia.
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We also found significant decreases in 4E-BP1 phosphorylation in both skeletal and
cardiac muscle. Notably, previous studies on the Yoshida model reported conflicting findings in
anabolic signaling pathways. Some studies found increased phosphorylation of S6K 1 and 4E-
BP1 in skeletal muscles (4), while others reported no changes in Akt or 4E-BP1 phosphorylation
(5). Similarly, studies on cardiac muscle showed varied results regarding Akt and 4E-BP1
phosphorylation. Akt phosphorylation was reduced in the hearts of cachectic rats, while 4E-BP1
phosphorylation remained unchanged (6). In another study, neither Akt nor 4E-BP1
phosphorylation was found to be altered within the cardiac muscle of AH-130 cachectic rats (7).
However, our findings of decreased 4E-BP1 phosphorylation add to the uncertainty of the role of
translational signaling in straited muscle wasting in the Yoshida model. These inconsistencies are
surprising as many of the studies demonstrate a similar loss in body weight, heart, and skeletal
muscle mass while utilizing a similar tumor-load. Thus, future investigations into the
translational signaling pathways in cachectic skeletal or cardiac muscle may want to consider the
use of alternative cancer models.

We also investigated possible activation of the UPR. Our findings only partially align
with previous observations (8, 9), raising questions about the conservation of UPR across
different cachexia models. We found a reduction in sXBP1 in both skeletal and cardiac muscle,
contrary to increases to XBP1 splicing reported in other studies (8, 9). This discrepancy suggests
that a defective UPR could exacerbate muscle atrophy, as seen in other models where UPR
inhibition exacerbated muscle wasting. However, the study of UPR function in cachexia is still in
its infancy and more research is needed before any meaningful conclusions can be drawn.

Pro-inflammatory cytokine expression patterns also varied. IL-6 mRNA increased in both

muscle and heart, though not significantly, possibly due to variability in the Yoshida model itself.
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This model posed unique challenges due to the high variability in some assays, while providing a
fairly homogenous outcome in others. Changes in TNF-a were also highly variable and not
significantly elevated in skeletal muscle, contrasting with previous reports of elevated TNF-a in
this model (10). The conflicting data across multiple studies in the Yoshida AH-130 Hepatoma
rat further highlights the complications of this model’s use in cachectic research. Lastly, it is
possible that some of our findings were skewed by the infiltration of inflammatory cells. Cellular
infiltration in the skeletal muscle of the AH-130 tumor-bearing rats has been observed previously
(11) and may explain the variability present in the findings of Study 2.

Additional research on the role of double-stranded RNA-dependent protein kinase (PKR)
could provide further insight into both UPR activity and the production of pro-inflammatory
cytokines in skeletal muscle during cachexia. Systemic inflammation, a hallmark of cancer
cachexia, leads to increased PKR activation. This activation, in turn, triggers the UPR and
promotes nuclear factor kappa-light-chain-enhancer of activated B cells (NFxB)-mediated
expression of pro-inflammatory cytokines (12). A prior study shows that phosphorylation of PKR
is increased in the muscle of MAC16 tumor-bearing mice, and the use of a PKR inhibitor can
attenuate muscle atrophy, eIF2a phosphorylation, and the nuclear translocation of NF«kB (13).
Therefore, future research on UPR activity and the muscle-specific production of pro-
inflammatory cytokines in cancer cachexia may benefit from the study of PKR activity as well.

In summary, this study suggests that impaired anabolism, UPR, and pro-inflammatory
cytokines contribute to tumor-induced skeletal and cardiac muscle wasting. While the reductions
in translational capacity were clear, the divergence in translation signaling and cytokine

expression in the Yoshida model. The aggressive nature of the AH-130 tumor, leading to rapid
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host death, also questions its translatability to human cachexia, necessitating additional models

that better reflect the human condition, whose disease progression is typically more gradual.
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