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Abstract

The robust regenerative capacity of muscle stem cells (MuSCs) and their
progenitors depends on their ability to undergo rapid and vast changes to their
transcriptome during cell state changes. While transcription factors and epigenetic
remodelling proteins are critical to render genes permissive for transcription, often
these genes are found to have paused promoter proximal RNA Polymerase Il (Pol Il)
which remains in a rate-limiting poised state. Indeed, while prior studies have shown
poised Pol Il is often regulated by the Negative Elongation Factor (NELF) to induce
rapid changes in gene expression, the specific need for NELF in somatic stem cell
populations has not been previously examined. In this thesis, we identify a specific
requirement for NELF-dependent promoter proximal Pol Il pausing in proliferating
myogenic progenitors. Here, NELF stabilizes nascent transcripts associated with
the paused RNA Pol Il at genes required to maintain muscle progenitors in cell
cycle. This promotes expansion of the pool of myogenic progenitors required to
adequately repair damaged skeletal muscle. Our molecular analysis suggests that in
proliferating progenitors, NELF-bound Pol Il ensures the stabilization of transcripts,
and continued expression of genes that prevent p53-mediated cell cycle withdrawal
and terminal differentiation. Unexpectedly, this work revealed a previously
unappreciated contribution of proliferating myogenic progenitors to replenish the
stem cell niche in support of MuSC self-renewal during skeletal muscle
regeneration. Based on our results, new therapeutic avenues which could treat

muscle wasting disease are also discussed.
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CHAPTER 1

Introduction

1.1 — Adult stem cells and skeletal muscle regeneration: a cellular perspective

1.1.1 Brief overview of stem cells and their function. Stem cells have
garnered extensive excitement based on their vast potential therapeutic applications
towards the repair and regeneration of damaged tissues, organs, and age-related
deterioration (1). In fully developed adults, the population of somatic or adult stem
cells reside in specialized niches within their respective tissues and support tissue
repair and general maintenance for continued tissue function. To do so, adult stem
cells must exhibit two fundamental criteria which includes self-renewal and
differentiation into another cell type (2). This assures an abundant supply of stem cells
remain for future repair, while permitting the repair of the damaged host tissue (3).
Together, the diverse abilities of adult stem cells boast great therapeutic potential to
regenerate and rejuvenate tissues.

While unlocking the secrets behind adult stem cell behavior to regulate their
function would offer vast therapeutic potential, there are currently several limitations
which prevents their use. This includes problems inherent to isolation protocols which
limits the ability to propagate viable stem cell populations suitable for transplant, the
inability of some adult stem cells to adequately repopulate a recipient tissue upon
transplant, and general safety concerns relating to potential transplant rejection which

require further investigations and clinical trials (3).



1.1.2 Robust regenerative capacity of skeletal muscle. Additional
investigations focused on molecular functions which govern stem cell behaviors may
provide the necessary insight to permit therapeutic use of stem cells. In doing so, an
ideal adult stem cell model for these studies must be both abundant and easy to
manipulate to provide the necessary populations to probe molecular mechanisms
which regulate adult stem cell behavior. Amongst candidate tissues, skeletal muscle
is an excellent model as it is largely abundant, boasts robust regeneration capacity,
and harbours many adult muscle stem cells which permits its regenerative capacity
(4). To illustrate, the population of adult muscle stem cells (MuSC) exhibit dynamic
behavior in response to environmental requirements. This includes MuSCs support
towards myofiber viability during homeostasis (5), preservation of MuSC populations
despite myofiber hypotrophy when skeletal muscle becomes immobilized (6, 7), and
expansions of MuSC populations to support myofiber hypertrophy during increased
use of skeletal muscle (8-10). In addition, MuSCs may enter a dormant protective
state to remain viable in hostile environments, as observed with viable MuSC
populations harvested from a carcass at up to 17 days post-mortem (11).

The regenerative program of MuSCs is additionally quite resistant towards
errors. Although skeletal muscle comprises 40% of human body mass and contains
over half of all body proteins (12), it exhibits a strikingly low occurrence of cancers
and tumours. Indeed, rhabdomyosarcoma is the only reported skeletal muscle cancer,
and it accounts for only 3% of pediatric cancers (13, 14), and less than 1% of adult
solid tumours (15, 16). Thus, the dynamic ability of MuSCs to regulate environmentally
responsive changes to skeletal muscle, and the robust regeneration program makes

it an ideal model system in the study of somatic stem cell populations.



1.1.3 Skeletal muscle regeneration is a highly-coordinated process between
many cell types. The robust regenerative capacity of skeletal muscle relies
on several tissue-resident and infiltrating cell types, whose interactions dictate
myogenic cell state changes during skeletal muscle regeneration. The primary cell
population engaged in actual myofiber repair are the muscle stem cells (MuSCs), also
termed satellite cells owing to their peripheral location on individual myofibers (17).
While these permit myofiber repair, their ability to do so is strongly dependent on
accessory cell types, and their effects on the extracellular environment. These
extracellular cues in turn controls MuSC cell state changes to permit myofiber repair
and MuSC self-renewal. A brief look at these cell types is described in the following

sections.

1.1.3a Myogenic cell state changes during myofiber repair. In undamaged
muscle, quiescent MuSCs reside within a protective niche situated between the
sarcolemma and the basal lamina of the extracellular matrix (18). When intact, this
niche offers physical contacts between MuSCs and a basal lamina enriched in
cytokines, mitogens, and secondary cell types which support MuSCs to remain in a
quiescent state (19). In addition, this niche forms a physical barrier which deters
certain mitogens from interacting with and activating MuSCs (20). In response to
injury, breaks in the myofiber sarcolemma disrupts the MuSC niche and exposes
quiescent MuSCs to a cascade of signaling molecules and accessory cell types which
initiate the myogenic program. Here, MuSCs undergo either a symmetric or
asymmetric division, which is strongly influenced by the extent of skeletal muscle

damage (21). Acute injury favours symmetric divisions to produce two activated



myogenic daughter cells committed to the cell cycle (22) (Figure 1.1A), while lesser
injury favours asymmetric division to produce one daughter cell committed to the cell
cycle and another which remains as a quiescent MuSC (23) (Figure 1.1B). While
activated MuSCs rapidly enter the cell cycle to become proliferating myogenic
progenitors, some retain the ability to return to a dormant state (Figure 1.1C) and form
a population of satellite progenitors. These may enter the cell cycle in response to
future injury, but are not considered true quiescent MuSCs as they cannot undergo
self-renewal (23).

Upon entry in the cell cycle, myogenic cells undergo a massive proliferation to
produce the necessary cell numbers required to repair damaged myofibers. Typically,
proliferation is sustained until extracellular signaling or cell-cell contacts induce cell
cycle withdrawal and irreversibly commit to terminal differentiation (23). Once

committed, these myocytes may either fuse with damaged myofibers or with one

A B C
Quiescent MuSC Quiescent MuSC Satellite progenitor
symmetric division asymmetric division symmetric division
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Figure 1.1 — Types of quiescent MuSC and satellite progenitor divisions. In response to acute
injury, (A) quiescent MuSCs (red) undergo symmetric division to produce two activated MuSCs (light
orange). (B) During homeostasis, only quiescent MuSCs (red) may undergo asymmetric divisions to
produce one activated MuSC (light orange) primed towards the cell cycle and another quiescent
MuSC (red) (C) dormant satellite progenitors (dark orange) may undergo a symmetric division to
produce two activated MuSCs (light orange) which are primed towards the cell cycle. Activated
MuSCs may resume a quiescent state and become a dormant satellite progenitor.



another to create de novo myofibers. In either case, the resulting multinucleated
myofiber continues to mature to produce functional actinomyosin myofibrils to restore
contractile function to the myofibers, as summarized in Figure 1.2. During late
proliferation and early differentiation, quiescent MuSCs also undergo symmetric
divisions, which marks their self-renewal to increase populations of quiescent MuSCs
ready to respond to future rounds of injury (24, 25). Collectively, this designates five
different myogenic cell states which are critical for skeletal muscle regeneration,
namely quiescent MuSCs, satellite progenitors, activated MuSCs, myogenic

progenitors, and myocytes.

1.1.3b Accessory cell types coordinate skeletal muscle regeneration. The

regulated activity of MuSCs behavior in myogenesis is strongly influenced by

Skeletal muscle regeneration in response to acute injury
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Figure 1.2 — General overview of myogenic cell state transitions during skeletal muscle
regeneration. In response to acute skeletal muscle injury, damaged myofiber debris are
cleared by immune cells (not shown), which primes MuSCs for skeletal muscle repair. This prompts
a symmetric division amongst quiescent MuSCs to produce two activated MuSCs. These enter the
cell cycle, and form a population of massively expanding proliferating myogenic progenitors. In
response to cell-cell contacts or signaling pathways, myogenic progenitors withdraw from the cell
cycle, and form a population of myocytes which are committed to terminal differentiation, where
they fuse with one another or damaged myofibers. During late stages of proliferation, quiescent
MuSCs undergo self-renewal to increase the populations of quiescent MuSCs available for skeletal
muscle maintenance.



accessory cell types in the surrounding environment from both cell-cell contacts and
cellular cross-talk networks, arising from tissue-resident and infiltrating cell types. In
all instances, these accessory cell types reformulate the extracellular environment,
secrete cytokines, mitogens, and other effectors to influence the downstream
behavior of MuSCs. While many accessory cell types participate in this process, they
may be broadly classified into three categories which represent inflammatory cells,

extracellular matrix remodellers, and vasculature remodellers.

Inflammatory cells. Muscle-resident and infiltrating immune cells orchestrate

the early processes in response to skeletal muscle damage (26). To do so, tissue-
resident mast cells and neutrophils are the first to act in response to acute injury,
where they immediately begin to clear damaged myofiber debris. While doing so, they
recruit additional infiltrating mast cells and neutrophils to strengthen their response.
This is followed by activation and recruitment of both tissue-resident and infiltrating
M1 macrophages to support damaged myofiber clearing. The M1 macrophages also
recruit anti-inflammatory M2 macrophages and T cells, both of which secrete

cytokines to help control the myogenic program (27-29).

Extracellular matrix remodellers. The implications of the extracellular matrix

(ECM) to regulate MuSC and myogenic progenitor behavior have been well
established. To name a few, it provides a niche environment conducive to MuSC
quiescence, provides structural integrity to permit myofiber contractions, and its
specific composition directs MuSC symmetric and asymmetric divisions (30). To

maintain its functional purpose, the ECM depends largely on maintenance



contributions by skeletal muscle resident fibroblasts. Here, fibroblasts secrete
structural constituents of the ECM such as collagens, fibronectin, and proteoglycans,
in addition to matrix metalloproteinases to restructure the ECM (31). The effect of
fibroblasts on ECM composition directly affects regenerated myofiber diameter and
MuSCs self-renewal (32), along with myofiber maturation and fiber type (33). Skeletal
muscle resident mesenchymal progenitors known as fibro-adipogenic progenitors
(FAPs) may also differentiate into fibroblasts or adipocytes to support skeletal muscle

regeneration (34, 35).

Vasculature and neurosmuscular junctions. During later stages of skeletal

muscle regeneration, neuromuscular junctions are repaired by resident glial cells (36),
while vasculature is supported by pericytes, endothelial cells, and smooth muscle
cells. These cells reside within special localized niches in skeletal muscle (37), and

contribute to maintain MuSC quiescence (38).

1.1.3C Cellular cross-talk supports skeletal muscle regeneration. Structured
paracrine signaling networks are critical to permit the necessary cellular cross-talk
between different cell types to orchestrate skeletal muscle regeneration. This includes
early responses to skeletal muscle damage, where damaged myofibers recruit
macrophages to initiate debris clearing. Once recruited, paracrine signaling by
macrophages activates the surrounding pericytes, smooth muscle cells, and
endothelial cells to stimulate angiogenesis (39, 40). At later stages of regeneration,
self-renewing MuSCs secrete VEGFa to localize endothelial cells within their proximity

(38), and these recruited endothelial cells express the notch ligand DIl4 to support



maintenance of MuSCs in a quiescent state (38, 41, 42). During this early response
to damage, FAPs similarly exhibits a large secretome to support myogenic cell
behavior during skeletal muscle regeneration (43, 44): Wisp1 regulates MuSC
asymmetric division (45), follistatin promotes terminal differentiation of myogenic
progenitors (46), IL-33 activates and potentiates resident T cells (47), and IL-6 and IL-
10 act as myokines which direct the activity of myogenic progenitors (44). Similarly,
proliferating myogenic progenitors secrete exosomes that contain miR-206 (48) which
are internalized by fibroblasts. Here, miR-206 represses the master regulator of
collagen biosynthesis Rrbp1, and this prevents overproduction of collagen deposits in
the ECM by fibroblasts (48). During their expansion, heterogeneous populations of
proliferating myogenic progenitors additionally exhibit a highly dynamic landscape of
syndecan receptors on their extracellular membrane, and this changes their ability to
detect and respond to specific extracellular environment signals (49).

