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Abstract

Globally, cancer is one of the leading causes of mortality, with an estimated 18.1
million cancer cases, 10 million deaths, and 1.9 million new cases diagnosed in 2020
(Sung et al., 2021). However, during the past several decades, cancer survival has
improved such that 82% of children and >2/3 of adults diagnosed with cancer will survive
beyond five years (World Health Organization (WHO) - Childhood Cancer, 2021). Skeletal
muscle atrophy and fibrosis are long-term adverse effects experienced by 80% of cancer
survivors for which there is no available therapy (Paulino, 2004). These long-term
consequences are related to the toxicity from the cancer treatment, leading to alterations

in skeletal muscle function which can lead to comorbidities and increased mortality among



cancer survivors (Paulino, 2004; Williams et al., 2016). Thus, novel approaches to
address the long-term effects of cancer therapy on skeletal muscle are critically needed.
Exercise training is a potential non-pharmacological strategy that improves common
cancer- and treatment-related side effects (Mustian et al., 2012). Specifically, exercise
programs that combine resistance and endurance training (RET) have been shown to
improve muscle strength and cardiovascular fithess in cancer survivors (Tong et al.,
2020). The mechanisms responsible for these effects remain unknown.

The remarkable plasticity of skeletal muscle relies primarily on muscle stem
(satellite) cells (MuSCs) (Lepper et al., 2011) that are regulated, in part, by muscle-
resident stromal cells (Bentzinger et al., 2013). These different stromal cell types,
including: vascular endothelial cells (ECs), immune cells, and mesenchymal progenitors,
also known as fibro-adipogenic progenitors (FAPs), create the muscle stem cell niche
(Yin et al., 2013). FAPs possess a dual role as they are involved in skeletal muscle
maintenance and regeneration by secreting pro-myogenic trophic factors (Biferali et al.,
2019; Joe et al., 2010; Uezumi et al., 2010; Wosczyna et al., 2019), but also contribute to
fibrotic and fatty tissue accumulation in chronic degenerative conditions (Uezumi et al.,
2010). The divergent features of FAPs highly depend on signals they receive from their
microenvironment (Giuliani et al., 2021); however, FAP’s contribution to cancer treatment-
induced muscle pathology in cancer survivors remains unknown. The overall objective of
this thesis is to begin to develop an understanding of the role of FAPs in cancer treatment-
induced muscle pathology and to determine if RET represents an effective therapy to

prevent the long-term muscle defects of juvenile cancer plus therapy.
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Chapter |

Introduction
Juvenile cancer survivors

Globally, 400,000 children and adolescents between 0 to 19 years old are
diagnosed with cancer every year (World Health Organization (WHO) - Childhood
Cancer, 2021). Advances in technology have led to improvements in both cancer
diagnosis and treatment, increasing the survival rate of pediatric (also known as juvenile),
and adult patients (Pulumati et al., 2023). In Canada, 85% of cancer patients are expected
to survive beyond five years post-diagnosis, with the survival rates of juvenile cancer
survivors increasing from 55% in the 1990s to 64% in 2021 (Canadian Cancer Society,
2021). Cancer survivors experience treatment-related long-term side effects which are
particularly prevalent in childhood cancer survivors due to their exposure during
development and long lifespan following treatment (Baskar et al., 2012; Miller et al.,
2019). Patients who undergo cancer therapy can experience short-term adverse effects
due to direct tissue damage; however, these acute effects are typically resolved quickly
after treatment (De Ruysscher et al., 2019). Late consequences after treatment are
progressive due to constant tissue deterioration, including skeletal muscle atrophy,
fibrosis, hypoplasia, and contracture (Gawade et al., 2014). These adverse long-term
effects on skeletal muscle manifest later in life and are associated with weakness and
reduced mobility, leading to a decline in health, and functional capacity (Gawade et al.,
2014). Cancer treatment during the juvenile growth stage affects physiological and

cellular systems differently than in adulthood (Brand et al., 2017).



One of the more common juvenile cancers is rhabdomyosarcoma (RMS) which
develops intramuscularly and comprises roughly 3 to 5% of all childhood cancers (Skapek
et al., 2019). The five-year survival rate for juvenile patients with RMS is around 75%
(Curry et al., 2021). RMS treatment involves multimodal therapies, including surgery and
chemoradiation therapy (Skapek et al., 2019). Juvenile RMS patients can present two
major RMS subtypes: embryonal and alveolar RMS (Hettmer & Wagers, 2010).
Embryonal RMS is highly prevalent in children while alveolar RMS most commonly
develops in adolescence (Arndt et al., 2012). The etiology of RMS is poorly understood;
however, RMS tumours highly express myogenic markers such as Myoblast
determination protein 1 (MyoD), Myogenic factor 5 (Myf5), and Myogenin (Keller &
Guttridge, 2013), and are often located near skeletal muscle tissue suggesting that the
cellular source of these tumours is myogenic (Keller & Guttridge, 2013). Indeed forced
overexpression of oncogenic genes in MuSCs induces RMS development (Preussner et
al., 2018). Growing evidence suggests that muscle-resident non-myogenic cells, such as
mesenchymal progenitors, can develop myogenic characteristics and contribute to RMS
formation and progression (Charytonowicz et al., 2009; Hettmer & Wagers, 2010). FAPs
arise from mesenchymal origin (Vallecillo-Garcia et al., 2017), and their canonical marker,
Platelet-derived growth factor receptor alpha (PDGFRa) (Uezumi et al., 2010), has been
detected in tumuor cells, and stromal compartments of human RMS (Ehnman et al.,
2013). Lian and colleagues showed that RMS increased the production of collagen- and
fibrillin-related genes that alter the surrounding microenvironment and contribute to
fibrosis (Lian et al., 2021). These findings suggest that the heterogeneity among RMS

subtypes may depend on the cell of origin.



Cancer and Therapy

Cancer patients are commonly treated with radiation therapy, chemotherapy, or a
combination of both called chemoradiation therapy (Miller et al., 2019). Chemotherapy is
a systemic anti-cancer drug treatment that is most often administered intravenously
(Debela et al., 2021) in measured quantities over a specific number of intervals (Novotny
& Szekeres, 2003). Radiation therapy most commonly uses ionizing radiation given in
fractionated doses by a linear accelerator (De Ruysscher et al., 2019). Radiation is a
common treatment modality for most cancers such as breast, lung, brain, and prostate,
among others (De Ruysscher et al., 2019). The application of chemotherapy and/or
radiotherapy depends on the tumuor (size, location, spread), and patient characteristics
(age, health status, other related-diseases) (Sattar et al., 2018).

The main goal of cancer treatment is to prevent cell division (Baudino, 2015).
Cancer treatments, such as chemo- and radiation therapy, cause direct or indirect
genomic damage (Goldstein & Kastan, 2015). While radiation therapy can cause direct
DNA instability leading to single- and/or double-strand DNA breaks (SSB and DSB), the
primary mechanisms causing DNA damage is by generating reactive oxygen species
(ROS) which then oxidize proteins, lipids, and nucleotides (Vignard et al., 2013).
Chemotherapeutic agents such as vincristine, methotrexate, and doxorubicin, among
others, cause DNA damage by disrupting the cytoskeleton, impairing DNA synthesis, and
interfering with RNA translation (Bouwman & Jonkers, 2012). DSBs can be repaired
through homologous recombination (Wright et al., 2018) or non-homologous end-joining
(Lieber, 2010); however, unrepaired DNA damage can lead to cellular death (Roos et al.,

2016). These cancer therapies are non-specific and negatively affect off-target tissue like



as skeletal muscle leading to long-term detrimental effects on cancer survivors

(Christensen et al., 2014).

Effect of cancer treatment on skeletal muscle

Historically, it was believed that radiation had minimal effects on skeletal muscle
due to its post-mitotic nature. However, recent evidence suggests that skeletal muscle is
indeed sensitive to radiation damage and the skeletal muscle effects of radiation have
been an emerging concern in clinical oncology (Christensen et al., 2014). The degree and
complexity of the side effects of cancer treatment on skeletal muscle are multifactorial
(Tisdale, 2001). The tumour type and stage, the specifics of the therapy applied, and the
patient’s overall health all contribute to the magnitude of the long-term adverse effects on
skeletal muscle (Tisdale, 2001). In general, cancer therapy causes muscle atrophy and
aberrant extracellular matrix (ECM) accumulation called fibrosis (al-Majid & McCarthy,
2001; Judge et al., 2018; Kallenbach et al., 2022) (Figure 1), leading to decreased muscle
strength, weakness, and fatigue (Stubblefield, 2011). Indeed, 80% of juvenile cancer
survivors experience muscle atrophy and fibrosis 20 years after treatment (Paulino,
2004). Hovi and colleagues showed that cancer treatment causes loss of muscle strength
among juvenile patients, which persists during adulthood (Hovi et al., 1993). These long-
term effects lead to poor quality of life, and an increased risk of morbidity and disability

(Stubblefield, 2011).



Late skeletal muscle effects of juvenile cancer treatment
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Figure 1. Late skeletal muscle effects of juvenile cancer treatment. Radiation
therapy, chemotherapy, or a combination of both, known as chemoradiation therapy, are
common cancer treatment modalities in juvenile cancer patients. Cancer treatment during
the growth period leads juvenile patients to endure long-term skeletal muscle

consequences such as skeletal muscle atrophy and fibrosis.

Mechanistically, increased protein degradation, impaired protein synthesis, and
reduced MuSC myogenic commitment may contribute to the loss of muscle mass in
cancer survivors (Aversa et al., 2017; Bachman et al., 2020; Dale et al., 2021). However,

the cause of muscle atrophy is still poorly understood. Muscle fibrosis results from an



imbalance of ECM turnover that favors synthesis over degradation (Herrera et al., 2018).
While transient ECM production is essential for proper muscle regeneration (Csapo et al.,
2020), ECM accumulation causes skeletal muscle dysfunction (Herrera et al., 2018). In
addition to pathological ECM accumulation, a hallmark of skeletal muscle fibrosis is the
disorganized matrix architecture of different ECM components, including diverse types of
collagens, and fibronectin (Herrera et al., 2018). Further, persistent inflammation often
accompanying fibrosis exacerbates the condition (Mack, 2018). At the cellular level,
myofibroblasts which are activated fibroblasts that express highly contractile stress fibres
are mainly responsible for ECM synthesis and deposition (Pakshir et al., 2020), and play
a role in skeletal muscle fibrosis (Klingberg et al., 2013). FAPs give rise to myofibroblast
in skeletal muscle and co-localize to fibrotic-rich areas in various myopathies (Contreras
et al., 2016; Uezumi et al., 2014). Indeed, preclinical models of juvenile cancer plus
therapy are characterized by skeletal muscle fibrosis and atrophy (Kallenbach et al.,

2022); however, the contribution of FAPs to this process remains unknown.

Muscle satellite cells and cancer treatment

MuSCs, first discovered in 1961 (Mauro, 1961), are muscle stem cells
indispensable for muscle growth, maintenance, and regeneration (Bachman &
Chakkalakal, 2021; Lepper et al., 2011). MuSCs are usually in a quiescent (dormant)
state, and are commonly identified by the expression of the paired box transcription factor
7 (Pax7) (Bentzinger et al., 2013). MuSCs reside between the basal lamina and the
sarcolemma of the myofiber (Bentzinger et al., 2013). In response to muscle injury,

MuSCs activate, enter the cell cycle, proliferate, and differentiate to fuse and donate their



nuclei with the existing myofibres (Yin et al., 2013). This process, termed myogenesis,
allows for complete regeneration of the injured muscle while a small fraction of MuSCs
return to a quiescence state to replenish the MuSC pool (Yin et al., 2013) (Figure 2).
During skeletal muscle development, MuSCs are indispensable for normal muscle growth
(Bachman et al., 2018a). Genetic deletion of MuSCs at 4-weeks of age, using a Pax7CER:
Rosa26DTA (P7DTA) mouse model, resulted in reduced cross-sectional area (CSA),
myonuclear number, and force production as early as 8-weeks of age (Bachman et al.,
2018a) and persisted to 18-weeks of age (Bachman et al., 2020). These results

emphasize the essential role of MuSCs for muscle growth during development.
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Figure 2. Schematic view of myogenesis. The expression of Pax7/Pax3 identifies
quiescent MuSCs. Upon muscle injury, MuSCs are activated and enter the cell cycle.
MuSCs express Myogenic factor 5 (Myf5) and Myogenic differentiation factor 1 (MyoD)
during proliferation and myogenic commitment. MuSCs downregulate Pax7 to
differentiate and fuse to the injured myofibre. Finally, MuSCs start the process of terminal
differentiation, expressing Myogenin (MyoG), Myogenic regulatory factor 4 (Mrf4) and

Myosin heavy chain (MHC). To support future regenerative processes and maintain long-



term skeletal muscle function and integrity, a small fraction of MuSCs return to a quiescent

state and replenish the quiescent pool.

Preclinical models have highlighted the effect of cancer treatment on MuSC
content and how cancer therapy-induced alterations to MuSCs contributes to muscle
pathology (Bachman et al., 2020; Paris et al., 2020). Early studies utilizing radiation
exposure on skeletal muscle showed that radiation prevented increases in muscle weight
and CSA following compensatory hypertrophy by synergistic muscle ablation (SA,
Gastrocnemius and soleus muscles are removed, resulting in compensatory hypertrophy
of the plantaris muscle) (Rosenblatt & Parry, 1992). Further, radiation exposure in one
hindlimb followed by mechanical overload using SA or 90 days prevents muscle growth
compared to the non-irradiated muscle (Adams et al., 2002). Findings from these early
studies suggested that MuSCs are necessary for muscle hypertrophy.

Adult skeletal muscle is less susceptible to MuSC loss during cancer treatment
than juvenile skeletal muscle (Bachman et al.,, 2020). Indeed, Scaramozza and
colleagues showed a subpopulation of MuSCs in adult mice that highly express the
transcription factor paired box transcription factor 3 (Pax3) be somewhat radioresistant
and contribute to partial muscle regeneration following radiation exposure (Scaramozza
et al., 2019). Conversely, in prepubertal/lyoung mice, radiation therapy causes an
immediate reduction in MuSC content, decreasing myonuclear number, CSA, and loss of
muscle mass (Bachman et al., 2020). Radiation treatment in mice inoculated with a RMS
cell line (M3-9-M cells) resulted in a decrease in MuSCs content, CSA, and myonuclear

number and these effects were exacerbated when chemotherapy was combined with



radiation (Paris et al., 2020). Therefore, radiation-induced MuSC ablation in skeletal
muscle has demonstrated the essential role of MuSCs for muscle growth during
development (Bachman et al., 2020; Paris et al., 2020). As such, MuSC depletion has
been established as a mechanism responsible for impaired skeletal muscle growth
following radiation exposure.

MuSC transplantation alone has not successfully mitigated radiation-induced
muscle defects, likely due to faulty MuSC engraftment (Boldrin et al., 2012). Scaramozza
and colleagues showed that the radioresistant MuSC subpopulation expressing Pax3
retain their stem cell potential when transplanted into a pre-irradiated, and injured muscle;
however, muscle regeneration was significantly impaired (Scaramozza et al., 2019).
Further, MuSCs transplanted into irradiated skeletal muscle have significantly higher
regenerative potential when transplantation occurs immediately following radiation rather
than waiting several weeks (Boldrin et al., 2012). Together, these results suggest that
alterations induced by radiation in the muscle niche contributes to impairments in skeletal
muscle regeneration, and MuSC transplantation alone cannot resolve these alterations.
Thus, identifying alterations in the muscle niche due to cancer treatment may lead to new

therapies that reduce negative skeletal muscle effects of therapy.

Fibro-adipogenic progenitors in skeletal muscle homeostasis and

pathology
FAPs are muscle-resident, non-myogenic progenitor cells that share phenotypic
and functional characteristics with mesenchymal progenitor cells from other tissues in the

body (Boppart et al., 2013). FAPs are identified in mice and humans by the expression



of PDGFRa (also known as cluster of differentiation 140a (CD140a)) (Uezumi et al.,
2010), with further identification by Stem cell antigen-1 (Sca-1) in mice (Joe et al., 2010),
or the cluster of differentiation 90 (CD90) in humans (Farup et al., 2021). FAPs are not
myogenic themselves; however, they support muscle maintenance and regeneration by
regulating MuSC proliferation and differentiation via paracrine mechanisms (Joe et al.,
2010; Uezumi et al., 2010; Wosczyna et al., 2019). Indeed, genetic FAP depletion impairs
muscle regeneration leading to muscle fibrosis (Santini et al., 2020). In response to
muscle damage, FAPs activate and proliferate sensing cytokines, such as interleukin-4
(IL-4), IL-15, and IL-13 released by immune cells (Heredia et al., 2013; Kang et al., 2018;
Moratal et al., 2018). In turn, FAPs secrete different trophic factors such as Follistatin
(FST), Insulin-like growth factor 1 (IGF-1), IL-6, WNT1-inducible-signalling pathway
protein 1 (WISP-1), and Bone Morphogenetic Protein 3 (BMP3) to support MuSC
proliferation and differentiation (Joe et al., 2010; Lukjanenko et al., 2019; Uezumi et al.,
2010, 2021). FAPs also interact with immune cells (Kastenschmidt et al., 2021; Kuswanto
et al., 2016) and endothelial cells (Santini et al., 2020), to indirectly support myogenesis.
Pro-regenerative immune cells prevent pathological FAP expansion during regeneration
by releasing Tumour necrosis factor alpha (TNF-a), causing FAP apoptosis. (Lemos et
al., 2015). Collectively, these data support the importance of FAP communication with
different cell types in the muscle niche that can determine proper MuSC function and
regeneration.

FAPs are multipotent cells with the capacity to differentiate into myofibroblast,
adipocytes, or osteocytes/chondrocytes in vitro and in vivo (Contreras et al., 2021) (Figure

3). Interestingly, in muscle pathologies characterized by excessive ECM deposition, FAP
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content is generally increased, and they accumulate in fibrotic areas (Gonzalez et al.,
2017; Hogarth et al., 2019; leronimakis et al., 2016; Uezumi et al., 2014). In mdx mice, a
model of Duchenne muscular dystrophy, FAPs differentiated into Collagen I-producing
myofibroblasts confirming their fibrogenic potential in vivo (Uezumi et al., 2011). TGF-B1
signalling is one of the main signalling pathways involved in FAP fate decision (Giuliani
et al., 2021). Immune cells secrete TGF-B1 upon muscle injury, promoting transient FAP
proliferation and survival to support MuSC myogenic commitment. (Contreras et al., 2019;
Juban et al., 2018; Lemos et al., 2015; Theret et al., 2022). Conversely, the persistent
increase in TGF-B1 signalling in muscle pathologies promotes FAP differentiation into
myofibroblast (Ismaeel et al., 2019; Piersma et al., 2015). Given the divergent roles FAPs
play in muscle regeneration and pathology, recent interest in the field has focused on

their heterogeneity to discriminate pro-regenerative from pro-fibrotic subpopulations.
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Figure 3. Fibro-adipogenic progenitors are multipotent. Fibro-Adipogenic Progenitors
(FAPs) are muscle-resident stromal cells with multi-lineage differentiation potential. FAPs
can differentiate into adipocytes, myofibroblast, or osteocytes- chondrocytes in vitro and

in vivo.

FAP fate depends on signals received from their microenvironment (Camps et al.,
2020; Leinroth et al., 2022). By analyzing gene expression in single cells, Puri’s Lab first
explored FAP heterogeneity by using a dynamic qPCR array at a single-cell level
(Malecova et al., 2018). The authors showed that a Tie2* (Angiopoietin-1 receptor)-FAP
subpopulation was associated with muscle growth and angiogenesis. Conversely, during
acute and chronic muscle regeneration, an increase in activated Vcam1* (Vascular cell
adhesion molecule 1)-FAP was associated with muscle fibrosis (Malecova et al., 2018).
This study was the first to reveal the distinct cell state that FAPs exhibit during muscle
growth, regeneration, and disease.

Next-generation sequencing (NGS) technology, such as single-cell RNA
sequencing (scRNA-seq), has brought advantages by measuring hundreds of thousands
of transcripts within individual cells, providing valuable insights into cell heterogeneity and
cell-cell communication in various tissues (Vallejos, 2019) including skeletal muscle (De
Micheli et al., 2020; Dell’Orso et al., 2019; Fan et al., 2021; Farup et al., 2021; Krasniewski
et al., 2022; Leinroth et al., 2022; McKellar et al., 2021). The application of scRNA-seq
technology in mouse models of skeletal muscle regeneration (De Micheli et al., 2020;

Oprescu et al., 2020; Rubenstein et al., 2020), and human skeletal muscle (Farup et al.,
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2021) has identified diverse FAP subpopulations. Oprescu and colleagues, by using
scRNA-seq analysis, identified two FAP subpopulations expressing Chemokine ligand 14
(Cxcl14), and Dipeptidyl peptidase-4 (Dpp4) in uninjured muscles (Oprescu et al., 2020).
After skeletal muscle injury, an activated FAP expressing Odd-skipped related
transcription factor 1 (Osr1) gives rise to the Dpp4 and Cxcl14 FAP subpopulation found
in uninjured muscle (Leinroth et al., 2022), confirming the previous findings described by
Oprescu and colleagues. A small subpopulation of quiescence FAP has been identified
by the expression of Hypermethylated in cancer 1 (Hic1) in intact skeletal muscles (Scott
et al.,, 2019). Furthermore, genetic Hic1*-FAP ablation leads to FAP activation and
proliferation, which impairs muscle regeneration (Scott et al., 2019). Emerging scRNA-
seq studies have recently focused on mouse disease models (Camps et al., 2020; Saleh
et al., 2022). Interestingly, in mdx mice, CD55 (Complement decay-accelerating factor)-
FAPs promote adipogenesis, while CD142 (Tissue factor)-FAPs inhibit adipogenesis and
have a pro-fibrotic phenotype (Camps et al., 2020). In adults with type 2 diabetes, Farup
and colleagues identified a FAP subpopulation expressing CD90 with high expression of
collagen genes, contributing to muscle fibrosis (Farup et al., 2021). Together, growing
evidence revealed transcriptional heterogeneity in FAPs during muscle regeneration and
diseases. However, radiation exposure is a type of injury that does not cause immediate
structural damage to skeletal muscle, compared with the constant membrane disruption
occurring during regeneration and in dystrophic muscles. Therefore, determining the
extent to which FAP heterogeneity contributes to radiation-induced muscle pathology will

provide cellular clues to prevent the detrimental effects of radiation in cancer survivors.
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Exercise training in cancer survivors

Children who receive cancer treatment experience reductions in their daily
physical activity, cardiorespiratory capacity, muscle strength, and muscle mass (Ness et
al., 2009). Furthermore, cancer survivors experience increased frailty, which increases
the likelihood of chronic disease, and induces a premature aging-like phenotype
(Oeffinger & Hudson, 2004). As adults, 80% of juvenile cancer survivors experience
health complications, such as muscle atrophy and fibrosis, due to treatment (Oeffinger et
al., 2006). These long-term health complications experienced by juvenile cancer survivors
have led to different strategies, such as exercise training, to prevent or mitigate the
treatment-related adverse effects in the muscle niche (Garcia & Thomson, 2014).

Exercise training is an effective non-pharmacological strategy to improve muscle
strength, and cardiovascular fitness among cancer survivors and patients, leading to a
better quality of life (Garcia & Thomson, 2014). Resistance and endurance training are
two distinct exercise modalities that exert different cellular and functional muscle
responses and are potent modulators of skeletal muscle adaptation (Hughes et al., 2018).
Resistance exercise programs have been applied to counteract muscle atrophy, and
strength loss in cancer survivors, improving their autonomy and quality of life (al-Majid &
McCarthy, 2001; Garcia & Thomson, 2014; Tong et al., 2020). On the other hand, aerobic
exercise during cancer treatment improves cardiorespiratory fitness (Bourdon et al.,
2018), and time to exhaustion during the maximal aerobic test in pediatric cancer
survivors (Sharkey et al., 1993). The American College of Sports Medicine (ACSM)
suggests that cancer patients and survivors should perform a combination of RET

(Campbell et al., 2019). Unfortunately, the exercise guidelines for this type of training
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modality rely on studies conducted on adult survivors of breast and prostate cancer
(Campbell et al., 2019). However, no specific RET guidelines currently exist for juvenile
patients and survivors, and the mechanisms for the beneficial effects of exercise in cancer
survivors have yet to be determined.

In non-cancer models and patients, cellular mechanisms highlight how these two
exercise modalities, in part, improve muscle function and health by providing beneficial
cues to the muscle niche (Bazgir et al., 2017). Resistance training induces MuSC
proliferation and promotes myonuclear accretion, contributing to muscle hypertrophy
(Murach et al., 2021). Resistance training also increases FAP content in humans, which
was associated with myogenic differentiation markers (Farup et al., 2015). Similarly,
endurance training induces MuSC activation and proliferation; without muscle
hypertrophy (Masschelein et al., 2020) and increases FAP content in juvenile mice
(D’'Souza et al., 2019). Interestingly, a novel murine model of RET showed a robust
hypertrophic response and MuSC expansion in healthy and aged mice (Dungan et al.,
2019; Englund et al., 2021). However, whether RET can prevent the long-term muscle

defects of juvenile cancer and therapy remains unknown.
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Statement of the Problem

Cancer treatment-induced muscle pathology among juvenile cancer survivors
commonly manifests as muscle atrophy and fibrosis. Healthy muscles require FAPs for
proper muscle maintenance and regeneration. Conversely, FAPs are associated with
exacerbated ECM deposition in different muscle pathologies resulting in muscle fibrosis.
Exercise training induces beneficial health outcomes by preventing muscle atrophy and
improving cardiovascular fitness in cancer patients and survivors. It remains unknown;
however, whether FAP dysfunction contributes to radiation-induced muscle pathology
and whether RET represents an effective exercise modality to prevent the long-term
muscle defects of juvenile cancer survivors. Therefore, identifying the cellular source and
mechanisms behind radiation-induced muscle pathology is crucial for developing and
implementing novel strategies to prevent or delay cancer treatment-induced muscle
defects and preserving long-term health and physical performance of survivors. These
findings will significantly impact Canadians by improving the health of the growing

population of long-term juvenile cancer survivors.
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Aims and Hypotheses

This thesis aims to understand the role of FAPs in cancer treatment-induced
muscle pathology and determine if RET is an effective treatment for preventing long-term
muscle defects resulting from juvenile cancer therapy. This thesis is divided into three
major sub-aims:

Sub-Aim 1: To characterize the effects of radiation on skeletal muscle architecture and
muscle niche cells. We hypothesize that radiation will induce long-term detriments to
muscle morphology characterized by muscle atrophy, fibrosis, and FAP dysfunction.

Sub-Aim 2: To identify transcriptional changes at the single-cell level induced by radiation
and how these changes may influence cell-cell communication with the muscle
microenvironment. We hypothesize that radiation will increase cell-cycle arrest genes
such as cyclin-dependent kinase inhibitor 1(Cdkn1a) in different cell types in the muscle
niche. With respect to FAPs, we hypothesize that radiation will increase their long-term
fibrotic gene expression. Further, we expect to identify novel intercellular signalling
pathways for future interrogation that could explain radiation-induced atrophy and fibrosis.
Sub-Aim 3: To determine the role of RET in preventing skeletal muscle atrophy and
fibrosis in juvenile cancer plus therapy. We hypothesize that RET will prevent muscle
atrophy and fibrosis induced by juvenile RMS plus therapy by restoring cellular

components and inflammatory/fibrotic gene expression in the MuSC niche.
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Abstract

Background: Radiation-induced muscle pathology, characterized by muscle atrophy and
fibrotic tissue accumulation, is the most common debilitating late effect of therapeutic
radiation exposure particularly in juvenile cancer survivors. In healthy muscle,
fibro/adipogenic progenitors (FAPs) are required for muscle maintenance and
regeneration, while in muscle pathology FAPs are precursors for exacerbated
extracellular matrix (ECM) deposition. However, the role of FAPs in radiation-induced
muscle pathology has not previously been explored.

Methods: Four-week-old Male CBA or C57BI/6J mice received a single dose (16 Gy) of
irradiation (IR) to a single hindlimb with the shielded contralateral limb (CLTR) serving as
a non-IR control. Mice were sacrificed 3-, 7-, 14- (acute IR response), and 56-days post-
IR (long-term IR response). Changes in skeletal muscle morphology, myofiber
composition, muscle niche cellular dynamics, DNA damage, proliferation, mitochondrial
respiration, and metabolism and changes in progenitor cell fate where assessed.
Results: Juvenile radiation exposure resulted in smaller myofiber cross-sectional area
(CSA), particularly in type | and IIA myofibres (p<0.05) and reduced the proportion of type
| myofibres (p<0.05). Skeletal muscle fibrosis (p<0.05) was evident at 56-days post-IR.
The IR-limb had fewer endothelial cells (p<0.05) and fibro-adipogenic progenitors (FAPS)
(p<0.05) at 56-days post-IR. Fewer muscle satellite (stem) cells (MuSCs) were detected
at 3- and 56-days in the IR-limb (p<0.05). IR induced FAP senescence (p<0.05),
increased their fibrogenic differentiation (p<0.01), and promoted their glycolytic
metabolism. Further, IR altered the FAP secretome in a manner that impaired MuSCs

differentiation (p<0.05) and fusion (p<0.05).
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Conclusions: Our study suggests that following juvenile radiation exposure, FAPs
contribute to long-term skeletal muscle atrophy and fibrosis. These findings provide
rationale for investigating FAP-targeted therapies to ameliorate the negative late effects

of radiation exposure in skeletal muscle.
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Introduction

Cancer survivorship is steadily increasing such that 82% of children and >2/3 of
adults diagnosed with cancer will survive beyond five years." Radiation therapy is a
standard treatment for over 50% of cancer patients; however, the negative consequences
of radiation exposure to healthy tissues results in debilitating long-term consequences in
cancer survivors.? Skeletal muscle was traditionally believed to be radiation resistant due
to its post-mitotic nature. Recent evidence indicates that radiation-induced muscle
pathology, characterized by atrophy, fibrosis, hypoplasia, and contracture,>! is
experienced by 80% of cancer survivors.S?2 These late skeletal muscle effects have
serious consequences including weakness and reduced mobility leading to morbidity and
disability.5®> The lack of effective therapies to prevent the detrimental muscular
consequences of radiation therapy is a critical gap in cancer survivorship that affects the
long-term health and physical performance of survivors.

Skeletal muscle growth, maintenance, and repair depends on complex and
dynamic interactions between muscle satellite (stem) cells (MuSCs) and their niche.S*
MuSCs reside in a quiescence state and are located between the basal lamina and the
cell membrane of the muscle fibre.S® During skeletal muscle development, MuSCs are
indispensable for normal muscle growth,? and lifelong maintenance.* Preclinical models
have shown the effect of cancer treatment on skeletal muscle and MuSC content.*" In
prepubertal mice, radiation therapy causes an immediate reduction in MuSC content
resulting in a decrease in myonuclear number, cross-sectional area (CSA), and loss of
muscle mass.* Strategies to mitigate radiation damage by replacing lost MuSCs via

transplantation have had limited clinical success,>® even when a relatively small
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population of radiation-resistant MuSCs are transplanted.? These results suggest that the
alteration induced by radiation in the muscle niche contribute to impaired skeletal muscle
growth in juvenile cancer survivors.

