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ABSTRACT OF THE DISSERTATION
The Temporal, Histological, and Transcriptional Behavior of Biological Programs in Skeletal
Muscle After Rotator Cuff Tear and Repair

by

Laura S. Vasquez-Bolanos

Doctor of Philosophy in Bioengineering
University of California San Diego, 2023
Professor Samuel Ward, Chair
Professor Adam Engler, Co-Chair

Rotator cuff tears affect 1 in 5 individuals over the age of 60, leading to muscle atrophy,
degeneration, fibrosis, and fatty infiltration. These changes observed in muscle are persistent
regardless of treatment or surgical repair, and the progression to this irreversible degenerative
muscle state is poorly understood. The purpose of this work was to investigate the temporal
histological and transcriptomic behavior of biological programs after rotator cuff tear and repair

in a rabbit model. We performed RNAseq at 1, 2, 4, 8, and 16 weeks after tear and 1, 2, 4, and 8
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weeks after repair to identify the transcriptional profile of biological programs (i.e. inflammation,
adipogenesis, apoptosis). After detecting a strong immune system signature, we evaluated the
number of immune cells and markers of proliferation/cell cycle histologically. Post-tenotomy there
was a clear orchestration of biological programs largely related to inflammation and energetics at
early timepoints, a progression towards adipogenesis and apoptosis that subsided by 8 weeks, and
a resurgence of various programs including inflammation, fibrosis, and apoptosis at 16 weeks.
Post-repair there was a lack of a regenerative response to mechanical re-loading, but instead, a
strong resurgence of inflammation, adipogenesis, fibrosis and apoptosis at 2 weeks that subsided
by 8 weeks. Relative to the immune system, there was a significant increase in neutrophil numbers
at 1 and 4 weeks post-tenotomy, but few to none post-repair. There was a significant increase in
CD163+ macrophages at 2 week post-tenotomy and 1 and 2 weeks post-repair. This increase was
also seen regionally post-repair, with more CD163+ (M2c) macrophages found in regions of
muscle degeneration compared to regions of non-degenerated muscle at almost all timepoints (1,
2, 4 weeks). In conclusion, we identified a temporal transcriptional profile of biological programs
such as inflammation, adipogenesis and fibrosis and highlighted contrasting immune system
behaviors of neutrophils and CD163+ macrophages in muscle after rotator cuff tear and repair.
These data provide a time-resolved framework for understanding myocyte-inflammatory cell-
progenitor cell interactions that are poorly understood in muscle. Translationally, these data
provide context for transcriptional and cell-based assays of human tissue that can only be procured
cross-sectionally in time, and they shed light onto potential therapeutic targets that may augment

muscle recovery after tendon repair in patients with rotator cuff injuries.
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Chapter 1 INTRODUCTION

Rotator cuff (RC) tears affect 1 in 5 individuals over the age of 60, and these tears lead to
significant disability (Lehman et al., 1995; Colvin et al., 2012; Sayampanathan et al., 2017; Collin
et al., 2019; Yamamoto et al., 2010). As a result, there is a significant healthcare expense incurred
by this population of individuals who typically undergo a range of treatment options such as
physical therapy, injectables, and surgical intervention (Gerber et al., 2007; Gladstone et al., 2007;
Collin et al., 2018 & 2019. The initial process in rotator cuff disease often manifests as a tear in
the tendon, which can occur due to a variety of factors including age, overuse, or trauma
(Bartolozzi et al., 1994; Yamamoto et al., 2010; Saccomanno et al., 2016). This tear disrupts the
normal biomechanics of the shoulder, ultimately leading to muscle unloading and retraction which
leads to structural changes in the musculature.

These changes include atrophy, characterized by increased contractile protein turnover and
diminished protein synthesis (Bialek et al., 2011; Bonaldo et al., 2013). However, as RC disease
progresses, atrophied muscle can evolve into muscle fibers accumulating structural damage,
resulting in altered sarcomere structure, degeneration, leading to muscle fiber death (Gibbons et
al. 2017). This process is more complex than the unloading-induced muscle atrophy seen in other
disuse models (Clark et al., 2009; Bialek et al, 2011), because RC disease has been theorized to
include not only unloading, but also overloading of regions of muscle, which can lead to abnormal
shear stress (as seen in eccentric contraction; Darr et al., 1987; Schoenfeld, 2012). Ultimately this
contributes to changes in muscle architecture, such as muscle fiber reorientation, increases in the
pennation angle (Lieber et al., 2000; Meyer et al., 2004) and decreases in sarcomere length
(Gibbons et al., 2016; Tomioka et al., 2009), due to altered biomechanics and prolonged changes

in loading patterns. Over time, the atrophied muscle may also undergo fatty infiltration, where fat



cells replace muscle fibers, leading to a decrease in muscle quality and function (Gibbons et al.,
2017). Torn human RC muscle has been characterized to lose up to 40-60% of muscle volume
and contain 10-40% of fat content (Matsumura et al., 2017; Gibbons et al., 2018). Additionally, at
chronic stages of RC disease fibrosis is thought to accumulate with excessive deposit of
extracellular matrix in the muscle, and sheep and canine animal models have suggested a possible
correlation with increased muscle stiffness (Gerber et al., 2004; Safran et al., 2005; Silldorff et al.,
2014; Sato et al., 2015). Some of these changes are secondary consequences of the tendon tear,
but some may be primary, and in either case they contribute to the progression of the disease and
exacerbate functional impairment and disability (Shen et al., 2008; Kim et al., 2010; Goutallier et
al., 2003; Gladstone et al., 2007).

Surgical intervention, specifically tendon repair, is a common treatment strategy aimed at
restoring the normal anatomy and biomechanics of the rotator cuff (Cofield et al., 2001).
Theoretically, by reattaching the torn tendon to its original insertion site on the humerus, the
mechanical environment of the shoulder is restored, which should promote muscle recovery
(Davidson et al., 2000). For example, in a mouse animal model, restoration of tendon to bone
connectivity, restored muscle atrophy (Thomopoulos et al., 2015). However, after surgical repair
of the rotator cuff, the muscle structural changes such as muscle atrophy and fatty infiltration
observed after tear have been proven to be irreversible in humans and pathphysiologically relevant
pre-clinical animal models such as sheep and rabbi (Gerber et al., 2000; Gerber et al., 2004; Gerber
et al., 2007; Gladstone et al., 2007). In fact, the degree of muscle atrophy and fatty infiltration at
the time of surgery can highly influence the outcome of the repair, with more severe changes
associated with a higher risk of repair failure (Harryman et al., 1991; Goutallier et al., 2003;

Gladstone et al., 2007). The state of the muscle can actually continue degrading after repair with



an increase in fibrosis, degeneration and fat (Davis et al., 2015; Gibbons et al., 2017). This lack of
muscle recovery following tendon repair underscores the complexity of rotator cuff disease and
highlights the need for a deeper understanding of the underlying biological mechanisms
contributing to.

The mechanisms behind the persistent muscle changes following tendon repair are not
understood. The persistence of muscle atrophy and fatty infiltration following tendon repair
suggests that these changes may be driven by intrinsic muscle pathology, independent of the
tendon tear and subsequent repair. This has led to a growing interest in exploring the molecular
and cellular mechanisms underlying these muscle changes, with a particular focus on the role of
various biological programs: inflammation, fibrosis, adipogenesis and more. Various theories
involving the activation and silencing of muscle fibro-adipogenic progenitors and muscle satellite
cells have been considered (Lee et al., 2019; Lee et al., 2020), but on their own, does not explain
the irreversible state of muscle after rotator cuff tear and repair. There is likely a multifactorial
orchestration of events taking place, involving a complex interplay of biological and mechanical
factors. This may explain why the current approach of studying specific cells and components in
muscle has not resulted in clear answer on the cause or targets for improvement after surgical
repair (Bianco et al., 2019; Chung et al., 2013; Shah et al., 2017).

In order to understand the abnormal interplay among cells and molecular programs, a
template acute muscle injury/regeneration model that is well studied must be used as a comparison.
Cardiotoxin-induced muscle injury in mice has been extensively studied along multiple biological
axes, including transcriptomics, as a model for muscle regeneration due to its reproducibility and
the robustness of the regenerative response (Hirata et al., 2003; Garry et al., 2016). Following

cardiotoxin injection, there is an initial phase of necrosis where muscle fibers are damaged, leading



to an inflammatory response characterized by the infiltration of neutrophils (within hours to first
few days) and macrophages (within hours to the first few days) (Heredia et al., 2013). The literature
indicates that these immune cells play a crucial role in clearing necrotic debris and orchestrating
the subsequent regenerative response (Howard et al., 2020). Particularly, macrophages undergo a
phenotypic transition from a pro-inflammatory to an anti-inflammatory state, which is essential
for the progression of muscle regeneration (Wang et al., 2014; Howard et al., 2020). Concurrently,
satellite cells, the resident stem cells in muscle, are activated (0-2 days), begin to proliferate (1-7
days), differentiate (3.5 days — 1 month), and mature (7 days to 1 month+) to replace the damaged
muscle fibers (Hawke et al., 2003; Garry et al., 2016). These processes are regulated by a complex
network of molecular signals, including growth factors, cytokines, and extracellular matrix
components (Yan et al., 2003; Wang et al., 2022). The muscle then undergoes a remodeling phase
to restore its structure and function (Dumont et al., 2015). Despite the robust regenerative response,
it is important to note that repeated or severe cardiotoxin-induced injuries can impair muscle
similarly to chronic RC disease, lead to fibrosis and impaired muscle function (Suetta et al., 2013;
Wang et al., 2022).

Understanding a well-studied muscle injury/regeneration system and its cell and
transcriptional behavior, prompts a similar desired approach to investigate muscle after rotator cuff
tear and repair. Specifically, transcriptomics can be used to elucidate the up and down regulation
of specific biological programs, and therefore, the mechanisms contributing to the muscle
dysfunction. However, to date, the majority of human transcriptomics research has specifically
focused on top differentially regulated genes in programs such as myogenesis, inflammation,
adipogenesis, and fibrosis in a valid, yet biased manner (Reardon et al., 2001, Shah et al. 2017,

Steinbacher et al., 2010, Choo et al., 2014, Gibbons et al., 2018, Ren et al., 2018). For instance,



Gibbons et al. (2018) explored gene expression in a range of biological programs (5-10 genes in
each program) involved in rotator cuff disease and correlated these results to the heterogenous
tissue composition of degenerated muscle often found in human, identifying distinct
transcriptional behaviors. Given the complexity of the biological programs, a single timepoint of
gene expression data often from a limited number of transcripts only gives us a small window into
what could be happening in the muscle more globally.

There are even fewer studies that have used more unbiased transcriptional sequencing
approaches at multiple time points, but studies have identified shared pathways between human
and animal models, such as inflammation, extracellular matrix remodeling, and apoptosis, which
are significantly influenced during the progression of rotator cuff tears. For instance, Gumucio et
al. (2018) conducted a comprehensive analysis using RNAseq, which unbiasedly sequences all
transcripts available in the sampled tissue, in a rat rotator cuff tenotomy and neurotomy model, at
10, 30, and 60 days and identified that mitochondrial function was impaired after tear injury
possibly contributing to lipid accumulation. Similarly, Lee et al. (2018) used RNA microarray to
assess biological programs transcriptionally in a mouse rotator cuff tenotomy at 1 and 4 weeks
post-tenotomy and identified relevant significant genes involved in aging, apoptosis, atrophy, and
fatty acid transport. However, there are problems associated with these data sets. For example,
the interpretation of biological activity in small animal models that do not recapitulate the level of
fat, degeneration, and fibrosis found in human muscles or requires a non-physiologic neurotomy
in addition to a tenotomy to induce any meaningful muscle atrophy and degeneration (Rowshan et
al., 2010) has questionable translational relevance.

Conversely, sheep are the gold standard for studying rotator cuff changes (Gerber et al.,

2004) because they recapitulate the muscle morphology changes observed in humans, but are



costly in terms of resources and time, which limits their use as a high throughput model. Currently,
there are limited transcriptomic studies in sheep, and they focus on mitochondrial dysfunction, and
are limited to two different time points post-tenotomy: 2 and 16 weeks post-tenotomy (Fluck et
al., 2017 & 2020). Given the broad lack of understanding related to the cause of muscle atrophy,
fatty infiltration, and fibrosis in progressive RC disease, there is an unmet need to establish the
time-dependent transcriptional activity after these injuries.

Similarly, understanding muscle recovery (or lack of recovery) after surgical tendon repair
is pivotal to our understanding of the mechanisms contributing to the persistent state of the muscle
atrophy and fibrosis. There is translational value in identifying possible changes within the acute
to chronic window of injury and the implicated biological mechanisms induced after surgical
repair. Most of the research to date focuses on acute repair, where a tenotomy and repair are
performed simultaneously, so surgical techniques/biologic augmentation may be explored in
parallel to acute tendon healing (Sun et al., 2020; Li et al., 2018; Ozbaydar et al., 2008; Su et al.,
2018; Chung et al., 2013; Honda et al., 2017; Kwon et al., 2018; Yoon et al., 2018; Ruoss et al.,
2018a). However, this does not represent the complex human scenario of delayed repair. For
example, in older patients, symptomatic tears develop over years and do not undergo surgical
repair for months or years after diagnosis. As a result, there is less literature exploring the more
human, and pathophysiologically relevant, approach of performing a delayed repair. When delayed
repair is implemented, the model systems are typically sheep and rabbit (Gerber et al., 1999,
Gerber et al., 2000, Davidson et al., 2000; Matsumoto et al., 2002; Gerber et al., 2004; Gerber et
al., 2009; Rubino et al., 2008; Steinbacher et al., 2010; Coleman et al, 2003, Farshad et al., 2011,

Uhthoff et al., 2014; Ren et al., 2018; Ruoss et al., 2018b, & Wu et al., 2022). However, even in



these systems, there is very little to no transcriptional data available, let alone time-dependent
transcriptional data.

This dissertation aims to meet the unmet need of understanding the biological activity
associated with rotator cuff tear and repair. Understanding the time-dependent transcriptional
changes in injured and repaired rotator cuff muscles would provide insight into the mechanisms of
muscle maladaptation and the opportunity for future studies to target specific pathways in an

attempt to mitigate disease progression and accelerate recovery.



Chapter 2 TRANSCRIPTIONAL TIME COURSE AFTER ROTATOR CUFF TEAR

Abstract

Rotator cuff (RC) tears are prevalent in the population above the age of 60. The disease
progression leads to muscle atrophy, fibrosis, and fatty infiltration in the chronic state, which is
not improved with intervention or surgical repair. This highlights the need to better understand the
underlying dysfunction in muscle after RC tendon tear. Contemporary studies aimed at
understanding muscle pathobiology after RC tear have considered transcriptional data in mice, rats
and sheep models at 2-3 time points (1 to 16 weeks post injury). However, none of these studies
observed a transition or resurgence of gene expression after the initial acute time points. In this
study, we collected rabbit supraspinatus muscle tissue with high temporal resolution (1, 2, 4, 8, 16
weeks) post-tenotomy (n=6/group), to determine if unique, time-dependent transcriptional changes
occur. RNA sequencing and analyses were performed to identify a transcriptional timeline of RC
muscle changes and related morphological sequelae. At 1-week post-tenotomy, the greatest
number of differentially expressed genes was observed (1069 up/873 down) which decreases
through 2 (170/133), 4 (86/41), and 8 weeks (16/18), followed by a resurgence and transition of
expression at 16 weeks (1421/293), a behavior which previously has not been captured or reported.
Broadly, 1-week post-tenotomy is an acute time point with expected immune system responses,
catabolism, and changes in energy metabolism, which continues into 2 weeks with less intensity
and greater contribution from mitochondrial effects. Expression shifts at 4 weeks post-tenotomy
to fatty acid oxidation, lipolysis, and general up-regulation of adipogenesis genes. The effects of
previous weeks’ transcriptional dysfunction present themselves at 8§ weeks post-tenotomy with
enriched DNA damage binding, aggresome activity, ECM-receptor changes and significant

expression of genes known to induce apoptosis. At 16 weeks post-tenotomy, there is a range of



enriched pathways including ECM constituent binding, mitophagy, neuronal activity, immune
response, and more, highlighting the chaotic nature of this time point and possibility of a chronic
classification. Transcriptional activity correlated significantly with histological changes and were
enriched for biologically relevant pathways such as lipid metabolism. These data provide platform

for understanding the biological mechanisms of chronic muscle degeneration after RC tears.