Overall, the ability of MuSCs to effectively participate in skeletal muscle
regeneration is largely defined by their extracellular interaction with accessory cell
types and paracrine signaling networks. In turn, this controls cell state transitions as
quiescent MuSCs progress towards terminal differentiation. When perturbations
disrupt MuSC cell state transitions, it often culminates in drastic outcomes which affect
the integrity of skeletal muscle. As an example, the reduced ability of aged MuSCs to
proliferate produces fewer downstream myocytes available to fuse with and repair
damaged myofibers, which contributes to myofiber hypotrophy reported in sarcopenia

(50).



1.2 Molecular regulation of MuSC and progenitors in regeneration

1.2.1 Myogenic transcription factors control changes in gene expression
networks to permit myogenic cell state changes. The ability of accessory
cell types to regulate MuSC activity relies largely on signal transduction cascades to
detect changes in the extracellular environment and elicit an internal response within
MuSCs. In turn, this evokes changes to intracellular regulators, which exert control on
cellular activity and gene expression. What remains relevant to this research is doing
so allows to control the activity and interactions between epigenetic modifiers which
reorganize the chromatin landscape, and myogenic transcription factors (MRFs)
which localize these chromatin modifiers to specific genomic areas (51). This is
additionally supported by accessory transcription factors such as the sine oculis
homeobox (SIX) protein family (52, 53), and myocyte enhancer factor 2 (MEF2)
proteins (54). In turn, these different combinations and activities of MRFs, accessory
transcription factors, and epigenetic modifiers directly controls which gene networks
are activated or suppressed to define different myogenic cell states. Therefore,
myogenic cell states may be defined through their active expression of Pax7, and the

MRFs Myf5, MyoD, Myog, and Mrf4 (23, 55), as summarized (Figure 1.3).

A. Dormant MuSC populations The population of dormant MuSCs are sub-

categorized into two different Gy populations, defined by their expression of Pax7 and
Myf5. Populations that exhibit a molecular signature of Pax7*/Myf5™ define the true
quiescent populations, while Pax7*/Myf5" form a satellite progenitor population (56).

While both populations remain dormant and ready to respond to skeletal muscle



damage, only quiescent MuSCs can undergo asymmetric divisions to produce
another quiescent MuSC (Pax7*/Myf5’) and satellite progenitor (Pax7*/Myf5"). As
previously described, satellite progenitors are restricted to symmetric divisions to
produce activated MuSCs, and cannot undergo self-renewal (56). Quiescent MuSCs
may additionally undergo symmetric divisions (56) to permit self-renewal and
repopulate quiescent MuSCs populations following acute skeletal muscle injury.
Unless further specified, the use of MuSCs will be used to denote both true quiescent

MuSCs and dormant satellite progenitors.

B. Activation and proliferation During MuSC activation, a rapid increase in

the protein levels of Myf5 and MyoD activates gene networks which support myogenic
progenitor proliferation (57), and stimulates maintenance within the cell cycle (58, 59).
Dynamic changes in protein levels of MyoD and Myf5 that correlate with the cell cycle
stage is in part regulated by targeted degradation of these MRFs by cell cycle
regulators (60, 61) and this assures progression between cell cycle stages (62).

Together, the interplay between Myf5, MyoD, and cyclin dependent kinases (Cdks)

/\ &
Sy N

QuiescentMuSc ~ Satellite progenitor

Activated MuSCc ~ Myogenic progenitor Myocyte

Pax7* Pax7* MyoD*

Pax7* Pax7* Myf5* Myf5* Myog*
Myf5- Myf5* MyoD* MyoD* MRF4*

Figure 1.3 — Myogenic cell states defined by their expression of myogenic transcription
factors. During myogenic cell state transitions, different expression patterns of Pax7 and the
myogenic regulatory factors Myf5, MyoD, Myog, and Mrf4 are required to express gene programs
specific to each cell state. Specific myogenic cell states are often characterized by their molecular
signature of these transcription factors.
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favours maintenance of myogenic progenitors within the cell cycle, which supports
massive population expansions.

Myogenic progenitor proliferation is additionally marked with a gradual
depletion of Pax7 (63). This favours maintenance within the cell cycle, as
overexpressed Pax7 causes myoblasts to enter a non-differentiated Gy cell stage (64),
which arises from reciprocal interactions between Pax7 and the MRFs (65). During
proliferation, Pax7 and accessory transcription factors additionally support chromatin
remodelling towards a permissive state of genes required for terminal differentiation
(66). To do so, Pax7 anchors super-enhancer regions to promoter sites, which remain
even after Pax7 is fully depleted (66). Thus, chromatin remodelling primes gene

networks for rapid induction during terminal differentiation.

C. Terminal Differentiation. At the onset of terminal differentiation, myogenic

progenitors withdraw from the cell cycle and begin to fuse with one another and/or to
damaged myofibers to support regeneration. This is facilitated by the actions of MyoD
which binds the promoter of Myog to initiate its expression. Once expressed, Myog
elicits rapid changes to the transcriptome to favour cell state transitions. This includes
suppression of genes which define the transcriptome of proliferating myogenic
progenitors such as Myf5 (67), and genes which support cell cycle maintenance (68).
In addition, Myog activates expression of Cdkn1a to produce the cell cycle arrest
protein p21 (69). Supported by MyoD and Myog, an increase in Mrf4 expression
proceeds to activate many genes implicated in post-fusion myofiber maturation, so
that the myofibers remain functional (70, 71). In later states of differentiation, Mrf4

interacts with HDAC4 (72), and together these antagonize the function of Mef2
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proteins to control myofiber growth (73). Taken together, MyoD, Myog, and Mrf4
regulate changes in the transcriptome to accompany cell cycle withdrawal, myocyte

fusion, and myofiber maturation.

1.2.2 Rapid changes in myogenic cell states are carefully regulated. During
skeletal muscle regeneration, vast changes in the transcriptome which define
myogenic cell states occur quite rapidly. Such an example stems from recent
advances in MuSC isolation protocols, which demonstrate vast differences in the
transcriptional profile of in situ fixed and unfixed MuSCs which arise during the
isolation period (74, 75). This rapid change in transcriptome may in part be regulated
through post-transcriptional regulation of Myf5 and MyoD mRNA abundance and
translation in MuSCs: Myf5 mRNA is sequestered in mRNP granules by miRNA-31
(76), whereas MyoD mRNA is degraded by tristetrapolin (77). During MuSC
activation, disruption of granules releases Myf5 mRNA and inactivation of
tristetrapolin by the p38/MAPK a and B prevents degradation of MyoD mRNA. The
rapid translation of these pre-produced transcripts bypasses lengthy processes
implicated in transcription initiation, expression, and mRNA maturation, which fast-

tracks their functional presence to elicit changes in the transcriptome.

1.2.3 Permissive chromatin is required to recruit Pol Il for transcription
initiation. The ability of Pax7 and the MRFs to direct epigenetic changes is
critical to produce permissive chromatin prior to gene expression. Once gene regions
become accessible, this exposes the necessary binding sites for general and

accessory transcription factors to recruit and assemble a functional RNA Polymerase
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Il (Pol Il) transcription complex. Here, general transcription factors (TF) IID, IIB, IIF,
lIE, and IIH assist Pol Il recruitment and positioning within the promoter region to form
a preinitiation complex (PIC) (78). Within the PIC, the C-terminal domain (CTD) of Pol
Il remains unphosphorylated, and this facilitates its interactions with the mediator
complex to hold Pol Il within the PIC and prevent its premature release. Subsequent
post-translational modifications to the Pol Il CTD heptad repeats causes Pol Il to
disengage from the PIC, and interact with downstream effectors of Pol Il activity (79).
This includes phosphorylation of Ser5 within the CTD heptad repeat by TFIIH-
associated Cdk7, which disrupts the interaction of Pol Il with the mediator complex to

prompt Pol Il escape from the PIC (80, 81) (Figure 1.4A)

1.2.4 Pax7, the MRFs, and epigenetic regulation of myogenic cells. The

importance of Pax7 and the MRFs to regulate myogenic cell state changes have been
the center of focus for quite some time, and many reviews elegantly describe their
roles in myogenic cell state changes well beyond what was described above (23, 82).
What remains pertinent to Pax7 and the MRFs is their ability to direct vast changes in
the epigenome, which tunes gene networks, and permits myogenic cell state changes
(51). Although these regulatory pathways are often described as intrinsic cell
changes, their activity is strongly influenced by the dynamic extracellular environment
(43, 83). Therefore, cell state changes require vast changes in the transcriptome,
which is dictated by Pax7, the MRFs, and epigenetic modifiers, and this occurs in

response to signaling events in the extracellular environment.

1.3 NELF, DSIF, and pTEFb act to regulate Pol Il promoter proximal pausing
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1.3.1 Active Pol Il is strongly regulated beyond the transcription start site. \While
chromatin accessibility represents an important regulatory step in controlling gene
expression to permit cell state transitions, genomic mapping of Pol |l suggests an
additional regulatory step in gene expression beyond transcription initiation.
Specifically, an abundance of Pol Il peaks slightly downstream of the transcription
start site (TSS) (84, 85) suggests active Pol Il is poised for downstream gene
expression in various tissues, including skeletal muscle (86, 87). While it is now known
that engaged Pol Il paused in the promoter-proximal region can resume active
elongation (88, 89), this presents a rate-limiting regulatory step in gene expression,
where active Pol Il is poised for rapid gene expression. Indeed, early investigations in
this phenomenon have identified a role for Pol Il promoter proximal pausing as an
important regulatory step of gene expression in rapid-response genes, such as
induction of hsp70 as part of the heat shock response in Drosophila (90).

The prevalence of promoter proximal paused Pol I, and its regulatory activity
in gene expression has enticed vast research efforts to understand its regulatory
mechanisms and functional implications. These propose a potential mechanism which
explains the cause and maintenance of Pol Il pausing. This starts at the later stages
of the preinitiation complex after Pol Il is recruited and localized to its promoter regions
by general transcription factors as previously discussed. Here, post-translational
phosphorylation of Ser5 on the Pol Il CTD disrupts interactions with the mediator
complex (Figure 1.4A), which allows Pol Il to escape from the preinitiation complex
and begin active elongation. Once Pol Il bypasses the transcription start site (TSS),

TFIID initiates pausing of the active Pol |l around 20 — 60 nucleotides downstream of
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the TSS (Figure 1.4B) (86, 91, 92). In this paused state, a tilted conformation between
the DNA:RNA hybrid within the Pol Il active site causes nascent RNA to translocate
out of the active site while DNA remains stably bound to DNA (93). While Pol Il
remains stably associated with DNA, its blocked active site precludes the entry of
nucleotides for RNA synthesis, and this effectively halts transcription. Variability within
the Pol Il pause site suggests the DNA sequence may influence the distance from
which Pol || becomes paused by TFIID, but this remains under investigation.

Generally, TFIIS supports paused Pol Il to permit backtracking to correct
misaligned DNA:RNA hybrids, and resume productive elongation (94). In the case of
promoter-proximal pausing, Pol |l is stabilized by accessory factors which include the
DRB sensitive inducing factor (DSIF) and the negative elongation factor (NELF) to
support an extended pausing state. Once recruited, NELF acts as a steric block
towards TFIIS and prevents Pol Il backtracking. This retains Pol Il engaged in the
paused state (93, 95-97), poised for rapid gene expression in response to stimulus.
Earlier research suggests this requires the positive transcription elongation factor
(pTEFb) complex to associate with paused Pol Il, where it phosphorylates DSIF to
evoke release of NELF from the paused complex, and permits a release of paused
Pol Il towards active elongation for gene expression (Figure 1.4C) (92). The pTEFb
additionally phosphorylates Ser2 of the Pol || CTD heptad repeat which stabilizes Pol
Il during active elongation.