The MuSC niche consists of several mononuclear cell populations that contribute
to muscle growth and regeneration. Vascular endothelial cells (ECs) are important for
maintaining MuSCs stemness, and controlling the infiltration of immune cells,S”58 which
are critical regulators of the inflammatory and regenerative response following muscle
injury.®S° Mesenchymal progenitors, also known as fibro-adipogenic progenitors (FAPs),
are muscle resident, non-myogenic progenitor cells identified by the expression of
platelet-derived growth factor receptor alpha (PDGFRa).'%'" FAPs provide pro-myogenic
signals essential for muscle growth, maintenance, and regeneration.'"'? First described
as regulators of myogenic differentiation during regeneration,'® recent work has identified
arole for FAPs in myoblast activation,’® muscle growth,'4510.51 and maintenance.' FAPs
regulate these processes primarily via paracrine mechanisms'®-5'2 with pro-myogenic
subpopulations beginning to be identified.'”'® Specific paracrine factors secreted by
FAPs that promote myogenesis include bone morphogenic protein 3B (BMP3B),"® WNT1
inducible signaling pathway protein 1 (WISP1),"® and follistatin.?® Conversely, under
pathological conditions, FAPs directly contribute to fibrotic and fatty tissue accumulation
in skeletal muscle'®'2'5 via their differentiation into myofibroblast, adipocytes, or
osteocytes/chondrocytes.?! Indeed, in diverse muscle pathologies, with excess ECM
deposition, FAPs expand, and localize in rich fibrotic areas has been observed.?2-24.513,514
In a murine model of pediatric cancer plus radiation therapy, an increase in inflammatory

and pro-fibrotic genes was observed,'* accompanied by lifelong muscle fibrosis.?® At the
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cellular level, activated myofibroblasts, derived from FAPs, express stress fibres with
highly contractile properties, and are mainly responsible for ECM synthesis, and
deposition,S'> have been implicated in skeletal muscle fibrosis.S'® However, FAPs' role in
radiation-induced muscle pathology has not previously been examined. Thus, the present
study aimed to characterize the effects of radiation on skeletal muscle architecture and
different cell population in the muscle niche with a specific focus on determining the role

of FAPs in a juvenile model of radiation-induced muscle fibrosis.
Methods

Additional and complete description of the protocols are included in the extended
methods section available in the supporting information.
Mice and ethics statement

The present study was conducted in accordance with guidelines established by
the Canadian Council on Animal Care and received ethical approval from the University
of Ottawa Animal Care and Veterinary Service Committee. Mice were housed in a
pathogen-free environment (22-25 °C, 30 % humidity, and a 12-hour light: dark cycle) and
were supplied with food and water ad libitum. Four-week-old male C57Bl/6J (#000664)
mice and male CBA (#000656) mice were purchased from The Jackson Laboratory. An
acclimatization period of one week was allowed for mice prior to experiments.
Acute radiation exposure

One hindlimb of four to five-week-old CBA or C57BI/6J male mice was exposed to
a single dose (16 Gy)?® of in vivo irradiation (in vivo-IR) (X-RAD 320, Precision X-Ray
Irradiation, North Branford, CT); while the rest of the body was lead-shielded and

contralateral limb served as the non-IR control (CLTR). Mice were anesthetized by
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constant administration of isoflurane and oxygen throughout the irradiation procedure.
Mice underwent daily evaluation by animal facility staff following radiation exposure and
were sacrificed at 3-, 7-, 14-, and 56-days post-IR (n=6-8/day, Figure 1A). For in vitro
irradiation (in vitro-IR) experiments, a single dose of 1 Gy was applied to cells."’
Tissue collection

The gastrocnemius/soleus (Gas/sol) complex was resected and divided for
immunofluorescence analysis by embedding in optimal cutting temperature (OCT, Cat#
4585, Fisher Scientific) compound prior to flash freezing in liquid nitrogen-cooled
isopentane (Cat# 277258-1L, Sigma-Aldrich), or flash frozen for western blot analysis and
stored immediately at -80°C, or weighed for immediate processing for fluorescence-
activated cell sorting (FACS) and/or flow cytometry analysis.
Histochemical and immunofluorescent analysis

From the mid-belly of the gastrocnemius, 10 pm-thick sections were cut and
mounted on a Premium Frosted Microscope Slides (Cat# 12-544-2, Fisher Scientific)
using an HM 525 NX-2210 cryostat. Masson's Trichrome staining was conducted by the
Histology Core and the University of Ottawa as previously described.?” A complete
description of immunofluorescent protocols for Pax7, PDGFRa, CD31, F4/80, and CD206
are provided in the extended methods.
FACS and Flow cytometer

For FACS and flow cytometry analysis, skeletal muscle was prepared as
previously described with some modifications (see extended methods).S'®
Protein extraction and western blot analysis

Western blot analysis was performed as previously described.?®
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EdU incorporation assay

For in vitro 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay, cells were seeded
and incubated with 10 uM of EdU for 72 hours. Click-iT EAU Assay Kits (Ca# C10337,
Thermo Fisher Scientific) was performed according to the manufacturer’s instructions.
Images were acquired by CellDiscoverer7 microscope (ZEISS) and analyzed by a semi-
automated pipeline using Zen Blue (v. 2.6) software.
FAPs and C3H/10T1/2 cell culture and differentiation

Sorted primary FAPs were resuspended in DMEM High Glucose (Cat# 319-005-
CL, Wiset Bioproducts), 20% FBS (Cat# 12483-020, Thermo Fisher Scientific), bFGF (5
ng/ml, Cat# F0291, MilliporeSigma), and 100 U/ml penicillin/streptomycin (P/S) (Cat#
15140-122, Thermo Fisher Scientific). C3H/10T1/2, a mesenchymal stem progenitor cell
line (ATCC, Clone 8 Cat# CCL-226™), was used as an in vitro model of FAPs.
C3H/10T1/2 were culture in DMEM High Glucose, 10% FBS, and 100U/ml P/S. FAP and
C3H/10T1/2 adipogenic differentiation was initiated by applying MesenCult™ Adipogenic
Differentiation Kit (Cat# 05507, Stemcell Technologies) for 3 days followed by adipogenic
maintenance medium for 2 additional days (1 pg/ml insulin, Cat# 19278, MilliporeSigma).
Fibrogenic differentiation of FAPs and C3H/10T1/2 cells was accomplished by culturing
in DMEM high glucose, 2% horse serum, 5ng/ml of TGFB-1 (Cat# 100-21, PeproTech),
and 100U/ml P/S.
MuSCs culture and differentiation

Freshly FACS sorted MuSCs were cultured in growth media consisting of DMEM
high glucose, 20% FBS, bFGF (5 ng/ml, Cat# F0291, MilliporeSigma), and 100U/ml P/S.

Differentiation media for primary MuSCs consisted of DMEM low glucose (Cat#319-010-
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CL, Wiset Bioproducts), 2% Horse Serum (Cat# 16050122, Thermo Fisher Scientific),
and 100U/ml P/S.
DNA damage assay

Cells were fix in 4% PFA at 15 minutes and 24 hours after in vitro-IR. Anti-phospho-
Histone H2A.X (Ser139) (Cat# 9718T, Cell Signaling Technology) was applied and the
nuclei were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI) (Cat# D9542,
Sigma-Aldrich).
Stress fibres assay

Fibrogenic differentiation was induced as described above then cells were fixed
with 4% PFA for 10 minutes at room temperature, and permeabilized with 0.5% Triton X-
100 for 5 minutes. Cells were incubated with block solution (10% FBS, 0.1% Triton X-100
in 1x PBS) for 1 hour. Primary antibody for alpha-smooth muscle actin (aSMA) was
applied and incubated overnight at 4°C. Secondary antibody Alexa Fluor 594-Goat Anti-
Mouse (Cat# A11005, Invitrogen) was used to visualize stress fibre formation and nuclei
were counterstained with DAPI. Stress fibre formation was analyzed from line profilesS'®
with Fiji software.
Oxidative stress assay

Cells were exposed to in vitro-IR and resuspended in media containing CellROX™
Green reagents (Cat# C10444, Thermo Fisher Scientific) at a final concentration of 5 yM
at 37°C for 30 minutes according to manufacturer’s instructions.
Senescence assay

Senescence-associated [-Galactosidase (SA-B-Gal) staining was performed

according to manufacturer’s instructions (Cat# 9860, Cell Signaling Technology).
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MitoTracker Green

FAPs were plated at a density of 0.5 x 108 cells in a 35 mm glass bottom cell culture
dish (Cat# 627860, Greiner Bio-One) and stained with MitoTracker Green FM (Cat#
M7514, Invitrogen) according to manufacturer’s instructions.
Bioenergetic analysis

FACS-isolated FAPs were immediately plated on Seahorse XFe96 Microplates
(Cat# 101085-004 Agilent Technologies) at 1.0 x 10° cells/well. In vitro-IR was applied
with non-irradiated FAP cell cultures used as control (CON). After 24 hours cellular
bioenergetics were evaluated using the Seahorse XFe96 Analyzer as previously
described.?8
DNA isolation and qPCR

The mitochondrial to nuclear DNA ratio was determined as previously described
with minor modifications (see extended methods).52°
Low-High glucose assay

C3H/10T1/2 cells were cultured in low glucose DMEM (1 g/L) or high glucose
DMEM (4.5 g/L), respectively, for 24 hours and aSMA staining was performed for stress
fibres visualization.
FAP-derived conditioned media experiment

FAPs and MuSCs were freshly isolated from the IR and the CLTR limb at 3- and
56-days post- in vivo-IR by FACS. After three days of culture, conditioned media (CM)
from IR-FAPs or CLTR-FAPs were recovered. CM was centrifuged to remove dead cells

at 600 x g for 5 minutes and applied to non-irradiated primary myoblast (CON) with
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differentiation media (50:50 volume/volume) as previously described.®® Following three
days in culture, myotubes were fixed and stained for Myosin Heavy Chain (MyHC).
Statistical analyses

Analyses were conducted by an investigator blinded to the experimental group.
Values are expressed as mean * standard error of the mean (SEM). The number of
biological replicates (n) for each experiment isindicated in the figure legend.
Comparisons between IR and CLTR limbs were performed using paired Student’s t-tests.
Comparisons between IR and CON cells were performed using unpaired Student’s t-
tests. Changes over time were performed using one-way ANOVAs. A p value of <0.05
was considered statistically significant. Statistics and graphs were prepared using

GraphPad Prism version 8.0.1 software (GraphPad Software).

Results

Radiation induces long-term myofibre atrophy and a lower proportion of type |
muscle fibres

Myofibre characteristics were evaluated at several timepoints following in vivo-IR.
IR significantly reduced myofibre CSA at 3-, 14-, and 56-days post-IR compared to CLTR
(Figure 1B) with significantly more smaller diameter fibres at 3-, 14-, and 56-days post-IR
(Figure 1C). Similarly, myonuclear domain was significantly smaller in the IR-limb at 3-,
and 56-days post-IR (Figure 1D). Type | and type IlA fibre CSA were significantly smaller
at 56-days post-IR, with no change in type |IB fibore CSA (Figure 1E). Further, a smaller
proportion of type | fibres was detected in the IR limb at 56-days post-IR with no
differences in type IIA or IIB proportion (Figure 1E). Mice had higher body weight at day

56 compared to 3-, 7-, and 14-days (Figure S1A) with no changes in Gas/sol weight per
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body weight (g/g) (Figure S1B) or myofibre content (Figure S1C). There was a trend for

fewer myonuclei per fibre at 56-days (p=0.09, Figure S1D).
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Figure 1. Radiation induces muscle atrophy particularly in oxidative fibres.

(A) Experimental design. (B) Gas/sol muscle complex CSA at 56-days post-IR, Laminin
staining (red), color-coded CSA to visualize changes in myofiber size. Scale bar: 500 ym,
and fibre CSA (um?). (C) Muscle fibre distribution after 3-, 7-, 14-, and 56-days post-IR.
(D) Myonuclear domain, and representative image of CSA. Laminin (red), DAPI (blue).
Scale bar 100 ym. (E) Representative image of myosin heavy chain (MyHC) staining,
type | fibres (red), type lIA (green), type 1I1B (black) at 56-days post-IR, fibre type CSA and
% of muscle fibre type at 56-days post-IR. *p < 0.05, **p < 0.01; Paired Student’s t-test

between CLTR and IR at each timepoint (n=6-7).

Radiation induces long-term muscle fibrosis independent of sustained p-SMAD3
signalling

To confirm previous studies showing that IR-induces long-term muscle fibrosis,?%26
Mason’s trichrome staining was performed and fibrotic signalling pathways were
evaluated using western blot analysis. Muscle fibrosis was significantly higher in the IR
limb versus the CLTR limb at 56-days but not 14-days post-IR (Figure 2A). Significantly
higher levels of the fibrotic markers fibronectin and a-smooth muscle actin (aSMA)S2!
were detected at 56-days post-IR (Figure 2B). SMAD3 phosphorylation, a well know
downstream target of the transforming growth factor 31 (TGF-1) and a critical regulator
of fibrosis,S?? was significantly elevated at 3-days post-IR but returned to CLTR levels at

56-days post-IR (Figure 2B).
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Figure 2. Radiation increases long-term muscle fibrosis independent of sustained
p-SMAD3 signalling.

(A) Representative image of Masson trichrome stain of muscle cryosections, and
quantification of trichrome intensity per area of ROI. (B) Representative western blots of
fibronectin, p-SMAD3, t-SMAD3, aSMA, and Ponceau S at 3- and 56-days post-IR.
Quantification of fibronectin, aSMA, and p-SMAD3 protein expression. Scale bar: 200 um

(A). *p < 0.05, **p < 0.01; Paired Student’s t-test between CLTR and IR at each timepoint

(n=4-8).
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Radiation depletes skeletal muscle endothelial cells, MuSCs, and FAPs

To explore the effect of juvenile radiation exposure on various mononuclear cell
populations in muscle, flow cytometry analysis was performed (Figure S2A-B). We
detected significantly fewer endothelial cells at 56-days in the IR limb with no change in
hematopoietic cells versus CLTR (Figure 3A). We also detected significantly fewer
MuSCs at 3-, and 56-days in IR versus CLTR, while FAPs were significantly lower at 56-
days only in IR versus CLTR (Figure 3B). Our flow cytometry analyses were confirmed
by immunofluorescence imaging showing significantly lower capillary to fibre ratio at 56-
days in IR versus CLTR, with a trend for fewer CD31" cells/area at 56-days in IR versus
CLTR (p=0.06, Figure S3A). Additional immunofluorescence analysis revealed
significantly more macrophages in IR versus CLTR at 3-days post-IR but not at 56-days
(Figure S3B), with significantly fewer ‘M1’ macrophages at 14-days in IR versus CLTR,
and significantly more ‘M2’ macrophages at 3- and 7-days in IR versus CLTR (Figure
S3B). Immunofluorescence further confirmed our MuSC and FAP flow analyses as
significantly fewer MuSCs were present in IR versus CLTR at 7-, 14-, and 56-days (Figure
3C), while significantly fewer FAPs were detected at 14- and 56-days in IR versus CLTR

(Figure 3D).
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Figure 3. Radiation depletes endothelial cells, MuSCs, and FAPs long term.
(A) Representative flow cytometry plots of CD31*. and CD45" cells at 56-days post-IR
from CLTR and IR limb. CD31*. and CD45" cells per grams of muscle. (B) Representative

flow cytometry plots of ITGA7*. and PDGFRa" cells at 56-days post-IR from CLTR and
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IR limb. ITGA7*, and PDGFRa" cells per grams of muscle. (C) Representative image of
Pax7* cells (green), laminin (red) and DAPI (blue). Scale bar: 20 ym. Total Pax7* cells
per mm?. (D) Representative image of PDGFRa* cells (green), laminin (red) and DAPI
(blue). PDGFRa cells per mm?. *p < 0.05, **p < 0.01; Paired Student’s t-test between

CLTR and IR at each timepoint (n=5-8).

Radiation inhibits myoblast and FAP proliferation and induces acute DNA damage
signalling and cell senescence

To functionally characterize the effects of radiation on MuSCs and FAPs, we
isolated MuSCs and FAPs by FACS from in vivo-IR or CLTR limbs for in vitro
characterization of cell fate (Figure 4A and S4A-D). MuSC proliferation was significantly
impaired in IR versus CLTR at both 3-, and 56-days (Figure 4B). Conversely, FAP
proliferation was not altered at 3-days post-IR and demonstrated a trend for impairment
at 56-days in IR compared to CLTR (p=0.06, Figure 4B). The DNA damage (YH2AX foci)
response was significantly higher in MuSCs and FAPs at 15 minutes post- in vitro-IR and
remained elevated only in FAPs at 24 hours (Figure 4C). Post-in vitro-IR, MuSCs had
significantly higher cellular oxidative stress compared to CON at 15 minutes, but not at
24 hours, while with no differences in oxidative stress levels were detected in FAPs
(Figure 4D). Cellular senescence, as determined via SA-B-Gal staining at 24 hours post-

in vitro-IR, was significantly higher in IR-FAPs compared to CON-FAPs (Figure 4E).
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Figure 4. Radiation inhibits myoblast and FAP proliferation long-term and induces

acute DNA damage.
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(A) Experimental design. (B) Representative image of EAU* MuSCs and FAPs from CLTR
and IR limb from 56-days post- in vivo-IR. Percentage of EQU* MuSCs and FAPs 72 hours
after in vivo-IR. (C) Representative image of yH2AX" foci per cell, and number of yH2AX*
foci in MuSCs and FAPs 15 minutes and 24 hours post-in vitro-IR. (D) Representative
flow cytometry histogram of CellROX fluorescence in MuSCs, and FAPs after in vitro-IR.
Quantification of CelROX mean fluorescence intensity (MFI) as a % of MuSCs, and FAPs
15 minutes and 24 hours post-in vitro-IR. (E) Representative image of SA-B-Gal staining
and %of SA-B-Gal* cells. **p <0.01, ***p <0.001, ****p < 0.0001. Paired (B) and Unpaired

(C-E) Student’s t-test (n=3-5).

Radiation promotes a fibrotic phenotype in FAPs

Unlike other pro-fibrotic conditions,3'523524 we observed a reduction in FAP
content and impaired FAP proliferation following radiation; thus, we speculated that
radiation was promoting their fibrotic differentiation. /In vitro-IR FAPs (Figure 5A) were
evaluated for several markers of fibrotic differentiationS?5-52” compared to CON-FAPs
while FAPs treated with TGF-B1 (+TGF-1) served as a positive control (Figure 5B). At
72 hours following treatment, IR-FAPs and +TGF-B1-FAPs were significantly larger
(Figure 5B), had significantly more stress fibre formation per cell (Figure 5C), and had
significantly elevated SMAD3 signalling than CON (Figure 5D). Supporting our in vivo
findings, IR- and TGF-B1-treated FAPs had significantly lower PDGFRa content than

CON (Figure 5D).
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Figure 5. Radiation promotes fibrotic differentiation in fibro-adipogenic
progenitors.

(A) Experimental design. (B) Representative image of FAPs 72 hours post- in vitro-IR.
Control, Irradiated and TGF-B1 (used as a positive control). aSMA (red), DAPI (blue).
Scale bar: 20 ym. Average of cell area (um?). (C) Representative image of FAPs 72 hours
post- in vitro-IR. aSMA (gray) staining to visualize stress fibres formation. Scale bar: 20
um. Quantification of actin stress fibres per cell. (D) Quantification and representative

western blots of FAPs after 72 hours post- in vitro-IR showing, p-SMAD3, T-SMAD3,

37



PDGFRa, and Cyclophilin-B. *p < 0.05, **p < 0.01, ****p < 0.0001. Unpaired Student’s t-

test (n=4).

Radiation induces a metabolic shift in FAPs to favour glycolysis and inhibiting
glycolysis prevents myofibroblast differentiation

Previous work has linked radiation to alterations in skeletal muscle metabolism and
mitochondrial function,52%52° and metabolic changes have been found to impact FAP
fate.32333 Thus, we evaluated FAP bioenergetics at three- and 24 hours post-in vitro-IR to
determine if IR-induced alterations to FAP metabolism explained IR-induced alterations
in FAP fate. No changes in mitochondrial mass were detected in IR-FAPs compared to
CON at 24 hours post-in vitro-IR (Figure S5A). Similarly, mitochondria DNA (mtDNA) to
nuclear DNA (nDNA) ratio revealed no differences in mitochondrial biogenesis (Figure
S5B). A significant increase in mitochondrial membrane potential was observed in IR-
FAPs compared to CON, being also significantly high when normalized for mitochondrial
mass in IR-FAPs compared to CON (Figure 6A). Qualitatively, we observed consistently
more fragmented mitochondria, a marker of increased glycolytic metabolism34, at 24
hours, in IR-FAPs compared to CON (Figure 6A). Seahorse assay revealed that in vitro-
IR-FAPs had higher glycolytic capacity and lower oxygen consumption rate/extracellular
acidification rate (OCR/ECAR) ratio at maximal respiration versus CON (Figure 6B).
Differences in oxidative capacity and ATP production were not detected; however,
significantly lower proton leak was detected in IR-FAPs versus CON (Figure 6C). Next,
we asked if directly altering glycolysis promoted FAP fibrotic differentiation. After inhibiting
glycolysis with 2-Deoxy-D-Glucose (2-DG), we observed a significant reduction in stress

fibre formation following in vitro-IR (Figure 6D). Conversely, no changes in stress fibre
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formation were found when oxidative phosphorylation activity is inhibited by Oligomycin.
To increase glycolysis while maintaining oxidative metabolism, as observed in our in vitro-
IR model, we manipulated glucose levels in the media with high glucose media
representing a condition where glycolysis and oxidative metabolism are activated, and
low glucose media where glycolysis activity decreases while oxidative metabolism
remains active.S30-53! Under these conditions and 24 hours post-in vitro-IR, we detected
significantly more stress fibre formation under high glucose conditions compared to the

low glucose condition (Figure 6E).
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Figure 6. Radiation induces a metabolic shift in FAPs to favour glycolysis and
inhibiting glycolysis prevents myofibroblast differentiation.

(A) TMRM Fluorescence Intensity and TMRM Fluorescence Intensity normalized by
mitochondrial mass (MitoTracker Green) from FAPs followed 24 hours post-in vitro-IR.
Representative image of MitoTracker Green staining 24 hours post-in vitro-IR showing
elongated and fractionated mitochondria. Scale bar: 20 um, Scale bar Zoom in: 2 ym. (B)
Extracellular acidification rate (ECAR), glycolytic capacity, OCR/ECAR ratio at maximal
respiration, and OCR/ECAR ratio at basal respiration. (C) Oxygen consumption rate
(OCR), ATP production, and Proton Leak. (D) Number of actin stress fibre from 24 hours
post-in vitro-IR on C3H/10T1/2 cells treated with 2-DG or oligomycin. (E) Representative
image of aSMA* cells and number actin stress fibre followed low or high glucose
treatment on C3H/10T1/2 cells Scale bar: 50 ym. *p < 0.05, **p < 0.01, ****p < 0.0001.

Unpaired Student’s t-test (n=3-7).

Radiation alters the FAP secretome to inhibit myoblast differentiation and fusion
To determine if the observed cell-intrinsic changes to FAPs exposed to IR impaired
their role in regulating myoblast fate via paracrine mechanisms, we conducted a
conditioned media experiment where conditioned media from IR or CLTR FAPs isolated
at 3- and 56-days post- in vivo-IR was mixed with non-irradiated primary myoblasts in
differentiation media (50:50 v/v)3® (Figure 7A). Myoblast differentiation and fusion was
evaluated by myosin heavy chain and DAPI co-immunocytochemistry (Figure 7B).
Conditioned media from 56-day isolated IR-FAPs impaired myoblast differentiation
compared to 56-day isolated CLTR-FAPs (Figure 7B, p<0.05) with no differences

between 3-day isolated IR-FAP and CLTR-FAP conditioned media. Further, conditioned
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media from both 3- and 56-day isolated IR-FAPs significantly reduced the number of
myotubes per area, myoblast fusion index, and the number of nuclei per myotube (Figure
7B) compared to CLTR. Despite these differences in myoblast differentiation and fusion,
conditioned media (50:50 v/v) from 3- or 56-day isolated IR-FAPs did not reduce myoblast
content, as determined by the total number of nuclei, compared to CLTR (Figure S6A). In
a separate experiment, we applied conditioned media from the above groups to
differentiated myotubes to determine if conditioned media from IR-FAPs induced myotube
atrophy (Figure S6B). Conditioned media from IR-FAPs did not change myotube diameter

or the proportion of myotubes of different diameters compared to CLTR (Figure S6B).
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Figure 7. Radiation alters FAPs secretome to inhibit myoblast differentiation and
fusion.

(A) Experimental design. (B) Representative image on MyHC staining. MyHC (green),
and DAPI (blue). Quantification of differentiation index, myotube per mm?, fusion index

and nuclei per myotubes. Scale bar: 100 um. *p < 0.05. Unpaired Student’s t-test (n=6).

Discussion

Radiation induces long-term muscle atrophy and fibrosis,S! and depletes MuSCs?®
resulting in long-term complications in cancer survivors, particularly juvenile cancer
survivors. However, the effects of radiation on mononuclear niche cells in muscle and
their role in radiation-induce fibrosis has remained relatively unexplored. The present
study addresses this gap by characterizing the effects of radiation exposure on skeletal
muscle morphology and skeletal muscle niche cells using a clinically relevant preclinical
model.?® Mice exposed to a single dose of radiation showed long-term muscle atrophy
and fibrosis, confirming clinical findings,S' and reduced MuSC content as has been
previously described.* Unlike other models of long-term skeletal muscle fibrosis,?? we
observed long-term FAP depletion in our model of radiation-induced fibrosis, similar to
what is observed in aged muscle.'®'® Interestingly, FAP depletion was associated with
increased myofibroblast differentiation and a reduction in PDGFRa content, which may
have been driven by increased glycolytic metabolism. Further, radiation induced FAP
senescence and altered their secretome in a manner that inhibited myoblast

differentiation. Collectively, our data indicate FAPs as a potential cellular source
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responsible for radiation-induce muscle pathology, likely driven by radiation-induced
mitochondrial defects leading to enhanced reliance on glycolysis.

Previous clinical findings indicate that 80% of childhood cancer survivors
experience muscle atrophy and fibrosis,S'3 a phenotype we successfully recapitulated
in our preclinical model. The long-term muscle atrophy we observed was due to a lower
CSA specifically in the more oxidative type | and IIA fibres, and a lower proportion of type
| fibres. Radiation reacts with oxygen molecules within the cell to produce reactive oxygen
species;S% thus, it is not surprising that oxidative fibres would be more susceptible to the
effects of radiation. Indeed, our findings, align with previous studies showing that radiation
reduces the percentage of oxidative type | muscle fibres,5?° and decreases the CSA of
type IIA myofibres.?® Juvenile muscle growth requires MuSCs.2 Similar to previous work,
we show that radiation exposure decreases MuSC content as early as three days after
radiation exposure and is not restored.*?® FAPs are also required for muscle
maintenance,'®'® and we present the novel finding that FAP content decrease persists
long after radiation. Thus, radiation-induced FAP and MuSC depletion likely contributed
to the lower myofibre CSA observed in this model. Since FAPs regulate muscle mass via
paracrine mechanisms,'>53 we investigated whether radiation altered the FAP
secretome. Interestingly, we showed that the in vivo irradiated FAP secretome impaired
MuSC fusion and differentiation without impacting MuSC proliferation or inducing
myotube atrophy directly in vitro. This finding was supported by a trend for fewer
myonuclei per fibre at the latest post-IR timepoint, demonstrating a persistent alteration
of the FAP secretome long after IR. These findings align with results from aged FAPs,

which have a reduced capacity to regulate the myogenic program due to aging-induced

43



alterations in the FAP secretome.’'® Although we were not able to identify specific
trophic factors that were altered following radiation exposure, previous work has identified
several potential targets for future studies.'? Specifically, WNT1 Inducible Signaling
Pathway Protein 1 (WISP1) regulates MuSC proliferation and differentiation and is
reduced in aged FAPs.'® Further, follistatin and bone morphogenic protein 3B have also
been well-described as regulators of MuSC differentiation and muscle maintenance.'%?
Together, our findings suggest that reduced myofibre CSA following radiation exposure
is due, in part, to long-term MuSC depletion and impaired FAP paracrine signalling
resulting in reduced myogenic differentiation of remaining MuSCs.

Skeletal muscle fibrosis is one of the most prominent adverse effects experienced
by childhood cancer survivors.S? Our results confirm previous work?® by demonstrating
ECM accumulation at 56-days post-IR, which was supported by an increase in pro-fibrotic
markers such as fibronectin and aSMA. Gene expression data from Kallenbach and
colleagues implicated TGF-B1 in radiation-induced muscle defects.?5 Similarly, we
observed an early upregulation of SMAD3 signalling following radiation; however, this
signalling was not maintained long-term. SMAD3 signalling is a critical regulator of
myofibroblast transition;S** thus, the early increase in SMAD3 signalling in the whole
muscle, could be the initial trigger for the myofibroblastic transition that leads to the long-
term fibrosis observed in our study. One of the main contributors of ECM deposition in
the skeletal muscle are myofibroblast that are driven from FAP fibrogenic
differentiation.S3® FAPs co-localize to fibrotic areas in different models of myopathy
characterized by continued structural damage to the myofibres,S'® as in human patients

with Duchenne Muscular Dystrophy (DMD).?®* Conversely, FAPs were depleted in our
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model suggesting that radiation-induced muscle fibrosis more closely aligns with muscle
fibrosis seen in agingS®*® which is associated with reduced FAP content.’®'? Interestingly,
the putative FAP marker PDGFRa'" is reduced when FAPs undergo fibrotic
differentiation3%-3¢ which aligns with our in vivo and in vitro findings. Further, Yao and
colleagues showed that while PDGFRa supported early fibroblast proliferation; however,
PDGFRa down-regulation was necessary for fibrogenic transition into aSMA*
myofibroblast.3® We extend these findings to the context of radiation-induced fibrosis by
showing that PDGFRa is reduced in FAPs during their fibrotic transition following radiation
exposure. In addition, myofibroblasts exhibit a senescence-like phenotypeS¥” and
senescence has been associated with muscle dysfunction.S3 Our findings show that
radiation induces FAP senescence with persistent DNA damage and reduced
proliferation. Our findings align with those from Moiseeva and colleagues®’, showing that
senescent cells accumulate in aged skeletal muscle and are associated with fibrosis.
Moreover, Zhang and colleagues showed that a FAP subpopulation present a
senescence signature in old skeletal muscle,® and FAPs isolated from old skeletal
muscles have enhanced fibrotic differentiation,’® further supporting the notion that
radiation induces a premature aging phenotype in skeletal muscle. Together, these
findings suggest that radiation depletes PDGFRa* FAPs by inducing their fibrotic
differentiation which contributes to radiation-induced skeletal muscle fibrosis.

Recent studies have provided a link between metabolism and FAP fate3?:333% and
radiation has been shown to impair mitochondrial dynamics and function.S?8:52° Thus, we
examined if fibrotic differentiation in IR-FAPs was linked to alterations in FAP metabolism.

Our results showed that despite an increase in mitochondrial membrane potential,
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essential for ATP production, we did not detect alterations in ATP-linked respiration or
oxidative capacity. Further, we did not detect any changes in mitochondrial content.
Elevated mitochondrial membrane potential in cardiac mesenchymal precursors cells has
been associated with increased oxidative metabolism;S3® however, this was not the case
in the present work. Rather, the increase in mitochondrial membrane potential observed
in our results could be due to the decrease in proton leakS4? observed following radiation
exposure. Further, elevated membrane potential is traditionally associated with increased
ROS production.S4' Changes in mitochondrial structural integrity due to fission has been
associated with increasing glycolytic metabolism3#542 which aligns with our qualitative
observations of mitochondria from IR-FAPs. This notion is further supported by the higher
glycolytic rates for energy production in in vitro-IR-FAPs. An increase in glycolytic
metabolism, and not mitochondrial metabolism, may be a protective mechanism to
prevent cellular oxidative stress while matching an elevated ATP demand.S*® Indeed,
fibroblasts treated with H.O2> demonstrate an increase in glycolysis and NADPH content,
a cofactor associated with antioxidant activity.5** Further, cardiac mesenchymal
progenitors with high membrane potential demonstrated higher resistance to oxidative
stress and elevated SOD2.5% Similar mechanisms in FAPs may explain the lack of
change we observed in FAP oxidative stress following radiation exposure. Together,
these findings suggest that following radiation exposure, FAPs experience increased
glycolytic metabolism perhaps to increase ATP production while preventing oxidative
stress from mitochondria.