Key Words: Rotator cuff, Transcriptome analysis, Time series data, Rotator cuff muscle

dysfunction, Muscle biology, Tenotomy, Muscle unloading, Muscle atrophy

Introduction

Rotator cuff (RC) tears are prevalent in the general population with an incident rate of 20%
after the age of 60 (Collin et al. 2019). Although rotator cuff repairs are used to treat this condition,
time between tear and repair can influence the success of surgery (Gladstone et al. 2018). However,
clinical studies have proven that repair does not improve or reverse the muscle atrophy and fatty
infiltration observed at chronic states of disease (Gerber et al. 2000, Gladstone et al. 2018). This
highlights the need to better understand what dysfunction in RC tears is leading to persistent
muscle atrophy and fatty infiltration to determine potential targets for reversibility.

The rabbit model is an advantageous system to use to study this question due to similar
morphological changes such as increased fat, fibrosis and degeneration (Rubino et al., 2007,
Farshad et al., 2012, Valencia et al., 2018, Hyman et al., 2020, Hyman et al., 2021, Vargas-Vila et
al., 2021) to what is observed in the supraspinatus (SSP) in humans (Gibbons et al., 2017) without
the need of a neurectomy as in smaller animal models (Rowshan et al., 2010). The major

physiological changes noted in this model include significant decrease in muscle fiber cross-



sectional area (CSA) at 4 and 16 weeks, degeneration of muscle fibers with a ~25% muscle mass
reduction after 16 weeks, and an increase in collagen and fat between 4 to 16 weeks (Rubino et
al., 2007, Farshad et al., 2012, Valencia et al., 2018, Hyman et al., 2020, Hyman et al., 2021,
Vargas-Vila et al., 2021). Understanding the progression of rotator cuff disease before repair may
help determine the potential effectiveness of a surgical intervention with or without adjuvant
therapeutics.

Currently, few human studies have characterized gene expression in RC muscle after
tendon tear and how it relates to the severity of muscle changes (Reardon et al., 2001, Shah et al.
2017, Steinbacher et al., 2010, Choo et al., 2014, Gibbons et al., 2018, Ren et al., 2018), but these
data could not be related to a time course neither compared to a healthy control. Gene expression
data with two or more time points have been collected in a mouse RC tear model and a rat tenotomy
and neurectomy model (Lee et al., 2018, Gumicio et al., 2018, Hu et al., 2019), typically focusing
on specific programs and gene overlap over the time series. However, even fewer studies have
considered the mechanistic effects of muscle unloading in an animal RC tear model which properly
recapitulates the human pathophysiology of fatty infiltration. One example includes the sheep RC
tear model, which recapitulates human pathophysiology (Gerber et al., 2004) and has been used to
consider the role of mitochondrial dysfunction with transcriptomics at two different time points (2
& 16 weeks post-tenotomy) (Fluck et al., 2017 & 2020). Given the lack of a broad understanding
of the progression of RC disease there is an unmet need to investigate the development in a time
dependent manner with greater time and transcriptional resolution.

This study aims to establish transcriptional responses to RC tendon tear as a function of
time in the rabbit tenotomy injury model. Sequencing for all genes, rather than select ones, allows

for an unbiased analysis of transcriptional changes over time. These data may provide a greater
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understanding of how RC tears progress to a chronic state of decreased muscle quality and
function. We hypothesize, based on morphological changes previously observed in this model,
that transcription of certain genes is time dependent, where early changes would favor atrophy and
inflammation and late changes would favor fatty infiltration, degeneration, and fibrosis.

Materials & Methods

Animals

In this study 30 female New Zealand White rabbits (~6 months, Western Oregon Rabbit
Company, Philomath, OR) were used to evaluate post-tenotomy transcriptional changes over time
(Vargas-Vila et al., 2021). Females were used due to housing safety concerns regarding mixing
gender and the ease of sourcing older female animals. All protocols were approved by the
University of California, San Diego Institutional Animal Care and Use Committee (protocol
#S11246). All animals were assigned a number ID and cage location upon arrival and then at time
of harvest were randomized to one of the study groups. Animals were single housed with food and
water ad lib, environmental and food enrichment, and visual access to other animals. There were
no adverse events in this study and no animals met the criteria for humane early endpoints.
Surgical Procedures

Rabbits were anesthetized with a subcutaneous injection of ketamine and xylazine (35
mg/kg ketamine/5 mg/kg xylazine, MWI Veterinary Supply, Boise, ID). Following intubation, 2-
4% isoflurane (VetOne, Boise, ID) was utilized to keep the animals under anesthesia for the
duration of the surgery. The surgical site was disinfected, and an incision was made through the
skin and deltoid muscle overlying the rotator cuff. After exposing the supraspinatus tendon, a
unilateral tenotomy was performed by transecting the tendon at its footprint on the greater tubercle
of the humerus. Surrounding soft tissues were bluntly dissected to permit unobstructed retraction

of the tendon. To avoid the formation of tissue adhesions, a Penrose drain (Medline, Northfield,

11



IL) was sutured to the tendon stump. The muscle and skin layers were subsequently sutured and
stapled closed, and the animals were allowed to recover. A sham surgery was performed on the
contralateral limb of the tenotomy to serve as a control for the procedure where only the skin was
cut, tendon isolated, and then stitched up as normal. An E-collar was placed on the animals to
prevent suture ripping, and after 10 days, the collar and any remaining staples were removed
(Vargas-Vila et al., 2021).
Muscle Harvesting

After the study, animals were euthanized at 5 time points; 1 week, 2 weeks, 4 weeks, 8
weeks and 16 weeks post-tenotomy. At the specified time points, animals were euthanized with an
intravenous overdose of pentobarbital (Beuthanasia, 120 mg/kg, MWI Veterinary Supply, Boise,
ID). The supraspinatus muscles from both shoulders were harvested and divided into four regions
with the central tendon serving as the muscle midline between the anterior and posterior sides of
the muscle. These four regions included anterior lateral (A1), posterior lateral (P1), anterior medial
(A2), and posterior medial (P2), and one full-muscle thickness fragment was harvested from each
location. The harvested muscle regions were pinned to in vivo length and flash frozen in liquid
nitrogen-chilled isopentane for storage at -80 C (Vargas-Vila et al., 2021).
RNA Extraction

The muscle samples from the P1 region were removed from -80 degrees C and brought to
a cryostat where they were allowed to come up to -20 degrees C. The P1 region was chosen due
to consistently presenting the most affected region of muscle in this rotator cuff injury model
compared to the anterior and medial regions (Vargas-Vila et al., 2021). One notable difference is
his region experiences the greatest fiber type changes with increased type Il and decreased type I

influencing the metabolic activity (Vargas-Vila et al., 2021). A 50-75mg piece was removed from
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the center of each pinned region and placed in a pyrogen-free tube. RNA extraction was performed
using the QIAGEN Fibrous Tissue mini kit on a QTAGEN Qiacube robot (QIAGEN, Germantown,
MD). In brief, the tissue was immersed in buffer RLT and disrupted by bead in the QIAGEN
TissueLyser II, (QIAGEN, Germantown, MD) before being transferred to the Qiacube for RNA
extraction. Samples were digested with Proteinase K, (QIAGEN, Germantown, MD) prior to
extraction. A DNase digestion step was included in the protocol. RNA was stored at -80 degrees
C.
RNA Sequencing

Total RNA was assessed for quality using an Agilent Tapestation 4200, and samples with
an RNA Integrity Number (RIN) greater than 8.0 were used to generate RNA sequencing libraries
using the TruSeq Stranded mRNA Sample Prep Kit (Illumina, San Diego, CA). Samples were
processed following manufacturer’s instructions, modifying RNA shear time to five minutes.
Resulting libraries were multiplexed and sequenced with 75 basepair (bp) single reads (SR75) to
a depth of approximately 25 million reads per sample on an Illumina HiSeq400. Samples were
demultiplexed using bcl2fastq Conversion Software (Illumina, San Diego, CA).
RNAseq Analysis

Quality control of the raw fastq files was performed using the software tool FastQC
(Andrews et al., 2010). Sequencing reads were aligned to the rabbit genome (Ensembl OryCun2.0)
using the STAR v2.5.1a aligner (Dobin et al., 2013). Read quantification was performed with
RSEM (Li et al., 2011) (v1.3.0) and Ensembl annotation
(Oryctolagus_cuniculus.OryCun2.0.91.gtf). The R BioConductor packages edgeR (Robinson et
al., 2010) and limma (Richie et al., 2015) were used to implement limma-voom (Law et al., 2014)

followed by empirical Bayes technique for differential expression analysis. Lowly expressed
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genes were filtered out (cpm > 1 in at least one sample). Trimmed mean of M-values (TMM)
normalization was applied (Robinson et al., 2010). The experimental design was modeled upon
time point and treatment (~0 +time treatment) with contrasts (Tenotomy — Sham) for each time
point and all samples. All results will be presented as the tenotomy time point compared to sham
unless specified otherwise. From the empirical Bayes result, differentially expressed (DE) genes
were defined by an adjusted P-value < 0.05 (based on the moderated t-statistic using the
Benjamini-Hochberg (BH) method to control the false discovery rate (Benjamini et al., 2001)) and
a [log2FC| >1. G:Profiler was used to map rabbit Ensemble IDs to human Ensemble IDs, Entrez
IDs and symbols (Raudvere et al., 2019). Of the 11,535 total genes, 1210 were not mapped to
human and 296 were duplicates and were removed for the analysis. The resulting genes with Entrez
IDs correspond to the set of ‘background or detected genes’ consisting of 10,029 genes. We
removed one 8 week sample that we identified as an outlier using PCA plots and unsupervised
hierarchical clustering. With n=6 animals per group, we were sufficiently powered to identify
significantly differentially expressed genes with a power of 72%. Volcano plots were created using
Enhanced Volcano package (v.1.60). Heatmaps were created using clustermap in the seasborn
package (Waskom, 2021). The Venn Diagram was produced using Van de Peer lab tools. RT-
qPCR validation was not used in this study due to the robust nature of RNAseq methods and data
analysis and supporting literature (Coenye, 2021, Feng, 2010).
Enrichment Analysis

Assignment of functional categories was based on the Gene Ontology (GO) categories
‘Biological process’, ‘Molecular function’ and ‘Cellular component’. Enrichment analysis of GO
categories was performed in R (version 4.0.2; http://www.r-project.org) using the ‘weight01’

method from the Bioconductor topGO (v. 2.40.0) package with the org.Hs.eg.db _3.11.4 human
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database (Alexa & Rahnenfuhrer, 2020 & Carlson, 2019). Node size was set to 10, and Fisher's
exact test was used for assessing GO term significance. Overrepresentation of functional categories
was calculated for DE genes as compared with the 10,030 ‘background’ genes, and significant GO
terms were identified as those having P-value <0.05. KEGG analysis was also done in R using
KEGGREST package (v. 1.28.0) with list of pathways and genes. A Wilcox rank-sum test was
performed for each pathway, the Entrez ID along with the adjusted p-values of the gene expression
as input. Testing whether p-values of genes included in that pathway are smaller than outside p-
values. Overrepresentation of KEGG pathways was calculated for DE genes as compared with the
10,030 ‘background’ genes, and significant KEGG pathways were identified as those having a p-
value <0.05.
Gene Pathways of Interest

To highlight the changes in common genetic programs of interest, the rotator cuff muscle
literature was searched to build a list of essential genes found in programs such as myogenesis,
inflammation, adipogenesis, and fibrosis (Gibbons, 2018). Additional genes relating to
adipogenesis identified as correlated with rotator cuff radiographic assessments (Shah et al., 2017)
were also included. The final lists were compared to other RC transcriptome analyses in other
animal models (Gumucio et al., 2019, Lee et al., 2018, Fluck et al., 2020) for confirmation of
overlap although in more broadly described categories.
Correlation Analysis

Weighted correlation network analysis (WGCNA) was performed using WGCNA R
package (v. 1.70-3) (Langdelder & Horvath, 2008) with transcriptional and phenotypic data (Supp.
Data 2.6) with the tenotomy only samples as there was no significance found in the combined

analysis. This analysis works by building an unbiased network of modules which represents a
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cluster of genes, and then correlations can be investigated with phenotype traits through gene
membership. The phenotypic data included in this study is fiber area, central nucleation, fat
quantification, collagen content, and degeneration, all of which are reported in detail elsewhere
(Vargas-Vila et al., 2021) but are from the same animals used in this study. However, Hematoxylin
and Eosin-stained (H & E) stained sections of representative muscles in each group, at each time
point, can be seen in Fig. 2.1.

Results

Transcriptome profiles changed from acute to chronic state

Visually there were obvious structural muscle changes over time between post-tenotomy
and sham samples (Fig. 2.1). Changes included decreased muscle cross-sectional area, increased
muscle degeneration, and increased fat and collagen deposition (Vargas-Vila et al., 2021).

At 1 week post-tenotomy, the initial acute time point, there was substantial number of
significantly up- and down-regulated DE genes (Fig. 2.2A), followed by a sharp decrease in
differentially regulated transcripts at 2 (Fig. 2.2B), 4 (Fig. 2.2C), and 8 weeks post-tenotomy (Fig.
2D). However, at 16 weeks post-tenotomy (Fig. 2.2E) there was a resurgence in the number of DE
genes, which considers this time point at a chronic state because although the expression is similar
in intensity to 1 week post-tenotomy (Fig. 2.2A), it had more up-regulated genes than down-
regulated genes. The difference between the labeled genes in Fig. 2.2A-E include that the genes at
1 week post-tenotomy do not appear in the described top 10 genes at any other time point,
meanwhile there was overlap with the other time points, although with no clear commonality. Each
time point’s corresponding principal component analysis (Fig. 2.2F-J) illustrated that standard
analytical methods easily separate tenotomy from sham.

The Venn diagram (Fig. 2.3A) shows the distribution of DE genes between each time point

post-tenotomy, where 1 week had 1111 unique genes, 2 weeks with 27, 4 weeks with 9, 8 weeks
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with 2 and 16 weeks post-tenotomy with 876. There are 6 DE genes (KLHL34, LSMEM2 (Leucine
Rich Single-Pass Membrane Protein 2), UCP2 (Uncoupling Protein 2), TP63 (Tumor Protein P63),
MYTIL (Myelin Transcription Factor 1 Like), ADPRHL1 (ADP-Ribosylhydrolase Like 1)) in
common at all the time points which generally have to do with energy or transcription factors. The
1 week and 16 weeks post-tenotomy time points uniquely shared 581 DE genes (only 25% of their
respective total DE genes). The total amount of DE genes by week was 1942 with 1069 up and
873 down for 1 week, 303 with 170 up and 133 down for 2 weeks, 127 with 86 up and 41 down
for 4 weeks, 34 with 16 up and 18 down for 8 weeks and 1714 with 1421 up and 293 down for 16
weeks post-tenotomy (Fig. 2.3B). Despite 1 and 16 weeks post-tenotomy shared an approximately
equivalent number of DE genes, instead of the DE genes being split by up- and down-regulated as
seen at the 1 week post-tenotomy, the 16 weeks post-tenotomy demonstrated 83% of up-regulated
DE genes (Fig. 2.3B). This contrast between 1 and 16 weeks post-tenotomy can also be
demonstrated by the clustering in the heatmap. The clustering grouped 5 out of 6 of 1 week post-
tenotomy samples separately from 16 weeks post-tenotomy (Fig. 2.3C). The sham samples
generally clustered together with some tenotomy sample exceptions (Fig. 2.3C).
Enrichment analysis

To determine the larger scale function the DE genes, overrepresentation analyses were
performed using GO and KEGG at each time point (Fig. 2.4). For 1 week post-tenotomy, the GO
cellular component (yellow bars —Fig. 2.4A) was enriched for transcripts relating to mitochondria.
The molecular function (green bars —Fig. 2.4A) was enriched for transcripts related to energy, and
transporter and transferase activity. Biological processes (blue bars —Fig. 2.4A) were enriched

regarding catabolic, metabolic and signaling specific pathways.
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GO analysis at 2 weeks post-tenotomy continued to be enriched for components relating to
mitochondria, molecular function relating to enzymes of the electron transport chain for ATP,
NADH, cytochrome-c and iron-sulfur binding (Fig. 2.4B). The electron transport chain activity
continued to be in enriched in the biological process along with positive regulation of the
calcineurin-NFAT signaling cascade (Fig. 2.4B).