Previous decay assays (98) show promoter proximal paused Pol Il is highly
stable (80, 99-102), which suggests promoter proximal paused Pol Il may be a

regulatory step in gene expression (80). This pausing step likely functions as a hub to
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Figure 1.4 — Regulation of Pol Il activity in the promoter proximal region. (A) During transcription
initiation, Pol Il is retained in the PIC through interactions with the Mediator complex. Phosphorylation
of Serb in the heptad repeat of the Pol 1| CTD by TFIIH, disrupts interactions with Mediator and permits
TSS clearance. While clearing the TSS, DSIF docks Pol Il. (B) Upon TSS clearance, TFIID from the
PIC initiates Pol Il pausing in the promoter proximal region. DSIF acts as a docking site for NELF, and
together DSIF and NELF stabilize the paused Pol Il complex. (C) Paused Pol Il is susceptible to some
escape from the paused complex. When pTEFb binds the paused Pol Il complex, it phosphorylates
DSIF (orange) and prompts dissociation of NELF. This permits Pol Il escape from the promoter
proximal region and vastly increases gene expression. pTEFb remains associated with Pol Il and
phosphorylates Ser2 of the CTD heptad repeat to stabilize elongating Pol II.
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integrate regulatory signals (99) while preventing nucleosome encroaching and
subsequent gene silencing (103), and this maintains genes poised for rapid gene
expression. When accessory factors NELF and DSIF associate with promoter
proximal paused Pol Il, it further stabilizes and extends paused Pol Il duration (93, 99,
104). While DSIF and NELF stabilize promoter proximal Pol Il pausing, these factors
are not always present at the pause site (105), which suggests promoter proximal Pol
Il pausing may be influenced by additional regulatory proteins.

Studies which have rendered the NELF complex non-functional report a high
turnover of Pol Il (99, 106), but the specific effects on Pol Il distribution remain
enigmatic. In some instances, ablated NELF produces lower Pol Il abundance in the
promoter proximal region without affecting Pol Il abundance in the gene body,
consistent with Pol Il termination near the transcription start site (89, 103, 107, 108).
In other instances, a loss of functional NELF causes upregulated expression of
specific target genes (92), which suggests processive elongation of Pol Il upon a loss
in function of NELF. Collectively, this supports dual roles for NELF-mediated Pol Il
pausing which acts as a type of rate-limiting step to integrate regulatory signals to

influence Pol Il activity and downstream gene expression.

1.3.2 Fate of paused Pol Il stabilized by NELF and DSIF. Advancements

in sequencing resolution by transcription run-on assays have brought some insight
into the fate of Pol |l and gene expression at NELF-bound genes. After Pol || becomes
paused at the promoter proximal region, NELF and DSIF stabilize the paused Pol Il
which is subject to different fates. When the integrator complex subunit 11 (Ints11)

interacts with the paused Pol Il, its endonuclease activity cleaves the nascent RNA
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which destabilizes paused Pol Il and prompts its termination (109, 110). While a low
amount of Pol Il does escape the pause site and enter the gene body, this state is still
viewed as an overall ‘off mode, where most of the paused Pol Il is subject to
transcription termination (Figure 1.5). When pTEFb associates with the paused NELF-
DSIF-Pol Il complex, it phosphorylates DSIF and Pol Il which prompts release of NELF
and permits gene expression. While the integrator complex still conducts transcription
termination, disengagement of NELF by pTEFb produces a vast increase in Pol Il
escape from the pause site, producing an upregulation in gene expression. In this
state, this classifies active gene expression, which is rapidly inducible upon
association of pTEFb. Thus, the function of NELF and DSIF to stabilize promoter
proximal paused Pol Il may act as a rate-limiting step to permit signal integration and
dictate the outcome of Pol |l towards either productive or abortive transcription. While
some Pol Il escapes pausing towards active elongation for low-level expression, most
Pol Il succumbs to abortive transcription by the integrator complex. This may be

avoided upon association of pTEFb, which permits release of the poised Pol Il prior

Paused Pol Il undergoes abortive transcription upon association with integrator complex

Promoter proximal paused Pol Il | Integrator cleaves nascent RNA Destabilized Pol Il is terminated

\

-

?ﬂ

?0\ \
TSS

50bp

50bp

Figure 1.5 — Promoter-proximal paused Pol Il is susceptible to abortive transcription by the
integrator complex. When the integrator complex binds promoter proximal paused Pol Il, its
endonuclease activity cleaves the nascent RNA transcript. This destabilizes the paused Pol Il
complex, which undergoes abortive transcription.
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to the integrator complex being recruited to produce an elevated level of gene
expression. Thus, the fate of promoter proximal paused Pol Il appears to be a
competition between the integrator complex to promote abortive transcription, and

pTEFDb to promote active gene elongation.

1.3.3 The NELF complex plays an important role to regulate Pol Il in rapid
response genes. Past research efforts have identified a functional
importance of NELF to control rapid changes in gene expression in response to
extracellular stimulus. These responses may arise from signaling pathways which
exert their effects on NELF, as is the case during estrogen signaling (111), FGF / ERK
signaling (108), inflammatory response (112), and signaling by IL-6 (92). Indeed, the
demonstrated ability of NELF to regulate rapid changes in gene expression are
bountiful, as shown in its ability to regulate the heat shock response in Drosophila
(113, 114), activate neuronal immediate early genes (115), and regulate cell state
changes in embryonic development (116-118). Thus, this implies that the NELF
complex exerts stability on Pol Il poised in the promoter-proximal region to evoke
changes in gene expression in response to stimulus.

Structural analysis of NELF has identified it is a heterotetrameric complex
formed of four subunits known as NELFa, NELFb, NELFc/d, and NELFe and all four
subunits must be present to form a functional complex (93, 119) (Figure 1.6A).
Because all four subunits of the NELF complex are required to form an active NELF
complex, eliminating any one of the subunits prevents assembly of a functional NELF
complex. The assembled NELF complex forms a three-lobed structure which interact

with different segments of Pol II: the NELF-AC lobe acts to dock the NELF complex
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on paused Pol Il, the C-B lobe does not make contact with Pol Il but provides structural
integrity to the NELF complex, while the B-E lobe facilitates interactions with the
nascent RNA (93). In addition, two unstructured tentacle-like domains in NELF may
facilitate its interactions: the NELFa tentacle supports interactions with DSIF, while
the NELFe tentacle is partially supported by NELFb to form an RNA Recognition Motif
(RRM), while a distal segment of this tentacle interacts with RNA (93). While the RRM
of NELFe binds nascent RNA to stabilize paused Pol I, enhancer RNA produced in
cis-regulatory regions may interfere with this binding and facilitate dissociation of
NELF from paused Pol Il to permit downstream gene expression (115).

The function of NELF to regulate gene expression has garnered interest to
understand regulatory mechanisms which may contribute to its recruitment and
function. This first requires the Spt5 subunit of DSIF to bind Pol Il near the RNA exit
channel (105, 120), which creates a docking site to recruit NELF (89, 99). Once

recruited, NELF and DSIF bind opposing sides of Pol Il and interact with each other
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Figure 1.6 — Quaternary structure of NELF and the paused Pol II-DSIF-NELF. (A) The four NELF
subunits, NELF(a, b, c¢/d, and e), organize in a linear fashion to form a three-lobed structure with two
unstructured tentacle-like domains. (B) NELF binds Pol Il with the AC-lobe, interacts with DSIF through
the NELFa tentacle, and interacts with nascent RNA emerging from Pol Il with its RRM and NELFe
tentacle.

20



through unstructured tentacle-like domains which act as a clamp to help stabilize
paused Pol Il (93) (Figure 1.6B). While the nascent RNA transcript binds the NELFe
RRM, secondary RNA structure does not contribute to the recruitment or stability of
NELF at paused Pol Il sites (80, 93, 121). In addition, the DNA sequence may
participate in the precise location of Pol || pausing which remains variable but typically
resides between 20 — 60 nucleotides downstream of the transcription start site. Here,
a sequence-dictated G quadruplex may contribute to slowing of the Pol Il during early

transcription, which in turn facilitates pausing initiated by TFIID (91, 122, 123).

1.3.4 Pol Il activity is disrupted upon a non-functional NELF. Studies

focused on the functional role of NELF have often relied on preventing the expression
of a NELF subunit (124), or rapidly degrading one of the NELF subunits (125). In either
case, the absence of any of the four subunits prevents functional assembly of the
NELF complex (119), which causes dysregulated gene expression of NELF-regulated
genes. Many studies suggest that a loss of NELF decreases the abundance of paused
promoter proximal Pol Il without affecting its distribution within the gene body, which
supports Pol Il termination. While this causes an increased turnover of Pol |l within
the promoter regions of these genes (99, 106), it also destabilizes association of
general transcription factors within these promoter regions (103). This leads to
nucleosome encroachment within the promoter regions (126), reduces further
transcription initiation at these genes (127, 128), and leads to silenced gene
expression. In addition, a loss of NELF to stabilize paused Pol || may be more
susceptible to abortive transcription by the integrator complex (110) previously

discussed. While this mechanism of abortive transcription is typical at paused
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promoter proximal Pol Il, a loss of NELF may further destabilize Pol Il and make it
more susceptible to integrator-mediated abortive transcription (Figure 1.7).

In other instances, a loss in function of NELF produces an upregulation of the
target gene. In these instances, this suggests that NELF typically acts to withhold Pol
Il and inhibit gene expression. Thus, this presents dual roles for NELF to either
stabilize promoter-proximal paused Pol Il in support of gene expression, or to inhibit
gene expression. The function of NELF in these dual roles likely arises from
differences within the chromatin environment which surround the promoter-proximal

region.

1.3.5 Paused Pol Il release requires pTEFb recruitment. As previously
discussed, NELF-DSIF stabilized paused Pol Il is extremely stable and prone to retain
Pol Il in the poised state for an extended period. Indeed, this paused complex is only
released once pTEFb associates with the paused complex and phosphorylates NELF,
DSIF, and Pol Il (89, 99, 129), which prompts dissociation of NELF, and permits Pol
Il to immediately proceed into processive elongation.

Regulatory activity of pTEFb to initiate release of paused Pol |l is susceptible
to many levels of regulation. This is dictated within the molecular composition of Cdk9
and the cyclin subunit with which it associates to form pTEFb. Here, residue T186 of
Cdk9 must be phosphorylated to activate its kinase domain (130). This occurs
primarily by Cdk7 or Brd4, but may also occur from auto-phosphorylation (131). Once
activated, Cdk9 associates with a cyclin to form functional pTEFb. Here, Cdk9
associates with either Cyclin T1, T2a, T2b, or K, which depends largely on tissue-

mediated cyclin availability (132). Once activated, pTEFb is rapidly sequestered by a
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large inactivation complex formed of Hexim1/2, 7SK snRNA, LARP7, and MeCPE,
which prevents its ability to phosphorylate any of its target proteins such as NELF
(133). Thus, a release of pTEFb from the sequestered complex is required for it to
associate with the super elongation complex or transcription factors to localize it to

promoter proximal paused Pol Il and initiate gene expression (134).

1.3.6 Regulatory function of pTEFb. The molecular activity of Cdk9
distinguishes it from other members of the cyclin dependent kinase family. Here,
expression levels of Cdk9 tend to be reliant on tissue type (135) rather than cell cycle
stage (136). In addition, mild increases in available pTEFb are speculated to induce
large-scale dissociation of NELF to elicit rapid changes in gene regulatory networks.
Indeed, prior investigations have identified that MyoD localizes pTEFb to specific gene
loci to permit terminal differentiation of C2C12 myoblasts(132, 137) and a concomitant
loss in function of pTEFb prevents formation of myotubes (137). While pTEFb may

have over 100 protein targets besides DSIF and Pol Il (138), it is highly regulated

Abortive transcription upon a non-functional NELF complex

Destabilized paused Pol Il i Integrator dismisses Pol |l Pol Il undergoes abortive transcription

Figure 1.7 — Abortive transcription upon a non-functional NELF complex. In response to a non-
functional NELF complex, paused Pol Il is destabilized and prone to abortive transcription by the
Integrator complex. This causes a reduced abundance of paused Pol Il in the promoter proximal region,
and reduced expression of the gene.
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which may be of critical importance to control gene expression of NELF bound genes.
Interestingly, when either NELF or DSIF are depleted, transcription occurs
independently of pTEFb (104, 139, 140), which demonstrates a type of gene-
regulatory axis which is capable to elicit rapid control of changes in gene activity. In

addition,

1.4 Objectives and research questions

1.4.1 Rationnale and Hypothesis. The prevalence of Pol Il promoter
proximal pausing amongst higher eukaryotes suggests this is a critical regulatory step
in gene expression programs. When Pol |l is paused in the promoter proximal region,
its fate is strongly influenced by factors which support either abortive transcription or
active elongation, and the ability of NELF to stabilize Pol Il to permit signal integration
is critical in the outcome of Pol Il activity. Despite the prevalence of Pol Il pausing in
higher eukaryotes (87) and the role for NELF to regulate its activity, there remains
little known about the specific role of NELF in controlling gene expression to mediate
cellular activity during homeostasis and regenerative processes in adult somatic cells.
One suitable model system to investigate this role is MuSC-mediated skeletal muscle
regeneration owing to the system’s regenerative capacity and the reported presence
of NELF subunits within skeletal muscle (119). In addition, myogenic cell state
changes during skeletal muscle regeneration are known to undergo rapid changes to
their transcriptome which are highly responsive to the extracellular environment.