Growing evidence suggest the modulation of glycolysis and oxidative

phosphorylation as a determinant of stem cell fate.54%:546 Indeed human FAPs with
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enhanced glycolytic metabolism have a fibrotic phenotype.®® Given that radiation
enhanced FAP glycolysis and induced their fibrotic differentiation, we investigated if
alterations to FAP metabolism were driving the fibrotic differentiation. In line with this
hypothesis, inhibiting glycolysis with 2-DG reduced FAP fibrotic differentiation. While
inhibiting oxidative metabolism with oligomycin had no effect on FAP fate, we reasoned
that this model did not completely recapitulate the post-IR condition as oxidative
metabolism is still active following radiation. Thus, we modulated glycolysis while
maintaining oxidative metabolism in vitro by exposing FAPs to high and low glucose
conditions. Under high glucose conditions, glycolysis would be elevated and oxidative
phosphorylation would also be active, similar to post-IR; however, in low glucose
conditions, glycolysis is decreased while oxidative metabolism is maintained.S30-S31
Indeed, FAP fibrotic differentiation was enhanced when glycolysis was elevated and
oxidative metabolism still active, similar to the post-IR phenotype suggesting that the shift
to glycolysis to maintain energy homeostasis following radiation exposure enhances FAP
fibrotic differentiation. In agreement with our results, decreased fibroblast activation,
proliferation and differentiation is observed, when glycolysis is inhibited.S47-548 Similarly,
Reggio and colleagues decreased FAP proliferation by reducing glucose concentrations
in the culture media.3?

A limitation of the study is using a single radiation dose as opposed to fractionated
doses as is conducted during cancer therapy. Unfortunately, given the shorter lifespan of
the mice, an exact replication of the human radiation protocol would have resulted in mice
being treated well-beyond their pubertal development. As such, we used the biologically

equivalent dose formulaS*® to determine that a 16 Gy dose is predicted to be biologically
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equivalent to 60 Gy delivered in 2 Gy fractions/day which is normally used to treat different
types of common cancers.S%° Previous work has used this dose to replicate radiation-
induced pathology.#?® Further, the clinical phenotype of fibrosis and muscle
atrophyS'.5253 was reproduced by our dosing strategy further supporting the translational
relevance of our model. Another limitation of our study was the decision to irradiate mice
without cancer. This decision was conducted for several reasons. First, the presence of
a tumour would complicate data interpretation by adding another variable. Second, there
are clinical scenarios when radiation is delivered without a tumour, such as in the adjuvant
setting. Finally, previous work has shown that the presence of a tumour within the muscle
microenvironment during radiation exposure produces similar outcomes as the cancer-
free irradiated limb.2?®> We also acknowledge that radiation is not a targeted therapy and
can alter adjacent tissues. Indeed, our laboratory and others have shown that radiation
alters the bone marrow.*%-S%" Future studies should address the crosstalk between bone
and muscle and find potential circulatory mediators that may contribute to skeletal muscle
atrophy following radiation exposure.

Together, our results indicate that juvenile radiation exposure alters the whole
skeletal muscle niche long-term. Specifically, the novelty of our findings suggests that
FAPs contribute to long-term skeletal muscle atrophy and fibrosis following juvenile
radiation exposure. These findings suggest that FAP-targeted therapies may help

mitigate the negative long-term consequences observed in cancer survivors.
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Summary

Radiation therapy causes long-term skeletal muscle atrophy and fibrosis in juvenile
cancer survivors. The mechanisms responsible for the late effects of radiation therapy on
skeletal muscle are not well-understood and have prevented the development of effective
treatments. Using single-cell RNA sequencing (scRNAseq), we characterize cellular
dynamics and cell communication in a murine model of therapeutic radiation exposure at
24-hours and 56-days post-irradiation (post-IR). We identified a quiescent muscle satellite
(stem) cell (MuSC) subpopulation that was significantly reduced, and a subpopulation of
type 2 macrophages that was substantially increased at 56-days post-IR. Genes related
to fibroblast proliferation were up-regulated in Fibro-adipogenic progenitors (FAPs) at 24-
hours post-IR, and a fibrotic phenotype persisted in FAPs at 56-days post-IR. A
conserved Cdkn1a signature was observed in all cells post-IR and inflammatory signalling
mediators were upregulated in the IR-limb at 56-days. Intercellular communication
analysis revealed FAPs as the primary contributor of extracellular matrix and target of
TGF-B signalling at both 24-hours and 56-days post-IR. Together, our findings provide
valuable insights into the potential mechanisms and intercellular communication

responsible for radiation-induced muscle late effects.
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Introduction

Cancer survival in children, adolescents, and young adults has been steadily
increasing such that over 80% of juvenile cancer patients are expected to survive long-
term.? A consequence of increased juvenile cancer survival is enduring, long-term,
treatment-related side-effects. Radiation therapy is a primary treatment for juvenile
cancer in over 33% of cases.? Radiation harms non-target tissues, particularly skeletal
muscle,’ resulting in atrophy, fibrosis, weakness, reduced participation in physical activity,
and impaired quality of life.*

Juvenile skeletal muscle growth requires myonuclear accretion from muscle
satellite (stem) cells (MuSCs).° Lineage tracing models have shown that MuSCs directly
contribute myonuclei to the growing myofiber during juvenile development.?” Further,
MuSC ablation during prepubertal muscle growth leads to life-long muscle impairments.®
Radiation reduces MuSC content and function resulting in skeletal muscle atrophy and
fibrosis in juvenile mice® and radiation prevents hypertrophy in mouse models of muscle
growth due, in part, to MuSC depletion.®'? Interestingly, a rare population of radiation-
resistant MuSCs has recently been identified; however, transplantation of these cells into
previously irradiated muscle resulted in significantly reduced muscle regeneration
compared to transplantation into non-irradiated muscle.” Similarly, myoblast
transplantation efficacy into irradiated muscle decreases with time following radiation.*
Together, these results suggest long-term changes in the muscle niche following radiation
exposure that cannot be overcome by restoring myogenic cells alone.

MuSC fate is regulated by the interaction of different muscle-resident mononuclear

cells such as endothelial cells (ECs), immune cells, such as macrophages, B- and T-
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Lymphocytes, and fibro-adipogenic progenitors (FAPs) among other cell types.' Our
laboratory and others have observed increased inflammatory and fibrotic gene signatures
following radiation exposure in murine models of juvenile cancer.>'® Similarly, other
groups have demonstrated impaired type 2 macrophage polarization during regeneration
following radiation exposure.' Nevertheless, no previous works has characterized
cellular dynamics in the muscle microenvironment at single-cell resolution following
radiation exposure.

The application of single-cell RNA sequencing (scRNA-seq) technology in skeletal
muscle has identified novel cell populations and states, molecular pathways, regulatory
networks, and provided insights into potential mechanisms responsible for skeletal
muscle regeneration.'® These new findings have led to a substantial improvement in our
understanding of the complexity of the skeletal muscle regeneration;'®-?? however, data
from various pathological muscle conditions are lacking.?®-?° Thus, the present work aims
to identify potential mechanisms contributing to the late effects of radiation in skeletal
muscle. We applied scRNA-seq technology to access longitudinal muscle recovery
following radiation exposure to identify i) alterations in gene expression in muscle-resident
mononuclear cell populations, ii) conserved gene responses to radiation across muscle
mononuclear cells, and iii) potential alterations in cellular interactions in a mouse model

of juvenile radiation therapy.
Results

Short- and long-term alterations in cellular dynamics after radiation exposure
To explore changes in cellular dynamics following radiation exposure, we

performed scRNA-seq at 24-hours and 56-days following radiation localized to a single
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hind limb (IR). We used the non-irradiated leg as the control (CON) (Figure 1A). The time
points were based on work from our lab?® and others®?’ that detected radiation-induced
skeletal muscle fibrosis and atrophy by 56-days following radiation exposure, and acute
responses within 24-hours.® Following quality control and normalization, 5986 cells and
17,642 total detected genes from three pooled samples were used for library generation.
All samples were processed in one batch to avoid batch effects. Unsupervised clustering
identified 12 distinct cell populations based on uniform manifold approximation and
projection (UMAP) performed on the integrated dataset (Figure 1B). We assigned the cell
identities to each cluster based on their canonical gene expression, such as endothelial
cells (Pecam1and Cdhb5), FAPs (Pdgfraand Col1a1), MuSCs (Pax7 and Myf5),
Myonuclei (Actat and Tnnc2), Smooth muscle cells (SMCs)/Pericytes
(Tagln and Cspq4), Macrophages (Cd68 and Ptprc), Monocytes/Neutrophils (S100a9),
B-Lymphocytes (Cd79a), T-Lymphocytes/Natural Killers (NK) (Cd3d), Glial cells (Ptn),
Schwann cells (Mpz), and Erythrocytes (Hba-a2) (Figure 1C). These clusters were
consistent with previous findings.'®2%28 Hierarchical cluster analysis of differentially
expressed genes (DEGs) in each cell type identified distinct transcriptional profiles within
the twelve clusters (Figure 1D). By examining the top marker genes of each cluster, we
were able to validate that the integrated UMAP successfully separated the primary
populations in the dataset (Figure S1A). Relative cellular composition revealed a
prominent increase in the proportion of cells in the EC cluster (60.44%) at 24-hours post-
IR compared to CON; with minor increases in the proportion of cells in the FAPs (5.67%),
MuSCs (3.10%), SMCs/Pericytes (6.63%) and Schwann cells (2.57%) at the same time

point (Figure 1E). These acute changes were offset by a decrease in the proportion of
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cells in the immune cell clusters at 24-hours post-IR (Figure 1E). Conversely, the
proportion of FAPs (6.85%), MuSCs (2.81%), and Monocytes/Neutrophils (2.58%)
showed a moderate decrease at 56-days post-IR compared to CON; while, ECs
(50.39%), SMCs/Pericytes (7.74%) showed a moderate increase compared to CON 56-
days. Together, these data suggest that radiation exposure alters the relative cellular

composition in skeletal muscle.
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Figure 1. Single-cell RNA sequencing reveals alterations in skeletal muscle cellular
dynamics after radiation exposure.

(A) Schematic representation of the sample preparation workflow for scRNA-seq
experiment. (B) UMAP clustering, which identifies twelve different cell populations. (C)
Feature plot of different markers identifying cell types. (D) Single cell heatmap
demonstrating the top 5 differentially expressed genes (DEGSs) in each cell type from the
integrated data obtained from the single cell RNA-seq analysis. Colours indicate gene
expression levels where yellow represents relatively high expression levels and purple
represents relatively low expression levels. (E) Pie chart indicating relative cell
percentage (%) of the identified cell types. The right-hand side of the pie chart indicates

cell types by colour.

Radiation depletes deep quiescent MuSCs long-term.

We next investigated the transcriptional changes that occurred following radiation
exposure within the different cell populations residing in the muscle niche. We identified
four different MuSC clusters by re-clustering 204 cells from the integrated dataset (Figure
2A). Based on their gene expression profile, all MuSC subclusters expressed different
levels of Pax7 and Myf5 (Figure 2B). We identified a primed quiescent MuSC subcluster
expressing Junb, and Hes1, and a deep quiescent MuSC subcluster expressing Ryr3 and
Cd34. Also, we observed a cycling/activated MuSC subcluster expressing Ccnd1, ActaZ2,
and Sparc and a committed MuSC subcluster expressing Cdknia, Gas6, and Cebpb
(Figure 2B, 2C and S2A). At 24-hours post-IR, cycling/activated MuSCs were depleted

compared to CON 24-hours, while committed MuSCs were relatively more abundant
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(Figure 2D). At 56-days post-IR, primed quiescent MuSCs were relatively abundant
compared to CON and cycling/activated and committed MuSCs were low or not detected.
Interestingly at 56-days post-IR, we also observed a substantial depletion of deep
quiescent MuSCs (Figure 2D). Based on the DEGs for the overall MuSC population, at
24-hours post-IR vs CON 24-hours (Figure 2E), we observed an up-regulation of enriched
terms related to regulating fibroblast proliferation, kinase activity, and cytokine stimulus
(GO, Biological Process). Whereas GO terms for translation, and endoplasmic reticulum
(ER) were down-regulated at 24-hours (Figure 2E). Together, these findings suggest the
loss of the MuSC pool, particularly deep quiescent MuSCs, following radiation exposure

and fibrotic signalling in the remaining MuSCs.
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Figure 2. Radiation depletes deep quiescent MuSCs long-term.

(A) UMAP embedding of integrated MuSC populations showing the different MuSC
subclusters. (B) Ridge plot showing the expression of different genes identified by the
DEGs in the different MuSC subclusters. (C) Heatmap of the top 10 genes that are
differentially enriched in each MuSC cluster. Colours indicate gene expression levels
where yellow represents relatively high expression levels and purple represents relatively
low expression levels. (D) Relative cell percentage (%) of MuSC subclusters. (E) Volcano
plot showing the distribution of DEGs in the total MuSC population between IR and CON
at 24 hours. Genes are plotted as logz fold change versus the —log1o of the p-value. Genes
in red indicate up-regulation while genes in blue indicate down-regulation in IR at 24
hours. GO enrichment analysis of the DEGs in IR versus CON at 24-hours of total MuSCs

showing the up- and down-regulated biological process.

FAPs displayed a fibrotic signature following radiation exposure.

FAP normalization and clustering from the integrated dataset (n=376) was
performed as described for MuSCs. Six distinct FAP clusters were identified (Figure 3A).
DEGs identified distinct transcriptional profiles within the FAP subclusters (Figure 3B and
S3A). We identified (1) Cxcl14*-FAPs expressing Cxcl14, Smoc2, Hmcn2, Spry1, and
Fbin2; (2) Dpp4*-FAPs expressing Dpp4, Pi16, Sema3c, Cd55, and Fn1; (3) a pro-
angiogenic FAP cluster that highly expressed Aqp1, Cdhb, Kdr, and Egfl7; (4) DIk1*-FAPs
expressing DIk1, Apod, Lum, and Col14a1; (5) Wisp1*-FAPs highly expressing Fmod,
Thbs4, Tnc, and Post; and (6) Tenm2*-FAPs expressing Tenm?2, ltgb4, Wnt6, and Tagin

(Figure 3B). We observed an increase in the total FAP population at 24-hours post-IR,
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followed by a substantial decrease at 56-days post-IR (Figure 3C). The pro-angiogenic
FAPs and the Wisp1*-FAPs were relatively enriched at 24-hours post-IR compared to
CON 24-hours, while DIk1*-FAPs, Tenm2*-FAPs, and pro-angiogenic FAPs were
relatively enriched at 56-days post-IR compared to CON 56-days (Figure 3D). GO
enrichment analysis of the DEGs in 24-hour post-IR FAPs compared to CON at 24-hours
showed up-regulated fibroblast proliferation, kinase activity, and cytokines stimulus; and
down-regulation of the negative regulation of WNT signalling (Figure 3E and S3B).
Whereas at 56-days, IR-FAPs showed up-regulated GO terms for biological processes
related to immune cells, ER, and translation compared to CON 56-days (Figure 3E). To
confirm our single cell transcriptomic findings, we performed flow cytometric analysis on
FAPs using previously established cell surface markers that distinguish fibrotic FAPs
expressing CD142 and stem-like, pro-regenerative FAPs expressing CD55%° (Figure
S3C). No significant changes in the CD55*-FAPs subpopulation were observed at 56
days post-IR compared to CON 56-days; however, a significantly higher proportion of
CD142*-FAPs was observed at 56-days post-IR compared to CON 56-days (Figure 3F).
Together, these findings suggest that radiation exposure promotes expansion of the pro-

fibrotic FAP subpopulation.

Radiation expands a subcluster of capillary endothelial cells that persists long-
term.

A total of 2996 ECs were subclustered from the integrated data. We identified five
ECs subpopulations (Figure 4A). Based on canonical markers3®3' we assigned the

following identities to each distinct cluster: two capillary ECs clusters: capillary 1
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(capECs1) enriched for Timp4, Cxcl12, Rgcc, and capillary 2 (capECs2) enriched for
Cdkn1a, Bax, and Col4at; arterial ECs (aECs) mainly expressing, Sema3g, Alpl, and
Fbnl5; arteriolar (arlECs) enriched for Lars2, and Rpl39; and venous ECs (VECSs)
expressing Lrg1, Selp, Plvap, and Bgn (Figure 4B and C). EC subpopulation proportions
were changed following radiation with capECs1 relatively the most abundant cluster in
CON 24-hours; however, this subcluster was decreased 24-hours post-IR with a
concomitant increase in capECs2 (Figure 4D). Similarly, in CON 56-days, capECs1 were
the most abundant subcluster. At 56-days post-IR, capECs1 and capECs2 were most
abundant, accompanied by a doubling in aECs (Figure 4D). Unsupervised clustering
showed the visual changes of the different EC subclusters, highlighting the substantial

changes in EC populations following radiation exposure (Figure 4E).
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Figure 3. Fibrotic FAPs are relatively preserved following radiation exposure.

(A) UMAP embedding of integrated fibro-adipogenic progenitors (FAPs) populations
showing the different FAP subclusters. (B) Heatmap of the top 10 genes that are
differentially enriched in each FAP subcluster. Colours indicate gene expression levels,
where yellow represents relatively high expression levels and purple represents relatively
low expression levels. (C) Total FAP cell count at 24-hours, and 56-days in CON and IR.
(D) Bar chart indicating relative cell percentage (%) of FAP subclusters. FAP subclusters
are colour-coded on the right of the bar chart. (E) GO enrichment analysis of the DEGs
in IR versus CON at 24-hours, and 56-days showing the up-regulated biological process.
(F) Representative flow cytometry plots of CD55*-FAPs at 56-days post-IR from CON and
IR limb and quantification of CD55" cells percentage. Representative flow plot of CD142"-
FAPs at 56-days post-IR from CON and IR limb CD55" and quantification of CD142" cells

percentage.

We further examined transcriptional changes occurring in ECs following radiation
exposure. By examining the DEGs between IR and CON at 24-hours post-IR, we
identified Cdkn1a, Bax, and Gas6 among the up-regulated genes and Fabp4, Malat1, and
Cst3 among the down-regulated genes (Figure 4F). GO enrichment analysis of the DEGs
at 24-hours, revealed up-regulated biological processes mainly related to DNA damage,
myoblast differentiation and BMP signalling in the IR versus the CON limb. Furthermore,
we conducted a gene set enrichment analysis (GSEA) using the MSigDB hallmark gene
set to further investigate the underlying biological context. We observed enriched terms

associated with the p53 pathway, apoptosis, TGF-3, and TNFa signalling, among others
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(Figure 4F). Transcriptional changes at 56-days post-IR showed a persistent gene
signature related to DNA damage, characterized by high expression of Cdkn1a, Phlda3,
and Bax. GSEA showed an enrichment for p53 signalling, interferon alpha and gamma
response, and epithelial to mesenchymal cell transition. Interestingly, biological
processes related to endothelial cell proliferation, angiogenesis, and migration were
down-regulated (Figure 4G). Together, these findings suggest that radiation exposure

results in persistent damage to ECs suggesting decreased angiogenic potential.
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Figure 4. Radiation expands a subcluster of capillary endothelial cells that persists
long-term.

(A) UMAP embedding of integrated endothelial cells (ECs) populations showing the
different EC subclusters. (B) Heatmap of the top 10 genes that are differentially enriched
in each EC subcluster. Colours indicate gene expression levels where yellow represents
relatively high expression level and purple represents relatively low expression level. (C)
UMAP plots of log-normalized count expression of signature genes identified in each EC
subcluster. Expression levels of a gene are correlated with colour intensity and are
indicated by scales. (D) Pie chart indicating relative cell percentage (%) of EC
subclusters. EC subclusters are colour-coded on the right of the pie chart. (D) UMAP
embedding of integrated ECs coloured by subcluster and identified by condition. (E)
Volcano plot showing the distribution of DEGs in the total EC cluster between IR and CON
at 24 hours. Genes are plotted as logz fold change versus the —log1o of the p-value. Genes
in red indicate up-regulation while genes in blue indicate down-regulation at 24 hours
post-IR. Gene ontology (GO) enrichment analysis of the DEGs in IR versus CON at 24-
hours showing the biological process and the Molecular Signatures Database (MSigDB)
hallmark genes up-regulated. (F) Volcano plot showing the distribution of DEGs in the
total EC cluster between IR and CON at 56 days. Biological processes that were up-

downregulated and MSigDB hallmark genes up-regulated in IR and CON at 56 days.

A subcluster of type 2 macrophages persist following radiation.
We identified four macrophage subclusters; type 1a and type 1b (M1a and M1b),

and type 2a, and 2b (M2a and M2b). Monocytes and neutrophils also clustered near
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macrophages; thus, these cells were included in this sub-analysis (Figure 5A). All myeloid
cell clusters expressed Ptprc and ltfgam (Figure 5B). Monocytes were distinguished
based on their high Cxc/2 and Ptgs2 expression, while neutrophils were distinguished
based on their S7100a8, S100a9, and Chil3 co-expression. The M1a subcluster
expressed Fabp4 and Fabp?, and the M1b subcluster
expressed Cx3cr1, Adgre4, and Fabp4. The M2a subcluster showed high expression
of Ccr2, Fn1, and H2-Ab, whereas the M2b subcluster expressed high levels of Lyve1,
Mrc1, C1qa, and C1qc (Figure 5B). The M1a subcluster was the most abundant cluster
at 24-hours in the CON limb, whereas monocytes and M2a clusters expanded at 24-hours
post-IR (Figure 5C). At 56-days, monocytes and neutrophils were most abundant in the
CON limb. Conversely, a prominent rise in M2a macrophages was observed at 56-days
post-IR compared to CON 56-days (Figure 5C). GO analysis revealed biological
processes up-regulated related to apoptotic, cytokines, and MAPK signalling at 24-hours
post-IR in monocytes/neutrophils. At 56-days post-IR, monocyte activation and SMAD
signalling were the main up-regulated biological processes (Figure 5D). In macrophages,
biological processes related to immune cells, cytokines, and kinase activity were
upregulated at 24-hours post-IR, while translation and ER biological processes were up-
regulated at 56 days post-IR (Figure 5E). These findings indicate alterations in
macrophage polarization, and a persistent macrophage type 2 subpopulation following

radiation exposure.
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Figure 5. A subcluster of type 2 macrophages persist following radiation.

(A) UMAP embedding of integrated macrophage and monocyte/neutrophil populations
showing the different subclusters. (B) Violin plot of genes identified by the DEGs in the
different subclusters. (C) Pie chart indicating relative cell percentage (%) of macrophage

and monocyte/neutrophil subclusters. Subclusters are colour-coded on the right of the pie

70



chart. (D-E) Volcano plot showing the distribution of DEGs in the total macrophage and
monocyte/neutrophil population between IR and CON at 24 hours and 56-days. Genes
are plotted as log> fold change versus the —log1o of the p-value. Genes in red indicate up-
regulation while genes in blue indicate down-regulation in IR at 24 hours. GO enrichment
analysis of the DEGs in IR versus CON at 24-hours and 56-days of total macrophages

and monocytes/neutrophils showing the up-regulated biological process.

Cdkn1a expression is a conserved gene signature of radiation exposure that is
sustained in the muscle niche.

To identify a conserved transcriptional signature expressed collectively in muscle
mononuclear cells following radiation exposure, we identified DEGs in all cell types
between IR and CON at 24-hours and 56-days. We identified 1626 DEGs at 24-hours
post-IR, of which 1233 genes were up-regulated, and 393 genes were down-regulated in
the IR limb compared to the CON limb (Figure 6A). Among the up-regulated genes, we
identified Cdkn1a, Gas6, Bax, and Gdf15, which are related to the cellular response to
DNA damage, cell cycle arrest, mitochondrial membrane integrity, and differentiation. GO
enrichment analysis of the DEGs revealed that biological processes related to cell-matrix
adhesion, angiogenesis, cell migration, and negative regulation of cellular process were
up-regulated, whereas biological processes related to translation and protein targeting to
the ER were down-regulated (Figure S4A). The MSigDB hallmark gene set showed
enriched terms associated with TGF- signalling, UV Response, protein secretion, and

p53 pathway with a high enrichment score (Figure 6B). Conversely, we observed a down-
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regulation of the Myc target, interferon alpha response, and mTORC1 signalling (Figure

6C).
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Figure 6. Cdkn1a expression is a conserved gene signature of radiation exposure

that is sustained in the muscle niche.

(A) Volcano plot showing the distribution of DEGs between IR and CON at 24 hours using

the entire integrated dataset. Genes are plotted as logz fold change versus the —log1o of
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the p-value. Genes in red indicate up-regulation while genes in blue indicate down-
regulation in IR at 24 hours. (B) MSigDB hallmark genes up-regulated in the IR limb and
gene set enrichment analysis (GSEA) showing different signalling and pathways from the
differentially up-regulated genes. (C) MSigDB hallmark genes down-regulated in the IR
limb and gene set enrichment analysis (GSEA) showing different signalling and pathways
from the differentially down-regulated genes. (D) Volcano plot showing the distribution of
DEGs between IR and CON at 56-days. Genes are plotted as log> fold change versus the
—-log1o of the p-value. Genes in red indicate up-regulation while genes in blue indicate
down-regulation in IR at 56-days. (B) MSigDB hallmark genes up-regulated in the IR limb
and gene set enrichment analysis (GSEA) showing different signalling and pathways from
the differentially up-regulated genes. (C) MSigDB hallmark genes down-regulated in the
IR limb and gene set enrichment analysis (GSEA) showing different signalling and
pathways from the differentially down-regulated genes. (G) Violin plot showing DEGs
changes per condition. (H) Violin plot showing heterogenous gene expression of Cdkn7a

in the different cell populations.

Transcriptional changes at 56-days post-IR showed a total of 769 DEGs, of which
401 genes were up-regulated and 368 genes were down-regulated in the IR limb
compared to CON (Figure 6D). Interestingly, Cdkn1a and Bax were still up-regulated,
while Phlda3, Ltc4s, Cox7c, and Ccnd1, all related to p53 target genes, inflammatory
process, electron transport chain, and cellular differentiation were also up-regulated
(Figure 6D). Biological processes of up-regulated genes revealed an increase in

translation and metabolic processes, whereas biological processes related to
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inflammation were downregulated (Figure S4B). We identified the p53 pathway,
angiogenesis, and interferon alpha response with high enrichment scores while mitotic
spindle and TNF-alpha signalling had lower enrichment scores in the IR limb at 56-days
(Figure 6E). Radiation increased Cdkn1a, Gas6, Bax, and Phlda3 expression in skeletal
muscle mononuclear cells at both 24-hours and 56-days relative to CON (Figure 6G).
Indeed, most cell populations had up-regulated Cdkn1a expression at 24-hours and 56-
days in the IR limb compared to CON (Figure 6H). These results suggest that the cell
cyclin-dependent kinase inhibitor, Cdkn1a, perhaps driven by p53 signalling, is a

conserved and sustained response to radiation in most muscle cell populations.

FAPs are enriched for senescence and fibrotic gene signatures following radiation.

Based on the observation that Cdkn1a expression was up-regulated, and previous
work demonstrating radiation-induced fibrosis in skeletal muscle,?627:32 we performed a
multi-gene signature scoring using UCell on our scRNA-seq data first focusing on a
curated senescence gene signature.®® Based on the computed senescence score, we
observed that FAPs present the most senescence-like molecular phenotype among all
skeletal muscle cells, followed by Monocytes/Neutrophils, and ECs (Figure 7A). Recently,
we used a murine model of juvenile cancer to identify transcriptomic changes in fibrotic
and inflammatory genes using a specific CodeSet panel that included 760 genes.'® Thus,
to determine which cell types might contribute to different stages of the fibrotic and
inflammatory process following radiation exposure, we repeated our UCell analysis on

our integrated scRNA-seq data, this time focusing on fibrotic and inflammatory scoring.
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Overall, we observed that FAPs and macrophages present the highest fibrotic and

inflammatory gene score (Figure 7B).
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Figure 7. FAPs enriched for senescence and fibrotic gene signatures.
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(A) UMAP and violin plot showing the distribution of gene signature scored by UCell based
on annotated senescence genes. (B) UMAP and violin plot showing the distribution of
gene signature scored by UCell based on annotated fibrotic and inflammatory genes. C)
Violin plot showing the relative expression of each cell type in the different fibrotic and

inflammatory process.

Next, we used the gene set to identify the cellular contribution to different stages
of the fibrotic process,** such as (1) initiation, triggered by damaged cells that initiate
stress and immune responses; (2) inflammation, a process that involves immune cells
and drives expansion of fibrotic-related cells; (3) proliferation, a process related to
myofibroblast proliferation and differentiation in response to damage, and lastly, (4)
modification, a process associated with the contribution of myofibroblast and immune
cells to ECM deposition.3* We observed that ECs, FAPs, and macrophages contribute to
the early stage of the initiation process. Further, macrophages and monocytes/neutrophils
mainly contributed the inflammatory process. Finally, the proliferation and modification
process score highestin FAPs (Figure 7C). Together these results suggest that FAPs are

the main cells enriched in genes related to senescence and fibrosis following radiation.

Changes in cell-cell communication in the muscle niche following radiation.

To get insight into how cell communication in skeletal muscle is affected following
radiation, we performed an intercellular communication network analysis using the
CellChat R package.® Total interaction strength was similar in the IR and CON limbs at

24-hours; however, we observed a substantial decrease in interaction strength in the IR
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compared to CON at 56-days (Figure 8A). Further, our analysis revealed that radiation

induced the most prominent changes in FAP communication, with FAPs displaying the
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largest differential number and strength of interactions at both 24-hours and 56-days post-
IR (Figure 8B). Comparing the outgoing (sender) and incoming (receiver) interactions
among the different cell populations, we observed an increase in interaction strength
between FAPs (sender) and macrophages and glial cells (receivers) and between
SMCs/Perycites (sender) and Glial cells (receiver) at 24-hours post-IR (Figure 8B). At 56-
days, the most prominent change was increased communication between FAPs (sender)

and B-lymphocytes (receiver) (Figure 8B).

Figure 8. Changes in cell-cell communication in the muscle niche following
radiation.

(A) Overall number of predicted paracrine interactions strength between in IR and CON
at 24-hours and 56-days. (B) Number and strength of potential interactions among the
different cell populations. Colour bar indicates higher (red) or lower (blue) number of
interactions. (C) Dot plot indicating the expression of secreted and received ECM proteins
between different cell types. (D) Overall information flow of significant signalling
pathways. (E-F) Heatmap showing the outgoing (sender) and incoming (receivers)
signalling pathways between IR and CON at 24-hours and 56-days. Colour bars at the
top indicate the overall signalling strength of each type of cell. The summarized strength

of each signalling pathway of each cell type is represented by the horizontal gray bars.

We next identified the signal changes by secreted factors and by ECM proteins.

We identified a total of 36 signalling pathways that were potentially mediated by either

secreted or cell surface signalling molecules (Figure S5A). Furthermore, we also
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identified eight potential pathways mediated by extracellular matrix (ECM) components
(Figure S5A). Interestingly, while we observed a decrease in the incoming secreted
factors signalling in most cell types, monocytes/neutrophils had increased incoming
interactions by secreted factors at 24-hours post-IR (Figure S6A). Conversely,
macrophages, and B-lymphocytes showed an increase incoming secreted signals at 56-
days post-IR (Figure S6A). Supporting our fibrotic gene score analysis, the ECM protein
secretion analysis revealed FAPs as the major ECM contributor (Figure 8C, and S6B).

We computed the Euclidean distance to identify differences in signalling pathways
between IR and CON at both time points to determine the largest contributors to
alterations in the communication network. At 24-hours post-IR, the largest changes were
observed in ANGPTL, VTN, BMP, and CSF signalling compared to CON (Figure S6C).
Next, we wanted to identify conserved and context-specific signalling pathways following
radiation exposure. An overall information flow for all significant signalling pathways
showed several pathways only enriched in CON, such as ANNEXIN, SPP1, WNT, and
IL16. Conversely, pathways such as GDF and TGF-3 were only enriched in the IR limb
at 24-hours (Figure 8D). Interestingly, TGF-B, GRN, AGRN, GAS, and IGF signalling
showed a large difference in the communication network between the two data sets at
56-days post-IR (Figure S6C). At 56-days post-IR, signalling pathways enriched in CON
included: FGF, non-canonical WNT (ncWNT), ANGPT, and VISFATIN, while pathways
enriched in IR were: SPP1, PARs, TNF, WNT, and CALCR (Figure 8D).