At 4 weeks post-tenotomy, the cellular components were enriched for complexes related
to signaling and neurotransmission (Fig. 2.4C). Molecular function at 4 weeks was enriched for
binding (activin, IGF1, [-SMAD), catalytic activity on DNA, and proton transport (Fig. 2.4C).
There was continued enrichment of positive regulation of the calcineurin-NFAT signaling cascade
at 4 weeks in biological process along with response of vitamin A and leucine (Fig. 2.4C). This
was the first time point where positive regulation of fatty acid oxidation appeared along with
negative regulation of protein import into the nucleus.

The percent of genes in a given GO term decreases over time and was at its lowest at 8
weeks post-tenotomy, with most having 25% or less genes in the term (Fig. 2.4D). The cellular
components had broad enrichment at 8 weeks, ranging from aggresome, Z-disc, synapse,
mitochondrial envelope to nucleus (Fig. 2.4D). Interestingly, damaged DNA binding and
transcription repressor activity appeared enriched in molecular function at 8 weeks, along with
ubiquitin protease activity, virus receptor activity, and antioxidant activity (Fig. 2.4D). Positive
regulation of calcineurin-related signaling again was enriched in biological process at 8 weeks
with more regulation related to IL-8, translation in response to stress, and skeletal muscle cell
differentiation.

An increase of ~50% in significant genes within a GO term from 8 weeks post-tenotomy

to 16 weeks post-tenotomy was seen with a range of cellular components enriched for the synapse,
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collagen trimer, mitochondrial respiratory chain complex I, and pseudopodium (Fig. 2.4E).
Molecular function at 16 weeks was enriched for binding (PDGF, collagen, proteoglycan,
phosphatidylinositol-4-phosphate) and extracellular matrix constituents (Fig. 2.4E). Positive
regulation of reactive oxygen species (ROS) generation was enriched in biological process at 16
weeks, along with synapse maturation, axonal transport of mitochondrion, leukocytes rolling, and
membrane fission (Fig. 2.4E).

KEGG analyses highlighted changes of broader pathways over time (Fig. 2.5). At 1 week
post-tenotomy, all metabolism terms were significantly enriched and generally continued into 2
weeks post-tenotomy (Fig. 2.5 — metabolism). Metabolism at 4 weeks post-tenotomy identified
new enriched metabolism terms such as tryptophan metabolism (Fig. 2.5 — amino acid
metabolism), retinol metabolism (Fig. 2.5 — vitamins and cofactors metabolism), sugar metabolism
(Fig. 2.5 — carbohydrate metabolism), cholesterol metabolism, and steroid biosynthesis (Fig. 2.5 —
lipid metabolism). Only glycine, serine, threonine metabolism (Fig. 2.5 — amino acid metabolism)
and biosynthesis of unsaturated fatty acid (Fig. 2.5 — lipid metabolism) were enriched at 8 weeks
post-tenotomy. By 16 weeks post-tenotomy there were only a few pathways in each metabolism
category that were enriched significantly. In the signaling transduction cluster, MAPK, FoxO,
Rap1 signaling pathways were the only terms enriched at all time points. Most terms in this cluster
were enriched at 16 weeks post-tenotomy with 5 pathways (cGMP-PKG, Apelin, Wnt, Hedgehog,
Sphingolipid signaling pathway) that became enriched only at this time point. Focusing on the
immune system cluster, there was a clear activation of all terms at 1 week which decreased slightly
by 2 weeks, was not present at 4 weeks and only antigen processing and presentation was enriched
at 8 weeks, but by 16 weeks post-tenotomy there was a reactivation of many of the 1 week terms

in addition to B and T cell receptor signaling pathway (Fig. 2.5 — immune system). There were a
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few enriched terms in the endocrine system cluster at 1, 2 and 4 weeks with double the number at
8 weeks and over 9 at 16 weeks post-tenotomy (Fig. 2.5 — endocrine system). At 4 weeks post-
tenotomy, regulation of lipolysis in adipocytes, insulin resistance and signaling pathway were
enriched and continued to be at 16 weeks post-tenotomy along with many more endocrine system
terms. 16 weeks post-tenotomy also had many significantly enriched terms in the nervous system
cluster which contrasted with the behavior at 1 week post-tenotomy. The cell processes cluster
highlighted terms with the cell environment where 1 week post-tenotomy was enriched for
apoptosis, ABC transporters, cytokine-cytokine receptor interaction, 2 weeks with ribosome, 4
weeks with p53 signaling pathway, 8 weeks with neuroactive ligand-receptor interaction, adherens
junction, and 16 weeks with mitophagy and ubiquitin mediated proteolysis.
Gene programs of interest changed over time after tear

Using a literature-driven approach, specific genes from the literature relating to myogenic,
anti-myogenic (suppressing muscle formation, cell death, degradation), adipogenic, inflammation,
and fibrotic programs were highlighted across the five time points (Fig. 2.6). The myogenic
program (Fig. 2.6 — green bars) was activated the strongest after 1 week post-tenotomy (Fig. 2.6A)
and was faint or not significant at all other time points (Fig. 2.6B-E). The anti-myogenic program
(Fig. 2.6 — red bars) was also expressed strongly at 1 week post-tenotomy with continued
expression at all the time points, although with fewer genes at the 2-8 week time points, and then
presented a second robust response at 16 weeks. Although some genes within the adipogenic
program (Fig. 2.6 — yellow bars) were significantly expressed in 1 and 2 weeks, the entire program
was fully expressed initially at 4 weeks and again at 16 weeks post-tenotomy. Inflammation (Fig.
2.6 — orange bars) was observed with a large expression at 1 week post-tenotomy and decreasing

through 8 weeks, with a resurgence at 16 weeks. The fibrotic program (Fig. 2.6 — pink bars) was
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also initially expressed at 1 week with fewer expressed genes at 2 weeks followed by no significant
genes at 4 and 8 weeks (Fig. 2.6 C,D — dashed bars) and another robust response at 16 weeks post-
tenotomy (Fig. 2.6E).
Transcriptional data correlations with phenotypic traits

WGCNA revealed gene modules significantly related to phenotype characteristics
quantified by histology (Fig. 2.7). Modules 10 and 4 encompass the greatest number of significant
correlations with phenotype traits, and genes in these modules were significantly enriched for
interesting pathways related to lipid metabolism, and general RNA activity (Supp. Data 2.8). The
phenotype traits degeneration (p=0.07) and collagen content (p=0.03) were only correlated with
module 10, which is enriched for lipid metabolism. The strongest correlation coefficient (-0.71,
p=2e-05) is associated with the centralized nuclei trait (a marker of muscle degeneration-
regeneration) and module 13 which is enriched for pathways related to DNA binding and
regulation. Centralized nuclei trait is also correlated significantly to modules 9, 11, and 14 and
these genes are enriched for skeletal muscle adaptation/fast-slow fiber transition, endoplasmic
reticulum related protein binding, and ubiquitin-like protease activity respectively (Fig. 2.7 &
Supp. Data 2.8). Module 7 is significantly associated with interfascicular fat and fat &
degeneration phenotype traits whose genes are enriched for interesting pathways as Ragulator
complex which is anchored to lipid rafts in late endosomes and protein import related to
peroxisomes membrane (Fig. 2.7 & Supp. Data 2.8).

Discussion

The purpose of this study was to establish transcriptional changes as a function of time in
a rabbit RC tear model. We hypothesize, based on morphological changes previously observed in
this model, that transcription of certain genes is time dependent, where early changes would favor

atrophy and inflammation and late changes would favor fatty infiltration, degeneration, and
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fibrosis. There were clear transcriptional differences between each time point, which support the
concept of differential timing of inflammation, adipogenesis, fibrosis, and cell death programs that
lead to muscle atrophy, degeneration, and fatty infiltration. Likewise, phenotypic traits correlated
significantly with gene groupings in unbiasedly defined modules which were enriched for
biological relevant pathways such as lipid metabolism.

At 1 week post-tenotomy, as expected, there was a large transcriptional response in both
up- and down regulation (Fig. 2A, Fig. 2.3B). Functional enrichment elucidates that these genes
are related to the immune system, energy metabolism, catabolism and a wide range of signaling
pathways we would expect to see at an acute response to injury (Fig. 2.4A, 2.5A). 2 weeks post-
tenotomy the response trends in areas of metabolism, particularly with the mitochondria (Fig.
2.4B), signaling pathways, and immune system with fewer enriched terms (Fig. 2.5). Overall, 2
weeks post-tenotomy had a more muted response than the previous week with greater emphasis
on ubiquinone, a metabolite involved in the electron transport chain in the mitochondria and free-
radical scavenger antioxidant, related build up (Fig. 2.4B).

A turning point appeared to occur at 4 weeks post-tenotomy where the expression, despite
decreasing from 2 weeks (Fig. 2.2C), shares a greater overlap of DE genes with the 16 weeks time
point as opposed to 1 and 2 weeks (Fig. 2.3A). The enrichment analyses supported the gene shift
towards lipids and adipogenesis, with enriched pathways of positive regulation of fatty acid
oxidation (Fig. 2.4C) and regulation of lipolysis in adipocytes (Fig. 2.6). Likewise, when literature-
specific adipogenesis genes were considered, this time point demonstrated significant upregulation
of these genes (Fig. 2.6C).

The 8 weeks post-tenotomy time point, with only 34 DE genes, was the time point with the

lowest levels of DE expression demonstrating a possible trend towards steady state of transcription
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expression (Fig. 2.2D, 2.3). These genes are related to GO terms associated with DNA damage
binding, transcription repression, regulation of translation in response to stress, and interestingly
aggresome, which serves as a location for misfolded proteins and is used when there is too much
protein degradation for the cell to handle (Fig. 2.4D). These changes are all associated with low
transcriptional activity and degradation. ECM-receptor interaction, including neuroactive ligand-
receptor interaction, GAP junctions first appeared enriched at this time point highlighting a change
in the cell environment (Fig. 2.6). Given how few significant genes there were at 8§ weeks post-
tenotomy, only CIDEA, TP63, TEAD4 from the literature specific genes (Fig. 2.6D) were
significantly expressed in the anti-myogenic category, which interestingly, are related to apoptosis.

At 16 weeks post-tenotomy, a resurgence in expression, well after the acute stage response,
suggests the possibility of a unique, chronic transcriptional signature. Based on morphology from
previous studies (Vargas-Vila et al., 2021), this was when fatty infiltration was most present.
Transcriptionally, there are 876 unique DE genes at 16 weeks post-tenotomy not present at any
other time point highlighting the difference in response from 1 week post-tenotomy (Fig 2.2A).
Positive regulation of superoxide (a type of ROS) anion generation, ubiquitin mediated proteolysis,
general immune system response was enriched at this time point (Fig. 2.4E, 2.4). Similarly,
extracellular matrix (ECM) binding such as collagen, proteoglycans, neuronal activity relating to
synapse components, maturation and axonal transport of mitochondrion are enriched (Fig. 2.4E,
2.4). Mitophagy, in particular, was enriched at this time point suggesting there was sufficient
mitochondrial damage/stress that needed to be degraded by autophagy. Not including the
myogenic specific genes, all literature-based programs are significantly expressed and more so

than at any other time point (Fig. 2.6E).
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The distribution of DE genes with the first acute time point having the most and the
decrease of expression (Fig. 2.2) was similar to other transcriptional time-series studies (Lee et al.,
2020, Gumucio et al., 2019) in a mouse RC tear model (1 and 4 weeks) and a rat (10, 30, 60 days)
RC tear and denervation model. However, neither of these studies captured what was observed at
the 16 weeks post-tenotomy time point (Fig. 2.2E), which was a resurgence of expression to a
similar level of the most acute time point at 1 week post-tenotomy, but with 876 new genes (Fig.
2.3A) and a greater ratio of up-regulated genes instead of down-regulated (Fig. 2.3B) where
autophagy and ECM binding dominate. These studies also demonstrated a large overlap of DE
genes at all recorded time points (Gumucio et al., 2019, Hu et al. 2019, Lee et al. 2020), which
does not encompass the RC tear progression over time since this study only recorded 6 genes in
common at all time points (Fig. 2.3). This is an advantage of this study due to the time and sequence
resolution used in order to capture unique time points during RC tear progression. In regard to
enrichment there were similar trends in expression of ECM related genes increasing over-time in
a rat tenotomy and neurectomy model (Gumucio et al., 2019) which was similar to the genes in
the literature-defined fibrotic program that increased at 16 weeks post-tenotomy in this study (Fig.
2.6).

In a more clinically relevant sheep RC tear model (Fluck et al., 2017 & 2020), with two
time points (2 & 16 weeks) highlighted that there were 350 transcripts reported different at either
time point. Enrichment analyses highlighted similarities with pathways related to focal adhesions,
calcium binding, and extracellular space, which were also enriched at 16 weeks post-tenotomy in
our study (Fig. 2.5). Comparing to a human qPCR study of torn RC muscle (Gibbons et al., 2018),
the gene expression across the cell programs in our study at 16 weeks post-tenotomy (Fig. 2.6E)

closely resembled biopsies taken from high-fat characterized muscle compared to no-muscle or
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intact biopsies (Gibbons et al., 2018). Highlighting essential genes from the literature, we observed
the adipogenic pathway expressed starting at 4 and 16 weeks post-tenotomy (Fig. 2.6). Likewise,
the difference between 1- and 16 weeks post-tenotomy emphasizes how expression shifts towards
more adipogenic and fibrotic genes.

Given a unique, chronic transcriptional profile which emphasized ROS build up, protein
degradation, change in ECM/cell environment, the cause(s) leading to these changes merit further
investigation to better understand the mechanisms of chronic fatty, fibrotic muscle atrophy
observed in RC disease. Some intriguing possibilities based on these data are; changes in
metabolism with the mitochondria and oxidative stress, late stage dysregulation of the
inflammatory system, or a combination of metabolic and inflammatory dysregulation encouraging
autophagy. These potential hypotheses, and other based on these unique data, should be tested
mechanistically by deliberately manipulating this now better-defined system.

We are unaware of any other correlation between RNAseq data and muscle structural
changes over time in RC muscle. Specifically, unbiased gene sets were correlated with histological
measurements in our tenotomy samples, where certain gene sets correlated positively with most
histological measurements (Fig. 2.7). The fact that there was an obvious statistical correlation
between transcriptional activity and structure reinforces our confidence in the physiological
significance of the RNAseq data presented in this study. Importantly, although sets of genes, as
opposed to individual genes or even pathways, are likely most relevant to the broad degenerative
changes seen in tenotomized muscle, we are not implying that direct cause-effect relationships
between specific gene set dysregulation and structural changes as observed in this analysis. That
being said, the connection between altered lipid metabolism, DNA regulation, and ubiquitination

are all logically appealing pathways to probe contributing to future studies in the muscle
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physiology field along with better understanding RC tear injury dysfunction. Future studies will
need to manipulate gene sets, or pathways, positively and negatively to determine if they are
mechanistically related to degeneration. Additionally, given the heterogeneity of muscle
degeneration across individual muscles, relating transcriptional activity to specific regions of
muscle will be a valuable technological advance.
Conclusion

Defining transcriptional changes in a RC tear model such as rabbit, which is more similar
to human RC disease progression, allows for the possibility of further mechanistic studies to
understand the muscle dysfunction leading to muscle atrophy and fatty infiltration observed. The
field needs to better understand the progression of tear in order to make more informed decisions
regarding RC repair and therapeutics. This study outlines the timeline of transcriptional changes
in muscle after RC tear such as the immune response at 1 week post-tenotomy, mitochondrial
activity at 2 weeks post tenotomy, adipogenesis active at 4 weeks post-tenotomy, transcriptional
steady state at 8 weeks post-tenotomy, and not previously reported resurgence of transcription at
16 weeks post-tenotomy, which may represent a chronic transcriptional signature, and correlates
gene sets to structural muscle changes over time.
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Figures

Tenotomy

Sham

Figure 2.1: Post-Tenotomy Representative histological H & E sections of muscle.