Combined, this leads to speculate that the function of NELF to retain poised Pol Il at
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specific target genes permits the rapid changes in gene expression networks to permit

myogenic cell state changes during myogenesis.

It is my hypothesis that the NELF complex stabilizes paused Pol Il in the
promoter-proximal region, so that Pol Il remains in a ‘poised and ready’ state to
permit rapid expression of specific target genes required to induce myogenic

cell state changes during skeletal muscle regeneration.

1.4.2 Research Objectives. The first research objective explores the

functional requirements of the NELF complex to requlate myogenic cell state changes

during skeletal muscle regeneration. To do so, we first evaluate the effects of NELF

to control C2C12 myoblast activity. These results are further translated in vivo using
a MuSC specific NELF-b knockout mouse model alongside acute injury to skeletal
muscle to study the implications of the NELF complex in myogenesis. Emphasis is
placed on myogenic cell state changes to identify the influence of NELF on MuSCs
as they progress from quiescent through to terminally differentiated myocytes during
skeletal muscle regeneration. Collectively, this objective identifies the specific
implications of NELF on Pol Il activity to control myogenic cell state transitions in

myogenesis.

As a second research objective, we investigate the specific molecular

mechanisms regulated by NELF to control myogenic cell state transitions during

skeletal muscle regeneration. This is supported by the first research objective, where

investigations are focused on the disrupted myogenic cell states in response to a non-
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functional NELF complex. To do so, molecular investigations using a series of deep-
sequencing experiments are used to identify (1) the effect of a non-functional NELF
complex on gene expression, (II) genes bound by the NELF complex, and (lll) the

fate of Pol Il in response to a non-functional NELF complex.

As a last research objective, we investigate whether the NELF-pTEFb axis can

be manipulated to control myogenic cell state changes. Emphasis is placed on the

ability of a small molecular inhibitor to impede the function of the pTEFb complex, so
that NELF binding is sustained at its target genes. Retained NELF binding may
prevent the expression of genes required for myogenic cell state changes, and
preserve myogenic cells within their current cell state. These results reveal that
myogenic cell state transitions can be specifically manipulated along the NELF-pTEFb

axis.
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CHAPTER 2

Materials and Methods

2.1 - Animal models and subject details

Animal Models. All animal experiments were performed in accordance

with the recommendations of the University of Ottawa Animal Care Facility, and the
guidelines published by the Canadian Council on the Animal Care (CCAC).
Experimental mice used in the study were in early adult stage (6 — 10 weeks of age),
with equal repetitions performed between males and females. The exception to this
falls within NSG recipient mice for animal studies, which were performed in mice 6
months of age (middle adulthood). Animal strains used for experiments are indicated
in the table below. These strains were used to generate combined experimental
strains, which include the NELFb""Pax7°°tR~ NELFb""Pax7°**RTdT", and
Pax7°ERTdT" strains described. Generating combined strains was performed
through breeding of homozygous parental strains (Fo) to generate a heterozygote
population (F1), which was crossed amongst itself to generate the desired
homozygous strain (F,). Genotyping was performed throughout to assure the desired
alleles were established and maintained (table 2, 3). Harem breeding in accordance
with animal care protocols consisted of housing 2 females with 1 male. Mice of the
same sex, from a same litter and of the same verified genotype were caged together
to a maximum of 5 mice per cage, in accordance with our animal care protocols.
Engraftment experiments were performed double-blinded until results were quantified

and identities revealed.
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Primary Cell Cultures.

Primary cell cultures used for ex vivo experiments

were derived from adult mice according to protocols described below. Experiments

were performed with combined populations of male and female cells, isolated from

adult mice (6- 10 weeks). Cells were cultured in a humid sterile environment at 37°C

and 5%CO.. Cell authentication was performed by monitoring for TdT expression, and

genotype verification of the adult mice prior to their use to derive cell cultures.

2.2 List of important reagents and dilutions used within experiments.

The following contains a list of important reagents which includes their supplier,

original citations, and dilutions used, when applicable.

Table 1: Animal strains

Allele Jax strain identifier Jax stock Original Citation
no.
NELFb™ | C57BL/6N-Nelfb™" ="y 033115 (124)
Pax7°=R | B6.Cg-Pax 7™ (cre/ERTZ)Gaka 017763 (32)
TdTomato | B6.Cg-Gt(ROSA)26Sor™ "¢ | 007909 (141)
tdTomato)Hze / J
NSG NOD.Cg- , 005557 (142)
mouse Prkdcs® 112rg™""™SzJ
Table 2: Genotyping primers
Gene of Primers product
interest
3’ Fwd : TGCCTGATGTAGGCACTAGGAGTT WT : 252 bp
NELFb 3 |3 Rev: AAGCCAGTTCCAGGACACCCAGG KO : 386 bp
5 Fwd: ATGTAGGTGCTGGAACTGAACCCA WT: 246 bp
NELFb 5 |5 Rev: TGCTGTCACACTTGGCAATGATGC KO: 373 bp
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WT Fwd: AAGGGAGCTGCAGTGGAGTA
WT Rev: CCGAAAATCTGTGGGAAGTC WT : 293 bp
TdTomato Fl: 196 bp
FI Fwd: GGCATTAAAGCAGCGTATCC
FI Rev: CTGTTCCTGTACGGCATGG

WT Fwd : GCT GCT GTT GAT TAC CTG GC
WT Rev : CTG CAC TGA GAC AGG ACC G WT: 235 bp
Pax7CmeER KO: 419 bp
Mut Fwd : GCT GCT GTT GAT TAC CTG GC
Mut Rev : CAA AAG ACG GCA ATA TGG TG

Table 3: Genotyping PCR parameters

ID Conditions

Denature : 95°C 10:00 min
Cycling (35x) : 95°C, 30 sec

NELFb 58°C, 30 sec
72°C, 45 sec
Hold 1: 72°C, 10:00 min
Hold 2: 4°C, hold

Denature: 95°C 10:00 min
Cycling 1 (10 x): 94°C 0:20 sec
65°C 0:15 sec

TdTomato 68°C, 10 sec
Cycling 2 (28x): 94°C, 15s
60°C, 15 s
72°C 0:10 sec
Hold 1: 72°C, 10 min
Hold 2: 4°C
Pax7C°"ER Same conditions as described for the TdTomato allele, above

Table 4: Reagents and Materials

Reagent Name Catalog Number Supplier
Collagenase Type 1 C0130-1G Sigma Aldrich
DMEM High Glucose with | SH3024301 Fisher Scientific
sodium pyruvate
Ham’s F10 medium 318-050-CL Wisent Biocenter
Fibroblast Growth Factor | GFO03AF-MG Millipore Sigma
Penicilin / streptomycin 450-201-EL Wisent biocenter
antibiotic mix
Bovine Growth Serum SH3054103 Fischer Scientific
DAKO fluorescent S302380-2 Agilent
mounting media
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Mouse on mouse Ig
blocking reagent

VECTMKB22131

Vector Laboratories

Dispase Il 4942078001 Millipore Sigma
Matrigel 354234 Corning

Red blood cell lysis buffer | R7757 Millipore Sigma
DAPI D9542 Millipore Sigma
Horse serum H1138 Millipore Sigma
Insulin(bovine -10 mg/mL) | 10516 Millipore Sigma
Holo-transferrin (bovine) T1283 Millipore Sigma
Nucleospin RNA plus XS, | 740990.50 Macherey-Nagel
micro kit for RNA

purification with DNA

removal column

2-mehtylbutane 320404 Millipore Sigma
(isopentane)

Superfrost Plus 12-550-15 FisherBrand (Fischer

microscope slides

Scientific)

40 um cell strainer CA21008-949 VWR
50 um cell strainer CA21008-950 VWR
Cardiotoxin L8102-CARDIOTOXIN Latoxan
VWR Premium Frozen 95057-838 VWR

Section Compound

PureLink RNA Mini Kit 12183020 Thermo Fischer
Scientific

EdU Ab146186 Abcam

Click-it™ EdU Cell C10337 Thermo Fischer

Proliferation kit for Scientific

imaging, Alexa Fluor™

488 dye

KAPA stranded mRNA 07962169001 Roche

sequencing kit

Captisol™ RC-0C7-100 Ligand Technology

Recombinant Human Ab56289 Abcam

PEDF Protein

Pifithrin-alpha P4359-5mg Millipore Sigma

FAM-Flica Poly Caspase ICTO091 Bio-Rad Antibodies

Kit

Digitonin D151-500mg Millipore Sigma

Concanavalin A-coated BP531-10mL Bangs Laboratories

magnetic beads
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Table 5: Antibodies and dilutions

Antibody name Dilution Catalog number Supplier

Pax7 hybridoma 1:4 Pax7 DSHB

(culture supernatant)

Myogenin (F5D) 1:100 sc-12732 Santa Cruz
Biotechnology

NELF-E (F9) 1:1000 Sc-377052 Santa Cruz

(Monoclonal) Biotechnology

NELF-E (Polyclonal) | 1:1000 10705-1-AP ProteinTech

Alpha-integrin 7 1:1000 67-0010-05 UBC Antibody Lab

(R2F2 clone) (AbLab)

NELF-B (Cobra1) 1:1000 14894S Cell Signal
Technology

Rabbita-Tubulin 1:1000 21258 Cell Signal
Technology

Calcitonin Receptor | 1:1000 Ab11042 Abcam

(CalcR)

Ki67 1:1000 Ab15580 Abcam

Histone H3K4me3 07-473 Millipore Sigma

Wheat Germ 1:1000 W21405 Thermo Fisher

Agglutinin (WGA) Scientific

Texax Red

Conjugate

Wheat Germ 1:1000 W11261 Thermo Fisher

Agglutinin (WGA) Scientific

Alexa 488 Conjugate

Goat anti-Mouse IgG | 1:1000 A21235 Thermo Fisher

(H&L) cross- Scientific

adsorbed secondary

antibody, Alexa

Fluor 647

Goat anti-Mouse IgG | 1:1000 A11030 Thermo Fisher

(H&L) cross- Scientific

adsorbed secondary

antibody, Alexa

Fluor 546

Goat anti-Mouse IgG | 1:1000 A11001 Thermo Fisher

(H&L) cross- Scientific

adsorbed secondary
antibody, Alexa
Fluor 488
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Goat anti-Rabbit IgG | 1:1000 A21244 Thermo Fisher

(H&L) cross- Scientific

adsorbed secondary

antibody, Alexa

Fluor 647

Goat anti-Rabbit IgG | 1:1000 A11010 Thermo Fisher

(H&L) cross- Scientific

adsorbed secondary

antibody, Alexa

Fluor 546

Goat anti-Rabbit IgG | 1:1000 A11034 Thermo Fisher

(H&L) cross- Scientific

adsorbed secondary

antibody, Alexa

Fluor 488

Table 6: Commercial plasmids used

Plasmid ID Plasmid No. Supplier Original plasmid
use citation

pLKO.1 luciferase 30324 Addgene (143)

shRNA

pMD2.g 12259 Addgene This plasmid was
a gift from the
Didier Trono lab
(unpublished)

psPAX2 12260 Addgene This plasmid was
a gift from the
Didier Trono lab
(unpublished)

Table 7. shRNA constructs cloned in pLKO.1 plasmids

Identifier Target Sequence (5’ 2 3’) mRNA target region
shLuciferase CGATATGGGCTGAATACAAAT CDS

shNELFb-1 CCAAGGTGCATGGGACTTAAT CDS

shNELFb-2 CCTGGACTTGTGGAAACGTTT CDS

shNELFb-3 CCTGATATTCAATCTGCACAA 3UTR

shNELFb-4 GAGGCAGATTTGGCAAGACAA CDS

shNELFb-5 CCTGAGAGTTTCACCAAGTTT CDS
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2.3 Detailed experimental methods.

2.3.1 Phenotypic methods

In vivo Muscle Regeneration. Animals were subject to four intraperitoneal

(IP) tamoxifen injection (100 yL at 10 mg/mL in corn oil) at 24h intervals followed by
a 72h recovery period. Mice were anesthetized with isoflurane (2% in oxygen), and
skeletal muscle damaged through intra-muscular injection of cardiotoxin (10 uM in
saline, 50 yL per muscle group) in the designated muscle group (TA, EDL,
gastrocnemius, bicep posterior). Buprenorphine was concurrently administered (0.1
mg/kg) for pain management. Muscle regeneration periods were provided to
experiment-specific endpoint. Re-injury experiments were performed through
repeating the above steps at the specified time point. Upon experimental endpoint,

mice were euthanized with CO, asphyxiation and cervical dislocation.