We then investigated which cell populations contributed to these signalling
changes (Figure 8E). We found that TGF-B was the main outgoing signal from

macrophages in IR versus CON at 24-hours. Further, ECs were the main senders of GDF
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signalling at 24-hours in IR versus CON and the main receiver of GDF, and TGF-
signalling, were FAPs and macrophages showing an autocrine and paracrine TGF-3
signalling loop in the IR limb at 24-hours post-IR. Interestingly, FAPs were the main
senders of ncWNT signalling and MuSCs were the main senders of Neurotrophin (NT)
signalling in the CON limb, whereas secretion of these factors from these different cell
types was not detected at 24-hours post-IR. Glial cells were the senders of WNT signalling
with MuSCs as the primary receiver in the CON limb. Similar to our findings related to
NcWNT and NT signalling, radiation ablated WNT signalling from glial cells to MuSCs. At
56-days post-IR (Figure 8F), FAPs remain the primary receivers of TGF-f3 signalling.
MuSCs emerged as the main senders of BMP signalling with FAPs as the main receiver
in CON; however, in IR SMCs/pericytes were the main receivers. Monocytes/neutrophils,
T-lymphocytes, and glial cells were the main senders of TNF, PARs, and SPP1 signalling,
in the IR limb. FAPs were the primary senders of CALCR signalling in the IR limb only,
with MuSCs as the main receivers. Together, these results indicate that the FAP
secretome is most sensitive to IR-induced changes with signalling pathways related to
angiogenesis, inflammation, and fibrosis predominately affected. Further, FAP-
macrophage crosstalk may drive fibrosis through persistent alterations in TGF-
signalling while FAPs may contribute to impaired muscle regeneration through alterations

in CALCR signalling with MuSCs.

Discussion

Effective therapies for radiation-induced muscle pathology in cancer survivors are

lacking due, in part, to an insufficient mechanistic understanding of the long-term effects
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on the muscle niche. To begin to address this gap, we used scRNA-sequencing to
characterize the cellular dynamics of muscle mononuclear cells in a model of therapeutic
radiation exposure. Our findings indicate that radiation depleted muscle-resident cell
populations, altered the proportions of various subclusters within each population,
induced a conserved and persistent senescence molecular phenotype particularly in
FAPs, and reduced cell-cell communication in the skeletal muscle niche. With respect to
alterations in cellular dynamics, radiation depleted the deep quiescent MuSC subcluster
long-term, and the overall FAP population. Conversely, radiation resulted in a relative
expansion of the capillary endothelial cell subcluster of ECs as early as 24-hours following
radiation exposure which persisted at 56-days post-IR, and expanded macrophages type
2 expressing Ccr2. When examining the integrated dataset, we identified a conserved
and persistent gene signature that was prevalent in most skeletal muscle cell populations
characterized by up-regulation of Cdkn1a expression and p53 signalling, and found that
FAPs were the highest expressors of senescence and fibrosis-related genes in the IR-
limb compared to CON at 56-days. Lastly, our cell communication analysis revealed that
macrophages were the main signal receivers and FAPs were the major senders of
secreted factors at 56-days post-IR with FAPs being the major contributor of extracellular
matrix secretion, and the primary target of TGF-B1 signalling at 24-hours and 56-days
post-IR. Collectively, our findings provide a significant advancement to our understanding
of the cellular sources and the potential mechanism involved in radiation-induced muscle
pathology.

Most previous work examining the effects of radiation on skeletal muscle has

indicated that MuSCs are rapidly depleted following radiation resulting in impaired muscle
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regeneration and hypertrophy.8211 Interestingly, our computational analysis showed an
immediate increase in MuSC proportion following radiation relative to the other
mononuclear cell populations in skeletal muscle which was driven by an increase in the
committed MuSC subcluster at 24 hours post-IR. These findings were in apparent
contrast to previous work showing an absolute decrease in MuSC content between 2-
and 4-hours after radiation exposure.? Discrepancies in the data are likely due to our
assessment relative to other cell types in muscle as absolute content of each cell
populations were depleted overall in our computational analysis. The relative MuSC
preservation following radiation may indicate relative radiation resistance of this stem cell
population compared to mature mononuclear cells. Indeed, a subpopulation of quiescent
MuSCs has been identified to be resistant to radiation or environmental stressors’3-3¢ and
this population may account for the relative MuSC preservation we observed. The short-
term increase in MuSC content following radiation may indicate a compensatory
regenerative response. Indeed, we detected an upregulation in biological process for
myoblast differentiation in ECs at 24-hours post-IR and an increase in the Wisp1*-FAP
subcluster at the same timepoint. ECs are known to support MuSC proliferation and
differentiation;®"* WNT1 Inducible Signalling Pathway Protein 1 (WISP1) secreted from
FAPs promotes MuSC proliferation and myogenic commitment.®® Thus, the increase in
committed MuSCs at 24-hours post-IR could be mediated by the relative expansion of EC
and FAP subclusters that promote their myogenic commitment. Conversely, at 56 days
post-IR, we observed a relative decrease in the total MuSC pool which was most evident
for the deep quiescent MuSC subcluster. These results are similar to previous findings in

aged mice in which the deep quiescent MuSC are depleted.*® and may explain the
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premature aging phenotype observed in skeletal muscle from juvenile cancer survivors.3?
Defective niche signalling may underlie the loss of deep quiescent MuSCs. DIk1
expression impair MuSCs quiescence, and we observed an expansion in DIk1*-FAPs at
56-days post-IR. Further, BMP signalling is lost in FAPs at 56-days post-IR, which aligns
with a previous finding that BMP3B expression in FAPs decreased during ageing and is
associated with skeletal muscle atrophy.*! Together, signals primarily from FAPs and ECs
in the MuSC niche following radiation exposure appear to induce early MuSC commitment
and long-term depletion of deep quiescent MuSCs. Interestingly, our analyses reveal
compensatory mechanisms to preserve MuSC content may be concomitantly activated.
Specifically, FAPs were the main sender of Calcitonin receptor (CALCR) signaling and
MuSCs were the major receivers at 56-days post-IR. Previous work described CALCR
signalling to be essential to maintain the quiescence stem cell pool,*? indicating that FAPs
may be attempting to preserve the MuSC pool following radiation exposure.

Impaired regeneration and growth in irradiated skeletal muscle is accompanied by
an accumulation of ECM resulting in fibrosis. Fibrosis contributes to muscle stiffness,
weakness, and reduced endurance capacity in cancer survivors.324344 |n several
pathological conditions, FAPs colocalize with excessive collagen and ECM production>-
49 suggesting their key role in muscle fibrosis. Indeed, FAPs were the main population
enriched for ECM secretion genes and had the highest expression of the inflammatory
and fibrotic transcriptomic signature. In support of their role in muscle fibrosis, we
observed a decrease in PDGF signalling in FAPs at 56-days post-IR, which aligns with
our previous work showing that PDGFRa expression in FAPs decreases at 56-days post-

IR and is associated with a fibrotic phenotype.?® FAPs also upregulated biological
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processes related to fibroblast proliferation, cytokines, and kinase activity which are all
related to fibrosis.5%%! Additionally, regulators of WNT signalling pathways were
downregulated in FAPs at 24-hours post-IR. WNT signalling has been linked to skeletal
muscle fibrosis®? mediated by TGF-B,% and overactivation of WNT/B-catenin signalling
promotes expansion,> and myofibroblast differentiation of mesenchymal stem cells
leading to exacerbated ECM deposition.3>% Thus, removing WNT signalling inhibition
would promote FAP transition to myofibroblasts and contribute to muscle fibrosis. These
transcriptomic findings were confirmed by our flow cytometry analysis where we detected
an increase in the fibrotic?® CD142*-FAP subcluster at 56 days post-IR compared to CON.
Together, these findings indicate intrinsic changes in FAPs that would support their role
in radiation-induced fibrosis and aligns with the phenotypic changes we previously
identified in our earlier work.?8

In addition to intrinsic regulation, FAP fate is also determined by their cellular
microenvironment. MuSCs regulate FAPs via paracrine mechanisms®’ during muscle
hypertrophy.%® In our study, MuSCs immediately upregulated genes associated with
fibroblast proliferation following radiation suggesting similar regulation during recovery
from radiation exposure. Similarly, impaired macrophage polarization and clearance also
contributes to skeletal muscle fibrosis.'” Macrophages type 2 expressing Ccr2, were
expanded at 56-days post-IR compared to CON. This Ccr2-enriched subcluster of type 2
macrophages also highly expressed Fn1, Ctss, S100a4, and Crp1, which are known
regulators of tissue fibrosis.%?6-5%-61 |n aged muscle an increase in type M2 macrophages
has been associated with enhanced ECM deposition,5263 and macrophage type 2 have

been shown to secret high levels of TGF-f.%4 Moreover, an up-regulation of Ccr2 gene
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expression following radiation exposure has been associated with skeletal muscle
inflammation and fibrosis.® We observed an immediate increase in interaction strength
between FAPs and macrophages at 24 hours, with FAPs being the major receives of
TGF-B at that timepoint. At 56-days macrophages are the major sender of TGF-3
suggesting a rapid and sustained up-regulation of fibrotic signalling from macrophages to
FAPs.2¢ Interestingly, we observed an increase in SPP1, and TNF signalling in the IR-
limb compared to CON at 56-days post-IR. These pro-inflammatory mediators have been
shown to be up-regulated in different pathological conditions, promoting inflammation and
fibrosis.5%8¢ In addition, macrophages were the main receivers of SPP1 signalling in the
IR-limb at 56-days post-IR. This finding aligns with a pro-fibrotic subset of macrophages
highly expressing SPP1 following myocardial infarction, which promotes myofibroblast
differentiation, contributing to ECM accumulation.®” Our findings provide several potential
mechanisms for activating the FAP/fibroblast-mediated muscle fibrosis rapidly following
radiation exposure.

Disrupted tissue perfusion due to EC depletion has also been postulated as a
potential mechanism contributing to radiation-induced fibrosis in several tissues®. In
agreement with our previous work,?® our computational analysis revealed an absolute
decrease in the broader EC population, although ECs were relatively preserved
compared to other cell populations. Interestingly, we observed significant alterations to
EC dynamics with a relative expansion of the capEC2 subset at the expense of the
capEC1 subset. Interestingly, capEC2 was defined by high expression of Cdkn1a, Bax,
and Col4a1 suggesting that this EC subcluster is senescent and fibrotic. Indeed,

Bachman and colleagues showed an increased Bax gene expression in skeletal muscle
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following 3-weeks post-IR® and the pro-apoptotic mediator Bax, has been correlated with
radiation-induced apoptosis in carcinoma.®® Moreover, the persistent incoming WNT
signalling to ECs observed at 56-days post-IR, suggests a fibrotic transition as the WNT
pathway induces endothelial to mesenchymal transition that produces myofibroblasts.”®"
Thus, radiation likely impairs skeletal muscle perfusion by inducing a senescent,
apoptotic, and fibrotic transition in ECs.

Cellular senescence is a cellular state characterized by permanent removal from
the cell cycle and is induced by intrinsic and/or extrinsic damaging stimuli, including
radiation exposure.”? Growing evidence suggests that senescent cell accumulation in
skeletal muscle contributes to dysfunction.”®-"5 Englund and colleagues showed that p21
encoded by the Cdkn1a gene induces a senescence program leading to skeletal muscle
atrophy and fibrosis.” Our findings showed a conserved and persistent Cdkn1a gene
signature following radiation exposure that, based on previous literature, could contribute
to the long-term muscle atrophy and fibrosis observed in cancer survivors. Recently,
Moiseeva and colleagues showed that senescent cells present a conserved signature of
fibrotic and inflammatory features decreasing their proliferative capacity and impairing
muscle regeneration’® which aligns with our results showing an up-regulation of fibrotic
and inflammatory signalling, particularly in FAPs in the IR-limb compared to CON at 56-
days post-IR. Zhang and colleagues identified a FAP subpopulation in aged skeletal
muscle exhibiting senescence features, such as high expression of p16, Tenm2, Apod,
and Cgq,”” that highly overlaps with our Tenm2*-FAP subcluster which doubled in

proportion in the IR-limb at 56-days post-IR. Together, these findings suggest that
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radiation promotes a conserved senescence gene signature in skeletal muscle and that
FAPs are the most affected cell population.

In summary, we molecularly characterized alterations to muscle-resident
mononuclear cell populations, identified radiation-induced alterations to different
subclusters within those populations, and discovered a conserved gene response to
radiation. Additionally, we identified potential alterations in cellular communication
following radiation exposure. Our findings provide valuable insights into the potential
mechanisms underlying radiation-induced muscle atrophy and fibrosis. Further,
characterizing the molecular response to a model of radiation therapy at the single cell
level will benefit the muscle research community by providing a resource for
understanding skeletal muscle cellular dynamics under pathological conditions.?324.78
These insights offer opportunities for further investigations into specific signalling
pathways and cell populations, aiming to mitigate the long-term skeletal muscle

complications experienced by cancer survivors and improve their quality of life.
Limitations of the study

One of the limiting aspects of this study was the relatively low number of cells
capture by our scRNA-seq experiment. This could be explained by the known cytotoxic
effects of radiation resulting in fewer cells within skeletal muscle. Regardless, our
analyses, including population subclustering, were based on similar number of cells
obtained in previous work,?® we detected cellular populations that align with previous
work, %2928 and our subclusters largely align with previous populations observed by other
groups in different muscle pathologies?? likely due to the high read coverage we obtained

per cell. We also acknowledge that in vivo and in vitro approaches are necessary to
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validate our transcriptomic results and confirm the function of our subclusters; however,
several of our transcriptomic findings algin with phenotypic and functional findings from
previous work. Further, the experimental design precluded our ability to statistically
evaluate differences in cell cluster and subcluster proportions and resulted in
maturation/aging related differences between clusters in CON-24-hours and CON-56-
days. Nevertheless, our study provides novel and valuable insights into a previously
unexplored area of the complex transcriptional changes, cellular dynamics, and states of

different muscle-resident mononuclear cell populations following radiation exposure.
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Lead contact
Further information and request for resources and reagents should be directed to

and will be fulfilled by the lead contact, Michael De Lisio (mdelisio@uottawa.ca).

Materials availability
This study did not generate new unique reagents.
Data and code availability

Single-cell RNA-seq data have been deposited at GEO and are publicly available
as of the date of publication. Accession numbers are listed in the key resources table.
This paper does not report original code. Any additional information required to reanalyze

the data reported in this paper is available from the lead contact upon request.

89


mailto:mdelisio@uottawa.ca
https://www.cell.com/iscience/fulltext/S2589-0042(23)00876-3#sec4.2.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice and ethics statement

This study was conducted in accordance with the Canadian Council on Animal
Care guidelines and ethical approval was provided by the Animal Care and Veterinary
Service Committee at the University of Ottawa. Mice were provided food and water ad
libitum, and mice were housed in a pathogen-free environment (22-25°C, 30% humidity,
12-hour light: dark cycle). Four-week-old male C57BI/6J (#000664) mice were purchased
from The Jackson Laboratory. Mice were acclimatized for one week before the
experiments.
METHOD DETAILS
Radiation exposure

A fractionated dose of in vivo irradiation (in vivo-IR) of 8.2 Gy/dose (X-RAD 320,
Precision X-Ray Irradiation, North Branford, CT) was administered for three days
(Monday, Wednesday, and Friday) to one hindlimb at age five weeks (IR).° The rest of
the body was lead-shielded, and the contralateral limb was used as a non-IR control
(CON).
Tissue collection and single-cell preparation

Three independent samples (IR or CON limb) were pooled together in one batch
to avoid batch effects. Briefly, the IR or the CON limb was removed at 24-hours post the
final dose of radiation or 56-days post-IR (CON 24-hours, IR 24-hours, CON 56-days,
and IR 56-days). Mechanical and enzymatic dissociation were used as previously
described'® to generate a single-cell suspension from the IR or the CON hindlimb at the

different time points. Briefly, the IR and the CON limb were dissected and processed
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separately. The connective and fat tissue was removed, and the dissected limb was
subsequently transferred to a Miltenyi GentleMACS C tube (Cat# 130-093-237, Miltenyi
Biotec), which contained an enzymatic solution comprised of Collagenase B (1.5U/ml,
Cat# 11088831001; Roche® Life Science Products,) and Dispase Il (2U/ml, Cat# 42613-
33-2; Sigma Aldrich) resuspended in Ham’s F10 media (Cat# 318-050-CL, Wisent Inc,
St-Bruno, Canada). Using the gentleMACS Octo Dissociator (Cat# 130-096-427, Miltenyi
Biotec), the muscle homogenate was passed through a 100 ym strainer (Cat# 22-363-
549, Fisher Scientific). The resulting cell suspension was centrifuged at 600 x g at 4°C
for 10 minutes. The cell pellet was treated with Red Blood Cell Lysing Buffer (Hydri-
MaxTM; Cat# R7767; Sigma-Aldrich) and centrifuged at 600 x g at 4°C for 5 minutes. The
cell pellet was then resuspended in 1 ml ice-cold FACS buffer, which consisted of 10%
FBS and 3 mM EDTA in 1xPBS.

Flow cytometric analysis and Fluorescence activated cell sorting (FACS)

For Flow cytometric analysis, 100 ul were taken from the skeletal muscle cell
suspension and incubated with primary antibodies against CD45 (FITC Rat Anti-Mouse
CD45, Cat# 561088, BD Biosciences), CD31 (BV421 Rat Anti-Mouse CD31, Cat#
102423, BioLegend), ITGA7 (anti-Alpha 7 Integrin 647, Cat# 67-0010-05, AbLab
Biologics), Ly-6A/E (Sca1) (BV711 Rat Anti-Mouse Ly-6A/E, Cat# 563992, BD
Bioscience), CD55 (PE anti-mouse CD55, Cat# 131803, BioLegend) or CD142 (PE
Mouse Coagulation Factor Ill/Tissue Factor, Cat# FAB3178P, R&D Systems), and
SYTOX™ green (Cat# S34860, Invitrogen). The Attune™ Nxt Acoustic Focusing Flow

Cytometer system (Thermo Fisher Scientific) with two excitation lasers (Violet (405 nm)
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and Blue (488 nm)) was used for flow cytometeric analysis. FCS files were processed in
FlowJo™ v10.8 Software (BD Life Sciences).

For FACS, cell suspension from three limbs were pooled then were labelled with
a live cell nuclei stain (NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342), Cat#
R37605, Thermo Fisher Scientific), and SYTOX™ AADvanced™ (Cat# S10349, Thermo
Fisher Scientific) for dead cells (Figure S7A). A minimum of 10,000 live, mononucleated
cells were sorted in the Cell Sorting Facility at the Ottawa Hospital Research Institute
using the Beckman Coulter MoFlo XDP cell sorter (32-bit high resolution digital system
with five excitation laser lines (UV, 405nm, 488nm, 561nm, and 640nm) for further
scRNA-seq.
Single-cell RNA sequencing

Single-cell RNA sequencing, including droplet collection, cDNA amplification, and
library preparation was conducted at the StemCore Facility at the Ottawa Hospital
Research Institute using the Chromium system (10X Genomics, Chromium Single Cell
Kits (v3.1 Chemistry)). Briefly, cells were loaded onto the Chromium Controller to
generate single-cell gel beads in emulsion (GEMs). Within every GEM, cDNA underwent
reverse transcription and barcoding. Next, PCR amplification and library preparation were
conducted. The four libraries (CON 24-hours, IR 24-hours, CON 56-days, and IR 56-days)
were sequenced on the Illumina NextSeq 500, with a read depth of 10,000 reads per cell.
The FASTQ sequencing reads were mapped to the mouse genome (mm10), barcode
processed, UMI counted, and converted to digital gene expression matrices using the
CellRanger v5.0.0 Software (10x Genomics).

Bioinformatic analysis
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Bioinformatic analysis of the scRNA-seq data was conducted in R/RStudio (v4.2.1)
using the Seurat R package (v4.2.0) and workflow.”® The four 10x Genomics data sets
(CON 24-hours, IR 24-hours, CON 56-days, and IR 56-days) were converted into Seurat
objects. For quality control and filtering, unique molecular identifier (UMI) feature counts
below 200 and above 5000, and more than 10% of the UMIs that align with the
mitochondrial genome were removed from the analysis (Figure S7B-C). The gene counts
for individual cells were normalized based on the total gene count of each respective cell,
followed by scaling using a factor of 10,000, and subsequently log-transformed. The
FindVariableFeatures function was used to identify the top 2000 variable genes. The four
objects were integrated using SelectIntegrationFeatures function, and biological anchors
were found using the FindIntegrationAnchors function to correct for technical differences
between the four objects. Anchors were merged, followed by integration using the
IntegrateData function. The gene counts were subjected to scaling and dimensional
reduction through principal component analysis, where variable features served as input.
Subsequently, dataset dimensionality was determined using the ElbowPlot function.
Seurat's graph-based clustering approach was then used, with FindNeighbors and
FindClusters, to cluster cells based on the previously determined dataset dimensionality.
The Uniform Manifold Approximation and Projection (UMAP) plot was used to visualize
the clusters. Specific cluster markers were identified through differential expression
analysis using the FindAllMarkers function. The Subset function was used to obtain the
individual cell populations of MuSCs, FAPs, ECs, Macrophages, and
Monocytes/Neutrophils from the integrated dataset. Filtration and normalization were

performed for each individual cell population to further identified different subpopulation.
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Enrichment analysis

The enrichR (v3.1), and ClusterProfiler R (v3.10.1) packages were used to
performed functional enrichment analyses using Biological Processes of Gene Ontology
(GO), as well as the Molecular Signatures Database (MSigDB) hallmark gene set
collection, which were aligned to the mouse genome. This approach facilitated the
identification of differentially expressed genes (DEGs) that were significantly enriched in
each respective condition.
Gene set scoring

The R package Ucell® (v1.0.0) was used to score gene set signatures in our
scRNA-seq data from curated-senescence gene set3 and from a fibrotic and
inflammatory gene set.’® UCell scores rank the expression levels of each query gene in
individual cells based on the Mann-Whitney U statistic. Ranking-based scores allow
interpretation of the relative ranking of gene sets within each cell's transcriptome without
being affected by the cellular composition of the dataset. The AddModuleScoreUCell
function was used to calculate gene signature scores.
Cell-Cell Communication Analysis

Cellular communication networks were inferred and analyzed from our scRNA-seq
data. In order to visualize the communications that occur amongst various cell types, the
R package CellChat (v1.6.0) was used as previously described.3® Briefly, the merged
scRNA-seq Seurat object was split into individual datasets by condition (CON 24-hours,
IR 24-hours, CON 56-days, and IR 56-days) using the subset function. Then, CellChat
objects were created using the createCellChatObject function. The ligand-receptor

interaction database CellChatDB.mouse was used for further analysis. Using the
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Wilcoxon rank sum test with a significance level of 0.05, we identified differentially
expressed signalling genes within all cells in a specific object to infer cell-cell
communications. Further, the computeCommunProb, computeCommunProbPathway
and aggregateNet functions were applied to infer cell-cell communication networks. For
more information (https://github.com/sqjin/CellChat).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis

DEGs had an adjusted p-value less than 0.05. Two-way analysis of variance
(ANOVA) was used to evaluate flow cytometric analysis and a p value <0.05 was
considered statistically significant. Statistics and graphs were prepared using Seurat and

GraphPad Prism version 10 software (GraphPad Software). Schematic figures were

created with BioRender.com.

KEY RESOURCES TABLE
REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
FITC Rat Anti-Mouse CD45 BD Biosciences Cat# 561088

BV421 Rat Anti-Mouse CD31

BioLegend

Cat# 102423

anti-Alpha 7 Integrin 647

AbLab Biologics

Cat# 67-0010-05

BV711 Rat Anti-Mouse Ly-6A/E BD Bioscience Cat# 563992

PE anti-mouse CD55 BioLegend Cat# 131803

PE Mouse Coagulation Factor Ill/Tissue Factor R&D Systems Cat# FAB3178P

Chemicals, peptides, and recombinant proteins

NucBlue™ Live ReadyProbes™ Reagent (Hoechst Thermo Fisher Cat# R37605

33342) Scientific

SYTOX™ AADvanced™ Thermo Fisher Cat# S10349
Scientific

Collagenase B

Roche® Life Science
Products

Cat# 11088831001

Dispase Il

Sigma Aldrich

Cat# 42613-33-2

Red Blood Cell Lysing Buffer

Sigma-Aldrich

Cat# R7767

Critical commercial assays

Chromium Next GEM Single Cell 3’ Kit v3.1

| 10X Genomics

| Cat#PN-1000121
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Deposited data

Raw scRNA-seq data and processed matrices

This paper

| GEO: GSE241675

Experimental models: Organisms/strains

C57Bl/6J

The Jackson
Laboratory

Cat#000664

Software and algorithms

CellRanger version v5.0.0

10x Genomics

https://support.10xge
nomics.com/single-
cell-gene-
expression/software/
release-notes/3-0

R/RStudio v4.2.1

R CRAN

https://cran.r-
project.org/

Seurat R package v4.2.0

R CRAN (Stuart et
al.”)

https://cran.r-
project.org/web/pack
ages/Seurat/index.ht
mi

enrichR v3.1

R CRAN

https://cran.r-
project.org/web/pack
ages/enrichR/index.
html

ClusterProfiler R v3.10.1

Bioconductor

https://bioconductor.
org/packages/releas
e/bioc/html/clusterPr
ofiler.html

CellChat v1.6.0

Jin et al.%®

https://github.com/sq
jin/CellChat

Ucell v1.0.0

Andreatta et al.®°

https://github.com/ca
rmonalab/UCell

FlowJo™ v10.8

BD Life Sciences

https://www.flowjo.co
m/

GraphPad Prism v10 GraphPad Software https://www.graphpa
d.com/
Other
X-RAD 320, Precision X-Ray Irradiation N/A N/A
Attune™ Nxt Acoustic Focusing Flow Cytometer system | Thermo Fisher N/A
Scientific
MoFlo XDP cell sorter Beckman Coulter Life | N/A
Sciences
lllumina NextSeq 500 lllumina N/A

gentleMACS Octo Dissociator

Miltenyi Biotec

Cat# 130-096-427

GentleMACS C tube

Miltenyi Biotec

Cat# 130-093-237
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Abstract

Background: Rhabdomyosarcoma (RMS) is an aggressive soft tissue sarcoma that most
often develops in children. Chemoradiation therapy is a standard treatment modality;
however, the detrimental long-term skeletal muscle consequences of these therapies in
juvenile cancer survivors include muscle atrophy and fibrosis resulting in decreased
physical performance. Using a novel model of murine resistance endurance training, we
investigate its role in preventing the long-term effects of juvenile RMS plus therapy.
Methods: Four-week-old Male (n=10) and Female (n=10) C57BI/6J mice were injected
with M3-9-M RMS cell into the left gastrocnemius with the right limb serving as an internal
control (CON). Mice received a systemic vincristine injection then five doses of 4.8 Gy of
gamma radiation localized to the left hindlimb (RMS+Tx). Mice were then randomly
divided into either sedentary (SED) or resistance and endurance exercise training (RET)
groups. Changes in exercise performance, body composition, myocellular adaptations,
and the inflammatory/fibrotic transcriptome were assessed.

Results: RET improved endurance performance (p<0.0001) and body composition
(p=0.0004) compared to SED. RMS+Tx resulted in significantly lower muscle weight
(p=0.015), and significantly smaller myofibre cross-sectional area (CSA) (p=0.014).
Conversely, RET resulted in significantly higher muscle weight (p=0.030) and significantly
larger Type A (p=0.014) and IIB (p=0.015) fibore CSA. RMS+Tx resulted in significantly
more muscle fibrosis (p=0.028) which was not prevented by RET. RMS+Tx resulted in
significantly fewer mononuclear cells (p<0.05) and muscle satellite (stem) cells (MuSCs)
(p<0.05), and significantly more immune cells (p<0.05) compared to CON. RET resulted

in significantly more fibro-adipogenic progenitors (FAPs) (p<0.05), a trend for more
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MuSCs (p=0.076) compared to SED, and significantly more endothelial cells specifically
in the RMS+Tx limb. Transcriptomic changes revealed significantly higher expression of
inflammatory and fibrotic genes in RMS+Tx, which was prevented by RET. In the
RMS+Tx model, RET also significantly altered expression of genes involved in
extracellular matrix (ECM) turnover.

Conclusions: Our study suggests that RET preserves muscle mass and performance in
a model of juvenile RMS survivorship while partially restoring cellular dynamics and the

inflammatory and fibrotic transcriptome.

Keywords: Fibrosis, Radiation, Chemotherapy, Muscle Satellite cells, Fibro-

adipogenic progenitors, Inflammation, Cachexia, Exercise, Cancer
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Introduction

Rhabdomyosarcoma (RMS) is an intramuscular cancer and is the most common
juvenile soft-tissue sarcoma.” While survival is as high as 90%", chemoradiation therapy
used to treat RMS causes muscle atrophy and fibrosis in 80% survivors.? As a result,
juvenile sarcoma survivors experience a high prevalence of muscle weakness, fatigue,
exercise intolerance, and disability.> A reduction in muscle stem (satellite) cells
(MuSCs),*% increased expression of fibrotic genes, and inflammation have been
implicated as mechanisms responsible for these late effects in skeletal muscle.® MuSCs
are quiescent myogenic cells, located in the periphery of the muscle fibre between the
sarcolemma and the basal lamina’ and are required for pre-pubertal skeletal muscle
growth.® Proper MuSC regulation requires a functioning niche consisting of vascular
endothelial cells (ECs), immune cells, and fibro-adipogenic progenitors (FAPs), among
other cell types.® Cancer therapy is known to deplete endothelial cells in several tissues'®
and alters immune cell phenotype and function in skeletal muscle which contributes to
impaired muscle regeneration.'” The effects of cancer therapy on FAPs has received
relatively less attention; however, early evidence suggests that cancer therapy does not
impact FAP content in mice.® As such, interventions to prevent deleterious alterations to
niche-mediated MuSC dysfunction in juvenile cancer survivors may improve long-term
outcomes.

Resistance and endurance exercise training (RET) are recommended for cancer
survivors as an effective non-pharmacological strategy to improves muscle strength,
endurance performance, and quality of life in cancer survivors.'? These recommendations

are derived primarily from adult survivors of breast, prostate, and colorectal cancer with
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no specific recommendations for juvenile cancer survivors.'?> Mechanistically, endurance
exercise training reduces radiation-induced oxidative stress in skeletal muscle'®'* and
increases MuSC and FAP content in post-pubertal mice.'® Whether exercise training can
improve long-term, skeletal muscle late effects in a preclinical model of juvenile RMS plus
therapy survival remains unknown.

To begin to elucidate the mechanisms responsible for RET-induced improvements
in skeletal muscle in cancer survivors, we combine these newly established models of
juvenile RMS plus therapy,® and progressive RET,'® to examine the extent to which RET
improves skeletal muscle quality and quantity. We hypothesized that RET would prevent
several of the skeletal muscle defects induced by juvenile RMS plus therapy by improving

cellular components and gene expression of soluble factors in the MuSC niche.

Methods

Experimental design

Ethical approval for this project was obtained from the University of Ottawa Animal
Care and Veterinary Service Committee and performed according to the Canadian
Council on Animal Care's guidelines. Mice were housed under specific pathogen-free
conditions in a controlled facility (temperature 22-25 °C, 30% humidity and 12-hour light:
dark cycle) and food and water were provided ad libitum. Four-week-old male (n=10) and
female (n=10) C57BI/6 mice (Jackson Laboratory) acclimatized to the animal facility for
one week prior to use in any experiments.

The RMS+Tx model was conducted as previously described (Figure 1A).% All mice

were injected with 100,000 M3-9-M cells in sterile PBS into the left gastrocnemius
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(RMS+Tx)."” The contralateral right gastrocnemius was injected with sterile PBS as an
internal control (CON). Mice recovered for three days then received an intraperitoneal
injection of vincristine sulfate (1 mg/kg Cat#V8388, Sigma Aldrich). At five weeks of age,
all mice were exposed to fractioned radiation of five doses of 4.8 Gy (X-RAD 320,
Precision X-Ray Irradiation) localized to the RMS-injected (left) limb (RMS+Tx). The rest
of the body was protected using a lead murine abdomen shield and the contralateral non-
RMS-injected, non-irradiated (right) limb was used as an internal control (CON).