Representative histological H & E sections of muscle at each time point for post-tenotomy and
sham. Demonstrating over time a decrease in muscle CSA, muscle mass, increase in collagen
content and fat reported in Vargas-Vila et al., 2021. Scale bar 100 um.
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Principal Component 2

Figure 2.2: Post-Tenotomy Volcano & PCA plots.

Volcano plots highlight differentially expressed (DE) genes (red dots) at each time point post-
tenotomy defined as a logFC >1 and an adjusted p-value <0.05 (A-E). The genes labeled in each
volcano plot (Fig. 2A-E) consist of the top 10 genes with the smallest p-value. Corresponding
PCA plots (F-J) at each time point demonstrate that the analytical methods separate tenotomy and
sham.
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Figure 2.3: Post-Tenotomy DE genes distribution across time.

Distribution of samples by tenotomy vs sham and DE genes over each time point post-tenotomy.
Venn diagram (A) highlights the DE genes at each time point and the overlap with other time
points. The bar chart displays the number of DE genes which are up or down regulated at each
timepoint (C). Data in the heatmap is presented as normalized expression for each tenotomy and
sham sample at each time point post-tenotomy with a z-score scale by rows and an average
hierarchical clustering by columns.
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Figure 2.4: Post-Tenotomy GO Enrichment analysis by timepoint.

GO enrichment analysis for (A) 1 week post-tenotomy, (B) 2 weeks post-tenotomy, (C) 4 weeks
post-tenotomy, (D) 8 weeks post-tenotomy, and (E) 16 weeks post-tenotomy. Data presented as
top 5 greatest gene coverage (# of significant genes/total genes in GO term) in each category:
cellular component (yellow), molecular function (green), biological process (blue).
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Figure 2.5: Post-Tenotomy KEGG Enrichment analysis by timepoint.

Considering all pathways that have at least 1 significant p-value and filtering out disease/tissue
specific pathways, the remaining pathways were grouped by KEGG hierarchy into amino acid
metabolism, carbohydrate metabolism, vitamins and cofactors metabolism, energy metabolism,
lipid metabolism, endocrine system, nervous system, immune system, signal transduction, cell
processes.
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Changes in transcriptome of genetic programs of interest at (A) 1 week post-tenotomy, (B) 2 weeks
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post-tenotomy, (C) 4 weeks post-tenotomy, (D) 8 weeks post-tenotomy, and (E) 16 weeks post-
orange represents inflammation and pink represents fibrotic genes. Data are presented as average

a significant adjusted p-value (p<0.05) and partially filled in bars are not significant. Green bars
represent myogenic related genes, red represents anti-myogenic, yellow represents adiopogenic,
logFC.

tenotomy. Log fold change (logFC) is the difference of Tenotomy and Sham. Solid bars represent

Figure 2.6: Post-Tenotomy Literature based gene expression.
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Figure 2.7: Post-Tenotomy Module-trait relationship plot.

The modules are listed 1-15 on the left and the phenotypic traits are on the bottom. The scale bar
represents the correlation coefficient and is the first number listed in each cell, and the number in
parentheses is the p-value. Only cells with a p-value equal or less than 0.1 were selected to be
displayed and the white cells with zeros represent cells with a p-value > 0.1 for clarity of which
modules correlate with which phenotypic traits.
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Chapter 3 TRANSCRIPTIONAL TIME COURSE AFTER ROTATOR CUFF REPAIR IN 6
MONTH OLD FEMALE RABBITS

Abstract

Introduction: Rotator cuff tears are prevalent in the population above the age of 60. The disease
progression leads to muscle atrophy, fibrosis, and fatty infiltration, which is not improved upon
with surgical repair, highlighting the need to better understand the underlying biology impairing
more favorable outcomes.

Methods: In this study, we collected supraspinatus muscle tissue from 6 month old female rabbits
who had undergone unilateral tenotomy for 8 weeks at 1, 2, 4, or 8 weeks post-repair (n=4/group).
RNA sequencing and enrichment analyses were performed to identify a transcriptional timeline of
rotator cuff muscle adaptations and related morphological sequelae.

Results: There were differentially expressed (DE) genes at 1 (819 up/210 down), 2 (776/120), and
4 (63/27) weeks post-repair, with none at 8 week post-repair. Of the time points with DE genes,
there were 1092 unique DE genes and 442 shared genes, highlighting that there are changing
processes in the muscle at each time point. Broadly, 1-week post-repair differentially expressed
genes were significantly enriched in pathways of metabolism and energetic activity, binding, and
regulation. Many were also significantly enriched at 2 weeks, with the addition of NIF/NF-kappaB
signaling, transcription in response to hypoxia, and mRNA stability alongside many additional
pathways. There was also a shift in transcriptional activity at 4 weeks post-repair with significantly
enriched pathways for lipids, hormones, apoptosis, and cytokine activity, despite an overall
decrease in the number of differentially expressed genes. At 8 weeks post-repair there were no DE
genes when compared to control. These transcriptional profiles were correlated with the
histological findings of increased fat, degeneration, and fibrosis. Specifically, correlated gene sets

were enriched for fatty acid metabolism, TGF-B-related, and other pathways.
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Discussion: This study identifies the timeline of transcriptional changes in muscle after RC repair,
which by itself, does not induce a growth/regenerative response as desired. Instead, it is
predominately related to metabolism/energetics changes at 1 week post-repair, unclear or
asynchronous transcriptional diversity at 2 weeks post-repair, increased adipogenesis at 4 weeks
post-repair, and a low transcriptional steady state or a dysregulated stress response at 8 weeks post-

repair.

Keywords: Rotator cuff repair, Transcriptome analysis, Time series data, Rotator cuff muscle

dysfunction, Muscle biology, Muscle atrophy.

Introduction

Rotator cuff (RC) tears are prevalent in the general population over the age of 60
(MacDermid et al., 2004; Yamamoto et al., 2010d; Sayampanathan et al., 2017; Collin et al. 2019)
with over 400,000 surgical repairs performed in the U.S. yearly (McElvany et al., 2015). Clinical
studies demonstrate that surgical repair does not improve or reverse the muscle atrophy and fatty
infiltration developed at chronic states of disease (Gerber et al. 2000; Gladstone et al. 2007; Galatz
et al., 2004; Cho et al., 2009; Park et al., 2015). This is counter to what is expected because with
muscle loading, as it is well documented that hypertrophy and growth/regeneration transcriptional
programs are active (Perry & Rudnick, 2000; Bodine et al., 2001; Fliick et al., 2005; Glass, 2005;
Dalbo et al., 2011; Egerman & Glass, 2014;). This disconnect between reloading and a positive
anabolic response could be related to altered mechanotransduction, signaling, transcriptional
activity, protein synthesis, or myofibrillar assembly.

The biological activity (specifically transcriptional activity and histology) of muscle after

RC tear has been more aggressively investigated than after surgical RC repair in a range of animal
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models from mice, rats, rabbits, and sheep (Gibbons et al., 2017; Hu et al., 2019; Chaudhury et al.,
2016; Choo et al., 2014, Fliick et al., 2017 & 2020; Tashjian et al., 2020; Lee et al., 2018; Derwin
et al., 2010; Rowshan et al., 2010; Vasquez-Bolanos et al., 2021). All models have advantages and
disadvantages. For example, mice and rats require a tenotomy and neurotomy to reproduce the
muscle structural phenotypes observed in humans, thereby negating the possibility of a functional
repair. Rabbit and sheep appear to undergo fatty infiltration and atrophy changes without the
associated nerve injury required in small animals, but sheep are generally more expensive and time
intensive, making rabbits an appealing model choice for RC injury and repair.

In the RC surgical repair literature, there is a larger focus on acute repair, where a tenotomy
and repair are performed simultaneously, and surgical techniques/biologic augmentation are
explored in parallel to acute tendon healing (Sun et al., 2020; Li et al., 2018; Ozbaydar et al., 2008;
Suetal., 2018; Chung et al., 2013; Honda et al., 2017; Kwon et al., 2018; Yoon et al., 2018; Ruoss
et al., 2018a). However, this does not represent the complex human scenario of delayed repair. For
example, in older patients, symptomatic tears develop over years and do not undergo surgical
repair for months or years after diagnosis. As a result, there is less literature exploring the more
human, and pathophysiologically relevant, approach of performing a delayed repair. When delayed
repair is implemented, the model systems are typically sheep and rabbit (Gerber et al., 1999,
Gerber et al., 2000, Davidson et al., 2000; Matsumoto et al., 2002; Gerber et al., 2004; Gerber et
al., 2009; Rubino et al., 2008; Steinbacher et al., 2010; Coleman et al, 2003, Farshad et al., 2011,
Uhthoff et al., 2014; Ren et al., 2018; Ruoss et al., 2018b, & Wu et al., 2022). The rabbit delayed
RC repair exhibits an advantage over the sheep model in terms of decreased cost and time.

Similar models, such as disuse followed by resistance exercise, have demonstrated a

hypertrophy biological activity response with the reloading of an atrophied muscle (Fluck et al.,
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2005; Dalbo et al., 2011). A delayed repair, likewise, should induce an anabolic response in the
muscle, due to reloading of the muscle mechanically. However, to date, there are no time series,
transcriptional analyses in muscle after repair in either a sheep or rabbit model system. As a result,
it is unclear whether a delayed RC surgical repair promotes growth or regeneration of an atrophied
muscle after tear as expected from the loading or reloading of muscle in other model systems.
Given the lack of knowledge related to the influence of delayed surgical tendon repair on muscle
recovery, there is a need for a pre-clinical model to explore the biological state of the muscle after
a tear injury and surgical repair of the tendon. This study aims to fill that gap by elucidating the
time-dependent transcriptional changes in muscle after tendon repair using a well-established,
chronic rabbit RC tear and repair model. Thus, the primary contribution of this manuscript is a
first transcriptome-wide, and time resolved, data set of biological activity after chronic tear and
repair. Given the typical anabolic response observed in muscle (re)loading, we hypothesize that a
hypertrophy growth and regenerative muscle response will be present at the transcriptional level
after reloading of the muscle via surgical repair of the tendon

Materials & Methods

Animals

In this study 21 skeletally mature female New Zealand White rabbits (~6 months, Western
Oregon Rabbit Company, Philomath, OR) were used to evaluate post-repair transcriptional
changes over time. Females were used due to housing safety concerns regarding mixing gender
and the ease of sourcing older female animals. All protocols were approved by the University of
California, San Diego Institutional Animal Care and Use Committee (protocol #S11246). All
animals were assigned a number ID and individual cage location upon arrival and then at time of
harvest were randomized to one of the study groups. Animals were single housed with food and

water ad lib, environmental and food enrichment, and visual access to other animals. There were
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initially 4 rabbits in the 1 and 8 week post-repair groups, and 5 rabbits in the 2 and 4 weeks post-
repair groups. One rabbit in the 4 weeks post-repair group was sacrificed before repair due to lack
of appetite and weight loss, leaving n=4 at every timepoint except 2 weeks post-repair (n=5). These
tissues were also used in a prior study of histology (Wu et al., 2022).
Surgical Procedures

Rabbits were anesthetized with a subcutaneous injection of ketamine and xylazine (35
mg/kg ketamine/5 mg/kg xylazine, MWI Veterinary Supply, Boise, ID). Following intubation, 2-
4% isoflurane (VetOne, Boise, ID) was utilized to keep the animals under anesthesia for the
duration of the surgery. The left supraspinatus muscle served as the experimental side in all
animals, with the right shoulder as an unoperated control, as described previously (Vargas-Vila et
al., 2021). In brief, an open anterior approach was performed on the left shoulder, followed by
sharp transection of the left supraspinatus tendon from its footprint on the greater tuberosity of the
humerus. The surrounding soft tissues were bluntly dissected to allow unhindered retraction of the
tendon stump and distal muscle. After securing a Penrose drain to the tendon stump to prevent scar
formation between the tendon and surrounding soft tissue, the incision was closed in layers.
Rabbits were then allowed individual cage activity with routine post-operative care. A fentanyl
patch was placed on the back for pain control for 3 days, and the animals were monitored daily for
2 weeks post-operatively. At 8 weeks post-tenotomy, all animals underwent an open repair of the
torn tendon. The repair was performed using a modified locking suture with anterior and posterior
bone tunnels to restore the tendon footprint to the humeral head. The same anesthesia
(subcutaneous injection of ketamine and xylazine), surgical approach and closure, and post-
operative protocols (fentanyl patch and daily monitoring) were used for the surgical repair

operations (Wu et al., 2022).
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Rabbits were monitored two times/day for the duration of the study, once by animal care
staff and once by lab staff. In addition to having a fentanyl patch provided at the time of the
procedure, animals were monitored for breakthrough pain and distress by looking for signs of
chewing or excessive attention to surgical site, reduced food and water consumption, poor self-
manicure (lack of grooming or rough coat), abnormal gait, reduced activity or inactivity, teeth
grinding, weight loss, vocalizations, and redness and swelling around the eyes. When signs of pain
were present, buprenorphine was administered, and a veterinary consult was requested. Of the 16
rabbits, only two rabbits exhibited some swelling, and no additional medication was needed.
Quality of the repair was assessed by visual inspection (suture knots are confirmed to be intact and
the distal tendon remains approximated to the humerus), and any re-tears or unusual findings were
recorded and reported. Only one rabbit had an unusual small region of scar tissue in the muscle.
Muscle Harvesting

After the study, animals were euthanized at 4 time points; 1 week, 2 weeks, 4 weeks, and
8 weeks post-repair. At the specified time points, animals were euthanized with an intravenous
overdose of pentobarbital (Beuthanasia, 120 mg/kg, MWI Veterinary Supply, Boise, ID). The
supraspinatus muscles from both shoulders were harvested and divided into four regions with the
central tendon serving as the muscle midline between the anterior and posterior sides of the muscle.
These four regions included anterior lateral (A1), posterior lateral (P1), anterior medial (A2), and
posterior medial (P2), and one full-muscle thickness fragment was harvested from each location.
The harvested muscle regions were pinned to in vivo length and flash frozen in liquid nitrogen-
chilled isopentane for storage at -80 C degrees (Wu et al., 2022).

RNA Extraction
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As previously described (Vasquez-Bolanos et al., 2021) the muscle samples from the P1
region were removed from -80 degrees C and brought to a cryostat where they were allowed to
come up to -20 degrees C. The P1 region was chosen due to consistently presenting the most
affected region of muscle in this rotator cuff injury model compared to the anterior and medial
regions (Vargas-Vila et al., 2021). A 50-75mg piece was removed from the center of each pinned
region and placed in a pyrogen-free tube. RNA extraction was performed using the QIAGEN
Fibrous Tissue mini kit on a QIAGEN Qiacube robot (QIAGEN, Germantown, MD). In brief, the
tissue was immersed in buffer RLT and disrupted by bead in the QIAGEN TissueLyser II,
(QIAGEN, Germantown, MD) before being transferred to the Qiacube for RNA extraction.
Samples were digested with Proteinase K, (QIAGEN, Germantown, MD) prior to extraction. A
DNase digestion step was included in the protocol. RNA was stored at -80 degrees C.