In vivo EdU pulse. In vivo EAU pulse experiments were adapted from

(144). First, EdU was dissolved in sterile saline (10 mg/mL) and administered to mice
by IP-injection (100 L) at an experiment-specified timepoint. For EAU labeling of
actively dividing cells using FACS analysis, in vivo EAU was administered at either 28
hours post-injury (hpi) followed with a 12h incubation to label activating satellite cells,
or at 66 hpi followed with a 6h incubation to label actively dividing myogenic
precursors. For Edu pulse-label on regenerating skeletal muscle, EdU was
administered with a single IP-injection at 48 hpi or 72 hpi, and allowed to regenerate

for 7days post-injury (dpi).
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Muscle perfusion. To maintain the TdTomato fluorescence signal,

mice were perfused prior to muscle processing. For this, mice were euthanized with
sodium pentobarbital (200 mg/Kg bodyweight) without cervical dislocation. Once no
reflex could be detected, mice were exsanguinated by cardiac perfusion with 25 mL
chilled PBS, then 50 mL chilled PFA (4% w/V, 4°C), both delivered at a flow rate of 5
mL/min. Harvested TA muscle was post-fixed in 4% PFA (w/V) overnight (4°C)
followed by overnight incubation at 4°C over a two-layer sucrose gradient (15% w/V
layered on 30% w/V sucrose in PBS). Muscle was embedded in Frozen Section

Compound, and frozen in isopentane cooled in liquid-nitrogen.

Isolation of Tibialis Anterior muscle. Isolation of TA muscle was modified

from (145). Upon experimental endpoint, mice were euthanized as described above,
and TA muscles harvested from the hindlimbs, submerged in a tinfoil cup containing
Frozen Section Compound, then frozen in isopentane cooled in liquid nitrogen. For
long-term storage, muscle was stored at -80°C. Skeletal muscle was processed by
sectioning on a cryostat cooled to -20°C until the widest segment of the muscle was
reached. From there, muscle was sectioned at 10 ym thickness and sections collected
on positively-charged microscope slides. Slides were either immediately processed

or placed at -80°C for long-term storage.

In vivo Rescue of Regeneration with pifithrin-a and PEDF. Mice were

induced with tamoxifen to induce Cre-mediated recombination prior to cardiotoxin
injury of the TA muscle as described above. For pifithirin-a treatment, at 40h, 64h,

and 88 hpi, mice were administered an intraperitoneal injection of either the p53
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inhibitor pifithrin-a (0.04mg dissolved in 50 pL of 20% captisol/saline solution (v/v))
or an untreated control (50 yL of 20% captisol/saline solution (v/v)). For PEDF
treated populations, PEDF peptide was reconstituted in DMSO (5mM) then dilute in
a 2% sodium alginate gel to a final concentration of 50 uM. This was provided as an
intramuscular injection at 24hpi and 48hpi, while control populations received a
vehicle control of 2% alginate solution. In all experiments, mice were sacrificed at 7-

days post cardiotoxin-injury to assess regeneration of the TA as described above.

Single Myofiber Isolation. Single myofiber isolation from Extensor Digitorum
Longus (EDL) muscle was performed using established protocols (146). EDL
muscles were carefully harvested from a euthanized mouse and immediately placed
in sterile PBS pre-warmed to 37°C. Paired EDL muscles from each mouse were
processed together. EDLs were washed twice in pre-warmed PBS, then placed in
digestion medium (2 mg/mL Collagenase Type 1 in DMEM high-glucose with sodium
pyruvate). EDLs were gently swirled at 15 min intervals for 1.5h, then the digestion
quenched through addition of primary growth medium (Ham’s F10 medium, 20%
Bovine Growth Serum, 1% pen/strep, Fibroblast Growth Factor 2.5 ng/uL). Fibers
were allowed to settle at the bottom of the plate (5 min), and the medium replaced
with fresh primary growth medium. Primary growth medium was changed at 24h
intervals up to the endpoint of the fiber culture. For EdU-pulsed experiments, one
volume of 2X EdU solution (20 pM in primary growth medium) was added to one
volume of fibers in growth medium, and incubated (37°C, 5% CO3) for 6h. Upon
culturing endpoint, fibers were fixed (4%PFA, 20 min, RT) and stored in PBS for

further immunofluorescent staining.
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Primary myoblast isolation. Primary myoblast isolation was carried out

as described in (147). First, skeletal muscle was dissected from hindlimbs of
euthanized mice (TA, EDL, quadriceps, gastrocnemius, bicep posterior) and adipose
tissue and tendons trimmed away. Skeletal muscle was minced with dissection
scissors to small pieces (approx. 1 mm3), then washed twice in PBS. Muscle was
enzymatically digested in digestion medium (1 mg/mL Type 1 collagenase, 1 U/mL
Dispase Il in Ham’s F10 medium, no serum) for 1h with gentle swirling at 15 min
intervals (37°C, 5%CO;). On ice, digested muscle tissue was suspended in two
volumes of chilled PBS, passed through a 40 um strainer, and the mononuclear cells
were recovered as a pellet by centrifugation (150 x g, 10 min, 4°C). For cell culturing,
cells were pre-plated on an uncoated tissue culture dish for 3h, then the supernatant
collected and plated on a Matrigel coated dish (20 pL Matrigel resuspended in 1 mL
DMEM High-glucose medium, swirled on a 10 cm dish, and allowed to solidify for 1h
at 37°C°, 5% CO.). For FACS sorting of MuSCs, cell pellets were resuspended in 350
ML Red Blood Cell lysis solution, then immediately resuspended in 10 mL FACS buffer
(10% Bovine Growth serum in PBS, 3mM EDTA), and pelleted (350 x g, 4°C, 10 min).
Cell pellets were resuspended in 1 mL FACS buffer, incubated with 647nm-
fluorophore tagged alpha-integrin 7 (20 min, 4°C), washed, and exposed to Sytox 488
cell viability dye, then passed through a 50 ym cell strainer. Cells were stored on ice

in a polystyrene tube while awaiting FACS sorting.

C2C12 cell culture. Immortalized C2C12 mouse myoblasts (CRL-1772,

ATCC) were cultured as previously described (148)(149). Propagation was performed
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at low confluence in growth medium (10% bovine growth serum, 1% pen/strep in
DMEM high-glucose with sodium pyruvate) to retain cellular proliferation. To induce
terminal differentiation, cells were replated at high-confluence on either uncoated or
Matrigel-coated cell culture plates in differentiation medium (2% horse serum, 0.1%
insulin, 0.1% transferrin, 1% pen/strep in DMEM high-glucose with sodium pyruvate)

and were undisturbed for 48h — 72h.

Lentivirus production. Lentivirus was prepared according to

previously established protocols (143). To do so, HEK 293T cells were cultured to
70% confluence and provided fresh growth medium. For each lentiviral preparation,
pMD2.G (5.93 ug), psPAX2 (14.88 ug), and the pLKO.1-puro plasmid containing the
shRNA construct (19.90 ug) were mixed in a conical tube, and the volume brought to
447.2 uL with sterilized distilled water. Dropwise, 48.8 pL of CaCl, (2.5M) solution was
added to the plasmid mixtures, and provided a 5 min incubation. Afterwards, 496 uL
of 2X HBS solution solution was added dropwise to the preceding plasmid mixture
with continued vortexing throughout, and provided a 25 min incubation period. This
solution was administered dropwise over HEK 293T cells (70% confluence in 10cm
culture dish with primary growth medium), provided a 15h incubation period (37°C,
5%CO,, with humidity) to permit transfection, then the growth medium refreshed. The
growth medium was collected at 24 h, replaced with fresh growth medium, then
collected again 48h later. The growth medium aliquots collected from both 24h and
48h incubations for a same transfection were pooled, centrifuged to remove cell debris
(4,000xg, 10 min, RT), and stored in 5mL aliquots (-80°C). This unconcentrated

medium contained the lentivirus for subsequent transductions.
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C2C12 transductions. To initiate transductions, cultured C2C12

myoblasts (40% confluence, 10cm culture dish) received fresh growth medium (5mL),
and exposed to an equal volume of unconcentrated lentivirus prepared above
(dropwise). Subsequent to a 30h incubation, C2C12 myoblasts underwent positive
puromycin selection (2 ug/mL) over 72h to eliminate non-transduced cells. The
remaining viable cell populations were assessed for successful transduction by
western blot analysis, focusing on the mRNA protein product which was targeted by

the shRNA constructs.

Differentiation of cultured myoblasts. Primary  myoblasts  were

expanded while maintaining low cell confluence to avoid cell-cell contact on Matrigel-
coated dish. Upon sufficient population expansion, myoblasts were trypsinized,
resuspended in primary growth medium, and the cell concentration quantified using a
Countess™ Il Automated Cell Counter. Cells were plated on a Matrigel-coated dish
at a density of 650 cells / mm? (650,000 cells per well in a 6-well dish), allowed to
adhere for 1h, then changed to a low-serum differentiation medium (2% horse serum,
0.1% insulin, 0.1% transferrin, 1% pen/strep in DMEM high-glucose with sodium
pyruvate). Differentiation was allowed to proceed for 48h (37°C, 5% CO;) without any

changes to the medium.

NSG mouse engraftment preparation. Allograft transplantation

experiments were performed according to previously established protocols (150) with

minor modifications. NSG mice were first anesthetized with isoflurane (2% in oxygen),
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then the endogenous MuSC populations in the hindlimbs were incapacitated with 8
Gy irradiation, delivered at 0.89 Gy/min (X-rad 320, Precision X-ray), while the rest
of the body was protected with a lead shield. If damaged TA muscle was
experimentally required, cardiotoxin (50 L, 10 yuM) was immediately administered to
both TAs of the NSG recipient mice, with buprenorphine (0.1 mg/Kg bodyweight) for
pain management. Mice were provided a 48h recovery period, then each TA was
injected with 12,000 MuSCs derived from either WT or NELFb**° donor mice. A 21-
day regeneration period was provided, then mice euthanized and perfused as

previously described.

Primary myoblast drug treatments. Primary myoblasts isolated from

NELFbK° or wildtype mice were plated at low confluence in Matrigel-coated 12-well
plates. Primary growth medium was refreshed with primary growth medium containing
either pifithrin-a (27 yM), or untreated primary growth medium, and provided a 4h
incubation period. Subsequently, 1 volume of untreated primary growth medium, or
primary growth medium containing the same concentrations of PEDF and pifithrin-a
as previously described was spiked with EdU (20 uM) and added to the corresponding
wells for a 4h incubation period. Myoblasts were fixed with PFA (4% (w/v) in PBS) and
treated for subsequent immunofluorescent characterization (see ‘immunofluorescent

staining of cell cultures’, below).

Apoptosis screening assay. Primary myoblasts were isolated and

expanded in culture as previously described. Apoptosis screening was performed

using an activated capsase screening kit, following the manufacturer’s protocol (FAM-
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FLICA poly caspase kit, Bio-Rad Antibodies, ICT091). A positive control was prepared
alongside experimental samples by adding staurosporine (5 uM in DMSO) for 3h to

the culture medium of WT myoblasts.

2.3.2 Immunofluorescent Characterization.

Myofiber Immunofluorescent staining. Isolation of myofibers was performed

according to protocols described in (146). Fixed fibers were permeabilized (5% Triton
X-100 vol/vol in 100 mM glycine in TBS), reacted with EdU Click-It chemistry
according to manufacturer protocol, pre-blocked in Goat anti-mouse 1gG (100 pg/mL
in TBS), then blocked for 1h (5% goat serum, 2% BSA in TBST). Fibers were
subsequently incubated with primary antibody (overnight, 4°C) according to the
specified dilution (Table 5), then with secondary antibody dilute in TBST,
counterstained with DAPI (0.2 mg/mL in PBS), and mounted with fluorescent
mounting media. Immunofluorescence images were captured using a Zeiss Z1

inverted epifluorescent microscope.

Immunofluorescent staining of muscle cross-sections. Slides

containing muscle cross-sections were thawed to room temperature, washed (PBS),
then fixed with PFA (4% w/v, 10 min). Antigen retrieval was performed (heat-induced
epitope retrieval, 98°C°, 10 min), then slides moved to PBS (RT), and permeabilized
(0.5% Triton X-100 V/V, 100mM glycine, in TBS) for 10 min. An optional EdU Click-it
reaction was performed at this step according to the manufacturer protocol, then
tissues washed (TBS), and blocked (1h, RT, 5% Goat serum V/V, 2% BSA w/V in

TBST with 1:40 Mouse-on-mouse Ig blocking reagent). Samples were incubated with
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primary antibody (4°C, overnight), washed (TBS), and secondary antibody dilute in
TBST was added (1h, RT). DAPI counterstaining followed (0.2 mg/mL in TBS), and
mounted with fluorescent mounting media. Where applicable, the TdTomato
fluorescence signal was preserved through PFA perfusion (described above) and did
not require any signal rescue. Immunofluorescence images were captured using a

Zeiss Z1 inverted epifluorescent microscope.