At six weeks of age, mice were randomly assigned into either a RET or sedentary
(SED) group. Mice in the RET group were individually housed with weighted running
wheels while mice in the SED group were housed with no wheel for 8 weeks.'® After one
week of wheel acclimatization with no weight, RET began with a 2 g resistance in week
1 which progressed by 1 g/week until a weight of 5 g was maintained for 2 weeks (weeks
4-5) and then increased to 6 g which was maintained for the final 3 weeks (weeks 6-8) as
previously described.'® Running distance (km/day) was tracked using low profile wireless
running wheels (ENV-044, ENV-047, Med Associates) and associated software packages
(Wheel Manager Software SOF-860, Med Associates). The design resulted in four groups
with the within factors (i.e., contralateral limbs of the same mouse) of CON and RMS+Tx
and the between factors (i.e., independent mice) of SED and RET: (1) CON-SED, (2)
CON-EX, (3) RMS+Tx-SED, and (4) RMS+Tx-RET. Animals were euthanized 4 days after
the final exercise session with CO> asphyxiation followed by cervical dislocation. The left
(RMS+Tx) and right (CON) gastrocnemius were resected, weighed, and partitioned into
thirds for downstream analyses.

Rabdomyosarcoma cell line
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M3-9-M RMS cells (gift MacKall Lab, Stanford) were cultured in RPMI media 1640
(Cat# 350-000-CL, Wisent Inc) containing 1% L-glutamine (Cat# 07100; StemCell
Technologies), 10% heat-inactivated fetal bovine serum (Cat# 12483-020; Gibco),
HEPES (Cat# 15630-080, Gibco), 1% non-essential amino acids (Cat# 11140-050,
Gibco), 1% sodium pyruvate (Cat# 11360-070, Gibco), 1% penicillin/streptomycin (P/S)
(Cat# 15140-122, Thermo Fisher Scientific), and 50 mM 2-mercaptoethanol (Cat# 21985-
023, Gibco)."’
Body composition and performance testing

Body composition and body weight was assessed by EchoMRI-900 (EchoMRI
LLC) and an electronic scale as previously described.'®'® Endurance performance was
evaluated on a motorized treadmill as previously described without electric shock.'®
Testing ceased when mice met one of the following three criteria to end the test: 1)
resisted stimulation with rubberized tweezers, 2) remained stationary on the treadmill
platform off of the belt for greater than 2 minutes, or 3) remained one body length away
from the platform for greater than 5 seconds and could not increase speed when
stimulated.'® Maximal grip strength of fore- and hindlimbs combined was measured as
previously described'® using a Chantillion DFE Il (Columbus Instruments). A total of five
grip strength tests were performed on each mouse with each mouse grasping the force
grid with all four limbs. The highest and lowest force values were discarded and an
average of the remaining three values were used to score each mouse. Body composition
and performance tests were conducted before treatment (Pre-Tx), before RET (Pre-RET)
and after RET (Post-RET).

Histochemical, immunostaining, and microscopy
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The distal third of the gastrocnemius was then embedded in tissue-embedding
medium (OCT, Cat# 4585, Fisher Scientific) prior to freezing in liquid nitrogen-cooled
isopentane (Cat# 277258-1L, Sigma-Aldrich). 10 ym transverse sections were collected
using a HM 525 NX-2210 cryostat (Leica, Wezlar, Germany) and placed onto glass slides
(Cat# 12-544-2, Fisher Scientific). An average of 482 + 22.5 myofibres per mouse were
analyzed for CSA, fibre type proportion, and myonuclear domain. Masson’s Trichrome'%2°
and Myosin Heavy Chain (MyHC)?! staining and analysis were conducted as previously
described. The following isotype-specific anti-mouse primary antibodies were used:
MyHC-I, 1gG-2b (1:100, Cat# BA-D5, DSHB), MyHC-IIA, 1gG1 (1:100, Cat# SC-71,
DSHB), MyHC-IIB, IgM (1:25, Cat# BF-F3, DSHB), and anti-laminin (IgG, 1:50, Cat #
MA1-06100 Monoclonal Antibody (A5), Thermo Fisher Scientific) with their corresponding
secondary antibodies: Alexa Fluor® 647 AffiniPure Goat Anti-Mouse IgG, Fcy subclass
2b specific (1:100, Cat# 115-605-207, Cedarlane Laboratories), Alexa Fluor® 488
AffiniPure Goat Anti-Mouse 1gG, Fcy subclass 1 specific (1:100, Cat# 115-545-205,
Cedarlane Laboratories), Cy™3 AffiniPure Fab Fragment Goat Anti-Mouse IgM, p chain
specific (1:50, Cat# 115-167-020, Cedarlane Laboratories), and Alexa Fluor 594 (Cat #
A11005, Invitrogen). Type lIx fibres were identified as unstained for MyHC |, IIA, or IIB.
Hybrid fibres were identified as those staining for >1 MyHC isoform. Myonuclei were
identified as nuclei with at least 50% of their area beneath the basal lamina. Myonuclear
domain was calculated by dividing the number of myonuclei by the CSA (um?) per fibre.
Images for Masson's Trichrome staining were acquired using an EVOS-FL2 Automated

Microscope (Thermo Fisher Scientific), while a ZEISS CellDiscoverer7 (ZEISS)
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automated microscope was used to capture fluorescent images. Brightness and color
contrast was adjusted, and images analyzed using ImagedJ software.
Flow cytometry

The proximal third of the gastrocnemius was immediately processed for flow
cytometry.?? Briefly, muscles were digested in Miltenyi GentleMACS C tube (Cat# 130-
093-237, Miltenyi Biotec) containing Collagenase B (1.5U/ml, Cat# 11088831001; Sigma-
Aldrich) and Dispase Il, (2U/ml, Cat# 42613-33-2; Sigma Aldrich) in Ham’s F10 media
(Cat# 318-050-CL, Wisent Inc) by gentleMACS Octo Dissociator (Cat# 130-096-427,
Miltenyi Biotec). The resulting muscle slurry was filtered (100 ym; Cat# 22-363-549,
Fisher Scientific) then treated with Red Blood Cell Lysing Buffer (Cat# R7767; Sigma-
Aldrich). Cells were incubated with FITC Rat Anti-Mouse CD45 (Cat# 561088, BD
Biosciences), BV510 Rat Anti-Mouse CD31 (Cat# 563089, BD Biosciences), anti-Alpha
7 Integrin (ITGA7) 647 (Cat# 67-0010-05, AbLab), and BV711 Rat Anti-Mouse Ly-6A/E
(Sca1) (Cat# 563992, BD Biosciences) in flow buffer (10% FBS, 3 mM of EDTA in 1xPBS)
for 35 minutes. Cell viability was assessed with SYTOX™ green (Cat# S34860,
Invitrogen). Cell populations of interest were hematopoietic (CD31/CD45"), endothelial
(CD45/CD31*), MuSCs (CD45/CD31/ITGA7*), and FAPs (CD45/CD31/ITGA7/Sca1*).
Analysis was performed using a NxT flow cytometer and processed in FlowJo™ v10.8
Software (BD Life Sciences) with gates and compensation established using fluorescence
minus one and single-stained controls.
NanoString nCounter assay and data analysis

Total RNA isolation from flash frozen gastrocnemius was performed using MicroKit

(Cat# 74004, Qiagen) according to manufacturer's instructions. RNA purity and
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concentration were measured with a Nanodrop 2000c spectrophotometer (Thermo Fisher
Scientific). Targeted transcriptomic analysis of a specific CodeSet panel of genes
involved in muscle fibrosis and inflammation was performed with a Nanostring nCounter
Mouse Fibrosis V2 panel (Cat# 115000388, NanoString Technologies). Samples (100 ng
of RNA) were prepared and analyzed on the multiplexed digital nCounter® platform
(NanoString Technologies) according to the manufacturer’s instructions. Reporter code
counts (RCC) and reporter library file (RFL) were generated, and quality control,
background subtraction, and normalization were performed using the nSolver 4.0
Software (NanoString Technologies). Normalized RCC files were analyzed using

ROSALIND® nCounter Data Analysis Software (https://rosalind.bio/), with a HyperScale

architecture developed by OnRamp Biolnformatics, Inc. A multidimensional scaling
(MDS) plot was generated and the cell type profiling module quantified cell populations,
fold changes, and p-values were calculated based on the fast method (nCounter
Advanced Analysis MAN-10030-03). The Benjamini-Hochberg method of estimating false
discovery rates (FDR) was used for the adjusted p-value. Genes clusters for heatmaps
of differentially expressed genes (DEGs) were created using the PAM (Partitioning
Around Medoids) method using the fpc R library.?®> Hypergeometric distribution was
performed to analyze the enrichment of pathways, gene ontology (GO), and other
ontologies. The topGO R library?* was used to determine local similarities and
dependencies between GO terms. Gene set analysis (GSA) and GO terms were
performed using the DEGs.

Statistical analyses
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Analyses were blinded. Data are expressed as mean * standard error of the mean
(SEM) with p < 0.05 considered significant. A three-way mixed analysis (time x group x
treatment) of variance or a two-way mixed analysis (treatment x group) of variance were
used where appropriate followed by Sidak posthoc tests using GraphPad Prism version

8.0.1 software (GraphPad Software).

Results

Mouse survival and tumor recurrence

Four mice, two males and one female in RET and one male in SED, perished
during the intervention. Three male mice likely died due to tumor recurrence and
metastases, while the female mice sustained an injury during RET that required
sacrificed. Therefore, a total of 16 mice (SED=9 and RET=7) were used for downstream
analyses except for immunohistochemistry where muscles for six mice in the RET group
(n=6) and eight in the SED group (n=8) were of sufficient quality to use for myonuclear

and MyHC analyses.

Resistance and endurance exercvise training improves endurance performance
and body composition after rhabdomyosarcoma plus therapy

Mice in the RET group ran approximately 5.86 + 0.44 km per day which was
consistent across the 8-week intervention (Supplementary Figure 1A). RET had higher
endurance performance compared to SED at Post-RET (Figure 1B, group effect
p<0.0001, with no sex-difference (Supplementary Figure 1B p=0.004). Absolute and

relative grip strength increased at Pre-RET compared to Pre-Tx, and further increased at

117



Post-RET (Supplementary Figure 1C and D, time effect p<0.0001). Body weight
increased between baseline and Post-RET (Figure 1C, time effect p<0.0001). RET had
less body fat percentage than SED at Post-RET (Figure 1D, group effect p=0.0004). Lean
mass increased between Pre-RET and Pre-Tx, and was further increased post-RET

(Figure 1E, time effect p<0.0001).
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Figure 1. Resistance and endurance exercise training (RET) improves endurance
performance, body composition, and muscle weight following rhabdomyosarcoma
(RMS) plus therapy.

(A) Study design. Four-week-old Male (n=10) and Female (n=10) C57BI/6 mice received
M3-9-M Rhabdomyosarcoma (RMS) cell injections into the left gastrocnemius to generate
the tumors with the left limb serving injected with phosphate-buffered saline (PBS)_as an
internal control (CON). After three days, all mice received systemic vincristine treatment
administered by |.P. injection. Two days post-chemotherapy, mice were administered five
doses of 4.8 Gy of gamma radiation localized to the left hindlimb only (RMS+Tx).
Following treatment, mice were randomly divided into either sedentary (SED) or
resistance endurance trained (RET) groups for eight weeks. Figure created with
Biorender.com. (B) Endurance performance assessed by total distance run (m) until
volitional exhaustion. (C) Body weight (g). (D) Body fat percentage, and (E) Lean Mass
(9). *™*P < 0.001, ****P < 0.0001; SED vs RET. In Figure 1C, a = significantly different
than baseline, Pre-Tx and Pre-RET; 3 = significantly different than 2 weeks-RET; o =
significantly different than 5 weeks-RET. In (E), a = significantly different than baseline,
Pre-Tx; B = significantly different than Pre-RET. Three-way ANOVA or Two-way ANOVA

(E), Sidak posthoc test. N = 7-9 per group.

Rhabdomyosarcoma plus therapy induced muscle atrophy and fibrosis
Gastrocnemius weight was lower in RMS+Tx compared to CON (Figure 2A,

treatment effect p<0.05) and higher in RET versus SED (Figure 2A, group effect p<0.05).
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More extracellular matrix accumulated in RMS+Tx versus CON (Figure 2B, treatment

effect p=0.028). Representative Masson’s trichrome images are presented (Figure 2C).
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Figure 2. Rhabdomyosarcoma (RMS) plus therapy induce muscle atrophy and
fibrosis.

(A) Muscle weight relative to total body weight (g/g). (B) Quantification of Trichrome stain
for intramuscular fibrosis and collagen content as a % of total muscle area. (C)
Representative images of Trichrome staining for intramuscular fibrosis and collagen
content. Scale = 100 ym. #P< 0.05 RMS+Tx vs. CON. *P < 0.05 SED vs RET. Two-way

ANOVA, Sidak posthoc test. N = 7-9 per group.
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Resistance and endurance exercise training induced myofibre hypertrophy and
alterations in fibre-type distribution independent of rhabdomyosarcoma plus
therapy

Representative MyHC images are presented (Figure 3A). MyHC Type | and hybrid
fibres were inconsistently detected across samples, thus were excluded from final
analyses. Total fibore CSA was larger in RET versus SED (Figure 3B, group effect
p=0.0087). SED had more 2000-2400 um? fibres than RET in the CON limb
(Supplementary Figure 2A, p=0.011), and a trend for more fibres <400 um? in SED versus
RET in the RMS+Tx limb (Supplementary Figure 2B, p=0.065). Type IIA CSA was larger
in RET versus SED (Figure 3C, group effect p=0.014). Type 1IB CSA was smaller in
RMS+Tx versus CON (Figure 3D, treatment effect p=0.006) and was larger in RET versus
SED (Figure 3D, group effect p=0.015). Type 11X CSA was not altered (Supplementary
Figure 2C). The proportion of type IlA fibres was higher in RMS+Tx versus CON (Figure
3E, treatment effect p=0.004), and was also higher in RET versus SED (Figure 3E, group
effect p=0.025). Fewer type 1IB fibres were observed in RMS+Tx versus CON (Figure 3F,
treatment effect p=0.006) as well as in RET versus SED (Figure 3F, group effect
p=0.025). No differences in type I|IX fibre proportion were observed (Supplementary

Figure 2D).
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Figure 3. Rhabdomyosarcoma (RMS) plus therapy reduced Type IlIB cross-
sectional area (CSA) and proportion whereas resistance and endurance exercise
training (RET) enlarged myofibre CSA and induced alterations in fibre-type
distribution independent of RMS plus therapy. (A) Representative image of myosin
heavy chain stain immunofluorescence (Type IIA: green, Type |IB: orange, Type IIX:
black, laminin: red). (B) Total fibre CSA (um?). (C) Type IIA fibre specific CSA (um?). (D)

Type IIB fibre specific CSA (um?). (E) Proportion of Type IIA fibres (% of total fibre #). (F)
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Proportion of Type IIB fibres (% of total fibre #). *P < 0.05, **P<0.01; SED vs RET group.
#P < 0.01; RMS+Tx vs CON. Two-way ANOVA, Sidak post hoc test. N=6-8 per group.

Scale = 100 ym.

Increase in myonuclear domain with no changes in myonuclear accretion followed
rhabdomyosarcoma plus therapy and resistance and endurance exercise training
Representative myonuclear and laminin staining is presented (Figure 4A). Total
myonuclear domain was larger in CON-RET versus RMS+Tx-RET (Figure 4B, p<0.001).
Type A myonuclear domain was larger in RET versus SED (Figure 4C, group effect
p=0.001). A larger domain was observed in Type IIB fibres in CON-RET versus CON-
SED (p=0.013) and RMS+Tx-RET (p=<0.001) (Figure 4D). A trend for greater myonuclear
domain size was also observed in RET versus SED for Type IIX fibres (Figure 4E, group

effect p=0.086). No differences in nuclei per fibre were observed (Supplementary Figure

3A-D).
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Figure 4. Resistance and endurance training (RET) enlarged myonuclear domain
with no changes in myonuclear accretion followed rhabdomyosarcoma (RMS) plus
therapy.

(A) Representation of images used for quantifying myonuclei and myonuclear domain.
(B) Myonuclear domain of all fibres (um?). (C) Type lIA fibre specific myonuclear domain
(um?). (D) Type IIB fibre specific myonuclear domain (um?). (E) Type IIX fibre specific
myonuclear domain (um?2). *P < 0.05, **P < 0.01, ***P < 0.001. Two-way ANOVA, Sidak

post hoc test. N=6-8 per group. Scale = 100 ym.

Rhabdomyosarcoma plus therapy and resistance and endurance exercise training
induce changes in cellular dynamic in skeletal muscle

Representative flow plots for skeletal muscle mononuclear cell populations are
presented (Supplementary Figure 4A). Total live, mononuclear cell count per muscle
weight was lower in RMS+Tx versus CON (Supplementary Figure 4B, treatment effect
p<0.05). RMS+Tx had a higher number (Figure 5A, treatment effect p<0.05) and
proportion of CD45" cells versus CON (Supplementary Figure 4C, treatment effect
p<0.05). More CD31" cells in RET compared to SED mice was observed in the RMS+Tx
limb (Figure 5B, p<0.05). RET had a higher proportion of CD31* cells compared to SED
(Supplementary Figure 4D, group effect p<0.05). RMS+Tx had fewer a7* cells versus
CON (Figure 5C, treatment effect p<0.05) with no difference in a7* cell proportion
(Supplementary Figure 4E). RET had more (Figure 5D, group effect p=0.022) and a
higher proportion (Supplementary Figure 4F, group effect p<0.05) of Sca1™ cells versus

SED.
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Figure 5. Rhabdomyosarcoma (RMS) plus therapy and resistance endurance
exercise training (RET) alter cellular dynamic in skeletal muscle.

(A) CD45" cells per mg of muscle. (B) CD31™ cells per mg of muscle. (C) a7* cells per mg
of muscle. (D) Sca1* cells per mg of muscle. *P < 0.05, **P < 0.01; SED vs RET. ##P <

0.001; RMS+Tx vs CON. Two-way ANOVA, Sidak post hoc test. N=7-9 per group.

Fibrotic and inflammatory transcriptome is induced by rhabdomyosarcoma plus
therapy and is partially prevented by resistance endurance exercise training

The MDS plot distinguishes CON and RMS+Tx groups independent of RET/SED
condition (Supplementary Figure 5A). Cell Profiler indicates an enrichment of mast cells,
macrophages, and CD45" cells in RMS+Tx versus CON (Supplementary Figure 5B). A
volcano plot showing the differentially expressed genes (DEGs) up-regulated (log2 fold
change > +0.5) and down-regulated (log2 fold change < -0.5) between CON-RET and
CON-SED (Figure 6A, p<0.05). Eight genes (Cd36, Cxcr4, Gbp3, Oasl1, Tnfsf10, Mmp12
and Angptl4) were up-regulated and four genes were down-regulated (Lep, Adipoq, Irf4
and S700a4) in the CON-RET compared with CON-SED. The Top 10 GSA revealed up-
regulated genes for macrophage activation, chemokine signaling, fatty acid and

cholesterol metabolism, oxidative stress, and others in CON-RET versus CON-SED
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(Figure 6A). Comparing RMS-RET to RMS-SED, three genes were up-regulated (Dapk1,
Tm6fs2 and Ptger4) and three were down-regulated (Ccl2, Cd163 and Myd88) (Figure
6B). The Top 10 GSA revealed down-regulated genes for cell cycle, ECM remodeling,
and others with up-regulated genes for Th1 Differentiation (Figure 6B).

A total of 117 genes were up-regulated in RMS-SED versus CON-SED (Figure 6C,
p<0.05). GSA revealed genes enriched for macrophage activation, interferon, chemokine
signaling, and others (Figure 6C and Supplementary Figure 5C). Biological process Gene
Ontology (GO) terms, based on the up-regulated genes showed genes involved mostly
in the immune response in RMS-SED versus CON-SED (Figure 6C, FDR, adjusted p-
value <0.05). Conversely, 124 genes were up-regulated and 1 down-regulated (Ppara) in
RMS-RET versus CON-RET (Figure 6D, p<0.05). These genes were enriched for
complement activation, collagen biosynthesis and modification, ECM degradation, and
cytokine and chemokine signaling among others in RMS-RET (Figure 6D and
Supplementary Figure 5D). Biological process GO terms showed genes involved in the
immune response and collagen organization among others (Figure 6D, FDR, adjusted p-
value <0.05). Higher Mmp-2 (p=0.005) and Col3a1 (p=0.028) gene expression in RMS-
RET compared to CON-RET was confirmed by qPCR (Supplementary Figure 5E). Active-
MMP2 (p=0.0068) and CCR2 (p=0.018) protein in RMS-RET compared to CON-RET

(Figure 6E).
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Figure 6. Fibrotic and inflammatory signature is induced by rhabdomyosarcoma
(RMS) plus therapy and is partially reduced by resistance and endurance training
(RET) in skeletal muscle.

(A) Volcano plot of logo-transformed fold change and -logio-transformed P values
showing up-regulated (in green) and downregulated (in purple) genes in CON-RET vs.
CON-SED and the Top 10 direct enrichment score from the gene set analysis (GSA). (B)

Volcano plot of logo-transformed fold change and —logio-transformed P values showing
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up-regulated (in green) and downregulated (in purple) genes in RMS-RET vs. RMS-SED
and the Top 10 direct enrichment score from the gene set analysis (GSA). (C) Heatmap
of differentially expressed genes (DEGs) in RMS-SED vs. CON-SED, Top 10 (GSA) in
RMS-SED vs. CON-SED and Top 10 Biological process Gene Ontology (GO) terms
(FDR, adjusted p-value) in RMS-SED vs. CON-SED. (D) Heatmap of DEGs in RMS-RET
vs. CON-RET, Top 10 GSA in RMS-RET vs. CON-RET and Top 10 Biological process
GO terms (FDR, adjusted p-value) in RMS-RET vs. CON-RET. (E) Representative
Western Blot image of MMP-2, CCR2 and Cyclophilin-B protein expression. (F) Fold-
Change of Pro-MMP-2, Active-MMP-2 and CCR2 protein expression, normalized by

Cyclophilin-B. *P < 0.05, **P < 0.01. N=3 per condition.

Discussion

The overall objective of this study was to determine the extent to which RET can
prevent the negative long-term consequences of RMS plus therapy in skeletal muscle.
Our main findings were that RET improved body composition and enhanced endurance
performance, induced Type Il myofibre hypertrophy, increased the number of several
mononuclear cells involved in supporting muscle maintenance, and partially prevented
the inflammatory/fibrotic gene signature induced by RMS plus therapy. These results
suggest that RET-based interventions reduce the negative long-term effects of RMS plus
therapy, in part by improving the skeletal muscle microenvironment.

Excess adiposity and impaired physical performance leading to reduced
participation in physical activity is commonly reported among cancer survivors.® We

showed that RET leads to improved body composition and exercise performance.

128



Adiposity did not increase in RET mice following RMS plus therapy while SED mice
experienced an almost 2-fold increase in total body fat percentage which aligns with
previous work from our group.'® Conversely, RET did not alter the increases in body
weight and lean mass observed over the course of the study, likely due to the period of
juvenile growth and development and the effects of RET on muscle hypertrophy not being
detected by less sensitive whole body measures. The increases in grip strength in our
study was like due to the period of growth and development of the mice. However, a
limitation of our study is that we were not able to assess a direct strength measure of the
gastrocnemius due to the data collection across multiple time points in the same mice.
Adherence to exercise programs in cancer survivors is often a barrier to their efficacy.?
Mice in the RET group effectively sustained the voluntary exercise protocol for eight
weeks with increasing resistance. Daily distance travelled in our RMS plus therapy model
was similar to previous work in aged mice.?%2” Thus, our preclinical juvenile RMS plus
therapy model appears to show a similar premature aging response that has been
described in human cancer survivor.?® Further, the RET protocol induced a 200%
increase in endurance performance following RMS plus therapy. These results agree with
previous literature from our group that describe increases in muscular performance in
mouse models of cancer survivorship.'® In conclusion, these findings indicate that
sustained adherence to RET leads to improvements in whole body composition and
enhanced endurance performance in a model of RMS plus therapy.

Previous work has shown that RET causes myofibre hypertrophy and can lead to
fibre type adaptations that favour a more oxidative profile in healthy and aged mice.6:2°

We confirm and extend these findings by showing that RET induces hypertrophy in both
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Type IIA and Type IIB myofibres and supports a shift from Type IIB to Type IIA fibres in
a model of juvenile cancer survivorship. Interestingly, RMS+Tx only resulted in
significantly smaller fibres in Type IIB. Based on these results, RET induced hypertrophy
in total fibres and in Type IIA fibres as evidenced by larger CSA with RET and no change
in CSA in RMS+Tx. Conversely, in Type IIB fibres, RET likely prevented atrophy given
the smaller CSA in RMS+Tx and larger CSA in RET. As such, the effects of RET and
RMS+Tx in this model seem fibre type-dependent. Interestingly, our targeted gene
expression analysis revealed a significant difference in genes involved in the mTOR
signaling pathway and a significant down-regulation in genes involved in genes involved
in the TGFB pathway which support a combined pro-hypertrophic and anti-atrophic effect
of RET. The results obtained in the present study, largely align with and extend findings
from the Deminice lab which used a model of cachexia, not cancer survivorship, a
different resistance training model that lacked an endurance component, a different
species®Y/strain of mice3!, and did not conduct fibre type-specific analyses.?%3' Taken
together these data support the concept that a hybrid resistance-endurance exercise
program can have dual effects of enhancing endurance and inducing hypertrophy.
Juvenile muscle growth requires functioning MuSCs providing for the addition of
new myonuclei to myofibres.® Previous work using the same RMS plus therapy model
showed that treatment-induced depletion of MuSCs underlies impaired muscle
development.® Further, RET has been shown to elevate MuSC content,'® while MuSC
ablation impairs muscle adaptation to RET.?® Our results support these findings showing
that MuSCs were depleted by RMS plus therapy, with a trend for more MuSCs in RET.

Intriguingly, no changes in nuclei per fibre were found between groups; however, a
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significant increase in the myonuclear domain was apparent in Type IlIA fibres in RET
compared to SED, as well as for Type IIX fibres in the control limb of RET compared to
SED. This is in contrast to previous work that reports increased number of myonuclei per
fibre in RET versus SED groups in both young and aged mice.'®?° These data suggest
that the muscle hypertrophy seen in RET mice following RMS plus therapy is driven
primarily by protein synthesis, independent of myonuclear accretion. Indeed, our
transcriptional profiling indicated a slight down-regulation of the mechano-sensitive Hippo
pathway which would be expected to activate muscle protein synthesis.3? Further, these
data suggest that the MuSC pool is still defective in RMS plus therapy even after an
exercise intervention.

MuSCs are regulated by their local microenvironment which includes several cell
types, including FAPs. In line with previous work®, RMS plus therapy did not result in FAP
depletion; however, we did observe a trend for fewer FAPs in RMS+Tx-SED versus CON-
SED. Conversely, we observed significantly more FAPs following RET in both CON and
RMS plus therapy, which aligns with previous preclinical models of endurance
exercise,®20-33 and resistance training studies in humans.®* Further, we detected more
fibrosis in the RMS plus therapy condition'® which aligns with our transcriptional analysis
that showed an enrichment in genes involved in platelet-derived growth factor (PDGF)
signalling in RMS+Tx-SED compared to CON-SED. PDGF signaling is involved in
sarcoma formation3® and promotes fibrosis by inducing FAP differentiation into
myofibroblast leading to excess ECM accumulation.®6-3” Thus, the trend for a reduction in
FAPs by RMS plus therapy could be due to their myofibroblast differentiation which

contributed to the observed ECM accumulation in RMS+Tx. Although RET had no effect
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on muscle fibrosis, which was similar to our previous work with endurance exercise
following radiation exposure'®, genes involved in PDGF and Hedgehog signaling, two pro-
fibrotic pathways®7-38, were down-regulated in the RMS+Tx-RET compared to RMS+Tx-
SED, suggesting RET as a potential exercise intervention to decrease the fibrogenic
potential of FAPs. Hypertrophic stimuli induces ECM remodelling, by stimulating
pathways involved in ECM degradation and synthesis which facilitates ECM
reorganization, and promotes myofibre growth.®® Our transcriptomic data indicate ECM
reorganization is ongoing in RET facilitated by diverse matrix metalloproteinases
(Mmp14, Mmp3, Mmp2, etc.) and with collagen biosynthesis and modification and
collagen degradation pathways both enriched in RMS+Tx-RET versus RMS+Tx-SED.
Consistent with our results, Peck and colleagues showed that mechanical overload
increased Mmp14 gene expression which was correlated with a more macrophages and
skeletal muscle adaptation in humans followed resistance exercise training.*® Similarly,
our study showed that MMP-2 protein expression was higher in RMS-RET compared to
CON-RET, aligning with the increase in macrophages in RMS+Tx versus CON observed
in our transcriptomic data. Similarly, CCR2 was upregulated in RMS+Tx which is also
associated with muscle inflammation and impaired regeneration.5' Thus, MMP-2 and
CCR2 are potential targets to improve the effects of RMS plus therapy on skeletal muscle.

Endothelial cells are another component of the MuSC niche and the perivascular
location of FAPs and MuSCs suggest the strong communication with ECs.S? Endothelial
cell loss is radiation dose-dependent, progressive, and contributes to myofibroblast
activation and muscle fibrosis.’® When FAPs are genetically depleted disrupting FAP-

endothelial cell crosstalk results in impaired skeletal muscle revascularization and fibrosis
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following hind limb ischemia.S2 We detected a trend for fewer endothelial cells in the RMS
plus therapy model which mirrors our FAP findings. Also, similar to our FAP results, RET
increased ECs suggesting pro-angiogenic features of RET that could improve skeletal
muscle perfusion, and facilitate crosstalk between ECs and FAPs.

Previous work suggested that long-term upregulation of inflammatory genes was
involved in muscle degradation using the same RMS plus therapy model.® Similarly, we
found an increase in cell abundance score of macrophages and hematopoietic cells;
supported by flow cytometry analysis that showed higher quantity of hematopoietic cells
following RMS plus therapy. Several genes involved in the immune and inflammatory
response were also up-regulated in RMS+Tx in our transcriptional analyses. Immune
cells, especially macrophages are a key component of muscle regeneration and
adaptation but also in chronic inflammatory conditions.S? In our study, RMS plus therapy
increased genes related to M1 (generally pro-inflammatory) and M2 (generally anti-
inflammatory) macrophage activation (i.e., Ccr2, Ccl2, and Cxcr4, etc.) as well as genes
involved in interferon signalling (i.e., H2-Aa, Isg15a, etc.) and this heightened and
prolonged inflammatory response aligns with previous work.®  Excitingly, RET
downregulated Ccl2, Myd88, and Cd163 in RMS+Tx which are all genes involved in pro-
inflammatory signalling. While RET in the CON limb showed higher M1 and M2 related
genes than SED, this aligns with a previous finding that shows the necessity of
macrophage recruitment to induce muscle hypertrophy following mechanical overload.5*
Thus, RET may inhibit the negative long-term late effects of RMS plus therapy by reducing

inflammation.
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Together, our results show that RET improves endurance performance, body
composition, and induces skeletal muscle hypertrophy in a model of juvenile RMS plus
therapy. These effects were mediated by positive changes in cellular dynamics, including
increases in endothelial cells and FAPs and a partial reversal of the inflammatory and
fibrotic gene signature. As such, our study indicates that skeletal muscles can adapt to
RET following RMS plus therapy and suggests that increased protein synthesis and
improvements in the muscle microenvironment may be the primary mechanisms

responsible.
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Chapter V

General discussion and future directions

The research projects presented in this thesis aimed to address a critical gap in
the lack of knowledge regarding the cellular source and mechanisms responsible for
radiation-induced muscle pathology in juvenile cancer survivors. The studies explored the
extent to which FAPs are involved in cancer treatment-induced muscle pathology and
characterized how radiation therapy affects cellular dynamics and communication within
the muscle niche at a single-cell resolution. We also examined whether a combination of
resistance and endurance exercise training can mitigate the long-term muscle defect in a
juvenile model of cancer plus therapy. The major findings from the research projects
presented in this thesis, were that following juvenile radiation exposure, FAPs acquire a
pro-fibrotic phenotype and contribute to the long-term skeletal muscle atrophy and fibrosis
observed in juvenile cancer survivors (Chapter Il). Subsequently, our scRNA-seq analysis
(Chapter Ill) revealed a conserved Cdkn1a gene signature across all cells and higher
expression of proinflammatory signalling in the IR-limb. Furthermore, cell-cell interaction
analysis revealed FAPs as the primary target of TGF-$ signalling post-IR. Lastly, we
demonstrated that RET preserved skeletal muscle mass and restored the inflammatory
and fibrotic transcriptome in a model of juvenile RMS survivorship (Chapter V).
Collectively, these studies identify FAPs as significant cell contributors to the
development of radiation-induced fibrosis in skeletal muscle. Moreover, RET emerges as

a novel potential strategy that can prevent or mitigate the long-term side effects of cancer
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treatment in juvenile cancer survivors. This chapter aims to connect the individual
research projects in a broader global discussion beyond what was presented in the
individual chapters, and offering potential directions and limitations for future work that

build on the outcomes of the individual projects.