RNA Sequencing

Total RNA was assessed for quality using an Agilent Tapestation 4200, and samples with
an RNA Integrity Number (RIN) greater than 8.0 were used to generate RNA sequencing libraries
using the TruSeq Stranded mRNA Sample Prep Kit (Illumina, San Diego, CA). Samples were
processed following manufacturer’s instructions, modifying RNA shear time to five minutes.
Resulting libraries were multiplexed and sequenced with 75 basepair (bp) single reads (SR75) to
a depth of approximately 25 million reads per sample on an Illumina HiSeq400. Samples were
demultiplexed using bcl2fastq Conversion Software (Illumina, San Diego, CA).

RNAseq Analysis

Quality control of the raw fastq files was performed using the software tool FastQC

(Andrews et al., 2010). There was one animal that was partially filtered out at this step, the

experimental sample at the 8 week time point. Sequencing reads were aligned to the rabbit genome
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(Ensembl OryCun2.0) using the STAR v2.5.1a aligner (Dobin et al., 2013). Read quantification
was performed with RSEM (Li et al, 2011) (v1.3.0) and Ensembl annotation
(Oryctolagus_cuniculus.OryCun2.0.91.gtf). The R BioConductor packages edgeR (Robinson et
al.,2010a) and limma (Ritchie et al., 2015) were used to implement limma-voom (Law et al., 2014)
followed by empirical Bayes technique for differential expression analysis. Lowly expressed
genes were filtered out (cpm > 1 in at least one sample). Trimmed mean of M-values (TMM)
normalization was applied (Robinson et al., 2010b). The experimental design was modeled upon
time point and treatment (~0 +time treatment) with contrasts (Repair — Control) for each time
point and all samples. All results will be presented as the tenotomy time point compared to sham
unless specified otherwise. From the empirical Bayes result, differentially expressed (DE) genes
were defined by an adjusted P-value < 0.05 (based on the moderated t-statistic using the
Benjamini-Hochberg (BH) method to control the false discovery rate (Benjamini et al., 2001) and
a [log2FC| >1 (Supplementary Data 3.1).

To identify human orthologs of rabbit genes, G:Profiler was used to map rabbit Ensemble
IDs to human Ensemble IDs, Entrez IDs and symbols (Raudvere et al., 2019) (Supplementary Data
3.2). Of the 11,604 total genes, 1237 were not mapped to human and 255 were duplicates and
were removed for the analysis. The resulting genes with Entrez IDs correspond to the set of
‘background or detected genes’ consisting of 10,112 genes.

Based on the biological coefficient of variation of 0.419 observed in our data, with a
sequencing depth of 20 million reads/sample, we are powered to detect a 2-fold change with 64%
power with n =4 per group. Volcano plots were created using Enhanced Volcano package (v.1.60).
Heatmaps were created using clustermap in the seasborn package (Waskom, 2021). The Venn

Diagram was produced using Van de Peer lab tools. RT-qPCR validation was not used in this study

40



due to the robust nature of RNAseq methods and data analysis and supporting literature (Coenye,
2021 & Feng, 2010).
Enrichment Analysis

Assignment of functional categories was based on the Gene Ontology (GO) categories
‘Biological process’, ‘Molecular function’ and ‘Cellular component’. Enrichment analysis of GO
categories was performed in R (version 4.0.2; http://www.r-project.org) using the ‘weight01’
method from the Bioconductor topGO (v. 2.40.0) package with the org.Hs.eg.db 3.11.4 human
database (Alexa & Rahnenfuhrer, 2020 & Carlson, 2019). Node size was set to 10, and Fisher’s
exact test was used for assessing GO term significance. Overrepresentation of functional categories
was calculated for DE genes as compared with the 10,112 ‘background’ genes, and significant GO
terms were identified as those having p-value <0.05 (Supplementary Data 3.3). KEGG pathway
analysis was also done in R using KEGGREST package (v. 1.28.0) with list of pathways and genes.
A Wilcox rank-sum test was performed for each pathway, where Entrez ID along with the adjusted
p-values results were used as inputs. Overrepresentation of KEGG pathways was calculated for
DE genes as compared with the 10,112 ‘background’ genes, and significant KEGG pathways were
identified as those having a p-value <0.05 (Supplementary Data 3.4). All pathways with at least
one time point with a significant p-value and filtering out disease/tissue specific pathways, the
remaining pathways were grouped by KEGG hierarchy into amino acid metabolism, carbohydrate
metabolism, vitamins and cofactors metabolism, energy metabolism, lipid metabolism, endocrine
system, nervous system, immune system, signal transduction, cell processes.
Biased Gene Pathways Analysis

To explore well known genes involved in muscle homeostasis and pathology, we

specifically probed myogenesis, anti-myogenesis, inflammation, adipogenesis, and fibrosis
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programs with genes defined by the literature (Shahidi et al., 2020; Gibbons et al., 2018; Vasquez-
Bolanos et al., 2021).
Correlation Analysis

Weighted correlation network analysis (WGCNA) was performed using WGCNA R
package (v. 1.70-3) (Langdelder & Horvath, 2008) with transcriptional and phenotypic data
(Supplementary Data 3.5) with the repair only samples in order to correlate histological traits with
changes due to repair. This analysis identified unbiased modules or sets of genes that are clusters
of highly correlated genes (Supplementary Data 3.8). In the combined analysis (both repair and
control groups) only two modules correlated significantly with fat. This analysis works by building
an unbiased network of modules which represents a cluster of genes, and then correlations
(Supplementary Data 3.6) can be investigated with phenotype traits through gene membership.
GO enrichment analysis was then performed by GoEnrichmentAnalysis function within the
WGCNA R package, and returns the top 10 GO terms of each module (Supplementary Data 3.7).
The phenotypic data included in this study is fiber area, central nucleation, fat quantification,
collagen content, and degeneration, all of which are reported in detail elsewhere (Wu et al., 2022)
but are from the same animals used in this study.

Results

Transcriptome profile changes

At 1 week post-repair compared to control, about 80% of the DE genes were up-regulated
(Fig. 3.1A, 3.2A) with a similar trend at 2 weeks (Fig. 3.1B, 3.2A), and 10% of the total number
of DE genes at 4 weeks post-repair (Fig. 3.1C, 3.2A). Meanwhile, at 8 weeks post-repair compared
to controls, there were no DE genes (Fig. 3.1D, 3.2A). The total amount of significant DE genes
by week was 1029 (819 up and 210 down) at 1 week, 896 (776 up and 120 down) at 2 weeks, 90

(63 up and 27 down) at 4 weeks, and 0 at 8§ weeks post-repair (Supplementary Data 3.1).
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Comparing DE genes between time points, there are 595 unique DE genes at 1 week post-repair,
472 at 2 weeks, 25 at 4 weeks, and none at 8 weeks post-repair. There are 39 genes in common at
all the time points that have DE genes (Fig. 3.2B). Week 1 and week 2 uniquely share 377 genes,
week 1 and 4 share 18 genes, and week 2 and 4 share 8 genes (Fig. 3.2B). Post-repair gene
expression was associated with more up-regulation compared to control (Fig. 3.2C). Specifically,
post-repair times points 2 and 4 weeks cluster strongly together and weeks 1 and 8 also cluster
together, while the control weeks 1, 2, and 4 cluster strongly with 8 weeks (Fig. 3.2C).
Enrichment analysis

To determine the biological relevance of the DE genes, overrepresentation analyses were
performed using GO and KEGG at each time point (Fig 3.3 & 3.4, Supplementary Data 3.3 & 3.4).
For 1 week post-repair, GO cellular component terms (Fig. 3.3A) were enriched for parts relating
to the mitochondria and collagen ECM (p-value 0.00046 ). GO molecular function terms (Fig.
3.3A) were enriched for ubiquinone (p-value 0.000000085) and cytochrome c activity (p-value
0.00013) along with translation repressor activity and cofactor and hormone binding (p-value
0.000082; 0.000084, 0.00015). GO Biological process terms (Fig. 3.3A) were enriched for the
citric acid (TCA) cycle, mitochondrial electron transport chain components, and mitochondrial
translational elongation and termination (p-value 0.0000000031; 0.000000047; 0.00000076;
0.00000036).

GO analysis at 2 weeks post-repair terms were enriched for components of the
mitochondria and ECM, in addition to extracellular exosome (p-value 0.000000000000036;
0.000027; 0.000000015). For molecular function, DE genes were enriched for pathways of
ubiquinone and cytochrome-c activity (p-value 0.00000000000079; 0.00021) along with

polysaccharide and collagen binding (p-value 0.00027; 0.00054). The electron transport chain
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activity continues in the biological process terms along with regulation of transcription in response
to hypoxia, regulation of mRNA stability, and NIK/NF-kappaB signaling (p-value
0.0000000000008; 0.0000000004; 0.0000000025; 0.000000012; Fig. 3.3B).

At 4 weeks post-repair the DE genes are no longer enriched for cellular components terms
of mitochondrial components and instead for lipid droplet, phagocytic vesicle, postsynaptic
cytosol, synaptic vesicle membrane, and cytoplasmic vesicle membrane (p-value 0.0022; 0.0043;
0.0134;0.0162; 0.0191; Fig. 3.3C). Molecular function at 4 weeks had similar DE gene enrichment
for hormone and cofactor binding (p-value 0.0065; 0.0126) as 1 week post-repair, in addition to
RNA polymerase II repressing transcription factor binding, estrogen receptor binding, and protein
homodimerization activity (p-value 0.0141; 0.0032; 0.0015; Fig. 3.3C). DE genes were enriched
for regulation of a range of processes dominates at 4 weeks in biological process including
regulation of cholesterol storage, collagen biosynthetic process, and negative regulation of
vascular smooth muscle cell proliferation, and cytokine secretion, and positive regulation of
muscle cell apoptotic process (p-value 0.000067; 0.0002; 0.000067; 0.00052; 0.00031; Fig. 3.3C)

KEGG analyses highlight different pathways that were enriched at each time point
(significantly enriched means p-value < 0.05, exact p-values can be found in Supplementary Data
3.4). At 1 week post-repair most terms in lipid, carbohydrate, amino acid, glycan and energy
metabolism were significantly enriched. However, by 2 weeks there is over a 50% reduction of
significantly enriched metabolism terms with even fewer enriched at 4 and 8 weeks post-repair
(Fig. 3.4 — metabolism). One category to note of metabolism is energy metabolism, which was
uniquely enriched from 1 to 4 weeks post-repair. Cell processes were mainly enriched over time
for gap junctions and the proteasome, with the majority of terms enriched at 2 weeks including:

mitophagy, mRNA surveillance pathway, regulation of actin cytoskeleton, cell adhesion, and
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adherens junction (Fig. 3.4 — Cell processes). Receptor interaction for the ECM was enriched from
1 to 4 weeks post-repair, with cytokine and neuroactive ligand interactions enriched at few earlier
time points. In the signal transduction category, MAPK signaling was enriched at all time points
with the number of enriched pathways increasing at each time point. At 8 weeks post-repair, there
were five uniquely enriched signaling pathways: longevity regulating, mTOR, NF-kappaB, p53,
and ErbB (Fig. 3.4 — signaling transduction). The endocrine system terms were most enriched at 4
weeks post-repair where in particular, regulation of lipolysis in adipocytes was uniquely enriched
(Fig. 3.4 — endocrine system). Meanwhile, at 2 weeks the most immune system terms were
enriched and uniquely: chemokine signaling, leukocyte migration, phagocytosis, complement and
coagulation cascades (Fig. 3.4 — immune system).
Gene programs of interest changes over time after repair — muscle specific

All programs, relating to myogenesis, anti-myogenic (suppressing muscle formation, cell
death, degradation), adipogenesis, and fibrosis, had a few significant DE genes (|logFC| >1 & adj.
p-value < 0.05) at 1 week post-repair (Fig. 3.5A). At 2 weeks post-repair, there were even fewer
significant DE genes for the myogenic and adipogenic categories, and more significant DE genes
for the inflammation and fibrotic programs (Fig. 3.5B). In fact, at 4 weeks post-repair there were
only significant DE genes in the anti-myogenic and adipogenic programs (Fig. 3.5C). There were
no significant DE genes at 8 weeks post-repair and the corresponding magnitude of expression is
also much lower compared to all other time points (Fig. 3.5D).
Transcriptional data correlations with phenotypic traits

WGCNA revealed gene modules significantly related to phenotype characteristics
quantified by histology (Fig. 3.6). Transcriptional activity correlated significantly with histological

traits such as fat, degeneration, fibrosis, and centralized nuclei (CN), oil red-O (ORO) and collagen
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(Fig. 3.6). The most positively correlated module gene set for degeneration (module 7 corr
0.731864336; p-value 0.000770984) was enriched for TGF-B related pathways, and for fat
(module 50 corr 0.722057657; p-value 0.001008972) was enriched for fatty acid metabolism,
predominately catabolism (Fig. 3.6). Module 29 was positively correlated for CN (corr
0.562698044; p-value 0.021680671), fibrosis (corr 0.781338353; p-value 0.000155891),
degeneration (corr 0.673602659; p-value 0.003210287), and fat (corr 0.658490829; p-value
0.004386982), and was enriched for vesicular transport and phosphatase binding (Fig. 3.6,
Supplemental Data 3.7).

Discussion

The purpose of this study was to establish transcriptional changes as a function of time in
a pre-clinical RC surgical repair model. We hypothesized, based on the typical behavior of
reloading muscle, we would observe a hypertrophy growth and regenerative muscle response after
surgical repair. However, the lack of a transcriptional regenerative/growth response, at any time
point, and the lack of positive morphological changes measured in this model (Wu et al., 2022),
suggest that surgical repair of the tendon after a chronic tear does not induce the expected anabolic
responses in the muscle. Transcriptionally, it appears that, due to the previous tear injury, there is
a reduced initial wound healing response and a quicker transition towards inflammation, fatty
infiltration, apoptosis, and fibrosis compared to the tear alone model (Vasquez-Bolanos et al.,
2021). Likewise, phenotypic traits correlated significantly with gene groupings in unbiasedly
defined modules which were enriched for biological relevant pathways such as fatty acid
metabolism and in particular catabolism.

After surgical repair there was a strong initial response of over 1000 differentially

expressed (DE) genes which decreased to zero by 8 weeks post-repair where across each time point
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the majority of DE genes were up-regulated (Fig. 3.1A-D, Fig. 3.3B). Of the time points with DE
genes, there were more unique genes than genes shared between time points (Fig. 2A), highlighting
that there were shifts in biological programs of the DE genes in the muscle at each time point.
Broadly, functional enrichment determines that 1-week post-repair was primarily related to
metabolism and energetic activity, cofactor/hormone binding, and mitochondrial translation (Fig.
3.3, 5). Meanwhile, for muscle specific genes there are various significant DE genes in each
category except inflammation (Fig. 3.5). This differs from the 1 week post-tenotomy
transcriptional response in a rabbit model, mouse model (1 week) and a rat tenotomy and
denervation (10 days), where inflammatory genes were overexpressed and there was far less
significant adipogenic genes (Vasquez-Bolanos et al., 2021, Lee et al., 2018; Gumucio et al.,
2019). Similar enriched pathways to 1 week post-repair were present at 2 weeks post-repair, along
with NIF/NF-kappaB signaling, transcription in response to hypoxia, and mRNA stability, making
this time point the most transcriptionally diverse (Fig. 3.3-5). Histologically, the most muscle
atrophy was observed at this time point, (Wu et al., 2022) although transcriptionally it is not
obvious as to why that may be. Many KEGG terms are enriched across the board including cell
processes such as mitophagy, and signal transduction such as JAK-STAT, phospholipase D, Ras,
and TGF-B signaling pathways (Fig. 3.4). In particular, the immune system response is most
pronounced at 2 weeks post-repair time point (Fig. 3.4) and unlike the response observed in
previously mentioned rabbit (1, 2, 4, 8, 16 weeks) mouse (1 & 4 weeks) and rat (10, 30, 60 days)
RC tear models investigating time-dependent transcriptional response, where the strongest
immune system was at the first recorded time point, and decreased from there (Vasquez-Bolanos
et al., 2021, Lee et al., 2018; Gumucio et al., 2019). This increase in inflammation related

transcription may indicate the chronic inflammatory state in which repair is performed and the
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possibility of further activating the immune system processes which continues to dysregulate the
cellular environment. Additionally, there are enriched programs involved in mitochondrial
energetics and the ECM, particularly related to collagen, where extracellular space and calcium
binding was also enriched in a sheep RC tear model (Fliick et al., 2017, 2020). Overall, 2 weeks
post-repair was active for inflammation, cellular environment, and cellular homeostasis (likely
apoptosis) programs with the beginning signs of fatty acid activity. This highlights the difference
between RC tear transcriptional data across a range of animal models, adipogenic program terms
are enriched as early as 1 week post-repair in comparison to about a month post-tear in other
studies (Lee et al., 2018; Gumucio et al., 2019; Hu et al., 2019; Vasquez-Bolanos et al., 2021).
This is unsurprising when comparing to torn human RC muscle, because of the characterization
for high-fat (~ 40%) muscle (Gibbons et al., 2018), and animal models struggling to recapitulate a
representative percentage of fat (ie. Rabbit ~ 10-15% fat), so seeing the transcriptional presence
of adipogenesis supports the rabbit chronic tear and repair model’s similarity to human.