Immunofluorescent staining of cell cultures. Cell cultures (primary

myoblasts, C2C12) were fixed in PFA (4% w/V, 10 min, RT), washed (PBS), then
permeabilized (5% Triton X-100 vol/vol, 100 mM glycine, 20 min, RT). If cells were
pre-incubated with EdU, the EdU Click-It reaction was performed according to the
manufacturer's protocol; otherwise, this step was omitted. Cells were blocked with
blocking buffer (5% goat serum V/V, 2% BSA w/V, in TBST) for 1h, then incubated
with primary antibody diluted in blocking buffer (4°C, overnight) according to the
dilution in Table 5. Cells were washed (TBS), incubated with secondary antibody dilute
in TBS (1h, RT), counterstained with DAPI, and resuspended in TBS. Cells maintained
in culture dish during staining were covered with PBS and immediately imaged.
Immunofluorescence images were captured using a Zeiss Z1 inverted epifluorescent

microscope.

Real-time quantitative PCR. A subset population of FACS isolated

MuSCs derived from the donor mice for engraftment experiments was set aside, and
RNA isolated using a NucleoSpin RNA Plus XS micro kit for RNA purification kit

(Macherey-Nagel) according to the manufacturer protocol. Reverse transcription was
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performed to generate a cDNA library using random primers. Quantitative PCR was

performed using Tagman gene expression assays according to the manufacturer

protocol.

2.4. Sample preparation for deep-sequencing analysis

Single-cell RNA sequencing. Sample preparation for single-cell

RNA sequencing were modified from protocols described in (151). Regenerating TdT"
cells were isolated from mice at 72 hpi and purified by FACS as described above.
TdT" cells were concentrated to approximately 600 cells / uL, and their concentrations
verified by quantification on a hemocytometer. Cell viability was monitored to assure
viability remained above 85%, then 2,000 cells were prepared for each sample
according to the 10X platform manufacturing guidelines. Once complete, samples
were sequenced on an lllumina NextSeq 500 Platform with a read depth of 50,000

reads per cell.

RNA-sequencing. TdT+ myogenic cells for in vivo RNA-seq regeneration

studies were isolated and purified from mice at either 48 hpi or 120 hpi as described
above. RNA was collected using a PureLink RNA mini kit according to the
manufacturer’s protocol. Total RNA (340 ng) underwent rRNA depletion, and cDNA
library prepared using a KAPA stranded mRNA sequencing kit according to the
manufacturer protocol. Sequencing was performed on an lllumina HiSeq 2500

platform.
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Precision Run-On Sequencing. MuSCs were isolated from

NELFb**® and WT mice as described above for primary myoblast culturing
techniques. After 48h of colony expansion, myoblasts were exposed to 4-
hydroxytamoxifen (5 uM in primary growth medium) for 72h, refreshing the primary
growth medium and 4-OHT at 24h intervals. Primary myoblasts were maintained at
low confluence to avoid cell-cell contacts. Cell permeabilization was performed as
follows. Primary myoblasts were detached with trypsin, collected in chilled (4°C) PBS
with 10% BGS, and immediately quantified. Using 10x10° cells per replicate,
myoblasts were centrifuged (150 x g, 10 min, 4°C), resuspended in wash buffer (10
mM Tris-HCI pH 8, 10 mM KCI, 250 mM sucrose, 5 mM MgCl,, 0.5 mM DTT, 10%
glycerol), and passed through a 40 uym strainer. Samples were permeabilized with
permeabilization buffer (wash buffer supplemented with 0.1% Igepal) for 90s on a
nutator, then immediately centrifuged (100 x g, 5min, 4°C). Permeabilized myoblasts
were resuspended in freezing buffer (50 mM Tris HCI pH 8.3, 40% glycerol, 5 mM
MgClz, 0.5 mM DTT) to a final concentration of 10 x 10° cells / mL. Nuclear run-on

was performed according to the run-on assay described in (152).

Genome-wide localization using CUT&Tag. Cleavage Under Target and

Tagmentation (CUT & Tag) was performed as originally described in the protocols
(153-155). Briefly, primary myoblasts were exposed to 4-hydroxytamoxifen (5 uM in
primary growth medium) for 72h, refreshing the primary growth medium and 4-OHT
at 24h intervals. Recovered myoblasts were then immobilized on Concanavalin A-
coated paramagnetic beads and permeabilized with digitonin. Cells were incubated

overnight with the corresponding antibodies: Nelf-E (Proteintech, Cat#10705-1-AP +
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Nelf-E(F-9) Santacruz, Cat#SC — 377052, mixed 1:1 ratio); RNAPII S5P (D9NS5I - Cell
Signaling Cat #13523); and H3K4me3 (EMD Millipore, Cat# 07-473). Tethered cells
were washed thoroughly to remove unbound antibody, and then with pA-Tn5 for 60
min. Tn5 transposase mediated tagmentation was then initiated by the addition of
MgCl,. Cellular DNA was extracted using Phenol/Chloroform/Isoamyl alcohol and
then precipitated. Tagmented DNA libraries were generated as previously described

(153, 154) and sequenced on an lllumina HiSeq 2500 platform.

2.5 Deep-sequencing analysis

No new code was generated for sequencing dataset analysis. All code used was

obtained from previously published peer-reviewed journals indicated below.

Single-cell RNA sequencing. Single-cell RNA-sequencing data was

analyzed on the 10X cellranger platform using v2.1.1 to generate a gene expression
matrix. This was analyzed using Seurat V3.0 (156, 157) to remove non-myogenic
populations and perform clustering occupancy analysis. Myogenic populations were
identified and exported for further analysis using PAGA (partition-based graph
abstraction) on Scanpy v1.4. Various trajectories were constructed using ForceAtlas2

embedding as previously described (158)

RNA-sequencing Analysis. RNA-seq reads were aligned using STAR v2.6.0a,

counts summarized using FeatureCounts v1.6.1, and differential gene expression

identified with DESeq2 v1.26.0. Significant genes were identified with a p-value cutoff

44



< 0.01. DotPlots were constructed using ggplot2, and Volcano Plots with
EnhancedVolcano functions on R version 3.6.3. In all instances, gene ontology
analysis was performed using DAVID 6.8 (159, 160), and values represented as

DotPlots.

CUT&Tag Analysis. High-throughput sequencing of CUT&Tag samples

were processed by first trimming adapters from raw reads with Cutadapt 2.6 (161).
The trimmed reads were aligned to the mouse genome (mm10) with Bowtie2
(v2.3.4.1) using the following parameters “—Ilocal --very-sensitive-local --no-unal --no-
mixed --no-discordant --phred33 -1 10 -X 700" (162). Samtools v1.10 was used for
post-alignment processing i.e. duplicates were marked and removed; non-uniquely
aligned reads were filtered and only reads mapped in proper pairs were retained for
analysis.

Spike-in normalized genomic coverage was calculated using bamCoverage
(deeptools v3.3.2) (163). For the normalization, trimmed reads were aligned to spike-
in DNA with Bowtie2 (v2.3.4.1) and the resulting number of total mapped fragments
was used to calculate the per-sample scaling factors. For each sample, this was done
by dividing the min(total-mapped-fragments) by the total-mapped-fragments for that
sample. Additionally, bamCoverage was used to generate bigWig tracks for
visualization as well as normalized bedGraphs for downstream peak-calling.

SEACR was used to call “stringent” peaks for each spike-in normalized
bedgraph target file (164). In the presence of an IgG control, the control data was
used to calculate the empirical thresholds and conversely, in the absence of a control,

top 5% of enriched regions were selected as peaks by AUC. ENCODE Blacklist
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regions (165) were filtered from peaks using BEDTools v2.27.1 (166) and nearest-
gene annotations were obtained with ChiPseeker v1.24.0 (167).

Signal intensity heatmaps for the Cut&Tag libraries were generated using
deeptools v3.3.2 (163). Using both normalized bigwigs and the M25 mouse gene
annotation file from Gencode, ComputeMatrix was used with the scale-regions mode
(--beforeRegionStartLength 1000 --regionBodyLength 5000, -
afterRegionStartLength 1000). PlotHeatmap was used with the resulting matrix to plot

the signal distribution.

PRO-Sequencing Analysis. FASTQ read pairs were trimmed to 41bp per

mate, and read pairs with a minimum average base quality score of 20 were retained.
Read pairs were then further trimmed using cutadapt 1.14 to remove adapter
sequences and low-quality 3’ bases (--match-read-wildcards -m 20 -q 10).

R1 reads were then aligned to the spike genome index (dm3) using Bowtie
1.2.2 (-v 2 -p 6 --best --un) (162), with those reads not mapping to the spike genome
serving as input to the reference, i.e. primary, genome alignment step (again using
the same Bowtie 1.2.2 options). Reads mapping to the mm10 reference genome were
then sorted, via samtools 1.3.1 (-n), and subsequently converted to bedGraph format.
Because PRO-seq reveals the position of the RNA 3’ end, the “+” and “-“ strands were
swapped to generate bedGraphs representing 3’ end positions. The bedGraphs were
ultimately depth-normalized only, merged within conditions, and used to generate

bigWig files binned at 10bp. TSS-centric read count matrices were calculated over a

window of +/- 2kb with 25bp bins.
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For direct comparison to PRO-Seq data, RNA-sequencing analysis was
performed on proliferating primary myoblasts. FASTQ read pairs were aligned to a
GRCm38 cDNA index and quantified using kallisto 0.45.1 (-b 30 --rf-stranded --
genomebam --gtf --chromosomes -t 6). Replicate samples belonging to the same
condition were merged and depth-normalized, and bigWigs were then generated with
10bp binning. Differentially expressed genes were determined via a combination of
tximport v1.12.3 and DESeq2 v1.24.0, using a padj < 0.01 threshold.

To integrate the differentially expressed genes, determined via RNA-seq, with
the PRO-seq analyses, all wild type R2 reads (i.e. 5’ end) were aligned (in the same
manner as 3’ end R1 reads) to identify putative transcription start sites using TSScall
(https://github.com/lavenderca/TSScall, --set_read_threshold 8 -
annotation_join_distance 500 --annotation_search_window 200). A single, dominant
TSS was then assigned to each gene based on having the highest number of reads
within a +/-150 interval relative to each called TSS. Dominant TSS-centric 3’ read
count matrices were then intersected with lists of up- and down-regulated gene lists
from the RNA-seq analyses to visualize TSS-proximal profiles. Gene body read
counts (+250-2250 relative to dominant TSS’s) were similarly intersected with the

RNA-seq results and statistics were computed via Wilcoxon test.

2.6 Quantification and statistical analysis

Unless stated in the figure legends, all values are reported as the mean where error
bars represent SEM. Statistical significance was identified among comparisons

having a p-value below 0.01 in transcriptome data. For all other experiments *p<0.05,
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**p<0.01, ***p<0.001, ****p<0.0001. Statistical quantification was performed on the

statistical graphing software GraphPad Prism v7.0.
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CHAPTER 3

The role of NELF in myogenic cell state transitions

3.1 — The NELF complex regulates C2C12 cell state transitions.

3.1.1 Creating and validating NELFb targeting shRNA knockdown. The
reported expression of NELF in skeletal muscle (119) raises an interesting possibility
that NELF may participate in myogenic cell state changes during myogenesis. As a
starting point, we investigated the role of NELF in the C2C12 immortalized mouse
myoblast cell line (168), as they recapitulate myogenic processes of proliferation,
terminal differentiation and myocyte fusion. While immortalized C2C12 myoblasts
typically remain engaged in the cell cycle to undergo continued proliferation, a switch
to low-serum culturing medium can be used to forcibly commit these myoblasts
towards terminal differentiation, where they fuse with one another and form
multinucleated and functional myotubes evidenced through their spontaneous
contractions. Because C2C12 myoblasts efficiently display processes of myogenic
proliferation and differentiation, they have helped identify master transcription factors
of myogenesis, epigenetic modifications which govern myogenic cell state changes,
and signaling pathways (169-171).