The complexity of the extracellular matrix

The extracellular matrix is a network composed of various structural proteins such
as collagens, proteoglycans, and fibronectin, among others, essential during muscle
development, hypertrophy, and regeneration (Brightwell et al., 2022; Csapo et al., 2020).
Transient ECM deposition serves as a substrate and scaffold for various types of cells,
including MuSCs, by providing a three-dimensional structure supporting their myogenic
commitment (Thomas et al., 2015; W. Zhang et al., 2021). Conversely, exacerbated ECM
accumulation results in skeletal muscle fibrosis. The highly dynamic fibrogenic process
involves a constant communication between various cells, such as immune cells and
FAPs. This fibrogenic process comprises an inflammatory response where different
immune cells are activated, releasing multiple cytokines and chemokines, such as TGF-
B, PDGF, CTGF, and TNF-a (Mahdy, 2019). The immune response leads to the
proliferation of fibroblastic-like cells such as FAPs, initiating various intracellular
processes such as phosphorylation of SMAD protein targets, leading to the activating
fibrogenic genes, and contributing to excessive ECM deposition (H.-H. Hu et al., 2018;
Uezumi et al., 2011). In Chapter II, we observed exacerbated ECM accumulation in
skeletal muscle at 56-days post-IR. Additionally, we observed an increase in fibronectin

and aSMA in the whole muscle, which are well established pro-fibrotic markers.
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Furthermore, we observed early phosphorylation of SMAD3, a downstream target of TGF-
B which is known as a master regulator of fibrogenesis (Biernacka et al., 2011). The early
activation of SMAD3 signalling may be responsible for the early biological process related
to myofibroblast proliferation in FAPs observed in our scRNA-seq study (Chapter llI).
Persistent SMAD3 signalling during muscle regeneration hinders MuSC fusion and
differentiation (Melendez et al., 2021; Girardi et al., 2021). We also observed an
impairment of MuSCs fusion and differentiation in Chapter Il. A recentwork by Le Grand'’s
Lab revealed that TGF-[3 signalling impairs myoblast fusion, by controlling the expression
of actin-related genes, leading to a reduction of myotube formation (Girardi et al., 2021).
Similarly, Lamarche and colleagues showed that treating myoblast with TGF-f inhibits
myoblast differentiation (Lamarche et al., 2015). Therefore, the TGF-B-SMADS3 axis has
been shown to inhibit myogenic fusion (Melendez et al., 2021) and differentiation (Liu et
al., 2001). This aligns with our scRNA-seq analysis, where persistent TGF-§3 signalling
was observed in the IR-limb compared to CON at 56-days post-IR. Upregulation of TGF-
B signalling has been reported in mice (Bachman et al., 2018b; Kallenbach et al., 2022)
and humans (Ejaz et al., 2019; Martin et al., 2000; J. Wang et al., 2021) following radiation
exposure. Thus, our findings suggest that TGF- signaling it could be an important
signalling pathway involved in skeletal muscle atrophy and fibrosis observed in cancer
survivors. it is important to note that there was a difference in findings between Chapter
Il and Ill. In Chapter Il, we did not detect an increase in SMADS signalling in the whole
muscle 56-days post-IR, while in Chapter Ill, using scRNA-seq analysis, we observed

increased TGF-f signalling at the same time point. This difference could be due to the
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sensitivity of the two techniques used to evaluate this pro-fibrotic signalling and the
different radiation protocols.

Interestingly, our scRNA-seq data reveled that macrophages were the main
source of TGF-B and FAPs were the primary receiver of TGF-$ signalling post-IR.
Moreover, we found that FAPs were the main cellular source of ECM deposition.
Together, these findings suggest an active communication between macrophages and
FAPs contributing to skeletal muscle fibrosis following radiation exposure. Similarly, in the
RMS plus therapy study (Chapter V), we found an increase in macrophages compared
to the control. Furthermore, an up-regulation of Ccr2 gene expression was present in the
RMS plus therapy group. These align with previous findings showing increased Ccr2
expression associated with different fibrotic pathologies (Moore et al., 2001; Seki et al.,
2009; Venosa et al., 2021). Interestingly, RET down-regulated Ccl/2 gene expression, a
gene related to pro-inflammatory signalling and a specific ligand of Ccr2, which is highly
expressed in macrophages (Gschwandtner et al., 2019). Blanc and colleagues showed
that Ccl2 inhibits MuSC fusion and differentiation (Blanc et al., 2020). Moreover, genetic
ablation of the Ccr2 gene in MuSCs leads to enhanced muscle regeneration (Blanc et al.,
2020). Thus, this data suggests that downregulation of Cc/2 gene expression by RET
might enhance skeletal muscle hypertrophy by promoting MuSCs fusion and
differentiation in or RMS plus therapy model. Growing evidence has shown that persistent
M2 macrophages accumulation in the skeletal muscle contributes to muscle fibrosis
(Braga et al., 2015; M. Hu et al., 2023; Stepien et al., 2020) and promotes myofibroblast
differentiation (Hoeft et al., 2023; Hou et al., 2018). These findings align with our scRNA-

seq data in Chapter Ill, showing a macrophage type 2 subpopulation highly expressing
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Ccr2 increases at 56-days post-IR that could contribute to skeletal muscle fibrosis and
promote FAP fibrogenic lineage commitment into myofibroblast. Moreover, we observed
pro-inflammatory signalling pathways enriched just in the IR-limb at 56-days post-IR, such
as Protease-activated receptors (PARs), TNF, and Osteopontin (SPP1). Villalta’s Lab
recently found that SPP1 is highly expressed in macrophages from mdx mice and plays
a crucial role in regulating communication between macrophages and FAPs, which is
closely associated with skeletal muscle fibrosis (Coulis et al., 2023). This aligns with the
observation from our scRNA-seq analysis that at 56-days post-IR, SPP1 is the most
incoming interaction with macrophages. Thus, these findings suggest that SPP1 could be
a potential target mediating macrophage-FAP communication associated with fibrogenic
pathologies. Together, paracrine factors, such as TGF- and SPP1, are novel factors
identified in our radiation model that might regulate the activation and fate of FAPs
contributing to skeletal muscle fibrosis.

In Chapter I, we characterized and identified the effect of radiation exposure on
FAP phenotypic changes, suggesting their contribution to the long-term skeletal muscle
atrophy and fibrosis observed following radiation exposure. In pathological conditions,
FAPs are associated with progressive deterioration of skeletal muscle (leronimakis et al.,
2016; Lemos et al.,, 2015; Uezumi et al., 2010, 2011). PDGFRa downregulation is
involved in fibrogenic lineage commitment, which is counter-intuitive given the association
with PDGFRa signal in immunofluorescence and collagen staining in mdx muscle
(Uezumi et al., 2010). Interestingly, we observed a decrease in PDGFRa expression in
Chapter Il by immunofluorescence which was confirmed by flow cytometric analysis. In

line with this finding, our scRNA-seq analysis in Chapter Ill shows that PDGF signalling
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also decreases post-IR. Thus, our findings suggest that the decrease in PDGFRa
expression in the context of radiation is associated with FAP differentiation into a
profibrogenic lineage. Supporting this notion, elevated PDGFRa expression in skin
fibroblasts delays their myofibroblast transition (Yao et al., 2022). Conversely, PDGFRa
downregulation is essential for early lineage commitment into myofibroblast expressing
aSMA in skin (Yao et al., 2022). These findings align with the increase in aSMA stress
fibre formation observed in FAPs following radiation exposure in Chapter Il. In order to
confirm the contribution of FAPs to skeletal muscle fibrosis in vivo, future studies using a
lineage tracing model are necessary. A PDGFRqCeERT2/TdTomato |inggge tracing mouse
model can be generated by crossing a mice containing Tamoxifen-inducible CreERT2
insert into the PDGFRa locus (PDGFRa‘®ER™2 mice) with a floxed TdTomato reporter
gene in the Rosa26 locus (B6.Cg-Gt(ROSA)26Sortm14(CAGtdTomato) HzeN) mice. This genetic
model will allow to visualize all TdTomato™ cells that are either FAPs or their progeny.
Thus, this genetic mouse model will provide evidence and determine FAP fate lineage

commitment following in vivo radiation.

Exercise and the creation of a better scaffold

Skeletal muscle force generation relies on the properties of the ECM structures
(Csapo et al., 2020). These functional structures depend on the balance between ECM
synthesis and degradation (Csapo et al., 2020). The ECM undergoes continuous
remodeling due to matrix metalloproteinase (MMP) enzymes, which are crucial for ECM
degradation (Jabtoniska-Trypu¢ et al., 2016). Our transcriptomic data in Chapter IV

revealed that RET increased enrichment analysis related to ECM biosynthesis and
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reorganization. We also observed an increased Mmp14, Mmp3, and Mmp2 gene
expression, which may lead to biological processes of RET-driven collagen organization.
In line with our findings, Peck and colleagues found that resident macrophages highly
expressing Mmp14 facilitate ECM degradation after mechanical loading (Peck et al.,
2022). Thus, RET might contribute to ECM remodeling in our RMS plus therapy model.
Exercise induces ECM adaptations that enhance skeletal muscle function (Pillon
et al., 2020). Acute resistance training increases ECM-related gene expression,
especially MMPs-related genes, suggesting increased ECM turnover (Wessner et al.,
2019). Further, 12-weeks of endurance exercise training promotes an increase in ECM-
related genes, suggesting their essential role in exercise adaptation (Hjorth et al., 2015).
In Chapter IV, although we did not observe a direct effect of RET in reducing ECM
accumulation based on trichrome staining analysis, we did observe that RET promotes
the reduction of profibrotic and inflammatory-related genes that contribute to skeletal
muscle fibrosis, such as Ccl2, Cd163, and Myd88 (Bayer & Alcaide, 2021; Gschwandtner
et al., 2019; Kowal et al., 2011). In fibrotic pathologies, the ECM possesses a
disorganized structure, associated with detrimental outcomes in the affected tissue
(Brashear et al., 2021; Frantz et al., 2010; Gazoti Debessa et al., 2001; Karsdal et al.,
2017; Xue & Jackson, 2015). Skeletal muscles of mdx mice display alterations in the
relationship between ECM organization, muscle contraction, and stiffness (Brashear et
al., 2021). This highlights the important link between ECM structure and mechanical
muscle function. Recent work suggests that targeting collagen fibre alignment to improve
muscle function and stiffness, rather than solely focusing on decreasing ECM content,

should be the main goal of anti-fibrotic strategies in pathologies with exacerbated ECM
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deposition (Brashear et al., 2022). Brashear and colleagues showed that administering
an anti-fibrotic drug in mdx mice significantly changes the ECM architecture in the
dystrophic skeletal muscle (Brashear et al., 2022). Future studies must investigate
whether RET can impact the spatial ECM organization following cancer treatment.
Methods, including the nanoindentation assay, can assess tissue stiffness in muscle CSA
and determine the mechanical properties of ECM remodeling following RMS plus therapy
(Akhtar et al., 2009). Advances in imaging technology can also help to determine the
complex structure of the ECM in pathology and following exercise training. Techniques
such as rotational linearly polarized light microscopy, electron microscopy, optical
microscopy, and second harmonic generation imaging can provide important insight into
the micropatterning structure of the ECM (Leonard et al., 2018; Poole & Mostago-
Guidolin, 2021). Thus, combining immunofluorescence, histological, and imaging
analyses, we can better understand the ECM complexity and the link between ECM

structure, alignment, and tissue function in response to exercise.

A senescent cell perspective

Unrepaired DNA from cancer therapy could lead to a senescence cell state which
is a state of irreversible cell growth arrest (Campisi & d’Adda di Fagagna, 2007).
Senescent cells also actively secrete various soluble factors called senescence-
associated secretory phenotype (SASP) (Coppé et al., 2008). The SASP consists of a
variety of pro-fibrotic and inflammatory factors such as TNF-a, C/EBP, IL-6, and TGF-f3
(Coppé et al., 2008; Ohtani, 2022). In Chapter Il, we observed that FAPs obtained a

senescence-like phenotype following radiation exposure, characterized by the activation

148



of senescence-associated (SA)-B-Galactosidase (3-gal) staining, a biomarker of cellular
senescence (Morgunova et al., 2015). In Chapter Ill, our scRNA-sequencing analysis
revealed that in most mononuclear cells residing in the muscle niche, there was an
increase in Cdkn1a gene signature and p53 signalling. These findings align with previous
studies showing that cancer patients undergoing chemo- or radiation therapy present
increased levels of senescence markers such as B-gal and cyclin-dependent kinase
inhibitor 1 (p21, encoded by the Cdkn1a gene) in skeletal muscle, peripheral blood, and
other tissues (Sakai et al., 2014; Amundson et al., 2004; Koster et al., 2010; Mansour et
al., 2023; Roberson et al., 2005), and that irradiated, cancer-free mice also present
senescence markers in different tissues (Demaria et al., 2014; Fielder et al., 2019).
Nevertheless, no previous studies have shown which cell type acquires the senescence-
like phenotype following radiation in skeletal muscle. Applying gene scoring to our
scRNA-seq data set based on a curated-senescence gene signature called SenMayo
(Saul et al., 2022), we made the novel finding that FAPs present the highest senescence-
enriched genes compared to the other cell types, suggesting that they are the most
affected cell population following radiation exposure. A recent study by Zhang and
colleagues showed that a FAP subpopulation that aligns with the Tenm2*-FAP
subpopulation from our scRNAseq, presents a senescence signature in aging muscle (X.
Zhang et al., 2022). The senescence phenotype acquired by FAPs suggests that FAPs
may secrete the SASP. In Chapter Il, we showed that radiation exposure affects FAP-
derived trophic factors in a manner that inhibits MuSC fusion and differentiation. This
result may be partly due to the senescence-like phenotype acquired by FAPs resulting in

their secretion of SASP which would then inhibit myogenesis. Therefore, future studies
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are needed to investigate the effect of cancer treatments on FAP secretory profile that
may alter cellular communication with MuSCs and various other cell groups. In this
context, various senolytics could mitigate the senescent cell state accumulated during
ageing, cancer treatments, and various pathological states. Treatment of old mice with a
combination of dasatinib and quercetin, two senotherapeutics, showed improvement in
muscle function and reduced the expression of senescence markers such as Cdkn1a,
and p53 pathway (X. Zhang et al., 2022). Another benefit of these therapies is that
senolytics promote cell cycle arrest, leading to cellular senescence and ultimately

preventing tumorigenesis (Bousset & Gil, 2022; L. Wang et al., 2022).

Limitations

We have considered some important limitations to the work presented herein. In
Chapter Il, one limitation was using a single dose of radiation rather than fractionated
doses. In clinical cancer treatment, a multi-session schedule allows healthy cells to repair
between treatments, reducing long-term tissue damage (Baskar et al., 2012). Because
we focused on radiation treatment in a juvenile stage where MuSCs are required for
normal muscle development (Bachman et al., 2018b), we could not precisely replicate the
clinical radiation schedule (Cardoso-Moreira et al., 2020). Thus, our radiation dose was
based on previous work from the Carson lab, showing the effect of 16 Gy on muscle
morphology, and fibrosis (Hardee et al., 2014), and based on biologically equivalent dose
calculations to treat different types of cancers (Voyant et al., 2014). Another limiting
aspect of Chapter Il and Ill was the use of cancer-free mice. In Chapter IV, we addressed

this limitation directly by developing an RMS plus therapy model. Radiating cancer-free
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muscle is clinically relevant because radiation is often used as an adjuvant therapy
subsequent to cancer resection. Furthermore, Chakkalakal’s Lab demonstrated that the
irradiated limb alone and the irradiated limb inoculated with RMS, showed similar
increases in pro-inflammatory cytokines, extracellular matrix genes, and decrease in
myofiber volume and force production (Kallenbach et al., 2022), suggesting that treatment
is the main driver of this phenotype, at least in the context of RMS.

In our single-cell RNA sequencing experiment (Chapter lll), we obtained a low
number of cells, potentially due to the cytotoxic effect of irradiation itself. This limitation
could be addressed by increasing the sample collection. In addition, being able to FACS
sort a greater number of cells would have helped us to discern with greater certainty some
FAP subpopulations solely responsible for the long-term fibrosis observed in cancer
survivors. Future studies using a lineage tracing model will allow us to confirm in vivo the
FAP contribution to skeletal muscle fibrosis. Furthermore, genetic ablation models could
be used to investigate how the FAP subpopulation might contributes to long-term skeletal
muscle defects. Thus, allowing us to gain a better understanding of which FAPs
subpopulation contributes to radiation-induced skeletal muscle pathology. Another
limitation is that in our RMS plus therapy study (Chapter IV), we could not perform in
situ or in vivo muscle stimulation measurements following RMS treatment and resistance
and endurance training. Performing these measurements would have been a better
approach to directly assess strength in the gastrocnemius muscle following training. Since
this was an initial investigation characterizing the effects of RET in preclinical, juvenile
RMS plus therapy, we focused our analysis on markers of muscle size (i.e., cross-

sectional area) and fibrosis. Future work needs to investigate the direct changes in force
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production in the gastrocnemius muscle following RMS plus therapy. Another limitation in
Chapter IV was that four mice (two males in the RET group, one male in the SED group,
and one female in the RET group) perished before the intervention was completed.
Tumors recurred in two mice in the RET group and one in the SED group, while the fourth
mouse had to be sacrificed after an injury that occurred during RET. This attrition
prevented us from conducting planned sex-difference analyses (Beaudry et al., 2022;
Binet et al., 2023; Deasy et al., 2008; Fortino et al., 2022). Thus, future work is needed to
investigate sex-based comparison following resistance and endurance training in an
RMS-treated murine model. Lastly, a limitation is that the analysis only focused on the
gastrocnemius muscle, which does not capture the full effect of RET on various muscle
groups. However, the decision to focus on the gastrocnemius muscle was made to
accurately inject the RMS into the muscle due to its large surface area and to perform

localized radiation due to the shape of the lead shield in the radiation machine.
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Final remarks

The studies presented in this thesis identified FAPs as key contributors to
radiation-induced fibrosis in skeletal muscle and identified a gene signature of radiation
exposure that occur in skeletal muscle following radiation exposure. Additionally, the
thesis proposes resistance and endurance exercise as a non-pharmacological strategy
to mitigate the detrimental effects of cancer treatment in juvenile cancer survivors perhaps
by reversing fibrotic and inflammatory signalling. Future studies are needed to further
delineate the mechanisms underlying these changes in skeletal muscle due to cancer
treatment. Furthermore, understanding how resistance and endurance training prevents
muscle degeneration following cancer treatment could lead to novel, exercise-inspired
therapies for radiation-induced fibrosis in cancer survivors. Overall, the findings presented
in this thesis will positively impact Canadians' health by identifying FAPs as key
contributors to radiation-induced fibrosis in skeletal muscle and RET as a novel potential
therapy that can prevent or mitigate the late effects of cancer treatment in juvenile cancer

survivors.
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Radiation induces long-term muscle fibrosis and promotes a fibrotic
phenotype in fibro-adipogenic progenitors
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Figure S1. Changes in mice body weight, and no changes in muscle fibre number

and myonuclei per fibre following radiation.

(A) Body weight (g), (B) gas/sol weight per body weight (g/g), (C) number of muscle fibres

at 56-days post-IR per cross-section, and (D) number of myonuclei per fibre. One-way

ANOVA (A), and Paired Student’s t-test between CLTR and IR at each timepoint (B-D).

*p < 0.05 (n=6-8).
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Figure S2. Flow cytometer gating strategy

(A) Flow cytometer gating strategy. (B) Fluorescence minus one (FMO) staining to

establish gating strategy.
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Figure S3. Radiation induces macrophage polarization, decreases vascular
endothelial cells content, and reduces PDGFRa content.

(A) Representative image of vascular endothelial cells. CD31* cells (red), Dystrophin
(green), and DAPI (blue). Scale bar 20 ym. Quantification of capillary to fibre ratio, and
CD31* cells per mm?. (B) Representative image of macrophages staining. F4/80* cells
(green), CD206" cells (red), and DAPI (blue). Scale bar: 16 ym. Quantification of: Total
macrophages (F4/80%) per um?2. ‘M1’ macrophages (F4/80*/CD2067) per um?, and ‘M2’
macrophages (F4/80*/CD206%) per um?. *p < 0.05, Paired Student’s t-test between CLTR

and IR at each timepoint (n=3-8).
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differentiation expressing Perilipin (red), and DAPI (blue), and MuSCs differentiation

expressing MyHC (red), and DAPI (blue). (C) Representative images of C3H/10T1/2 cells
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expressing: PDGFRa (green), fibrogenic differentiation aSMA (orange), adipogenic

differentiation Perilipin (red), and DAPI (blue). Scale bar: 20 pm.
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Figure S5. No changes in mitochondrial biogenesis followed in vitro radiation.
(A) MitoTracker Green Fluorescence Intensity normalized by Hoechst Fluorescence

Intensity. (B) Mitochondrial DNA to nuclear DNA (mtDNA/nDNA) ratio.
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Figure S6. Total number of Nuclei is not altered by radiation and no changes in
myotube diameter is found when condition media from IR-FAPs is applied.

(A) Total number of nuclei per field (B) Representative brightfield image of myotube
formation used to quantify myotube diameter (um). Scale bar: 100 um. Unpaired

Student’s t-test. (n=5-6).
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Chapter Il
Extended Methods Section
Histochemical and immunofluorescent analysis

For immunofluorescent analysis, muscle cross-sections were fixed with 2%
paraformaldehyde (PFA) for 10 minutes, permeabilized using 0.1% Triton X-100 (Thermo
Fisher Scientific) for 10 minutes at room temperature, blocked using either standard block
(for Laminin, aSMA,CD31,F4/80 and CD206, 5% Goat Serum, 1% Bovine Serum
Albumin, and 0.1% Triton X-100 in 1x PBS), Mouse on Mouse Immunodetection Kit (for
Pax7; Cat# BMK-2202, Vector Labs,) or Serum-Free Protein Block (for PDGFRa; Cat#
X0909, Agilent) for 1 hour at room temperature. Sections were then incubated overnight
at 4°C with primary antibody: rat anti-Laminin (Cat# MA1-06100, Invitrogen), PDGFRa
(Cat# AF1062, R&D Systems), aSMA (Cat# A5228, MilliporeSigma), Pax7 (Cat# 528428,
DSHB), CD31 (Cat# 14-0311-85, Invitrogen), F4/80 (Cat# 6650, Abcam), CD206 (Cat#
64693, Abcam). After washing 3 times with 0.1% Triton X-100 in PBS 1x, host-specific
secondary antibodies were diluted in blocking solution and incubated for 30 minutes at
room temperature (Alexa Fluor 594 Goat anti-Rat, A-11012, Invitrogen 1:300) and nuclei
were counterstained using 4,6-diamidino-2-phenylindole (DAPI) (Cat# D9542, Sigma
Aldrich). Sections were mounted and sealed with fluoromount, cover slipped, then stored
in the dark at 4°C until imaging. Cross-sectional area (CSA) was analyzed by semi-
automatic macro on Fiji software previously described.S%? Representative mask from the
Gas/sol muscle complex CSA was performed using Imaris software version 9.7.2, Oxford
Instruments.

Fluorescence-activated cell sorting (FACS) and Flow cytometer
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The IR limb and the CLTR limb were carefully dissected and processed separately.
After removing superficial connective and fat tissue, the dissected muscle was washed
with cold-PBS and transferred to a Miltenyi GentleMACS C tube (Cat# 130-093-237,
Miltenyi Biotec) containing Collagenase B (1.5U/ml, Cat# 11088831001; Roche® Life
Science Products,) and Dispase Il (2U/ml, Cat# 42613-33-2; Sigma Aldrich) in Ham’s F10
media (Cat# 318-050-CL, Wisent Inc, St-Bruno, Canada). Samples were homogenized in
the gentleMACS Octo Dissociator (Cat# 130-096-427, Miltenyi Biotec). The homogenate
was passed through a 100—um strainer (Cat# 22-363-549, Fisher Scientific,) and
centrifuged at 600 x g at 4°C for 10 minutes. Red Blood Cell Lysing Buffer (Hydri-MaxTM,;
Cat# R7767; Sigma-Aldrich) was added to the cell-pellet and centrifuged at 600 x g at
4°C for 5 minutes. Ice-cold FACS buffer (10% FBS, 3mM of EDTA in 1xPBS) was added
to the cell-pellet and resuspended. Primary antibodies against CD45 (FITC Rat Anti-
Mouse CD45, Cat# 561088, BD Biosciences), CD31 (BV421 Rat Anti-Mouse CD31, Cat#
102423, BioLegend), ITGA7 (anti-Alpha 7 Integrin 647, Cat# 67-0010-05, AbLab
Biologics), Ly-6A/E (Sca1) (BV711 Rat Anti-Mouse Ly-6A/E, Cat# 563992, BD
Bioscience), and SYTOX™ AADvanced™ (Cat# S10349, Thermo Fisher Scientific) were
used for FACS. Antibodies against CD45 (PE-Cy ™7 Rat Anti-Mouse CD45, Cat# 552848,
BD Bioscience), CD31 (BV421 Rat Anti-Mouse CD31, Cat# 102423, BioLegend), ITGA7
(anti-Alpha 7 Integrin PE, Cat# 53-0010-05, AbLab Biologics), CD140a (PDGFRa,
BV605, Cat# 740380, BD Bioscience) and SYTOX™ green (Cat# S34860, Invitrogen)
were used for Flow Cytometry. Following incubation at 4°C in the dark for 35 minutes
samples were washed prior to analysis. For all antibodies, fluorescence minus one (FMO)

and single-stained controls were used for compensation and to establish gates.
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Compensation with AbC™ Total Antibody Compensation Bead Kit (Cat# A10497, Thermo
Fisher Scientific) was used if required. Attune™ Nxt Acoustic Focusing Flow Cytometer
system (Thermo Fisher Scientific) with two excitation lasers (Violet (405 nm) and Blue
(488 nm)) was used for flow cytometer analysis. Beckman Coulter MoFlo XDP (32-bit
high resolution digital system with five excitation laser lines (UV, 405nm, 488nm, 561nm,
and 640nm) cell sorter was used for FACS. Cells were identified as: Endothelial cells
(CD45CD31*), hematopoietic cells (CD31-CD45*), MuSCs (CD45CD31'PDGFRa
ITGA7*), and FAPs (CD45CD31ITGA7'PDGFRa*). FCS files were processed in
FlowJo™ v10.8 Software (BD Life Sciences).
Protein extraction and western blot analysis

For western blot, whole muscle or cells were lysed in ice-cold RIPA buffer (10 mM
Tris, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1% NP-40; 10% glycerol; 0.1%
SDS; 0.5% sodium deoxycholate; 1 mM DTT) containing Complete Protease inhibitor
cocktail (Cat# 04693116001, Millipore Sigma) and Phosphatase inhibitor (PhosSTOP)
(Cat# 4906837001, Millipore Sigma) for protein extraction. Homogenates were cleared
by centrifugation at 14,000 rpm, for 8 minutes at 4°C. Protein was quantified using
Bradford assay (Cat# 5000006, Bio-Rad) following the manufacturer's instructions.
Protein extracts were subjected to SDS—-PAGE, transferred to PVDF membranes (Cat#
162017, Bio-Rad Laboratories), and incubated overnight at 4°C with primary antibodies:
Fibronectin (Cat# F3648, MilliporeSigma), p-SMAD3 (Cat# 9520S, Cell Signaling
Technology), SMAD3 (Cat# 9523S, Cell Signaling Technology), aSMA (Cat# A5228,
MilliporeSigma), Anti-cyclophilinB (Abcam;Waltham, MA; Cat. No. ab16045) or PDGFRa

(Cat# AF1062, R&D Systems). Primary antibodies were detected using a secondary
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antibody conjugated to horseradish peroxidase: anti-mouse 1gG (1:1000, Cat# 7076S,
Cell Signaling Technology) or anti-rabbit IgG (Cat# 7074S 1:1000, Cell Signaling
Technology). Immunoreactions were visualized by SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (Cat# 34579, Thermo Fisher Scientific) using ChemiDoc™
(Bio-Rad Laboratories). Western blot densitometry quantification was performed using
Fiji software (ImagedJ version 2.0.0-rc/69/1.52n).
Bioenergetic analysis

Bioenergetic analysis was performed according to Agilent’s recommendations
(Agilent Technologies). Mitochondrial inhibitors were sequentially injected at the following
final concentrations: 1 yM oligomycin (Cat# 75351, Sigma-Aldrich), 2 yM FCCP (Cat#
C2920, Sigma-Aldrich), 1 uyM/1 uM Rotenone/Antimycin (Cat# R8875 and A8674, Sigma-
Aldrich), and 50 mM 2-Deoxy-D-Glucose (2-DG) (Cat# D6134, Sigma-Aldrich).
Mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
were analyzed. OCR and ECAR were normalized to the number of cells per well for each
experimental sample. Immediately after the assay, nuclei were labelled with a live cell
stain added directly to cells in full media (NucBlue™ Live ReadyProbes™ Reagent
(Hoechst 33342), Cat# R37605, Thermo Fisher Scientific) and a representative field of
each well was captured using an EVOS-FL2 Automated Microscope (Thermo Fisher
Scientific) and automatically scored with Fiji, ImageJ (National Institutes of Health; USA;
v. 1.53c).
DNA isolation and qPCR

Nuclear and mitochondrial DNA was extracted from FAPs using a commercial kit

(Cat# BS427, EZ-10 Spin Column Genomic DNA Miniprep Kit; BioBasic) as per the
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manufacturer’'s instructions. DNA was quantified using a NanoDrop Lite
Spectrophotometer (Cat# ND-2000, ThermoScientific). Quantitative PCR was used to
amplify and detect the levels of nuclear DNA and mtDNA in a 10 yL reaction (5 ng of
DNA, 0.25 yM each of Forward and Reverse Primers, and 2.5 yL of Luna® Universal
gPCR MasterMix (Cat# M3003S, New England BioLabs) in a BioRad 384 qPCR
thermocycler (Cat# CFX384t™ Real-Time System, Bio-Rad) using SybrGreen detection
technology. Primers were as follows, for mtDNA amplification - Forward
“CCTATCACCCTTGCCATCAT” and Reverse “GAGGCTGTTGCTTGTGTGAC” — and for
nuclear DNA amplification — Forward “ATGGAAAGCCTGCCATCATG” and Reverse
“TCCTTGTTGTTCAGCATCAC". Results were quantified using the 2*-AACt method.
MitoTracker Green and TMRM staining

FAPs were irradiated with 1 Gy in vitro, MitoTracker™ Green FM (Cat# M7514,
Invitrogen), and Tetramethylrhodamine, methyl ester (TMRM) (Cat#T668, Invitrogen) was
applied 24-hours post-IR at a final concentration of 200 nM and 25 nM respectively and
incubated for 30 minutes. Nuclei were labeled with a live cell stain (NucBlue™ Live
ReadyProbes™ Reagent (Hoechst 33342), Cat# 37605, Thermo Fisher Scientific).
MitoTracker Green, and TMRM fluorescence intensity was detected by Synergy H1
Multimode Reader (BioTek) and normalized to Hoechst fluorescence intensity to
determine intensity per cell.
Myosin heavy chain staining

Myosin heavy chain staining was performed as previous described.'® Briefly,
myotubes were fix with 2% PFA for 15 minutes at room temperature. Myotubes were

permeabilized with (0.5% Triton X-100 in 1xPBS) for 10 minutes. Block solution (10%
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FBS, 0.1% Triton X-100 in 1x PBS) was applied for 1 hour and primary antibody anti-
MyHC (Cat# MF-20, DSHB) was incubated overnight at 4°C. Secondary antibody Alexa
Fluor 488-Goat Anti-Mouse (Cat# A11001, Invitrogen) was used to visualized stress fibre
formation and nuclei were counterstained with DAPI.
Glycolysis manipulation

The metabolic perturbation was performed by supplementing FAPs media with 100
nM of Oligomycin®®® and 10 uM of 2-Deoxy-D-Glucose (2-DG)3%* respectively, or by
applying DMEM low glucose (1 g/L) or high glucose (4.5 g/L) respectively.3? S30 Cells

were fixed 24-hours post-in vitro IR and aSMA staining was performed.
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Figure S1. Canonical gene expression in the different cell populations.
(A) Feature plots displaying expression of genes/markers common for the different cell
types identified from the scRNA-seq data.