The strongest shift towards lipids, fibrosis, hormones, apoptosis, and cytokine activity
occurred at 4 weeks post-repair even with an overall decrease in the number of differentially
expressed genes (Fig. 3.3, 5). At 8 weeks post-repair, there were no DE genes (Fig. 3.1, 3), possibly
representing a steady state of gene expression. This decrease of expression and DE genes was also
observed in a post-tenotomy model possibly representing a steady state reached after an invasive
event such as tenotomy or repair (Vasquez-Bolanos et al., 2021). However, when considering
significant genes that did not meet the log fold change minimum, KEGG enrichment could be
assessed and terms related to fibrosis, energetics, cell fate, inflammation, highlighting general

dysregulation with stress response (Fig. 3.4).
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After describing the transcriptional profile at each time point post-repair, the key finding
is that there is no growth/regenerative signal as one would expect from muscle (re)loading. Instead,
there are energetic changes, inflammation, lipid metabolism, phagocytosis, and apoptosis,
accentuating the reality that tendon repair does not induce the desired fundamental biological
result. In addition, histological changes correlated with transcriptional results, although these
changes were more general in observation, the transcriptional data provides the opportunity to
sparse apart which programs may be active and when. However, the possibility of whether this
state is permanent or reversible becomes an increasingly interesting future direction. Further
validating studies to investigate in the future include; measuring muscle cell signaling responses
to reloading, identifying the cell types present and activated by repair using immunohistochemistry
or immunofluorescence, and exploring how the immune system interacts with muscle in this state
of dysfunction. Similarly, using proteomic approaches to further validate transcriptional data will
be important.

Limitations of this study include; the inability to determine direct cause-effect relationships
with gene sets of interest, the need to validate the observed transcriptional profile with proteomic
data, and the lack of comparative literature quantifying transcriptional data post-repair. This limits
the ability to make specific conclusions and compare to well defined baselines or expected changes
to reloading after chronic injury. Another limitation is the sample size and power of this study. In
order to achieve a power of >80% with this sequencing depth, one would need a sample size of 7.
As such, false negative rates could be higher than desired. However, the genes of interest (growth
and regeneration) are clearly not differentially regulated and do not demonstrate variance
structures that indicate lack of power in our primary hypothesis. Using only female rabbits is also

a potential limitation as it relates to extrapolating to males. This could not be avoided because we
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use animals that have reached skeletal maturity and sourcing is only available in females of this
age. Likewise, the age of this rabbit model (~10 months at the end of the experiment) is not a direct
analog to aging-related muscle changes that would be expected with the older human population
experiencing a rotator cuff tear and delayed repair. Lastly, the amount of time that is allowed to
pass between tenotomy and surgical repair could influence the findings (Uhthoff et al., 2014), this
study aimed to use a duration (8 weeks) where characteristic pathophysiology is present and
additional changes to the muscle are minimal.
Conclusion

Defining transcriptional changes in a preclinical RC surgical repair model such as rabbit
allows for the possibility of further mechanistic studies to understand the role surgical repair plays
on the muscle dysfunction leading to continued muscle atrophy and fatty infiltration observed.
These data will also provide a scientific premise for future investigations aimed at understanding
the effect of repair plus adjuvant therapeutics, and help tease apart the potential impact of adjuvant
therapies versus surgical repair techniques. This study identifies the timeline of transcriptional
changes in muscle after RC repair, which by itself, does not induce a growth or regenerative
response as desired and instead is predominately related to metabolism/energetics changes at 1
week post-repair, unclear or asynchronous transcriptional diversity at 2 weeks post-repair,
increased adipogenesis at 4 weeks post-repair, and a low transcriptional steady state or a
dysregulated stress response at 8 weeks post-repair.  Given the lack of a positive
regenerative/growth response in the presence of mechanical reloading, future experiments are
being directed at mechanical connectivity within the muscle, mechanical signaling processes, and
epigenetic changes in myocytes that may individually (or collectively) preclude a positive muscle

response to reloading.
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Figures
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Figure 3.1: Post-Repair Volcano plots.

Volcano plots (A-D) highlight differentially expressed (DE) genes (red dots) at each time point
post-repair defined as a [logFC| >1 and an adjusted p-value <0.05 (based on the moderated t-
statistic using the Benjamini-Hochberg (BH).
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Figure 3.2: Post-Repair DE genes distribution across time.

Distribution of samples by repair vs control and DE genes over each time point post-repair. Venn
diagram (A) highlights the DE genes at each time point and the overlap with other time points.
The bar chart (B) displays the number of DE genes which are up or down regulated at each
timepoint. Data in the heatmap (C) is presented as normalized expression for each repair (L=left)
and control (R=right, unoperated shoulder) sample at each time point post-re with a z-score scale
by rows and an average hierarchical clustering by columns.
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Figure 3.3: Post-Repair GO Enrichment analysis by timepoint.
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GO enrichment analysis for (A) 1 week post-repair, (B) 2 weeks post-repair, and (C) 4 weeks post-
repair. Data presented as top 5 most significant term in each category: cellular component (yellow),
molecular function (green), biological process (blue) (Supplementary Data 3.3).
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Figure 3.4: Post-Repair KEGG Enrichment analysis by timepoint.

Considering all pathways that have at least one time point with a significant p-value and filtering
out disease/tissue specific pathways, the remaining pathways were grouped by KEGG hierarchy
into amino acid metabolism, carbohydrate metabolism, vitamins and cofactors metabolism, energy
metabolism, lipid metabolism, endocrine system, nervous system, immune system, signal
transduction, cell processes (Supplementary Data 3.4).
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out disease/tissue specific pathways, the remaining pathways were grouped by KEGG hierarchy

into amino acid metabolism, carbohydrate metabolism, vitamins and cofactors metabolism
metabolism, lipid metabolism, endocrine system, nervous system, immune system, signal

Considering all pathways that have at least one time point with a significant p
transduction, cell processes (Supplementary Data 3.4).

Figure 3.5: Post-Repair Literature based gene expression.



Module Trait Relationships for Post-Repair
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Figure 3.6: Post-Repair Module-trait relationship plot.

The modules, unbiased clustering of genes (described in Supplementary Data 3.8), on the left and
the phenotypic traits are on the bottom. The scale bar represents the correlation coefficient and is
the first number listed in each cell, and the number in parentheses is the p-value. Only cells with a
p-value equal or less than 0.1 were selected to be displayed and the white cells with zeros represent
cells with a p-value > 0.1 for clarity of which modules correlate with which phenotypic traits
(Supplementary Data 3.6).
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Chapter 4 CHRONIC STATE OF MUSCLE AFTER ROTATOR CUFF TEAR AND REPAIR

Abstract

Rotator cuff (RC) tears represent a significant health burden, often leading to shoulder pain and
disability, particularly in the aging population. Despite various treatment options, persistent
muscle atrophy and degeneration following surgical repair remain significant challenges. This
study aims to elucidate the role of the immune system in the pathophysiology of RC tears and the
subsequent repair process. We integrated transcriptional and histological analyses to investigate
the temporal dynamics of the immune response in chronic RC tear and delayed surgical repair.
Our findings revealed distinct patterns of differentially expressed genes at various timepoints post-
tenotomy and post-repair, with more directly related immune response GO terms enriched in the
post-tenotomy samples. Histological analyses corroborated these findings, with a significant
increase in neutrophil numbers observed at 1 and 4 weeks post-tenotomy and none post-repair,
meanwhile a significant increase in CD163+ (M2c) macrophages at 2 weeks post-tenotomy and 1
and 2 weeks post-repair. Interestingly, our study demonstrated a lack of a significant increase in
KI-67 positive nuclei, a marker of cell proliferation, at any timepoint post-tenotomy or post-repair,
and p53 only increased significantly at 1 week post-repair and at no timepoints post-tenotomy. Our
study provides valuable insights into the role of the immune system in RC tear and repair,
highlighting the dynamic and complex interplay between immune cells and muscle tissue during
the progression of RC tear and repair. These findings underscore the need for further research to
further elucidate these interactions.

Introduction

Rotator cuff (RC) tears are a common cause of shoulder pain and disability, affecting a

significant proportion of the aging population (Lehman et al., 1995; Colvin et al., 2012;
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Sayampanathan et al., 2017; Collin et al., 2019; Yamamoto et al., 2010). These injuries often result
in substantial healthcare costs due to the range of treatment options, which include physical
therapy, injectables, and surgical intervention (Galatz et al., 2004; Gladstone et al., 2007; Collin
et al., 2018 & 2019). Despite these interventions, the persistence of muscle atrophy, degeneration,
and fatty infiltration following surgical repair remains a significant challenge, highlighting the
need for a deeper understanding of the underlying biological mechanisms involved in RC tears
and their repair.

One such mechanism that has been gaining attention is the role of the immune system in
the pathophysiology of RC tears and the subsequent repair process. The immune system plays a
crucial role in tissue homeostasis, injury response, and repair (Nathan., 2002). In the context of
musculoskeletal injuries, immune cells are among the first responders to the site of injury, where
they participate in the clearance of cellular debris, orchestrate inflammation, and contribute to the
initiation of muscle regeneration. They achieve this through activation and cueing differentiation
of various cells including muscle satellite cells and fibro/adipogenic progenitors (FAPs) as well as
a range of other programs such as apoptosis, adipogenesis, fibrosis (Scalier et al., 2013; Oprescu
et al. 2010; Tidball et al., 2010; Jensen et al., 2020; Giannakis et al., 2019; Rogeri et al., 2020;
Bernard et al., 2022). However, the specific role of the immune response in the progression of RC
tear and repair remains poorly understood.

Recent studies have begun to shed light on the potential involvement of various immune
cells in RC disease (Abraham et al., 2017). For instance, macrophages, key players in inflammation
and tissue repair, have been found in increased numbers in muscles following injury as well as in
regions of fatty degeneration (Gibbons et al., 2017; Gumucio et al., 2012). Similarly, proteomic

neutrophil granulation signatures have been identified in human RC muscle (Frich et al., 2021)
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and strong immune system signatures have been identified transcriptionally in chronic rabbit
rotator cuff tear and delayed repair models out to 16 weeks post-tenotomy (Vasquez-Bolanos et
al., 2021 & 2023). In a rat tenotomy experiment studying the acute temporal dynamics of the
immune system, maximal hematopoietic (CD45+) cells were found around 5-7 days post-tenotomy
(Stengaard et al., 2022).

The transition from the M1 (pro-inflammatory) and M2 (anti-inflammatory) macrophage
populations, plays a crucial role in muscle healing (Tidball et al., 2010). An imbalance of one or
both of these phases has been identified for possible involvement in muscle degeneration and
fibrosis as subtypes of macrophages coexist and fail to encourage muscle regeneration (Rigamonti
et al., 2014; Watanabe et al., 2019). As an example, CD163+, a marker of M2¢c macrophages, are
a key player in the anti-inflammatory/resolution phase aiding muscle regeneration and when added
in-vitro increase myoblast proliferation (Deng et al., 2012; Villalta et al., 2009; Massimino et al.,
1997). However, in both mouse aging muscle and a mdx muscular dystrophy model, models of
chronic inflammation, CD163+ M2c¢ macrophages are found to accumulate over time and
encourage fibrosis by an upstream reaction with arginase that leads to overproduction of collagen
and fibrosis (Villalta et al., 2009; Wehling-Henricks et al., 2010; De Santa et al., 2019; Wang et
al., 2015; Wang et al., 2022). Despite the possible fibrotic or antifibrotic role of CD163+ M2c
macrophages, the precise role, timing, and crosstalk of this and other immune cells in the
pathogenesis of RC tear and repair remains unclear.

This study aims to investigate the role of the immune system in RC tear and repair, by
integrating transcriptional and histological analyses, in order to begin to elucidate the key cell
types and temporal dynamics involved. We hypothesize that there will be a prolonged initial

presence of neutrophils and a delayed appearance of CD163+ M2c macrophages that will then
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persist to much later timepoints post-tear and post-repair with supporting proliferation (KI-67+)
and increases in cell stress markers (p53). Likewise, CD163+ (M2c) macrophages will correlate
with muscle morphology changes related to dysfunctional rotator cuff muscle, such as muscle
degeneration, fibrosis, and fat. These findings will improve our understanding of the role of the
immune system in the pathophysiology of RC disease and help move us toward the development
of targeted therapeutic strategies to improve surgical outcomes and patient quality of life.

Materials & Methods

Animals

This study is a tertiary analysis, leveraging data previously collected and analyzed in the
Vargas-Vilaetal. (2021) and Wu et al. (2022) papers, to further explore and synthesize the findings
within a broader context. In this study 67 skeletally mature female New Zealand White rabbits (~6
months, Western Oregon Rabbit Company, Philomath, OR) were used, 30 to evaluate post-
tenotomy and 37 to evaluate post-repair transcriptional changes over time. Females were used due
to housing safety concerns regarding mixing gender and the ease of sourcing older female animals.
All protocols were approved by the University of California, San Diego Institutional Animal Care
and Use Committee (protocol #S11246). All animals were assigned a number ID and individual
cage location upon arrival and then at time of harvest were randomized to one of the study groups.
Animals were single housed with food and water ad lib, environmental and food enrichment, and
visual access to other animals. These tissues were also used in a prior study of histology (Vargas-
Vila et al., 2021; Wu et al., 2022).
Surgical Procedures

Rabbits were anesthetized with a subcutaneous injection of ketamine and xylazine (35

mg/kg ketamine/5 mg/kg xylazine, MWI Veterinary Supply, Boise, ID). Following intubation, 2-
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4% isoflurane (VetOne, Boise, ID) was utilized to keep the animals under anesthesia for the
duration of the surgery. The left supraspinatus muscle served as the experimental side in all
animals, with the right shoulder as an unoperated control for 21 animals in the repair study and for
the 30 animals in the tenotomy study, a sham surgery was performed on the contralateral limb of
the tenotomy to serve as a control for the procedure where only the skin was cut, tendon isolated,
and then stitched up as normal., as described previously (Vargas-Vila et al., 2021). In brief, an
open anterior approach was performed on the left shoulder, followed by sharp transection of the
left supraspinatus tendon from its footprint on the greater tuberosity of the humerus. The
surrounding soft tissues were bluntly dissected to allow unhindered retraction of the tendon stump
and distal muscle. After securing a Penrose drain to the tendon stump to prevent scar formation
between the tendon and surrounding soft tissue, the incision was closed in layers. Rabbits were
then allowed individual cage activity with routine post-operative care. A fentanyl patch was placed
on the back for pain control for 3 days, and the animals were monitored daily for 2 weeks post-
operatively (Vargas-Vila et al., 2021). Then 21 rabbits continued after this point and at 8 weeks
post-tenotomy, underwent an open repair of the torn tendon. The repair was performed using a
modified locking suture with anterior and posterior bone tunnels to restore the tendon footprint to
the humeral head. The same anesthesia (subcutaneous injection of ketamine and xylazine), surgical
approach and closure, and post-operative protocols (fentanyl patch and daily monitoring) were
used for the surgical repair operations (Wu et al., 2022).
Muscle Harvesting

After the study, 30 animals were euthanized at 5 time points; 1 week, 2 weeks, 4 weeks, 8
weeks and 16 weeks post-tenotomy and in the repair study 21 animals were euthanized at 4 time

points; 1 week, 2 weeks, 4 weeks, and 8 weeks post-repair. At the specified time points, animals
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were euthanized with an intravenous overdose of pentobarbital (Beuthanasia, 120 mg/kg, MWI
Veterinary Supply, Boise, ID). The supraspinatus muscles from both shoulders were harvested and
divided into four regions with the central tendon serving as the muscle midline between the anterior
and posterior sides of the muscle. These four regions included anterior lateral (A1), posterior lateral
(P1), anterior medial (A2), and posterior medial (P2), and one full-muscle thickness fragment was
harvested from each location. The harvested muscle regions were pinned to in vivo length and
flash frozen in liquid nitrogen-chilled isopentane for storage at -80 C degrees (Wu et al., 2022).
RNA Extraction, Sequencing, and Analyses

These methods have been defined and described previously by Vasquez-Bolanos et al.
(2021 & 2023).
Enrichment Analysis Immune Specific

The total genes (~10,000) for tenotomy and repair study were filtered to immune specific
genes (~2000) determined by using InnateDB (Bruere et al., 2013). Differentially expressed genes
were defined as those with adj. p-value < 0.05. Overrepresentation of functional categories was
calculated for immune specific DE genes as compared with the corresponding ‘background’ genes,
and significant GO terms were identified as those having p-value <0.05. Figure 4.2 highlights the
top 5 GO terms with the lowest p-value at each timepoint and then the heatmap describes the
significance of each pathway at each timepoint.
Correlation Analysis

Pearson correlation analysis was conducted using GraphPad Prism software. The data sets
were imported into the software and organized into corresponding rows and columns. The software
was set to provide both the correlation coefficient (r) and the two-tailed p-value. A p-value < 0.05

was considered statistically significant. The results were visualized using a correlation matrix and
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top correlations of interest were highlighted with a scatterplot where a line of best fit was used and
1> was calculated and labeled on the figure.