To investigate implications of NELF in C2C12 myoblasts first requires an ability
to render the NELF complex non-functional. To do so, we opted to use lentiviral-

mediated transduction of C2C12 myoblasts with short-hairpin RNA (shRNA) which
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targets NELFb mRNA for degradation. To do so, shRNA constructs expressed in a
pLKO.1 plasmid were obtained. This included five shRNA constructs which targeted
either the coding sequence or the 5’UTR of NELFb mRNA, and one additional shRNA
which targets luciferase mRNA (not expressed in C2C12 myoblasts). In conjunction
with HEK 293 cells, we used these pLKO.1-shRNA constructs to prepare lentivirus
(172), transduce C2C12 cells, and used puromycin to positively select for transduced
C2C12 myoblasts (Figure S3.1). Initial western blot analysis shows transduction of
C2C12 with NELFbshRNA3 (C2C12-sh3) and NELFbshRNA5 (C2C12-sh5) nearly
depletes NELFb compared to the transduction control (shLuc) (Figure 3.1A). In
addition, immunofluorescence of the transduced cells supports an efficient puromycin
selection strategy, evidenced by a low abundance of NELFb* C2C12 cells (Figure
3.1B). This supports a reliable model system capable to generate a NELFb

knockdown (NELFb-KD) in the immortalized C2C12 myogenic cells.

A

NELFb knockdownin C2C12 Myoblasts

shLuc sh3 shb
68 KDa | se— NELFb

50 kDa [ S S | o-tubulin

Figure 3.1 — NELFb knockdown efficacy in C2C12 myoblasts. (A) Whole cell extract western blots performed
on the transduced C2C12 myoblasts show an >95% knockdown of NELFb protein in both NELFb-KD populations
(sh3, sh5) when compared to control C2C12 populations transduced with luciferase targeting shRNA (shLuc). (B)
Immunofluorescence for NELFb on C2C12 myoblasts fixed in culture plates shows an efficiency within puromycin
selection, and reduced expression of NELFb upon transduction with NELFb targeting constructs.
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3.1.2 C2C12 exhibit reduced proliferation upon a NELFb-KD. In  response
to a NELFb-KD, both C2C12-sh3 and C2C12-sh5 appeared to undergo a reduced
expansion in their populations than the wildtype transduction control. To investigate,
we performed an EdU incorporation assay to monitor for C2C12 proliferation. This
revealed a twofold reduction in the abundance of EJU" cells in both NELFb-KD lines,
namely C2C12-sh3 and C2C12-sh5, when compared to the transduction control
(Figure 3.2A). In a parallel experiment, we monitored the abundance of C2C12
myoblasts over 72h to generate a growth curve. This shows a vastly reduced
population expansion in both NELFb-KD lines when compared to transduction
controls (Figure 3.2B). Taken together, these experiments suggest that a non-

functional NELF complex produces dysfunctional C2C12 proliferation.

3.1.3 Myotube formation is not affected in NELFb-KD myoblasts. While a
NELFb-KD causes an apparent defect in proliferation, we next desired to identify
whether this would impair their ability to undergo terminal differentiation, fusion, and
form multinucleated myotubes. To investigate, populations of C2C12 with either a
NELFb-KD or control transduction were plated at high confluence and induced
towards terminal differentiation with low-serum medium. Following a 72h incubation,
both C2C12 NELFb-KD lines produced truncated multinucleated myotubes with an
abnormal physiology when compared to the transduction controls (Figure 3.2C). While
this suggests a defect inherent to terminal differentiation, both NELFb-KD lines
displayed a high abundance of what appeared to be detached and contracted
myotubes floating in the culture medium (not shown). This lead us to suppose that the

NELFb-KD lines were capable of undergoing terminal differentiation and form
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multinucleated myotubes, but could not remain adhered to the culturing plate. Thus,
we pursued a similar differentiation experiment where differentiation was induced on
Matrigel coated plates. Here, Matrigel provided an ECM mimick to support myotube
adhesion to the plates and prevent detachment. Indeed, doing so produced
multinucleated myotubes of similar morphology in the NELFb-KD and transduction

control C2C12 lines (Figure 3.2D). Taken together, this shows the cellular processes

A Control transduction shRNA aNELFb B
shLuc sh3 shs 8 . o r
r~ S Legend
by »
é L ] ';' _._ShLUC
340 531 sh3
3 8 d
; -
: :
S 2
© 20+ g
— ]
3 :’E‘ 8
° 3
O-ﬁﬁ—'— 0 T v T T
Luc sh3 shS 0 24 48 72
Sample Time (hours)
C Control ransduction shRNA aNELFb D Contol vansducin ShRNA aNELFb
shLuc shd shS shLuc sh3 sh§

IMMC " : > MHC

Figure 3.2 — Proliferation and differentiation assays upon a NELFb-KD. (A) Following a 4h EdU pulse, there
is a significantly reduced abundance of EAU" populations in the NELFb-KD populations of C2C12-sh3 [19.7% *
3.722, n=5] and C2C12-sh5 [12.43% + 1.478, n=5] compared to the transduction control [36.52% + 4.316, n=5].
(B) Growth curve analysis captured at 12h intervals over 72h shows a reduced expansion of NELFb-KD
populations (sh3 and sh5) compared to the transduction controls. (C) Immunofluorescence staining following a
72h differentiation on uncoated culture plates for MHC (green), WGA (red), and DAPI (blue) shows truncated
myotube morphology in NELFb-KD populations compared to transduction controls and (D) Immunofluorescence
staining of myotubes after a 72h differentiation on Matrigel-coated culture plates for MHC (green) and DAPI (blue)
shows no difference in myotube morphology in NELFb-KD populations compared to transduction controls.
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which permit terminal differentiation and fusion of C2C12 myoblasts is not directly
reliant on a functional NELF complex. Interestingly, the inability of the NELFb-KD
myotubes to remain adhered to the culture plate suggests the NELF complex may be
implicated in processes which relate to myotube adhesion. Because this defect can
be rescued with a Matrigel coating means the NELF complex may regulate the
production of factors which are secreted to the extracellular environment to support

myotube adhesion.

3.2 — The role of NELF on primary myogenic cell state transitions in skeletal

muscle regeneration

3.2.1 Production and validation of a NELFb***° mouse model.  The function of
NELF to control proliferation of C2C12 myoblasts suggests it may exhibit functional
control on myogenic cell states during skeletal muscle regeneration. While C2C12 are
a great myogenic model, they do not recapitulate the early events of myogenesis,
such as MuSC quiescence and activation. In addition, the near-tetraploid karyotype
of C2C12 (173) brings the possibility that NELF may have different effects on gene
regulation and cellular activity than in diploid primary myogenic cells. To investigate
whether NELF exerts regulatory effects on myogenic cell state changes, we
generated an inducible MuSC specific NELFb knockout (NELFb***®) mouse model.
Here, a mouse strain harbouring floxed NELFb alleles (124) crossed with those
expressing CreERT2 under the Pax7 locus (32), produced a tamoxifen inducible
NELFb knockout specific to MuSCs and their derived myogenic progenitors. Because

the loss of NELFb will prevent functional assembly of the NELF complex, means this
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model can be used to study functional implications of the NELF complex in adult
MuSCs and their derived progenitors during skeletal muscle regeneration (Figure
S3.2). In addition, a TdTomato (TdT) reporter which is activated in response to
deletion of a floxed stop site by active CreERT2 (141) would permit to monitor
CreERT2 activation and lineage tracking of downstream MuSC progenitors (Figure
3.3A, S3.2).

Initial characterization of the mouse models revealed a significantly reduced
abundance of NELFb protein levels in quiescent MuSCs populations upon Cre
recombinase induction with either tamoxifen administered in vivo (Figure 3.3B, top 2
panels), or with 4-hydroxytamoxifen (4-OHT) supplemented in the growth medium of

cultured primary myoblasts (Figure 3.3B, lower 2 panels). Together, this supports an
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Figure 3.3. Graphical model and validation of the NELFb***° mouse model. (A) Schematic representation of
recombination strategy. Tamoxifen administered in vivo activates CreERT2 to excise DNA segments flanked by
loxP sites (FI). This is followed with intramuscular injection(s) of cardiotoxin (CTX) to induce skeletal muscle
damage. Floxed genomic regions include (left) exons 1 — 4 of NELFb, which generates a non-functional allele
upon excision, and (right) a ‘STOP’ cassette at the 5’ end of the TdTomato gene within the ROSA26 locus, which
is removed and allows constitutive TdT expression upon CreERT2 activation. (B) Western blot of MuSCs whole
cell extract isolated from NELFb*™© and WT mice shows a 90% deletion efficiency of NELFb (68 kDa) when
compared to the a-tubulin (50 kDa) loading control. (C) General experimental schematics for in vivo experiments
includes tamoxifen induction with 4 consecutive intraperitoneal injections of tamoxifen at 24h intervals, followed
by a 72h rest period, then intramuscular damage with CTX and an experiment-defined regeneration period.
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efficient model system capable to generate a non-functional NELF complex both in

vivo and in vitro.

3.2.2 Characterizing a functional role for NELF during skeletal muscle
regeneration. As a first experiment, we desired to probe whether the
NELF complex has any functional implications in myogenic cells during skeletal
muscle regeneration. To do so, tamoxifen-induced NELFb**° and wildtype control
mice were subject to intramuscular damage to the tibialis anterior (TA) muscle with
cardiotoxin, and provided variable regeneration periods (Figure 3.3C). To assess the
regenerative capacity of injured skeletal muscle, we first normalized the relative mass
of the regenerated TA to the undamaged contralateral TA of a same mouse. At 7 days

b3*° mice

post-injury (7 dpi), this normalized weight was significantly lower in NELF
than in the wildtype controls (Figure S3.3A). Further, histological analysis performed
on 10 ym cross-sections of the regenerated TA shows a significantly reduced minimal

bscKO

Feret diameter of the regenerated NELF myofibers compared to the wildtype

controls (Figure S3.3B). When provided a 28-day regeneration period, both the
normalized weight and the myofiber diameter of the regenerated TA of NELFb**©
mice remained inferior to that of wildtype controls (Figure 3.4A, B), which suggests
myogenesis is impaired in response to a non-functional NELF complex. Despite this
regeneration defect, the presence of mature myofibers without any necrotic or fibrotic

tissue suggests NELFbs*©

myogenic cells were disrupted but not prevented from
participating in skeletal muscle regeneration. In addition, the number of de novo
myofibers in the regenerated TA compared to the undamaged contralateral TA was

not changed upon a NELFb**® (Figure 3.4C). While this is expected as myofiber
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formation is reliant on the extracellular matrix architecture (174) which is established
during early development (175), it does indicate a critical contribution of NELFb®*<©

MuSCs towards healthy skeletal muscle regeneration.

3.2.3 The NELF complex does not affect myonuclei localization. Closer
inspection of regenerated cross sections at 28 dpi revealed nearly half of de novo
myofibers from NELFb**® muscle did not contain centrally-located myonuclei (Figure

3.4B, quantified in Figure 3.4D). Subsequent analysis of regenerated single myofibers
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Figure 3.4. Skeletal muscle regeneration is impaired upon a NELFb**"°. (4) Hematoxylin & Eosin

staining of TA muscle cross-sections at 28 dpi with undamaged contralateral muscles as controls. The weight
of the regenerated TA is presented relative to that of the undamaged contralateral leg shows a reduced size
in NELFb**° mice [69.23% =+ 4.53, n = 3] when compared to WT controls [115.30% + 6.87, n = 3]. (B)
Magnified view of the regenerated and undamaged TA cross-sections shown in (A) demonstrate a reduced
minimal Feret’s myofiber diameter in regenerated NELFbS© myofibers [23.94 ym + 0.20, n=3] compared to
WT controls [39.01 ym + 0.29, n=3]. (C) Normalized amounts of newly regenerated myofibers to the
undamaged contralateral leg at 28-days post injury reveal no difference in regenerated myofiber abundance
in the NELFb*°K© population [84.89%= 3.55, n=3] compared to WT controls [93.17%= 5.29, n=3]. (D) The
relative abundance of newly regenerated m%/ofibers in which the central-located nucleus is captured in 10 ym
cross-section is diminished in the NELFbS*© population [55.56% + 0.54 %, n = 3] compared to WT controls
[96.24% =+ 1.09, n=3]. (E) Single myofibers isolated from regenerated EDL at 21 dpi shows increased
internuclear spacing in regenerated myofibers derived from NELFb**© [18.46 ym + 0.45, n=50 myofibers
from 3 biological replicates] compared to WT controls [9.27 ym + 0.21, n=57 myofibers from 3 biological
replicates]. Internuclear spacing is measured as the distance between the center of adjacent nuclei in a
regenerated myofiber.
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derived from the EDL at 21 dpi further shows the de novo myofibers in NELFbs**®

exhibit a nearly two-fold increase in spacing between adjacent centrally-located
myonuclei when compared to wildtype controls (Figure 3.4E). This suggests the
reduced abundance of central myonuclei in de novo myofibers of NELFb**° TA cross-
sections is a defect stemming from increased myonuclear separation.