Related to Figure 1.
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Figure S2. Hierarchical cluster of the top 20 differentially expressed genes in

MuSCs subpopulations.

(A) Heatmap of the top 20 genes that are differentially enriched in each MuSCs

subcluster.

Related to Figure 2.
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Figure S3. Hierarchical cluster of the top 20 differentially expressed genes in FAP
subpopulations and Flow cytometer control.

(A) Heatmap of the top 20 genes that are differentially enriched in each FAP subcluster.
(B) GO enrichment analysis of the DEGs in IR versus CON at 24-hours of total FAPs
showing down-regulated biological process. (C) Merge flow plot of fluorescence minus
one (FMO) for CD55 and CD142 staining.

Related to Figure 3.
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Figure S4. Gene ontology enrichment analysis in all muscle mononuclear cells

following radiation exposure.

(A) GO enrichment analysis of the DEGs in IR versus CON at 24-hours in all muscle
mononuclear cells showing up- and down-regulated biological process. (B) GO
enrichment analysis of the DEGs in IR versus CON at 56-days in all muscle mononuclear
cells showing up- and down-regulated biological process.

Related to Figure 6.
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Figure S5. Outgoing and incoming signalling of different pathways.

(A) Dot plot showing the different signal of outgoing (sender), and Incoming (receivers)

cells for each listed pathway. The contribution of each cell type to a pathway is

proportional to the dot size.

Related to Figure 8.
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Figure S6. Cell type contribution mediated by secreted factors or ECM proteins.
(A) Scatterplot showing the different cell type contribution to secreted factors and ECM
protein. The contribution of each cell type to a pathway is proportional to the dot size. (B)
Bar graph showing the Euclidean distance to determine the differences between
signalling pathways between IR and CON. A large gray bar or distance implies a large
communication difference between the two data sets. Signalling pathways only identified
in IR or CON are not considered.

Related to Figure 8.
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Figure S7. Fluorescence activated cell sorting strategy and quality control for
scRNA-seq.

(A) Fluorescence activated cell sorting (FACS) strategy to sort live-mononucleated cells.
(B) Violin plots showing the quality control for scRNA-seq per condition including number
of genes identified (nFeature_RNA), number of counts (nCount_RNA), and percentage
of mitochondrial genes (percent.mito). (C) Integrated quality control.

Related to Method details.
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Supplementary Methods
Protein extraction and western blot analysis

For western blot whole-muscle was prepared as previously described.S® The
following antibodies were used for detection; MMP-2 Antibody (Cat# 4022S, 1:1000, New
England Biolabs), CCR2 Recombinant Rabbit Monoclonal Antibody (Cat# MA5-42780,
1:1000, Thermo Fisher Scientific) and Cyclophilin B (Cat# ab16045, 1:5000, Abcam).

Western blot densitometry quantification was performed using Fiji software.

RNA isolation and qPCR

Briefly, RNA isolation was extracted from whole muscle using RNeasy Mini
Kit (Cat# 74104, Qiagen) and quantified using a NanoDrop Lite Spectrophotometer
(Cat# ND-2000, ThermoFisherScientific). Quantitative PCR was used to amplify and
detect the RNA levels in a 10 pL reaction (5 ng of RNA, 0.25 uM each of Forward
and Reverse Primers, and 2.5 pL of Luna® Universal qPCR MasterMix (Cat#
M3003S, New England BioLabs) in a BioRad qPCR thermocycler (Cat# CFX384tTM
Real-Time System, Bio-Rad) using SybrGreen detection technology. Primers were
as follows, for MMP-2 - Forward “CCTGGACCCTGAAACCGTG” and Reverse
“TCCCCATCATGGATTCGAGAA” and Col3a1 - Forward
“CTGTAACATGGAAACTGGGGAAA” and Reverse
“CCATAGCTGAACTGAAAACCACC”. Results were quantified using the 2*-AACt

method.
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Supplementary Figure Legends
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Figure S1. Weekly running distance and changes in grip strength and lean mass
over the intervention.

(A) Average running distance (km/day) for RET mice throughout the intervention. (B) Total
distance run (m) males and females. (C) Average grip strength (grams of force). (D) Grip
strength normalized by body weight. **P<0.001; o = significantly different than Pre-Tx; 3
= significantly_different than Pre-RET. Two-way ANOVA, Sidak posthoc test. N = 7-9 per

group.
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Figure S2. Fibre distribution and type IIx fibre characteristics.

(A) Average percentage of myofibres within each CSA (um?) bin in the CON limb. (B)
Average percentage of myofibres within each CSA (um?) bin in the RMS+Tx limb. (C)
Type IIX fibre specific CSA (um?). (D) Proportion of Type IIX fibres (% of total fibre #).
*P<0.05. Two-way ANOVA, Sidak post hoc test or unpaired t-test for each bin (A-B). N=6-

8 per group
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Figure S3. Fibre type specific myonuclei per fibre.
(A) Total nuclei per fibre (#). (B) Nuclei per Type IIA fibre (#). (C) Nuclei per Type IIB fibre

(#). (D) Nuclei per Type IIX fibre (#). Two-way ANOVA, Sidak post hoc test. N=6-8 per

group.
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Figure S4. Representative flow plots and cell proportions.

(A) Representative flow plots and gating strategy of cell populations analyzed from GAS.
(B) Live cells per mg of muscle weight. (C) Percentage of CD45" cells gated. (D)
Percentage of CD31" cells gated. (E) Percentage of a7* cells gated. (F) Percentage of
Sca1* cells gated. *P<0.05 , **P < 0.01; SED vs RET. #P < 0.05, ###P < 0.001; RMS+Tx

vs CON. Two-way ANOVA, Sidak post hoc test. N= 7-9 per group.
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Supplementary Figure 5.
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Figure S5. mRNA Cell Profiler and isolated gene changes.

(A) Multidimensional scaling (MDS) plot of CON-SED, CON-RET, RMS-SED, and RMS-
RET transcription profile. (B) Cell profiler analysis identifying enrichment of mast cells,
macrophages, and CD45 cells. (C) Genes of the Top 10 direct enrichment score from the
gene set analysis (GSA) in RMS-SED vs. CON-SED. (D) Genes of the Top 10 direct
enrichment score from the gene set analysis (GSA) in RMS-RET vs. CON-RET. (E) Gene

expression analysis by gPCR. *P<0.05, **P < 0.001. N=3 per condition.
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Appendix A

Protocols

Some protocols were previously established in the laboratory or created and optimized
for this thesis. Some protocols were conducted according to the manufacturer's

instructions.

Myosin Heavy chain staining for cultured cells

1. If the cells are grown on coverslips or a Multiwell plate, wash them twice with 1xPBS
for 5 minutes.

2. Then, fix the cells with 4% formaldehyde/PBS for 10 minutes at room temperature.
After that, wash them three times with 1xPBS for 5 minutes each time.

3. Next, permeabilize the cells with methanol at -20°C for 15 minutes.

4. Then, wash them twice with 1xPBS for 5 minutes each time. Incubate the cells with the
primary antibody against myosin heavy chain MF-20 (diluted 1:100 in blocking solution)
for 1 hour at room temperature. The antibody concentration is Sug/ml; dilute it either
1:100 or 1:200 in the block solution. Alternatively, you can incubate the cells overnight
at 4°C. The blocking solution consist of 10% FBS, 0.1% triton X in 1x PBS.

5. After incubation with the primary antibody, wash the cells twice with PBS for 5 minutes
each time.

6. Then, incubate the cells with the secondary antibody (Alexa Fluor 488 or 594 goat anti-
mouse, with 488 being recommended) for 30 minutes at room temperature in the dark.
Dilute the secondary antibody in blocking solution (10% FBS, 0.1% triton X in 1xPBS)
at a ratio of 1:300.

7. After incubation with the secondary antibody, wash the cells twice with 0.1% triton X in
1xPBS for 5 minutes each time.

8. Finally, counterstain the cells with DAPI for 5 minutes, then wash them twice with
1xPBS for 5 minutes each time.
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9. If you are working with a Multiwell plate, add enough ddH20 to cover the wells before
mounting.

10.  Visualize the cells using Cell Discoverer.

Myosin Heavy chain Staining in CSA

Primaries antibodies:

- BA-D5 (IgG-2b) Myosin Heavy Chain Type | (1:100 dilution). Type | (647)

- SC-71(1gG1) Myosin Heavy Chain Type IIA (1:100 dilution). Type IIA (488)

- BF-F3 (IgM) Myosin Heavy Chain Type IIB (1:25 dilution). Type 1IB (Cy3)

- Anti-Dystrophin (IgG) (1:50 dilution) 405

Secondary antibodies:

- Cy™3 AffiniPure Fab Fragment Goat Anti-Mouse IgM, p chain specific (1:50 — 1:800
range)

- Alexa Fluor® 488 AffiniPure Goat Anti-Mouse IgG, Fcy subclass 1 specific (1:100 —
1:800 range)

- Alexa Fluor® 647 AffiniPure Goat Anti-Mouse 1gG, Fcy subclass 2b specific (1:100 —
1:800 range)

- Alexa Fluor 405 Goat Anti-mouse (IgG) (1:300) 1:50

Day 1

1. Begin by air drying frozen or freshly cut sections (sections do not require fixation for
this protocol).

2. Proceed to block them with M.o.M. for 1 hour at room temperature using a 1:25 (Drops)
in 1x PBS solution.

3. Wash the sections with 1xPBS twice for 2 minutes each time, followed by adding M.0.M
diluent for 5 minutes at a 1:12.5 in 1xPBS ratio.

4. Apply 1’Ab Dystrophin MANDRA 1:50 1% BSA in PBS overnight at 4 degrees.

Day 2

1. Wash the sections three times for 5 minutes with 1xPBS.
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2. Add 2'Ab AF405- 1:50 1% BSA in PBS for 1 hour at room temperature.

3. Wash the sections with 1xPBS three times for 5 minutes each time.

4. Then, incubate them with a mixture of BA-D5 and SC71 for 45 minutes at 37°C in PBS-
1%BSA.

5. Wash the sections with 1xPBS three times for 5 minutes each time.

6. Incubate them with a mixture of the following secondary antibodies: anti-mouse 1gG2b-
Alexa647 (for type I), anti-mouse IgG1-Alexa488 (for type IlIA), anti-mouse Cy3 IgM
(for type IIX) for 30-40 minutes at 37°C. Dilute the antibodies in PBS containing 0.5%
of BSA and 5% of goat serum.

7. Wash the sections with 1xPBS three times for 5 minutes each time.

Note: If you do not use DAPI, proceed to Step 10. If you do use DAPI:

8. Apply it for 5 minutes at room temperature.

9. Then, wash the sections with 1xPBS for 1x5 minutes.
10.  After the washes, briefly rinse the sections in water.
11.  Finally, mount the sections and store them at 4°C.

It is recommended to create a negative section with only 2'Ab. Please note that if you are
using the 405 channel, do not use DAPI as the same light cube is used in the cell

discoverer.

Co-Staining CD31 (PCAM-1)/Dystrophin

1. To prepare the sections for immunostaining, allow the frozen sections to thaw and air-
dry.

2. Next, fix them in acetone for 10 minutes in the freezer.

3. After removing the acetone, give the sections time to dry, and circle them with
immunopen.

4. To create a negative section, wash once with PBS and then three times for five minutes
each.
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5. For blocking, use 5% BSA (1:20 in 1 x PBS) and leave it for 20 minutes at room
temperature.

6. Then, add the 1st antibody, CD31 (clone 390, e-Bioscience, unconjugated) 1:100 in
1% BSA for 30 minutes.

7. After washing with 1% BSA (in 1 x PBS) three times, add the 2nd antibody, AF647 goat
anti-rat (1:300) in block and leave it for one hour at room temperature.

8. Once again, wash with 1% BSA (in 1 x PBS) three times, and then add the MOM block
for one hour at room temperature.

9. Wash twice with PBS for two minutes each time, and add the MOM block diluent for
five minutes.

10.  Then, add the 1st antibody, Dystrophin (mouse) 1:100 in 1% BSA for 30 minutes.

11.  After washing with 1% BSA (in 1 x PBS) three times, add the 2nd antibody, AF488
goat anti-mouse (1:300) in block and leave it for one hour at room temperature.

12.  Finally, wash with 1% BSA (in 1 x PBS) once for five minutes, add DAPI for five
minutes at room temperature, and then wash again with 1% BSA (in 1 x PBS) once for
five minutes.

13.  Mount the sections, cover them with a coverslip, and apply nail polish around the
slides to secure them.

Co-Staining with F4/80 and CD206

Day 1:

. Air-dry the sections and use an immuno-pen to circle them. Create a negative section.
. Wash the sections once in PBS for 2 minutes, three times.

. Fix the sections using 2% PFA for 7 minutes at RT.

. Wash the sections once in PBS for 2 minutes, three times.

. Use 0.1% Triton x 100 to treat the sections for 10 minutes at RT.

. Wash the sections once in PBS for 2 minutes, three times.

. Block the sections using NGS/BSA/triton for 1 hour at RT.

. Apply F4/80 aRat (1:100) in block for overnight at 4degreesC.

. Do not apply 1’Ab on the negative section.
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Day 2:
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. Wash the sections once in PBS for 2 minutes, five times.

. Apply AF647 aRat (1:300) in block for 1 hour at RT.

. Wash the sections once in PBS for 2 minutes, five times.

. Block the sections using NGS/BSA/triton for 1 hour at RT.
. Apply C206 aRabbit (1:150) in block for 1 hour at RT.

. Do not apply 1°’Ab on the negative section.

. Wash the sections once in PBS for 2 minutes, three times.
. Apply AF594 aRabbit (1:300) in block for 1 hour at RT.

. Wash the sections once in PBS for 2 minutes, three times.

10. Use DAPI for 5 minutes at RT.

11. Wash the sections once in PBS for 2 minutes, two times.

12.

Mount the slides, cover them with a coverslip, and apply nail polish around them,

Co-Staining Pax7/MyoD/Laminin

Day 1:

1. Air-dry the sections and circle them with an immuno-pen. Create a negative section.
2. Wash the sections with 1x PBS three times for 2 minutes each.

3. Fix the sections with 2% PFA for 7 minutes at room temperature.

4. Wash the sections with 1x PBS two times for 2 minutes each.

5. Incubate the sections with 0.1% Triton x 100 for 10 minutes at room temperature.

6. Wash the sections with 1x PBS two times for 2 minutes each.

7. Block the sections with MOM (mouse on mouse) for 1 hour at room temperature.

8. Wash the sections with 1x PBS two times for 2 minutes each.

9. Incubate the sections with Mom block diluent for 5 minutes at room temperature.

10. Incubate the sections with Pax7 mouse [neat] for overnight at 4 degrees Celsius.

Do not apply 1'Ab on the negative section.

Day 2:
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. Wash the sections with 1x PBS three times for 5 minutes each.

Incubate the sections with AF488 aMouse (1:300) in 5% GS for 1 hour at room

temperature.

3. Wash the sections with 1x PBS three times for 5 minutes each.
4. Block the sections with NGS (5%)/BSA(1%)/triton (0.2%) for 1 hour at room

temperature.
Incubate the sections with MyoD aRabbit (1:100) & Laminin aRat (1:200) in block for

overnight at 4 degrees Celsius. Do not apply 1'Ab on the negative section.

Day 3:

1
2

3
4
5
6

. Wash the sections with 1x PBS three times for 5 minutes each.

. Incubate the sections with AF594 aRabbit (1:300) & AF647 aRat (1:300) in block for 1
hour at room temperature.

. Wash the sections with 1x PBS two times for 2 minutes each.

. Incubate the sections with DAPI for 5 minutes at room temperature.

. Wash the sections with 1x PBS three times for 5 minutes each.

. Mount, coverslip, and apply nail polish around the slides.

Co-Staining PDGFRa and Laminin

Day 1:

1
2
3
4
5.
6
7
8

. 1.Air-dry sections and circle them with an immuno-pen. Create a negative section.

. Wash the sections once with PBS and then three times for two minutes each.

. Fix the sections with 2% PFA for seven minutes at room temperature.

. Wash the sections again with PBS, twice for two minutes each.

Use 0.1% Triton x 100 for 10 minutes at room temperature.

. Wash the sections three times with PBS for two minutes each.

. Block with DAKO for 30 minutes at room temperature.

. Apply PDGFRa aGoat (1:500) in the block and keep it overnight at 4 degrees Celsius.

Do not apply 1st antibody on the negative section.

Day 2:
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. Wash the sections once with PBS and then three times for two minutes each.
. Use AF488 aGoat (1:300) in block for two hours at room temperature.
. Wash the sections again with PBS, three times for two minutes each.

. Block with DAKO for 30 minutes at room temperature.
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. Apply Laminin aRat (1:200) in 1 x PBS and keep it overnight at 4 degrees Celsius. Do
not apply 1st antibody on the negative section.

Day 3:

1. Wash the sections five times with PBS for two minutes each.

2. Use AF647 aRat (1:300) in 1 x PBS for one hour at room temperature.
3. Wash the sections again with PBS, three times for two minutes each.

4. Mount the slides, cover them with a coverslip, and apply nail polish around them.

Extracting Protein from Adherent Cells

1. Remove the medium from the culture dishes containing the cells and rinse them
with ice-cold PBS.

2. Getrid of the PBS and add ice-cold lysis buffer.

3. Use a cold plastic cell scraper to scrape off the cells and collect them in microfuge
tubes.

4. Agitate the contents of the microfuge tubes for 30 minutes at 4°C.

5. Centrifuge the tubes at 16000G for 10 minutes at 4°C. Collect the supernatant in
a fresh tube and keep it on ice. Discard the pellet.

Western blot

Instructions for Sample Preparation:

1. To perform a protein quantification assay (Bradford assay), remove a small volume
of lysate. Determine the protein concentration for each cell lysate.

2. Use an excel spreadsheet to calculate how much protein to load and add an equal
volume of 4X Laemmli buffer and ddH20.
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3. To denature your samples, boil each cell lysate in sample buffer at 95°C for 5 min.
Aliquot and store lysates at -20°C for future use to avoid protein degradation. If
stored at -80°C, boil again at 95°C for 5 min. After denaturation, vortex the sample

and spin-down.

Instructions for Loading and Running the Gel:

1. Load equal amounts of protein into the wells of the SDS-PAGE gel, along with
molecular weight marker.

2. Run the gel for 1-2 hours at 100V at room temperature. The time and voltage may
require optimization depending on the protein being sought.

Instructions for Transferring Protein from Gel to Membrane:

1. Choose either nitrocellulose or PVDF as the membrane. Activate PVDF with
methanol for 5-10 seconds and rinse with ddH20 before preparing the stack.
2. Prepare the stack as follows:

Sponge

Filter paper
Gel

Membrane

Current

Filter paper

Sponge

3. Optimize the time and voltage for a 1-hour transfer of 120 V to ensure efficient
protein transfer from the gel to the membrane.

4. Before blocking, check the transfer using Ponceau S staining and take a picture
for normalization purposes.

5. Wash the membrane three times for five minutes each with T-BST to remove the
Ponceau S.

6. To begin antibody staining, block the membrane with 5% milk in TBS-T at room
temperature for one hour.

7. Wash the membrane three times for five minutes each with TBS-T.
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8. Dilute the primary antibody appropriately in 5% BSA in TBS-T and incubate the
membrane overnight at 4°C.

9. Recover the primary antibody, which can be used up to three times.

10.Wash the membrane three times for five minutes each with TBS-T.

11.Incubate the membrane with the recommended dilution of the conjugated
secondary antibody in blocking buffer (5% milk in TBS-T) at room temperature for
one hour.

12.Wash the membrane three times for five minutes each with TBS-T.

13.Use an ECL kit (1:1 ratio) for signal development for five minutes in the dark.

14.Finally, scan the membrane.

Flow Compensation Beads.

1. To prepare the ABC beads for use, vortex them for 10 seconds as they are stored
at 4 degrees Celsius.

2. Next, label the sample tubes correctly with the appropiate fluorochromes and add
one drop of the ABC beads to each tube.

3. Then, add 1ul of the desired Antibodies (Ab's) for compensation in the Attune and
mix well with a pipette.

4. Incubate the mixture for 15 minutes at room temperature in the dark.

5. Afterward, add 3 ml of 1x PBS or another buffer and centrifuge for 5 minutes at
250g at room temperature.

6. Remove the supernatant, but leave 50ul as the beads are not visible.

7. Resuspend it with 500ul of 1x PBS.

8. Next, vortex the Negative beads stored at 4 degrees Celsius and add one drop to
each tube.

9. Vortex everything well and analyze with flow.

Muscle Progenitors Isolation

Protocol modified for scRNA-seq and Flow cytometer (Attune NxT)
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Things that you need:

- Ham’s F10 Media

- Collagenase B

- Dispase Il

- FBS

- 1xPBS

- Ctubes

- 25mM EDTA stock solution
- DMEM high Glucose
- PIS

- Twicers and scissors
- 50 and 15ml tubes

- Flow tubes

- Eppendorf tubes

FACS Media (50ml):
~ 6ml of 25mM EDTA
~ 5ml FBS

_ 39ml of 1x PBS

Enzymatic Solution (50ml):

- 0.5 g of Collagenase B (final 1.5U/ml)

- 0.2 g of Dispase Il (final 2U/ml)

- 50ml of Ham s F10

*Note: Prepare fresh from powder stock same day. Mix gently and filter in 0.2um. “warm-
up”

(This protocol is for two hindlimbs per MACS tubes)

*NOTE: REMEMBER to keep a small piece of GASTROC/SOL for cryosections.
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. Place the muscle already clean (w/o Fat and connective tissue) into a 60mm dish

containing 5ml of cold 1xPBS. (Place the dish on ice if you are dissection more mices).

. Add 5ml of enzymatic solution into the MACS tubes (respectively labeled) and add the

peace of muscles.

. With scissors cut the muscle in small pieces into the MACS tube with the enzymatic

solution on it.

4. Close the tube and inverted and place it on ice and go to the MACS gentle machine.

5. Machine: user 1, Slice_FACS, program 27min.
6. After, add 5ml of FBS to each MACS tube and pipette up and down with the pipette

10.
11.
12.
13.

gun(10ml).

. In a 50ml tube Filter the solution with a 100um strainer (*coat first the strainer with

FBS), also rinse the MACS tube with 10ml of 1xPBS, close the cap mix it well and pass
it to the filter as well.

. Split the 50ml tube containing your sample into two 15ml tubes and centrifuge 600g

10min 4C (respectively labeled).

. Remove the supernatant with the pipette gun (10ml) and add 400ul of Red blood lysis

buffer to the first tube (mix well with the p1000) and take all the solution and add it into
the second 15ml tube that contain the half of your sample. Mix it well.

Add 10ml of cold FACS buffer, mix well

Centrifuge 600g 5min 4C

Remove supernatant

Resuspend with 1ml FACS buffer

*From here, go the Flow cytometer and the scRNA-seq steps

For Flow cytometer (Attune NxT):

**REMEMBER TO TAKE 50ul for UNSTAINED AND 50ul for FMO for CD55 and

CD142
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- After the step (13) take 200ul and split it into two Eppendorf tube (100ul each)
(respectively labeled)
- Add to each tube 2ul of PDGFRa BV-605 antibody and wait for 20 min on ice (DARK)

- After the incubation period add:
First tube:

- CD31 BV421: 1ul

- CDA45 PE-Cy7: 1ul

- Sca1 BV711: 1.8ul

- CD55-PE: 1.8ul

Second tube:

- CD31 BV421: 1ul

- CDA45 PE-Cy7: 1ul
- Sca1 BV711: 1.8ul
- CD142: 1.8ul

(FOR FMO you can use less antibody 0.5 ul will be enough)

- Incubate for 30min

- After incubation wash the sample adding 1ml of FACS buffer and centrifuge 600g Smin
4C

- After the centrifugation remove the supernatant and add 1ml of FACS Buffer, mix well.

- Filter the sample into a Eppendorf tube with a 50um strainer.

- *REMEMBER add 0.3 ul of Sytox GREEN

- Incubate for 10-15min (ice-DARK)

- Maintain the samples on ice and use FLOW

For scRNA-seq
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- After resuspending the sample in 1ml of FACS buffer, filter the sample with the 50um
yellow strainer into a Flow tube.

- Add 1ml more of FACS buffer (because it's to concentrated to sort it that way)

- Add 1ul of Sytox 7TAAD FIRST and then 4 drops of NucBlue.

- Wait approx. 10 to 15 min after the Sort

- Sort for Cells positives for NucBlue-Negative for Sytox 7AAD.

Click-iT Plus EdU detection.

Prepare stock solutions.

1. Allow vials to warm to room temperature

2. Add 2 mL DMSO (Component C) or an aqueous solution to Component A to make a
10 mM EdU stock solution. Store at —20°C

3. Make 1X Click-iT® EdU reaction buffer by transferring the solution (4 mL) in the
Component D bottle to 36 mL of deionized water. Store any remaining solution at 2—
8°C

4. Make 10X Click-iT® EdU buffer additive by adding 2 mL deionized water to
Component F and mixing until fully dissolved. Store at —20°C

5. Dilute Hoechst® 33342 (Component G) 1:2,000 in PBS to obtain a 1X solution

Label cells with EdU

1. Plate cells on coverslips and incubate overnight

2. Dilute 10 pL of 10 mM EdU stock solution in 5 mL of prewarmed tissue culture medium
to make a 20 uM EdU labeling solution (enough for 10 coverslips)

3. Remove half of the medium from cells

4. Replace with an equal volume of EdU labeling solution (final concentration of 10 uM)

5. Incubate cells under appropriate growth conditions for two hours. NOTE: the choice of
incubation time depends on the cell growth rate; thus optimization may be required

6. Proceed immediately to fixation and permeabilization

Fix and permeabilize cells
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. Transfer each coverslip into one well of a 6-well plate

. Add 1 mL of 3.7% formaldehyde in PBS to each well

. Incubate for 15 minutes at room temperature

Remove formaldehyde and wash twice with 1 mL of 3% BSA in PBS

Remove wash solution and add 1 mL of 0.5% Triton® X-100 in PBS to each well

I e

Incubate for 20 minutes at room temperature

Detect EAU

1. Make 1X Click-iT® EdU buffer additive by diluting the 10X solution created above
1:10 in deionized water. Prepare this solution fresh and use the solution on the same
day.

2. Prepare Click-iT® Plus reaction cocktail according to the table below. IMPORTANT:
add the ingredients in the order listed in the table.

3. Remove permeabilization buffer from cells and wash twice with 1 mL of 3% BSA in
PBS

4. Remove the wash solution

5. Add 0.5 mL of Click-iT® Plus reaction cocktail to each well. Rock the plate briefly to
ensure even distribution of reaction cocktail

6. Incubate the plate for 30 minutes at room temperature, protected from light

7. Remove the reaction cocktail and wash each well once with 1 mL of 3% BSA in PBS

Reaction components* Number of coverslips

1X Click-iT® reaction buffer 440 880 1.84 2.25 4.4 10.9 21.9
ML ML mL mL mL mL
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Copper protectant 10uL 20uL 40pL S50 puL 100 250 yL 500 uL

Alexa Fluor® picolyl azide 1.2 25uL 5L 6 uL 125 31uL 62 L
(Component B) ML ML

1X Click-iT® EdU buffer 50 puL 100 200 uL 250 500 1.25 2.5mL

additive ML ML ML mL
Total volume 500 1mL 2 mL 2.5 5mL 125 25 mL
ML mL mL

*Note: Add the ingredients in the order listed in the table.

Stain DNA

. Wash each well with 1 mL of PBS. Remove the wash solution

. Add 1 mL of 1X Hoechst® 33342 solution per well

. Incubate for 30 minutes at room temperature, protected from light
. Remove the Hoechst® 33342 solution

. Wash each well twice with 1 mL of PBS

Remove the wash solution

N o oA W N

OPTIONAL: Perform antibody labeling of the samples at this time, following the
recommendations from the manufacturer of the primary and secondary antibody. Note:

protected samples from light during these incubations.
Image

1. Cells labeled with Click-iT® Plus EdU are compatible with all methods of slide

preparation including wet mount or prepared mounting media
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2. Image cells with appropriate filters listed below

Reaction components* Number of coverslips

1X Click-iIT® reaction buffer 440 880 1.84 2.25 4.4

Copper protectant 10uL 20pL 40puL 50pupL 100

Alexa Fluor® picolyl azide 1.2 25uL 5L 6 uL 12.5
(Component B) pL pL

1X Click-iT® EdU buffer 50 yL 100 200 yL 250 uL 500
additive pL pL

Total volume 500 1TmL 2mL 25mL 5mL
ML

*Note: Add the ingredients in the order listed in the table.

Cell signaling Senescence B-Galactosidase Cell Staining Protocol 9860

A. Solutions and Reagents

Reagents provided are sufficient to stain 125 x 35 mm wells.
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Supplied Reagents

10X Fixative Solution #11674

10X Staining Solution #11675
100X Solution A #11676

100X Solution B #11677

X-Gal #11678

Additional Reagents (Not Supplied)
1X PBS

DMF (Dimethylformamide) #12767
Polypropylene tubes

37°C dry incubator (No CO»)
Phase contrast or light microscope
70% glycerol (optional)

DMSO (Dimethyl Sulfoxide) #12611

B. Solution Preparation

NOTE: All solutions should be prepared just prior to use.

Volumes are for one 35 mm well of a 6-well plate. Volumes in the procedure should be
approximately half that of the tissue culture media. (e.g. 1 ml for 35 mm well/plates
containing 2 ml of media, 2.5 ml for 60 mm plates containing 5 ml of media, and 5 ml
for 100 mm plates containing 10 ml of media).

1. PBS: Prepare at least 6 ml 1X PBS per 35 mm well
2. Fixative Solution: Dilute the 10X Fixative Solution to a 1X solution with distilled water.
You will need 1 ml of the 1X solution per 35 mm well.
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3. Staining Solution: Redissolve the 10X Staining Solution by heating to 37°C with
agitation. Dilute the 10X staining solution to a 1X solution with distilled water. You will
need 930 ul of the 1X Staining Solution per 35 mm well.

4. X-Gal:

IMPORTANT: Always use polypropylene plastic or glass to make and store X-gal. Do

not use polystyrene.

Dissolve 20 mg of X-gal in 1 ml DMF to prepare a 20 mg/ml stock solution. Excess X-gal
solution can be stored in -20°C in a light resistant container for up to one month.

Note: DMSO can be used in place of DMF.

5. B-Galactosidase Staining Solution: For each 35 mm well to be stained, combine the
following in a polypropylene container:

. 930 pl 1X Staining Solution (See step 3)

a. 10 yl 100X Solution A

b. 10 pl 100X Solution B

c. 50 yl 20mg/ml X-gal stock solution (see Step 4)

IMPORTANT: Due to variations in water pH, please be sure that the B-Galactosidase
Staining Solution has a final pH of 6.0 (A pH 5.9-6.1 is acceptable). pH differences can
affect staining: A low pH can result in false positives and high pH can result in false
negatives. If necessary, use HCI or NaOH to lower or raise pH, respectively.