Weighted correlation network analysis (WGCNA) was performed using WGCNA R
package (v. 1.70-3) (Langdelder & Horvath, 2008) with transcriptional and phenotypic data from
both studies (Vasquez-Bolanos et al., 2021 & 2023) with the tenotomy and sham samples and the
repair and control samples in order to correlate histological traits. This analysis identified unbiased
modules or sets of genes that are clusters of highly correlated genes. In the combined analysis
(both repair and control groups) only two modules correlated significantly with fat and none with
experimental assays (CD163, Neutrophils, KI67, p53) for tear and sham groups. This analysis
works by building an unbiased network of modules which represents a cluster of genes, and then
correlations can be investigated with phenotype traits through gene membership. GO enrichment
analysis was then performed by GoEnrichmentAnalysis function within the WGCNA R package
and returns the top 10 GO terms of each module (Supp. Data 1). The phenotypic data included in
this study is fiber area, central nucleation, fat quantification, collagen content, and degeneration,
all of which are reported in detail elsewhere (Vargas-Vila et al., 2021; Wu et al., 2022) but are
from the same animals used in this study.

Tissue Collection

Supraspinatus muscles were harvested, and a full-muscle thickness segment was dissected
from P1 region described above. These segments were then pinned to in-vivo length, and snap-
frozen in liquid nitrogen-cooled isopentane before being stored at —80°C. Frozen muscle segments
were then embedded in OCT and sectioned in a cryostat to obtain axial sections. They were then
sectioned at thickness of 10 um serially.

Histology
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We preformed immunofluorescence stains using anti-Neutrophil (1:100 dilution, Clone
RPN3/57), anti-CD68 (Clone 514H12), anti-CD163 (1:100 dilution, Clone EDHu-1), anti-KI-67
(1:100 dilution, Clone 8DS5), anti-p53 (1:100 dilution, Clone PAb421) on muscle sections
embedded in OCT. In brief, sections were taken out of the freezer, and allowed to reach room
temperature. If a nuclear stain was used, an additional step of fixation with 4% PFA followed by
heat induced epitope retrieval by using 0.01 M citrate buffer pH 6.0 on a heat plate for 15 mins,
otherwise the section was permeabilized with PBS-T (0.1% triton-X), then washed with PBS (3
changes). Sections were then blocked with 10% goat serum for 1 hour, washed with PBS (3
changes), then the primary antibody was diluted with 0.1% BSA/PBS and incubated overnight at
4 C, then rinsed with PBS (3 changes). The secondary was then diluted similarly to the primary
and left to incubate for 1 hour, washed with PBS (3 changes), then wheat germ agglutinin (1:2000;
Alexa Fluor 594; Invitrogen) was added, washed with PBS again, and coverslipped with mounting
medium with 4’,6-diamidino-2-phenylindole (Vectashield Antifade mounting medium with DAPI;
VectorLabs). Appropriate positive and negative controls were included with the study sections for
each stain anti-Neutrophil (spleen; (Anderson, K. et al., 2014), anti-CD163 (tonsil; Glavind, E. et
al., 2020), anit-KI-67 (tonsil; Hsu, C. et al., 2013), anti-p53 (degenerated skeletal muscle; Stocks,
B. etal., 2017). CD68 did not pass positive and negative control screening, so it is not reported in
the Results.

Image Collection

Multi-channel (.lif) stack images were obtained using a Leica microscope (Leica
DM6000B microscope with DCF365FX camera on x10 setting (x100 total magnification))
equipped with a 10x objective lens. The microscope was set to capture images in three separate

channels corresponding to red (647 nm), green (488 nm), and blue (350 nm). The red channel was
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used to capture the respective assay, the green channel was used for Wheat Germ Agglutinin
(WGA) — marker for membrane/laminin equivalent, and the blue channel was used for 4',6-
diamidino-2-phenylindole (DAPI) — identify nuclei. The microscope settings were adjusted to
ensure optimal signal-to-noise ratio for each channel using the positive and negative control for
each batch, so the same settings were used across each batch. A grid capturing the whole section
of muscle was mapped out and then images were captured sequentially to avoid bleed-through
between channels at each position until the whole grid had been imaged. The captured images were
saved in a stack .1if format for subsequent analysis. The process was repeated for all the samples,
ensuring consistent settings across all the images.
Image Analysis

ImagelJ/F1JI software was utilized for automated quantification of particles in the blue
(DAPI) and red (Assay) channels of .lif files. The Bio-Formats plugin was employed to open the
if files in the software. For each image, the channels were separated, and the analysis was
performed independently for the DAPI and Assay channels. A custom macro was developed to
automate the process. The macro first applied an auto-thresholding technique to each image to
distinguish particles from the background. For the Assay channel, the auto-thresholding method
that best suited the assay was chosen, either MaxEntropy or Otsu (Sezgin & Sankur, 2004), based
on the image characteristics. For the DAPI channel, the Otsu method was consistently used across
all samples. The 'Watershed' function was then used to separate touching particles. Following this,
the 'Analyze Particles' function was used to quantify the particles in each image. This function
provides a count of the particles, as well as measurements of their area. For nuclei calculation a
mathematical operation was used to merge the assay and DAPI channels using the “AND”

operation and then similarly ‘Analyze Particles’ function was used. The results were saved and
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exported for further analysis. The macro was run on all samples, ensuring a consistent and unbiased
quantification process.

Regional assessment of CD163 positive cells in degenerated and healthy regions of muscle
was performed manually by observation in only post-repair samples. Signs of muscle degeneration
were defined as hypercellularity (i.e., myophagocytic fibers with multiple nonperipheral nuclei),
disrupted muscle fiber membranes, irregularly shaped fibers, or split muscle fibers for over 50%
of a field of view (Vargas-Vila et al., 2022; Gibbons et al., 2017). If in a given field of view there
were 50% or more of healthy muscle on section, the section was defined as healthy, non-
degenerated.

Statistical Analysis

For the nuclei data, which involved multiple groups and factors, a two-way analysis of
variance (ANOVA) was conducted. This test was used to examine the main effects of two
independent variables, as well as the interaction effect between them. The two-way ANOVA was
followed by a post-hoc Tukey's Honest Significant Difference test to correct for multiple
comparisons and identify specific differences between group means. Given the non-normal
variance structure of immunofluorescence data, we employed non-parametric statistical tests for
analysis. Specifically, the Wilcoxon rank-sum test was used due to its robustness against non-
normality and its ability to compare distributions based on rank, making it suitable for our data
structure. All statistical analyses were performed using GraphPad Prism software, and a p-value <
0.05 was considered statistically significant. The results were presented as mean values with
standard error of the mean, and all graphs were generated within GraphPad Prism to visually

represent these findings.
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Results

Transcriptionally, of the immune specific genes identified, 2136 were shared between post-
tenotomy and post-repair, while 66 were unique to post-tenotomy and 87 were unique to post-
repair. (Fig. 4.1). GO enrichment of immune-related programs identified terms relating to the
immune system directly, and other biological programs such as extracellular matrix (ECM),
fibrosis, adipogenesis, mechanosensing, and metabolism (Fig. 4.2). Post-tenotomy, of the top 5
significantly enriched terms for each timepoint, 10 out of 25 GO terms directly related to the
immune system (Fig. 4.2A), while post-repair only 5 out of 20 related to the immune system (Fig.
4.2B). The immune transcript signature for post-tenotomy muscle consisted of an innate immune
response with strong differential regulation of IL-6, IFN-gamma, TNF-alpha, and protein kinase-
B, while post-repair was significantly enriched for IL-10, NF-kappaB, metabolism (glucose,
cholesterol, catabolism), and mechanical sensing (Fig. 4.2).

Average nuclei numbers were quantified per field of view and differences between tear and
repair, and their respective controls were compared (Fig. 4.3). Post-tenotomy, there was a
significant increase compared to the sham-operated controls at 1, 8, and 16 weeks post-tenotomy
(Fig. 4.4A) (p-value = 0.0062; p-value =0.0109; p-value = 0.0399). When these numbers were
normalized to the average number of muscle cells per field (muscle fibers are atrophying) these
differences largely disappeared, with the exception of 1 week post tenotomy, where it remained
elevated (Fig. 4.4B). Although there was a significant increase in nuclei between post-repair and
control muscles at all timepoints (Fig. 4.4C) (p-value <0.001; p-value <0.001; p-value =0.001; p-
value <0.001), these numbers only remained elevated at 1 and 8 weeks (p-value = 0.023; p-value

= 0.016) post-repair when average fiber number (atrophy) was considered (Fig. 4.4D).
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Neutrophil numbers were increased significantly at 1 (p-value = 0.031) and 4 weeks (p-
value =0.031) post-tenotomy compared to sham-operated control samples with an average number
of neutrophils per field of view of 10 and 1.55 respectively (Fig. 4.3A). There were no significant
differences at any other timepoints post-tenotomy (Fig. 4.5A). When results were normalized by
the average number of nuclei per field of view, similar results were found post-tenotomy for
normalized neutrophil numbers (Fig. 4.5B). For post-repair samples there were no significant
differences compared to control at any timepoint (Fig. 4.5C). This carried through the normalized
results post-repair as well (Fig 4.5D).

CD163+ cells (M2c macrophages) trended (p-value = 0.063) towards being increased at 1
week post-tenotomy and were significantly elevated at 2 weeks post-tenotomy (p-value = 0.031)
with an average number of CD163 per field of view of 38.45 and 3.94 respectively (Fig. 4.3B &
4.6A). Normalized post-tenotomy samples had the same behavior as non-normalized data (Fig.
4.6B). For post-repair, 1 (p-value = 0.031) and 2 weeks (p-value = 0.016) were significantly
increased compared to control and there was a trend at 8§ weeks (p-value = 0.011) but none at 4
weeks (Fig. 4.6C). Average CD163+ cell numbers were 19.5, 24.5, 0.54, and 10.45 respectively
(Fig. 4.6C). Normalized results post-repair were similar to non-normalized result with the
exception that at 1 week the increase is not significantly different (p-value = 0.063; Fig. 4.6D).

KI-67+ nuclei were measured, and the data was found to be highly variable across all
timepoints post-tenotomy and post-repair (Fig. 4.3C & 4.7A-D). The observed trend, although not
statistically significant, is increased KI-67+ nuclei for post-tenotomy samples across all timepoints
compared to sham control (Fig. 4.7A). This trend continued slightly at 1 week post-repair, but not
at any other timepoints post-repair (Fig. 4.7B). Similar observations were made for post-tenotomy

and post-repair normalized data compared to non-normalized results (Fig 4.7).
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Cytoplasmic and nuclear p53 demonstrated similar trends across post-tenotomy and post-
repair (Fig. 4.3D, 4.8, 4.9). Nuclear p53 however did have a trending increased difference at 2
weeks post-tenotomy (p-value = 0.063) compared to sham-operated control and none at any other
timepoint (Fig 4.9A). This increased trend carried over to the normalize post-tenotomy result (Fig
4.8B). Meanwhile, for post-repair there was a significant increase at 1 week post-repair (p-value
= 0.031) for nuclear p53 counts compared to control and not at any other timepoints (Fig. 4.9C),
which similarly carried over to the normalized representation of the data (Fig. 4.9D).

WGCNA revealed gene modules significantly related to immune cell and cell cycle
markers quantified by histology (Fig. 4.10). Transcriptional activity correlated significantly with
the presence of neutrophils, CD163+ macrophages, and p53, but not KI-67 for post-tenotomy
samples and only CD163 and p53 for post-repair samples (Fig. 4.10). For post-tenotomy WGCNA,
module 51 was positively correlated for neutrophils (r = 0.57; p-value = 0.0009; Fig. 4.10A) and
CD163 (r = 0.66; p-value = 0.00006) and was enriched for GO terms related to innate immune
response and type I interferon (Supp. Data 4.1). Additionally for post-tenotomy WGCNA, module
52 was negatively correlated for p53 (r=0.57; p-value = 0.0005; Fig. 4.10A) and was enriched for
GO terms related to nucleus activity and chromatin and histone modifications (Supp. Data 4.1).
For post-repair WGCNA, module 50 was negatively correlated for CD163 (r = 0.66; p-value =
0.015) and was enriched for GO terms related to immune response, T-cell activity, and apoptotic
signaling (Supp. Data 4.1). Additionally for post-repair WGCNA, module 18 was negatively
correlated for p53 (r = 0.57; p-value = 0.036) and was enriched for GO terms related to kinase
activity (AMPK, NADPH) and receptor activity (Supp. Data 4.1). Module 14 was negatively

correlated in post-repair for both CD163 (r = 0.57; p-value = 0.0075) and p53 (r = 0.57; p-value =
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0.0075), and was enriched for GO terms related to leukocytes and T-cell adhesion, activation, and
differentiation (Supp. Data 4.1).

Using previously collected muscle morphological data (Vargas-Vila et al., 2021; Wu et al.,
2022), and newly collected immune cell and cell cycle markers, a Pearson correlation matrix was
calculated, and only significant correlations are highlighted (Fig. 4.10). The strongest correlation
in post-repair samples was the morphological trait of degeneration and immune cell marker CD163
with a significant correlation post-repair (r> =0.71; Fig. 4.10C). In addition, CD163 was also
significantly correlated with fat (r* = 0.25; Fig. 4.10E) post-repair. Fibrosis also correlated with
CD163 significantly (r>=0.38; Fig. 4.10D) post-repair, and to a lesser extent CSA (r?= 0.22; Fig.
4.10F) post-repair. Focusing on specific immune cell markers correlations, post-tenotomy there is
a strong correlation between neutrophil and CD163 results (r=0.88; Fig. 4.10A). Meanwhile, post-
repair this relationship decouples a bit between neutrophils and CD163 numbers (r= 0.50; Fig.
4.10B).

Considering the strong correlations and regional implications of degeneration post-repair,
we quantified CD163+ in a regional manner by subcategorizing CD163+ cells found in healthy
and degenerated muscle (Fig. 4.12). At almost all timepoints (1, 2, 4 weeks post-repair) there was
a significant increase in CD163+ macrophages found in degenerated regions of muscle compared
to CD163 macrophages found in non-degenerated regions of muscle (p-value = 0.016, p-value =
0.016, p-value =0.0078), with similar trend at 8§ weeks post-repair (p-value = 0.063; Fig. 4.13).

Discussion

The purpose of this study was to investigate the role of the immune system in rotator cuff
(RC) tear and repair, with a specific focus on the temporal dynamics of the immune response. We

hypothesized that neutrophils would have a prolonged initial presence with a delayed appearance
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of CD163+ M2c macrophages that would then persist to much later timepoints post-tear and post-
repair with supporting proliferation (KI-67+) and increases in cell stress markers (p53) over time.
Likewise, CD163+ (M2c) macrophages would correlate with muscle morphology changes related
to dysfunctional rotator cuff muscle, such as muscle atrophy, degeneration, fibrosis, and fat.
Neutrophils did not behave as hypothesized for post-repair where no timepoints were different and
CD163+ M2c macrophages dominated early on, but did not persist at much later timepoints post-
tear and post-repair as hypothesized. Meanwhile CD 163+ M2c macrophage results correlated with
muscle morphology changes related to dysfunctional rotator cuff muscle, such as muscle atrophy,
degeneration, fibrosis, and fat supporting our initial hypotheses.

Our transcriptional analysis revealed distinct patterns of enriched GO terms at various
timepoints post-tenotomy and post-repair. Interestingly, the acute immune response was more
pronounced in the post-tenotomy samples compared to the post-repair samples, based on the
number and type of GO terms significantly enriched across time post-tenotomy compared to post-
repair (Fig. 4.2), suggesting a differential immune response to injury and repair. These findings
aligned with previous studies that have reported an early and robust immune response following
musculoskeletal injuries, which gradually subsides during the repair process (Scalier et al., 2013;
Oprescu et al. 2010; Tidball et al., 2010; Jensen et al., 2020; Giannakis et al., 2019; Rogeri et al.,
2020; Bernard et al., 2022).

Meanwhile, our histological analyses further supported these transcriptional findings, with
a significant increase in neutrophil numbers observed at 1 and 4 weeks post-tenotomy with none
post-repair, and a significant increase in CD163+ M2c macrophages at 2 weeks post-tenotomy and
1 and 2 weeks post-repair. The presence and difference of these immune cells at these specified

timepoints suggests a dynamic and complex interplay between the immune system and the muscle
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tissue during the progression of RC tear and repair. Remarkably, despite discovering a strong
immune system resurgence of transcriptional activity at 16 week post-tenotomy, of the assays
quantified in this study, none support this previous observation. Suggesting a complex interplay
between genetic expression and actual physiological manifestation as well as possible limitation
of the sample numbers available at 16 weeks post-tenotomy due to sample supply.

Our study also revealed a lack of significant increase in KI-67 positive nuclei, a marker of
cell proliferation, at any timepoint post-tenotomy or post-repair. This finding contrasts with the
expected regenerative response following acute muscle injury, which typically involves a surge in
cell proliferation as part of the repair process (Close, 1972). This discrepancy may suggest a
dysregulated regenerative response in the context of RC tear and repair, potentially due to the
chronic inflammatory state induced by the injury and the subsequent repair process. Meanwhile,
cytoplasmic and nuclear p53 changes across post-tenotomy and post-repair have little to no pattern,
but does correlate strongly with transcriptional results, suggesting an alternative explanation that
is not obviously clear.

Gene modules were identified in this study that were significantly associated with the
immune cell and cell cycle markers quantified by histology. Specifically for post-tenotomy,
transcriptional results correlated with neutrophils, CD163 macrophages, and p53, however for
post-repair the transcriptional correlation observed between neutrophils and CD163 macrophages
was decoupled with only CD163 and p53 correlating significantly post-repair. These modules were
enriched for biological processes related to the immune response, cell cycle regulation, and
chromatin modification, further underscoring the intricate interplay between the immune system

and the cellular machinery during RC tear and repair.
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Despite these significant findings, our study had several limitations. First, the utilization of
a rabbit animal model, although relevant, presents challenges as there are significantly fewer
biological tools available compared to more commonly used models across science such as mice.
Second, our focus on only two types of immune cells among a vast array of different immune cells
and subtypes may have led to an incomplete understanding of the immune response. The
complexity of the immune system involves numerous cell types and interactions, and our study is
not capable of cover all critical components of this intricate network. Third, the temporal resolution
of our study may not fully capture the dynamics of the immune system, as our first time point was
at 1 week post-tear and post-repair. This design overlooks potential immune changes occurring
between day 0 and day 7, possibly missing early critical events in the immune response. Finally,
the inter-subject variability due to the heterogeneous nature of the immune system may have
introduced increased variance in our findings. Individual differences in immune response could
have affected the results, leading to challenges in generalizing our conclusions. These limitations
should be considered when interpreting the findings of this study and should guide future research
efforts to provide a more comprehensive understanding of the immune system's role in rotator cuff
pathology.
Conclusion

In conclusion, our study provides valuable insights into the role of the immune system in
RC tear and repair. Our investigation revealed unexpected behaviors of neutrophils and CD163+
M2c macrophages during different stages of injury and repair, challenging our initial hypotheses.
Specifically, the neutrophil results did not align with expectations post-repair, with no significant
differences observed at any timepoints, contrasting with the significant increase in neutrophil

numbers at 1 and 4 weeks post-tenotomy. The early dominance of CD163+ M2c macrophages,

73



heterogenous increase presence in degenerated/healthy muscle, and their correlation with muscle
morphology changes such as atrophy, degeneration, fibrosis, and fat accumulation emphasize their
potential role in RC dysfunction. The transcriptional analysis further illuminated the differential
immune response to injury and repair, with acute immune activation more pronounced post-
tenotomy. Histological findings supported these transcriptional patterns, highlighting the temporal
dynamics of immune cells during RC tear and repair. The lack of significant increase in KI-67
positive nuclei post-tenotomy or post-repair points to a potential dysregulated regenerative
response, possibly influenced by chronic inflammation. The identification of gene modules
associated with immune cells and cell cycle markers, and their enrichment in biological processes
related to immune response and cell regulation, further underscores the intricate interplay between
the immune system and cellular machinery in RC tear and repair. The study's findings not only
contribute to our understanding of the immunological aspects of RC pathology but also open new
avenues for therapeutic interventions targeting the immune response to enhance muscle recovery
and repair. The observed discrepancies between transcriptional activity and in vivo manifestations,
as well as the limitations related to sample numbers at specific timepoints, call for further research
to unravel the complex interactions between genetic expression and physiological manifestation
in the context of RC tear and repair.
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Figure 4.2: Immune specific KEGG enrichment analysis.

Heatmap of top GO terms at each timepoint across post-tenotomy and post-repair. Significant
terms are highlight with dark blue (p-value<0.05). Immune specific terms are highlighted by an

Asterix.
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Figure 4.3 Post-Tenotomy & Post-Repair Immunofluorescence Examples

Sample of control tissue and positive for post-tenotomy and post-repair for each assay (in red)
quantified: neutrophils (A), CD163 (B), KI-67(C), p53 (D). Where blue represents DAPI
labeling nuclei and green represent WGA, a marker for membranes.
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Figure 4.4: Post-Tenotomy & Post-Repair Average nuclei numbers.

Bar plot of average nuclei counts per field of view and normalized by average muscle fibers per
field of view results for post-tenotomy (A-B) and post-repair (C-D). * Indicates p-value < 0.05 (2-
way ANOVA, post-hoc tukey).
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Figure 4.5: Post-Tenotomy & Post-Repair Average neutrophil cell numbers.

Bar plot of average neutrophil counts per field of view and normalized result for post-tenotomy
(A-B) and post-repair (C-D). * Indicates p-value < 0.05 (Wilcoxon tests).
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Figure 4.6: Post-Tenotomy & Post-Repair Average CD163 cell numbers.

Bar plot of average CD163 counts per field of view and normalized result for post-tenotomy (A-
B) and post-repair (C-D). * Indicates p-value < 0.05 (Wilcoxon tests).
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Bar plot of average KI-67+ nuclei counts per field of view and normalized result for post-tenotomy
(A-B) and post-repair (C-D). * Indicates p-value < 0.05 (Wilcoxon tests).
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Figure 4.8: Post-Tenotomy & Post-Repair Average cytoplasmic p53.

Bar plot of average cytoplasmic p53 counts per field of view and normalized result for post-
tenotomy (A-B) and post-repair (C-D). * Indicates p-value < 0.05 (Wilcoxon tests).
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Figure 4.9: Post-Tenotomy & Post-Repair Average nuclear p53.
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Bar plot of average nuclear p53 counts per field of view and normalized result for post-tenotomy
(A-B) and post-repair (C-D). * Indicates p-value < 0.05 (Wilcoxon tests).
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Figure 4.10: Post-Tenotomy & Post-Repair Module-trait relationship plots for
immunofluorescence traits.

The modules, unbiased clustering of genes, on the left and the immunofluorescence traits are on
the bottom. The scale bar represents the correlation coefficient and is the first number listed in
each cell, and the number in parentheses is the p-value. Only cells with a p-value equal or less than
0.1 were selected to be displayed and the white cells with zeros represent cells with a p-value >
0.1 for clarity of which modules correlate with which traits.
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Figure 4.11: Post-Tenotomy & Post-Repair Pearson correlation matrix.

Pearson correlation matrix (r) of all phenotypic and immunofluorescence traits. Only relationships
with a significant p-value < 0.05 are displayed. Top scatterplots and linear regression (r?) values
are listed for identified traits.
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Chapter 5 DISCUSSION

The purpose of Aim 1 was to determine the time-dependent transcriptional profile in
muscle after a rotator cuff tear/tenotomy in a rabbit animal model. We hypothesized, based on
morphological changes previously observed in this model, that transcriptional activity of certain
genes would be time dependent. Early changes demonstrate upregulation of atrophy and
inflammation programs, but late changes would demonstrate upregulation of fatty infiltration,
degeneration, and fibrosis programs. We sequenced rotator cuff muscles from the posterior region
closest to the tendon tear by RNAseq. We measured gene expression at 1, 2, 4, 8, and 16 weeks
post-tenotomy, revealed significant wide-spread differential gene expression level at 1 week post-
tenotomy compared to sham operated controls, but this transcriptional activity was reduced to
minimal expression by the 8 week post-tenotomy time point. There was a resurgence in differential
gene expression at 16 weeks post-tenotomy (Figure 2.2). After performing GO and KEGG
enrichment analyses, we described the signature of biological programs active at each timepoint
(Figure 2.4 & 2.5). There were clear transcriptional differences between each time point, which
support the concept of differential timing of inflammation, adipogenesis, fibrosis, and cell death
programs that lead to muscle atrophy, degeneration, and fatty infiltration. Lastly, we used weight
correlation analysis (WGCNA) to relate morphological characteristics (Vargas-Vila et al., 2021)
with transcriptomics and demonstrated that these assays were significantly correlated in these post-
tenotomy samples. In summary, this aim provided an overview of the differentially regulated
transcriptional programs, their respective time courses, and established that these programs were
correlated with the muscle pathology observed in the rabbit rotator cuff tenotomy model.

The purpose of Aim 2 was to determine the time-dependent transcriptional profile after a

chronic tear and delayed rotator cuff surgical repair (8 weeks post-tenotomy) in a rabbit animal
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model. We hypothesized that surgical repair would induce transcriptional activity associated with
hypertrophy in the muscle because it was mechanically re-loaded via tendon repair. We sequenced
samples of rotator cuff muscle from the posterior region closest to the tendon repair by RNAseq
using methods previously described (Vasquez-Bolanos et al., 2021). We measured gene expression
at 1, 2, 4, and 8 weeks post-repair, which demonstrated significant differential gene expression
compared to contralateral control muscles at 1 and 2 weeks post-repair, and then reduced to
minimal expression by 8 week post-repair (Figure 3.2). After performing GO and KEGG
enrichment analysis, we described the signature of biological programs active at each timepoint
(Figure 3.4 & 3.5). This signature refuted our hypothesis as there was no hypertrophic or anabolic
biological activity observed transcriptionally, instead inflammation, adipogenesis, and fibrosis
dominated. Using weight correlation analysis (WGCNA), we determined that histological traits
(Wu et al, 2023) and transcriptomics were correlated in the post-repair samples. In summary, this
aim provided an overview of the time-dependent transcriptional changes that occur in the rabbit
rotator cuff post delayed repair.

The objective of Aim 3 was to dive deeper into a specific biological program that emerged
in both transcriptional profiles of Aims 1 and 2, and could possibly be contributing to the
irreversible state of rotator cuff muscle observed with muscle atrophy, fibrosis, and fatty
infiltration. We hypothesized that the immune system could be contributing to chronic muscle
degeneration through the persistence of immune cells (and immune cell activity) at longer time
points, along with abnormal cell cycle control and stress signaling. Using immune system specific
transcriptional results and immunofluorescent markers for neutrophils (early immune cell), CD163
(M2c macrophage), KI-67 (proliferation marker), and p53 (stress/division marker) we elucidated

the possible behavior of the immune system over time post-tenotomy and post-repair. Neutrophils
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were increased at 1 and 4 weeks post-tenotomy, while CD163 positive cells were increased at
higher numbers compared to controls at 1 and 2 weeks post-tenotomy and post-repair (Fig. 4.3,
4.4) Importantly, we demonstrated significant heterogeneity in the immune cell responses between
samples, which was surprising given the standardized procedures and genetic similarity between
animals. Leveraging this high degree of variance, we were able to correlate number of CD163+
with morphological traits of degeneration, fat, fibrosis, and CSA (Fig. 4.9). Overall, these results
refuted our initial hypothesis which was that there would be persistence of immune cells at later
time points after intervention. However, we did identify a significant regional relationship between
the presence of CD163+ cells and degenerated muscle when compared to the non-degenerated
equivalent muscle. In summary, this aim provided a closer look into the presence of immune
system cells post-tenotomy and post-repair and possible relationship with muscle changes over
time that may be regionally dependent.

There are limitations to the studies presented in this dissertation. While the rabbit animal
model is advantageous for recapitulating the morphology observed in chronic human rotator cuff
disease, it is also a challenging model because of the lack of biological tools available compared
to mouse and rat. For example, many antibodies are raised in rabbit, which make cross-reactivity
an issue for immunofluorescence and consequently, fewer immune cell number could be readily
quantified. Likewise, despite having an exceptional set of time course data (4 to 5 time points over
2-3 months) post-tenotomy and post-repair, for a biological program as highly time sensitive as
the immune system, it is possible that the temporal resolution of these studies is insufficient to
truly capture the shifts occurring in the immune system activity.

In summary, this dissertation explored the time-dependent transcriptional profiles and

probed the immune system presence after rotator cuff tear and chronic repair in a rabbit animal
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model. The emergence of a unique transcriptional profile late after repair was a key finding.
Similarly, the lack of predictable transcriptional responses after chronic repair is important and
should steer future research towards the mechano-sensitivity of these chronically torn muscles, or
towards the immune system as we have done here. Given the strong immune system transcriptional
signature in these muscles across time, and some of the data indicating differential immune cell
presence, the relationship between the immune system and other resident cells in skeletal muscle
deserves further investigation. Improved access to immune system specific assays and higher
temporal resolution would be advantageous for future experiments aimed at understanding the
presence of a wide range of immune cells and rotator cuff disease severities. Identifying biological
programs and their temporal behavior after rotator cuff injury and repair allows further
investigation into potential therapeutics, or adjuvant therapies to surgery, which may improve the

state of the muscle and outcomes of surgical repair in the future.
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