C. Procedure

1. Remove growth media from the cells.

2. Rinse the plate one time with 1X PBS (2 ml or a 35 mm well plate, or match volume of
media)

3. Add 1 ml of 1X Fixative Solution to each 35 mm well. Allow cells to fix for 10-15 min at
room temperature.

4. Rinse the plate two times with 1X PBS (SAFE STOP) Alternatively, plates can be left
in 1X PBS, covered at +4°C overnight.
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5. Add 1 ml of the B-Galactosidase Staining Solution to each 35 mm well (see Solution
Preparation Step 5).

Important: Seal plate with parafiim to prevent evaporation. Evaporation can cause
crystals to form.

6. Incubate the plate at 37°C at least overnight in a dry incubator (no CO.).

Note: The presence of CO2 can cause changes to the pH which may affect staining

results.

7. While the B-galactosidase is still on the plate, check the cells under a microscope
(200X total magnification) for the development of blue color.

8. For long-term storage of the plates, remove the 3-Galactosidase staining solution and
overlay the cells with 70% glycerol. Store at 4°C.

CellRox Staining

Detection and quantitation of reactive oxygen species (ROS) in live cells

1. The vial is 2.5mM (with a total of 50ul) and the working concentration is either SuM or
10uM. To serve as a positive control, use Menadione. The recommended dose is
100uM for 30 minutes (1 hour) at 37C for Flow.

2. To use CellRox, add it at a final concentration of 5uM or 10uM, depending on your cell
line, and incubate it for 30 minutes at 37C. Afterward, remove the media and wash the
cells thrice with 1xPBS. You can use the cell discoverer for live imaging (with a 508
excitation) and the NucBlue channel.

Note that the absorption/emission is at 485/520. Also, take note that this reagent is

formaldehyde-fix compatible for up to 15 minutes.

FAPs Culture (primaries)

Media:
1. 20% FBS
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2. DMEM high Glucose Media
3. bFGF (5 ng/ml)
4. 1% P/S (100 U/ml)

C3H/10T1/2 Culture

Media:

1. 10% FBS

2. DMEM high Glucose Media
3. 1% P/S (100 U/ml)

Primary myoblast culture

Media:

1. 20% FBS

2. DMEM high Glucose Media
3. bFGF (5 ng/ml)

4. 1% P/S (100 U/ml)

Culture cells

Changing Media

1. Remove old growth media carefully

2. Rinse the cells with warm 1xPBS

3. Remove and discard 1xPBS

4. Fill the plates with growth Media (10cm well plate with 7-8 ml of media).

Splitting cells

1. Heat the growth media (GM), trypsin 0.25%, and 1x PBS in the water bath.
2. Remove the old growth media from the cells.

3. Rinse the cells with 1x PBS twice.

4. Remove and discard the 1x PBS.

5. Add 1 ml of 0.25% trypsin to the cells.
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6.
7.

Incubate the cells for 5 minutes in the incubator.
Gently tap the plate of cells to ensure that the cells have detached from the dish.

8. Add approximately 3 ml of normal growth media.

9.

10.
11.
12.
13.
14.

Triturate the cells about 6 times with the big pipette gun.

Remove the cells from the dish and place them into a 15ml falcon tube.
Centrifuge the tube for 5 minutes at 500g at 4 degrees Celsius.
Remove the supernatant and resuspend the cells with growth media.
Split the cells into a new plate.

Add media to the plate.

Fibrogenic FAP Differentiation

To differentiate FAPs towards their fibrogenic linage, follow these steps:

1.

2.

Incubate the cells in DMEM high glucose, 2% horse serum, and 1% P/S with 5ng/ml of
TGFB1 for 3 days.
After 3 days, stain the cells with a-SMA.

Note: Store TGFB1 stock (400ng/ml) at -20C.

Preparation of TGFB1

Use Prepotech Cat# 100-21 vial 10ug of recombinant human TGFB1 and reconstitute in

10

mM Citric Acid pH 3.0.

aSMA Staining

. Fix the cells with 4% PFA for 10 minutes at room temperature (RT) or with straight

Methanol at RT, and leave it at -20C for 10 minutes.

2. Wash the cells two times with 1x PBS.

. Permeabilize the cells with 0.5% triton x-100 in PBS for 5 minutes at RT. (If you fix with

methanol, the permeabilization step is not necessary).

4. \WWash the cells two times with 1xPBS.
5. Block the cells with 10% FBS in 0.1% triton in PBS for 1 hour at RT.
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6. Dilute primary Ab aSMA in Block solution and incubate ON 4C or 1hr RT. Dilution
1:300.

7. Wash the cells three times with 0.1% triton x for 5 minutes.

8. Add secondary Ab' (AF 594-Goat Anti-Mouse) diluted in block solution for 30 minutes
at RT. Dilution 1:300.

9. Wash the cells three times with 0.1% triton in PBS.

10.  Add DAPI for 5 minutes at RT.

11.  Wash the cells once with 1x PBS and once with ddH20.

12. Image.

Adipogenic FAP Differentiation

3. To create Adipogenic Media, mix 5ml of 10x Supl. Adipogenic Media with 45ml of
Basal Medium.

4. Then, add 0.5 ml of L-Glutamine to create a final concentration of 2mM.

5. Apply the adipogenic media to the cells for 3 days.

6. Afterward, remove the media and add adipocyte maintenance medium, which consists
of Growth Media (normal GM for FAPs 20% FBS, high glucose, 1% P/S) with Tug/ml
of INSULIN for 2 days to mature the adipocytes.

7. Note that the insulin stock concentration is 9.5 to 11.5 mg/ml, so use the 11.5

concentration.

Perilipin Staining

1. To begin Perilipin Staining, fix cells with 4% PFA for 10 minutes at room
temperature, or with straight Methanol at room temperature and leave it at -20C
for 10 minutes.

2. Wash the cells twice with 1x PBS. If you used methanol to fix, the permeabilization
step is not necessary. Otherwise, add 0.5% Triton X-100 in PBS and permeabilize

for 5 minutes at room temperature.
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3. Wash the cells twice with 1x PBS.

4. Next, block 10% FBS in 0.1% Triton in PBS for 1 hour at room temperature.

5. Dilute Primary Ab Perilipin in block solution and incubate overnight at 4C or for 1
hour at room temperature. The dilution should be 1:300.

6. Wash the cells three times with 0.1% Triton X for 5 minutes.

7. Then, add the secondary Ab diluted in block solution and incubate for 30 minutes
at room temperature. The dilution should be 1:300 (AF 594-Goat Anti-Rabbit).

8. Wash the cells three times with 0.1% Triton in PBS.

9. Add DAPI for 5 minutes at room temperature, and then wash the cells once with
1x PBS and once with ddH20.

10.Image

Radiation Protocol

Here are the steps to follow when using the radiation machine at ACVS:

A WO N -

. Visit the ACVS website to reserve the radiation machine.
. Turn on the X-RAD 320 and allow it to warm up.
. Confirm that the correct filter is in place for either animals or cells.

. If you are working with mice, bring their cages to the x-ray room using carts and allow

them to acclimatize for 30 minutes.

Place each mouse in a new, clean, transparent cage. To sedate the mouse, connect
the isoflurane and oxygen tube to the cage. This will allow you to use the nose cone in
the irradiator to keep the mouse sedated during the irradiation procedure.

. Carefully remove the sedated mouse from its cage and position it with its nose in the

actively pumping nose cone inside the irradiator. Make sure the radiation beam is fully
covering the area that you wish to irradiate.

7. Extend the left leg of the mouse outward and tape it gently with skin-safe medical tape.

8. Place the lead body shield over the mouse with the left leg sticking out, ensuring that

no other body part of the mouse is exposed to the radiation beam.

. Close the X-RAD door gently to prevent it from slamming.
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10.  Use the conversion chart on the radiator to convert 4.8Gy, 8.2Gy or 16Gy to the
appropriate MU dosage. Double-check to ensure you have the correct dose and write
it down on a sticky note to ensure you give the same dose to each mouse.

11.  Hit the enter button to confirm the dose selection.

12.  Press the start button to begin the radiation process, then step out of the room.

13.  Once the radiation process is complete, the light will go off, and you can gently
remove the mouse and put it back in its cage.

14.  Monitor the mouse to ensure it wakes up from the sedation without any issues.

15.  After administering all the doses, transfer each mouse to a sterile cage to avoid

infection and monitor them closely.

Exercise Endurance Test

1. To conduct the test, acclimate the mice to the testing room for half an hour.

2. Place each mouse on a separate lane of the treadmill.

3. Start the test at a speed of 11 m/min and increase it by 1 m/min every two minutes.

4. Encourage the mice to keep running using paintbrush bristles, and do not use electric
shock.

5. Consider a mouse to have completed the test if it meets any of the following criteria:
(1) resists stimulation, (2) remains on the platform for over two minutes, or (3) stays
approximately one body length away from the platform for over five continuous
seconds.

6. Record the finishing time and distance of each mouse.

Grip Strength Test Procedure

1. Bring your mice to the testing room and allow them to habituate for 30-60 minutes.
Remember to turn over the "Do Not Disturb" sign hanging outside the door to ensure
no one will enter during testing.

2. Before taking grip strength measurements, always weigh each mouse to enable grip
data normalization using animal body weight. Press the power button to turn on the
instrument, then press the Zero key to reset the value to 0.

3. Hold the mouse gently using the proper holding techniques and move it close to the

grid. The instrument is ready to use when a numerical value is displayed on the screen.
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Gently pull the mouse along a horizontal plane relative to the grid at a steady speed of
approximately 2.5 cm/sec until the animal releases the grid. Avoid pulling the mice
away too slowly as it may cause premature release of the bar with one or both paws.

4. After the mouse releases the grid, record the value of force displayed on the screen in
gram force (GF). The instrument only displays the maximal value, so press the Zero
key multiple times to clear the screen. Repeat the process for a maximum of eight
consecutive measurements with a 10-second rest period in between each trial.

5. Finally, place the mouse back in its home cage and repeat the test for all mice. When
finished, log off the computer, return the mice to their regular housing room, and clean
the testing room.

Resistance endurance training (RET) set-up, Monitoring, and Wheel Data Analysis

Please follow the steps below to set up the monitoring system for the mice's running
wheels:

1. Request 10 low-profile wireless running wheels with plate numbers 1 and 2 from the
behavioural core. (ENV-044 and ENV-047)

2. Insert batteries into the wheels.

3. Bring the cart with the monitoring software, named "Wheel Manager Software SOF-
860," into the room where the mice are kept.

4. Ensure that the software picks up the wheels by checking if each wheel's specific
number is displayed on the screen.

5. Smooth out the bedding at the bottom of each cage.

6. Place the docking plate at the bottom of each cage and remove any pellets between
the dock and the cage floor.

7. Check that the two pegs on the dock are upright, then securely attach each low-profile
wheel onto the dock.

8. Use hot glue to attach a 1g magnet (K&J magnetics) to the outer edge of each wheel
as close as possible to the outside for maximum resistance.

9. Once the original magnet is securely attached, additional weight can be added
incrementally by allowing the magnets' attractive forces to keep them in place.
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10. Set the software to count the total revolutions for a 24-hour period.

11.  Check the software daily to ensure that it accurately counts the number of
revolutions completed by each mouse, and export the data to an Excel sheet each day
in case of system failures.

12. Select "file" and "export sensor data."

13. Make sure to select "include sensor headings," "include row labels," and "include
column labels" in the export data pop-up.

14. Choose "date/time column" under report format and "revolutions" under activity
units.

15. Edit the output file and select a specific location to save it, then press the "ok"
button.

16. Each wheel has a conversion factor of 6.0198 cm per revolution, which can be

used to calculate the total distance run per day.

scRNA-seq Codes

For all De Lisio's Lab members, the codes are saved in the shared De Lisio Lab OneDrive
folder of Nicolas Collao. You can obtain access to it through this link:
https://uottawa.sharepoint.com/sites/1600_365 T DelisioLab/Shared
Documents/Forms/Allltems.aspx?id=%2Fsites%2F1600 365 T DelLisioLab%2FShared
Documents%2FGeneral%2FLab Members%2FNicolas
Collac%2FSTUDIES%2FscRNA-seq project%2FCodes and files&viewid=c5150322-
ce80-44ba-a722-2197799a95a9

TMRM and Mitotracker Green stain

1. Incubate cells with growth media with indicated dye concentrations.
2. Wash 3x with Phenol Red Free Media.

3. Add 1000 pL of Phenol Red Free Media to empty wells.

4. Read on Plate Reader.

5. Image on Cell Discoverer - MTGFM plates can go for flow cytometry.
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6. Add FCCP to a final concentration of 10 yM (1 pL of 10 mM to each well) of FCCP-
stained plates.
7. Read on Plate Reader

8. Image on Cell Discoverer.

DNA extraction

For Cultured Animal Cell (Bio-BAsic

1. Centrifuge the appropriate number of cells (>5x10°) for 5 minutes at 200 x g (1,200
rpm).

. Resuspend pellet in 500 ul of PBS Soluon. 2. Wash the cells 2 mes with PBS Soluon.

. Resuspend pellet in 300 ul of ACL soluon buffer.

. Add 20 pl of Proteinase K, mix well and Incubate at 55°C for 10 minutes.

a ~ ON

. Cool to room temperature. Vortex for 20 seconds and centrifuge 10,000 x g (12,000

rpm) for 5 minutes.

6. Pipette 200 ul of supernantant to a new Eppendorf tube, add 200ul of AB solution Mix
by occasionally inverting tube, and keep for 2 minutes. Then lad all the solution to a
EZ-10 Spin Column.

7. Centrifuge at 2,000 x g (4000 rpm) for 2 minutes and discard the flow-through.

8. Add 500 ul of wash solution, and spin at 8,000 g (10,000 rpm) for 1 min.

9. Repeat step 9, wash twice.

10.  Discard flow-through. Spin at 8,000 x g (10,000 rpm) for an addional minute to
remove residual amount of Wash Soluon.

11. Place the column into a clean 1.5 ml Eppendorf tube. Add 30-50 pl Eluon Buffer
into the center part of membrane in the column. Incubate at RT for 2 or 3 minutes.
Incubang the tube at 37°C or 50°C for 2 minutes may increase recovery yield. 1

12. Spin at 8,000 x g (10,000 rpm) for 1 minute to elute DNA from the column.

13. For long term storage, keep aliquots of purified genomic DNA at -20 °C.

14. Measure DNA quantity by UV absorption at A260 (1.0 OD unit is equivalent of 50

ug). Assess genomic DNA quality with an analytical 0.7% agarose gel.

yH2AX
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. Wash the cells twice with 1x PBS.
. Fix the cells with 4% PFA for 10 min at RT.
. Wash twice with 2x PBS.

. Permeabilize the cells with 2% triton x-100 in 1x PBS for 10min at RT, or with methanol

15 min 4C.

5. Wash twice with 1x PBS.
6. Block with 1% BSA in PBS for 20min at RT.
7. Incubate with phosphor yH2AX with 5% FBS, 1xPBS and 0.1% Triton-X for 30 min at

8.
9.

RT Dark.
Wash twice with 1x PBS.
Add DAPI for 5 min.

10.  Wash twice with 1x PBS.
11.  Add ddH20 into the well.

12.

Image in the Cell Discoverer.

M3-9-M Rhabdomyosarcoma (RMS) cell line

Media:

1.

o & 0N

Glutamax (100x) Stock (Gibco, Cat# 35050-061)

Non-essential amino acid (100x) Mem-Neaa (Gibco, Cat# 11140-050)

HEPES Buffer (1M stock) (Gibco, Cat# 15630-080)

15% Heat-Inactivated FBS (56C for 30min)

RPMI 1640 (500ml, Multicell, Cat# 350-045-CL w/o HEPES, L-Glutamine and Phenol
Red.

6. P/S (100 1U/ml)/(100 ug/ml)
7. 50 uM of 2-Mercaptoethanol (55mM stock)

RMS cell line injection

1. To culture RMS M3-9-M cells, use 3-5 10cm plates and allow them to grow until they

reach about 80% confluency. These cells grow quickly, so keep an eye on them.
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2. Use specific RMS media containing RPMI 1640 and 1% L-glutamine with 10% heat-
inactivated fetal bovine serum, HEPES buffer, 1% non-essential amino acids, 1%
sodium pyruvate, 1% penicillin/streptomycin, and 50 mM 2-mercaptoethanol to culture
the cells.

3. To prepare the cells for injection, lift them from the plate using trypsin, remove the cell
debris in the supernatant, and re-suspend them in sterile PBS. Count the number of
cells per ml of solution using a cell counter and adjust the volume of PBS accordingly
to accurately inject 100,000 cells into each mouse. This should be done on the morning
of the injections.

4. Using isoflurane, sedate each mouse and remove the hair on the entire left hindlimb
with clippers to ensure accurate location for the injection. Use a sterile insulin syringe
to inject the M3-9-M cells into both lobes of the left GAS hindlimb of each mouse.

Chemotherapy Administration (Vincristine)

1. Start by dissolving solid vincristine sulfate (Sigma Aldrich, cat#. V8388) in sterile water
and ensure it is combined homogenously to create a 20mg/ml concentration.

2. Store this solution in the -20c freezer for a few weeks. It is best to prepare this stock
solution before it is needed and dilute it to the required concentration the day of the
vincristine injections.

3. On the day of injection, freshly dilute the stock solution to a concentration of 0.2mg/mi
(1:100) in PBS.

4. Weigh each mouse using an electronic scale on the day of the injections to ensure that
each dosage is specific for each individual mouse.

NOTE: Itis important to weigh each mouse to ensure they weigh more than 12g during
vincristine administration as a lower weight may be fatal.

5. Ensure each mouse receives 1mg/kg of body weight (5ul per gram).

6. Use a sterile standard insulin syringe to inject each mouse |.P.

7. Monitor the mice closely.

RNA Isolation from Mouse Tissue (frozen in liguid nitrogen)
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Homogenization:

Chip frozen tissue to weight of 20 — 25mg

Transfer 25mg of tissue sample into tube containing 1.0mL Trizol Reagent without
delay.

Homogenize for 30 — 60 seconds at room temperature using glass homogenizer
Incubate the homogenized sample at room temperature for 5 minutes

Add 0.2mL of cholorfom per 1.0mL of Trizol Reagent (ie. Add 200pL of chloroform)
Shake tube vigorously for 15 seconds

Incubate at RT for 5 minutes

Centrifuge at 12 000g, 4°C for 10 minutes

Transfer upper aqueous phase (450 ul) to new tube and measure volume.

NOTE: RNA from 10cm plate. Wash the cells with 1xPBS and then add 350 ul of RLT
buffer. Scape the cells and transferred to a Eppendorf tube. Continue with the steps

below.

RNA Purification:

Add equal volume of 70% ethanol (use isopropanol) to aqueous phase transferred
in previous step & mix be pipetting. Do not centrifuge.

o Note: a precipitate may form after the addition of alcohol in some

preparations. This does not affect the procedure.

Pipette 700uL of the volume into an RNA spin column placed into a 2mL collection
tube (provided in kit). Centrifuge at 10 000g for 30-60 seconds at RT. Discard
flow through.
Optional: This is the starting point if performing the optional onOcolumn DNase1
digestion. Follow protocol as outline on page 15 of instruction manual from Total
RNA Kit 1 from OMEGA
Pipette 500uL of RNA Wash Buffer | directly into the RNA spin column. Centrifuge
at 10 000g for 30-60 seconds at RT and discard flow through.
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Pipette 500uL of RNA Wash Buffer Il (RPE) diluted with absolute ethanol into the
RNA spin column. Centrifuge at 10 000g for 30-60 seconds at RT. Discard flow
though.

Pipette 350uL of RNA Wash Buffer Il (RPE)diluted in absolute ethanol into the
RNA spin column. Centrifuge at 10 000g for 30-60 seconds at RT and discard flow
though.

With the 2mL collection tube emptied, centrifuge the RNA spin column at 2 min on
max speed to completely dry the matrix. (Note: Lids often tear off, ensure
microcentrifuge tube is labelled on side before spinning.)

Eluting RNA:

Pre-heat 40-70puL of DEPC-treated (or RNase free) water. (ie. Place in microwave
for 45-60 seconds)
Transfer the RNA spin column into a clean 1.5mL collection tube (ie. 1.5mL
centrifuge tube — not supplied in kit), and elute RNA with pre-heated 40 - 70uL of
DEPC-treated water (or RNase free water). Ensure to add the water directly to the
spin column. Centrifuge for 2 minutes at 10 000g.

o Note: a second elution may be necessary if expected yield of RNA is >30ng.

Just one is enough.

Alternatively, RNA may be eluted with a greater volume of water. While additional
elutions increase total RNA yield, the concentration will be lower since more that
80% of RNA has been recovered in the first elution. Pre-heating the water to 70°C
before adding it to the column, and incubating the column for 5 min at RT before
centrifugation may increase yields.
Quantify RNA in flow through immediately with nanodrop (blanked with same

water/solution used to elute RNA) or store at -80°C until use.

Beads Homogenizer for Muscle

1. Remove the samples from the -80 and leave them in dry-ice.
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2. Label the special tubes for the homogenizer and add “4 beads” into the 2ml

homogenizer tube.

3. You can smash the muscle and make it powder to extract as much protein as possible.

4. Use the hammer and the metal container (Burelle’s Lab)

5. Weight the muscle and add RIPA buffer (containing proteases and phosphatases
inhibitors, for 10ml of RIPA add one full tablet of phosphatase and proteases inhibitors)
based on the weight of the sample. (i.e 50mg of muscle add 500ul of RIPA buffer)

. Place the homogenizer machine in the -4 degrees room and the samples.

. Run 2 bouts of 60 sec at max speed with 5 sec in between.

0 N O

. After that you can remove the beads and centrifuge at 15000 rpm, 4C for 15 min.

9. Take the supernatant and transfer it into a 1.5 ml Eppendorf tube.

10.  Remove 5ul of the sample and add it into a PCR tube for Bradford assay.

11.  Flash freeze the sample

12.  Storage at -80 degrees.

Note: the beads and the homogenizer tubes can be used again, make sure you cleaned

with water and ethanol.

Bradford assay

1. Dilute concentrated bradford reagent (store at 4C) 1:5 in 1x PBS (The bradford
reagebet final volume will depend of how many samples do we have)

2. Prepare standar and blank as follow: Create a serial dilution of 2ug/ul BSA stock in
PBS. Make the standard curve with 0 — 0.125 - 0.25 - 0.5 - 1 and 2 ug/ul

3. Prepare 1:10 dilutions of the samples. (to your 5ul of your samples add 45ul of ddH20,
you can change the dilution factor as you need)

4. Pipette 5ul of each (standard curev and samples already diluted into a 96 WP). Make
Duplicates.

5. Add 250 ul of 1x Bradford reagent using the multichannel pipette into the wells
containing the standard curve and your samples in duplicate.

6. Insert the plate into the plate reader and read it at 595 wavelengths.

7. Absorbance is in the RAW data.
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Appendix B

Resources table

REAGENT | SOURCE | CATALOG #
Antibodies
FITC Rat Anti-Mouse CD45 BD Biosciences Cat# 561088

BV421 Rat Anti-Mouse CD31

BioLegend

Cat# 102423

anti-Alpha 7 Integrin 647

AbLab Biologics

Cat# 67-0010-05

anti-Alpha 7 Integrin PE

AbLab Biologics

Cat# 53-0010-05

BV711 Rat Anti-Mouse Ly-6A/E

BD Bioscience

Cat# 563992

PE anti-mouse CD55

BioLegend

Cat# 131803

CD140a, PDGFRa, BV605

BD Bioscience

Cat# 740380

PE Mouse Coagulation Factor Ill/Tissue Factor

R&D Systems

Cat# FAB3178P

SYTOX™ AADvanced™ Thermo Fisher Cat# S10349
Scientific
SYTOX™ green Invitrogen Cat# S34860
PE-Cy™7 Rat Anti-Mouse CD45 BD Bioscience Cat# 552848
alpha-smooth muscle actin (aSMA) MilliporeSigma Cat# A5228
anti-Laminin Invitrogen Cat# MA1-06100
PDGFRa R&D Systems Cat# AF1062
Pax7 DSHB Cat# 528428
CD31 Invitrogen Cat# 14-0311-85
F4/80 Abcam Cat# 6650
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CD206 Abcam Cat# 64693

Alexa Fluor® 647 AffiniPure Goat Anti-Mouse | Cedarlane Cat# 115-605-

IgG, Fcy subclass 2b specific Laboratories 207

Alexa Fluor® 488 AffiniPure Goat Anti-Mouse | Cedarlane Cat# 115-545-

lgG, Fcy subclass 1 specific Laboratories 205

Cy™3 AffiniPure Fab Fragment Goat Cedarlane Cat# 115-167020

Anti-Mouse IgM, u chain specific Laboratories

Alexa Fluor 594 Goat anti-Rat Invitrogen Cat# A-11012

Alexa Fluor 488-Goat Anti-Mouse Invitrogen Cat# A11001

Alexa Fluor 594-Goat Anti-Mouse Invitrogen Cat# A11005

Anti-phospho- Histone H2A.X (Ser139) Cell Signaling Cat# 9718T
Technology

AbC™ Total Antibody Compensation Bead Kit | Thermo Fisher Cat# A10497
Scientific

Fibronectin MilliporeSigma Cat# F3648

p-SMAD3 Cell Signaling Cat# 9520S
Technology

SMAD3 Cell Signaling Cat# 9523S
Technology

Anti-cyclophilinB Abcam Cat# ab16045

anti-mouse 1gG Cell Signaling Cat# 7076S
Technology

anti-rabbit IgG Cell Signaling Cat# 7074S
Technology

anti-MyHC DSHB Cat# MF-20

Other reagents

NucBlue™ Live ReadyProbes™ Reagent Thermo Fisher Cat# R37605

(Hoechst 33342)

Scientific
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SYTOX™ AADvanced™ Thermo Fisher Cat# S10349
Scientific

Collagenase B Roche® Life Cat#
Science Products 11088831001

Dispase Il Sigma Aldrich Cat# 42613-33-2
Red Blood Cell Lysing Buffer Sigma-Aldrich Cat# R7767
Optimal cutting temperature (OCT) Fisher Scientific Cat# 4585

liquid nitrogen-cooled isopentane

Sigma-Aldrich

Cat# 277258-1L

Premium Frosted Microscope Slides

Fisher Scientific

Cat# 12-544-2

Click-iIT EAU Assay Kits

Thermo Fisher
Scientific

Ca# C10337

DMEM High Glucose

Wiset Bioproducts

Cat# 319-005-CL

DMEM low glucose

Wiset Bioproducts

Cat#319-010-CL

Fetal Bovine Serum (FBS)

Thermo Fisher
Scientific

Cat# 12483-020

Horse Serum

Thermo Fisher
Scientific

Cat# 16050122

Ham’s F10 media

Wiset Bioproducts

Cat# 318-050-CL

RPMI media 1640

Wiset Bioproducts

Cat# 350-000CL

Basic fibroblast growth factor (bFGF) 5 ng/ml

MilliporeSigma

Cat# F0291

100 U/ml penicillin/streptomycin (P/S)

Thermo Fisher

Cat# 15140-122

Scientific
MesenCult™ Adipogenic Differentiation Kit Stemcell Cat# 05507
Technologies
Insulin (1 pg/ml) MilliporeSigma Cat# 19278
Transforming growth factor beta-1 (TGF[3-1) PeproTech Cat# 100-21
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4’, 6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich Cat# D9542

Triton X-100 Sigma-Aldrich Cat# 9036-19-5

CelROX™ Green reagents Thermo Fisher Cat# C10444
Scientific

Senescence-associated B-Galactosidase (SA- | Cell Signaling Cat# 9860

B-Gal) Technology

MitoTracker Green FM Invitrogen Cat# M7514

Tetramethylrhodamine, methyl ester (TMRM) Invitrogen Cat#T668

Seahorse XFe96 Microplates Agilent Cat# 101085-004

Technologies

Mouse on Mouse Immunodetection Kit (M.0.M)

Vector Labs

Cat# BMK-2202

Serum-Free Protein Block

Agilent

Cat# X0909

100-um strainer

Fisher Scientific

Cat# 22-363-549

Protease inhibitor cocktail Millipore Sigma Cat#
04693116001
Phosphatase inhibitor (PhosSTOP) Millipore Sigma Cat#
4906837001
Bradford assay Bio-Rad Cat# 5000006
PVDF membranes Bio-Rad Cat# 162017
Oligomycin Sigma-Aldrich Cat# 75351
FCCP Sigma-Aldrich Cat# C2920
Rotenone Sigma-Aldrich Cat# R8875
Antimycin Sigma-Aldrich Cat# A8674
2-Deoxy-D-Glucose (2-DG) Sigma-Aldrich Cat# D6134

256




RNA extraction Micro Kit Qiagen Cat# 74004
DNA commercial kit BioBasic Cat# BS427
Luna® Universal gPCR MasterMix New England Cat# M3003S
BioLabs
L-glutamine STEMCELL Cat# 07100
Technologies
HEPES Gibco Cat# 15630-080
Non-essential amino acids Gibco Cat# 11140-050
Sodium pyruvate Gibco Cat# 11360-070
2-mercaptoethanol Gibco Cat# 21985-023
Vincristine sulfate Sigma-Aldrich Cat# V8388
SuperSignal™ West Pico PLUS Thermo Fisher Cat# 34579

Chemiluminescent Substrate

Scientific

Chromium Next GEM Single Cell 3’ Kit v3.1

10X Genomics

Cat#PN-1000121

NanoString nCounter Mouse Fibrosis V2 panel

NanoString
Technologies

Cat# 115000388

Deposited data

Raw scRNA-seq data and processed matrices | GEO GSE24165

Experimental models

C57BI/6J The Jackson Cat#000664
Laboratory

CBA The Jackson Cat#000656
Laboratory

C3H/10T1/2 Clone 8 ATCC Cat# CCL-226

M3-9-M RMS cells
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Softwares

CellRanger version v5.0.0

10x Genomics

https://support.10
xgenomics.com/s
ingle-cell-gene-
expression/softw
are/release-
notes/3-0

R/RStudio v4.2.1

R CRAN

https://cran.r-
project.org/

Seurat R package v4.2.0

R CRAN

https://cran.r-
project.org/web/p
ackages/Seurat/i
ndex.html

enrichR v3.1

R CRAN

https://cran.r-
project.org/web/p
ackages/enrichR/
index.html

ClusterProfiler R v3.10.1

Bioconductor

https://bioconduc
tor.org/packages/
release/bioc/html
[clusterProfiler.ht
ml

CellChat v1.6.0

https://github.co
m/sqjin/CellChat

Ucell v1.0.0

https://github.co
m/carmonalab/U
Cell

Flowdo™ v10.8

BD Life Sciences

https://lwww.flow;j
o.com/

GraphPad Prism v10 GraphPad https://www.grap
Software hpad.com/

Zen Blue v2.6 ZEISS N/A

Fiji ImageJ https://fiji.sc/

nSolver v4.0 NanoString https://nanostring
Technologies .com/

ROSALIND® nCounter Data Analysis

ROSALIND

https://www.rosal
ind.bio/
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Imaris v9.7.2 Oxford https://imaris.oxin
Instruments st.com/
Wheel Manager Software Med Associates SOF-860
Others
X-RAD 320, Precision X-Ray Irradiation N/A N/A
Attune™ Nxt Acoustic Focusing Flow Thermo Fisher N/A
Cytometer system Scientific
MoFlo XDP cell sorter Beckman Coulter | N/A
Life Sciences
lllumina NextSeq 500 lllumina N/A
GentleMACS Octo Dissociator Miltenyi Biotec Cat# 130-096-
427
GentleMACS C tube Miltenyi Biotec Cat# 130-093-
237
Microm HM525 NX Cryostat Epredia™ Cat# 2210
CellDiscoverer7 microscope ZEISS N/A
Seahorse XFe96 Analyzer Agilent N/A
ChemiDoc™ Bio-Rad N/A
EVOS-FL2 Microscope Thermo Fisher N/A
Scientific
NanoDrop Lite Spectrophotometer Thermo Fisher Cat# ND-2000
Scientific
Thermocycler (384 qPCR) Bio-Rad Cat# CFX384t
Synergy H1 Multimode Reader BioTek N/A
EchoMRI-900 EchoMRI LLC N/A
Wireless running wheels Med Associates Cat# ENV-044
and ENV-047
Chatillon DFE Il Columbus N/A
Instruments
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