While these initial experiments demonstrate a clear defect in skeletal muscle
regeneration upon a NELFbSeK®, they do not attribute the specific contributions of the
NELF complex to the different myogenic cell states during regeneration. To further
probe the functional requirements of NELF during skeletal muscle we examined how
a loss of NELFb affected MuSC quiescence prior to injury, MuSC activation during
injury, myogenic progenitor proliferation, commitment to terminal differentiation, and

myocyte fusion. These various experiments are described in the following sections.

3.3 NELF retains myogenic progenitors in a proliferative expansive state

3.3.1 Maintenance of quiescent MuSC pool in uninjured conditions.

During skeletal muscle homeostasis, quiescent MuSCs undergo regular
activation to fuse with muscle fibers and repair micro-tears sustained from regular use
(5). Considering the abundance of poised Pol Il in skeletal muscle (87) and Gy induced
C2C12 myoblasts (176), and the rapid changes in gene expression which accompany
MuSC activation (74, 177) suggests a potential role for NELF to stabilize promoter
proximal paused Pol Il in quiescent MuSCs to permit rapid gene expression in
response to damage. To investigate functional implications of NELF during MuSC

bscKO

quiescence, we provided initial tamoxifen induction to NELF and wildtype
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controls, and provided an extended hold over 8 weeks in the absence of skeletal
muscle injury. Initial histological analysis on 10 pm cross-sections of the undamaged
TA revealed there are no changes in the overall TA size, nor in minimal Feret myofiber

diameter of the constituent myofibers in either NELFb*<°

or wildtype controls (Figure
3.5A). Additional immunofluorescence analysis further reveals there are no significant
differences in the abundance of Pax7* MuSCs in the TA of NELFb***° compared to
wildtype control populations (Figure 3.5B). Together, this suggests NELF may not be

directly implicated in regulating cellular activity of quiescent MuSCs during skeletal

muscle homeostasis.

3.3.2 MusSC activation upon injury. Upon injury, both truly quiescent
MuSCs and satellite progenitors may participate towards skeletal muscle
regeneration. Here, truly quiescent MuSCs (Pax7* Myf5’) undergo either a symmetric
or asymmetric division to produce two activated progenitors, while the satellite
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Figure 3.5 — NELF does not participate in skeletal muscle homeostasis. (A) Hematoxylin & Eosin staining on

undamaged TA cross-sections following long-term tamoxifen induction (8 weeks) shows no change in TA

morphology or myofiber minimal Feret diameter in the NELFb*°K° [43.48 um £ 0.27, n=3] compared to WT controls
[41.92 um + 0.24, n=3].(B) Immunofluorescent characterization of the undamaged TA muscle cross-sections from
(A) shows no significant difference in the abundance of Pax7* MuSCs normalized to the amount of fibers within a
field of view in NELFbS**© populations [3.96% =+ 0.38, n=3] compared to WT controls [4.20% =+ 0.59, n=3].
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progenitors (Pax7" Myf5%) are confined to symmetric divisions to produce two
activated progenitors (reviewed in section 1.2). In either case, the vastly different
transcriptome of activated MuSC from their originating MuSCs occurs in a small
timeframe (74, 75, 177). This rapid change in transcriptome may emerge from
promoter proximal paused Pol Il in MuSCs (176). This presents a possible implication
of NELF to stabilize and control poised Pol Il to facilitate rapid changes in the
transcriptome as quiescent MuSCs become activated.

To investigate functional implications of NELF in MuSC activation, the global
rate of MuSC activation was probed using an EdU incorporation assay (178). Here,
we reasoned that exposing MuSCs to an abundance of EdU during in vivo activation
would cause EdU to stably incorporate into the DNA of activated MuSCs as they
emerge from quiescent MuSCs and undergo their first division. Because MuSCs enter
the cell cycle between 28 hpi to 40 hpi (179, 180), we focused on this time point to
examine activation. Following CTX injury and intraperitoneal (IP) delivery of EdU at
28 hpi, mice were allowed to recover up to 40 hpi. Using FACS analysis to quantify
the percentage MuSCs (TdT" Al7") that had incorporated EdU (EdU") into their DNA,

bk when

we observed no significant difference in overall MuSC activation of NELF
compared to wildtype controls (Figure 3.6A, S3.4A). This suggests the NELF complex
does not influence the ability of quiescent MuSCs to become activated in response to

skeletal muscle injury.

3.3.3 Myogenic progenitor proliferation. In an analogous
experiment, EAU administered at 60 hpi and provided a 12-hour in vivo incubation

was sought to label proliferating myogenic progenitors with EAU as they pass through
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the S-phase of the cell cycle. This timepoint was chosen as it represents a time
typically marked by a high abundance of actively proliferating myogenic progenitors.
Subsequent to FACS analysis, the abundance of myogenic progenitors (TdT* Al7")

identified as proliferating (EdU*) was significantly reduced in NELFb**<©

populations
when compared to wildtype controls (Figure 3.6B). Similarly, EdU pulse experiments
performed in cultured myoblasts to favor myoblast proliferation again showed a
significantly reduced number of EdU* myoblasts in the NELFb**® samples compared
to wildtype controls (Figure 3.6C). In addition, the growth curve of cultured primary
myoblasts over a 72h period shows population expansion of NELFbs© myoblasts is
reduced when compared to wildtype controls (Figure 3.6D). Collectively, these
experiments show that myogenic progenitors with a non-functional NELF complex

cannot expand their populations as do the wildtype controls, which may contribute to

the skeletal muscle regeneration defect reported (section 3.2.2).

3.3.4 Assessing apoptosis for reduced cell numbers. One  potential
reason NELFb***® myogenic progenitors undergo reduced proliferation may arise
from a general dysregulation in gene expression which prompts apoptosis. To explore
this avenue, cultured primary myoblasts were assayed for expression of general
apoptosis caspases 3 and 7 (181, 182). While neither caspase 3 or 7 were detected
in NELFb**© or wildtype controls, positive controls induced towards apoptosis with
staurosporine did test positive for caspase 3/7, which supports a functional assay was
used (Figure 3.6E). In addition, Sytox exclusion assays as a marker of cell viability
were performed on primary myogenic cells isolated from freshly isolated MuSCs

through to myogenic progenitors isolated at 5 dpi. In all instances, there was no
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significant difference in the abundance of viable myogenic cells from NELFb**© to
those from wildtype controls (Figure S3.4B). Taken together, both experiments
support that a non-functional NELF complex does not affect cellular viability, which

bscKO

means the reduced proliferation of NELF myogenic cells may produce a defect

which deters cell cycle progression.
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Figure 3.6 — The NELF complex impairs proliferation but no other myogenic cell states. (A) FACS-acquired
quantification of EAU* MuSCs (TdT*/AI7* populations) derived from skeletal muscle 40h post-injury to monitor
MuSC activation reveals no significant difference in NELFb*°K° populations [46.24% + 1.70, n = 4] compared to
WT controls [(50.28% + 0.58, n = 4]. (B) FACS-acquired quantification of EdU* MuSCs (identified as TdT", Al7*
population) derived from skeletal muscle 72 hpi to monitor in vivo myoblast proliferation reveals a significant
reduction of EdU* NELFb***° populations [35.19% =+ 2.04, n=5] compared to WT controls [50.65 = 1.04, n=8]. (C)
Analysis of cell cycle progression in ex vivo induced myoblasts shows reduced abundance of EdU* myoblasts in
NELFbS© myoblasts [17.72% + 1.08, n=5] compared to WT controls [30.50% =+ 1.40, n=5]. (D) Myoblasts from
NELFb**® and WT mice were induced with 4-OHT, then population expansion monitored at 12h intervals for 72h
to monitor growth curve. (E) Live caspase screening apoptosis assay was performed on NELFb**® and WT
myoblasts to test whether a NELFb*°*° affects myoblast viability. No caspase® cells were identified in either
NELFb**° or WT conditions. Positive control created by treating WT myoblasts with staurosporine (5 uM, 4 hours),
shows functionality of the apoptosis screening kit. (F) Primary myoblasts isolated from NELFb**®and WT controls
were plated at high-density in low serum conditions to induce terminal differentiation. The ability to undergo
terminal differentiation was quantified by the differentiation index (percentage of nuclei present in multinucleated
myotubes). No significant difference was identified in the differentiation index for NELFbS© myoblasts [89.17% +
1.36, n=3] and WT controls [89.77% + 0.67, n=3].



3.3.5 Commitment to terminal differentiation and myocyte fusion.  Despite

the ability of NELFb**“° myocytes to participate in de novo myofiber formation (Figure
3.4A, 3.4E, S3.3), these results do not eliminate the possibility of a defect inherent to
myocyte fusion. To investigate this possibility, primary myoblasts derived from
NELFb**°and wildtype mice were induced with 4-OHT, replated at high cell densities,
and induced towards terminal differentiation using low serum medium for 48h.
Regardless of genotype, myoblasts underwent terminal differentiation, formed
multinucleated myotubes which could spontaneously twitch, and exhibited no
significant difference between their differentiation indices (Figure 3.6F). Thus, the
NELF complex does not play a functional role relating to myoblast terminal
differentiation and myocyte fusion. The observed spontaneous contractions in
myotubes in both NELFb**° and wildtype populations further supports multinucleated

myotube maturation is not affected by a non-functional NELF complex.

3.4 — Validating the functional role of NELF during multiple myogenic cell state
changes.

Our in vitro and in vivo experiments suggest that the functional implications of
the NELF complex is restricted to control the extent of myogenic progenitor
proliferation. In the absence of NELF binding, this evokes premature differentiation of
myogenic progenitors, fewer myocytes available for de novo myofiber formation, and
a resulting reduced minimal Feret myofiber diameter observed. To validate this
possibility, two critical experiments were performed for their ability to efficiently

monitor myogenic cell stage transitions.
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3.41 Myogenic progenitor fate on ex vivo cultured myofibers.

Single myofiber ex vivo culture is a powerful technique which can be used to
monitor MuSC populations on their resident myofiber during activation, proliferation,
and commitment to terminal differentiation in real time (146). The ability to do so relies
on enzymatic digestion of structural collagen which forms the ECM, which releases
single myofibers from their resident skeletal muscle. Doing so perturbs the MuSC
niche environment and activates MuSCs towards the myogenic program, while
remaining adhered to single myofibers.

Upon immediate release of myofibers from the extensor digitorum longus
(EDL) muscle of induced NELFb***® and wildtype controls, there is no significant
difference in the baseline amount of quiescent MuSCs (TdT*) in NELFb***° and
wildtype controls (Figure 3.7, panel |). Subsequent to a 72h ex vivo culture, the
populations of TdT* myogenic progenitors per myofiber in NELFb**k° populations are
significantly reduced compared to those in the wildtype controls (Figure 3.7, panel Il),
which agrees with the previously reported reduced population expansion of
NELFb***® myogenic progenitors. In addition, an EdU pulse assay (Figure 3.7, panel
lIl) performed from 66h to 72h in culture shows a reduced abundance of EdU"
myogenic progenitors (TdT*) in the NELFb***° populations compared to wildtype
controls, which further supports reduced proliferation of myogenic progenitors upon a
NELFb**°. Prominently, the significant increase in Myog* myogenic cells (TdT") in

NELFb**® populations compared to the wildtype counterparts (Figure 3.7, panel IV)
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bSk® populations arises from their

suggests the reduced proliferation in NELF
precocious withdrawal from the cell cycle and commitment towards terminal
differentiation.

3.4.2 Lineage tracking during in vivo regeneration. While ex vivo
myofiber culture reveals myogenic cell behavior during their transition across many
cell state transitions, it does so in the absence of the extracellular matrix which is
known to affect myogenic cell behavior (reviewed in section 1.2). Thus, to investigate
whether proliferating myogenic progenitors undergo precocious differentiation in

response to a non-functional NELF complex, we performed an in vivo EdU pulse

assay modelled on previous experiments (178, 183). To do so, mice were pulsed with
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Figure 3.7 - NELFb***© myogenic progenitors undergo precocious differentiation during ex vivo myofiber
culture. (i) Single myofibers isolated from the EDL muscle shows no significant difference in abundance of TdT*
cells per myofiber in NELFb>*© [4.21 £0.43, n=47 from 3 biological replicates] and WT controls [3.52 £ 0.31, n=46
from 3 biological replicates] at the time of isolation (0Oh). (ii) Following a 72h ex vivo culture, NELFb>"© myofibers
have reduced total population of TdT* cells per myofiber [15.42% = 0.58, n=74 from 4 biological replicates]
compared to WT controls [47.28% =+ 3.94, n=61 from 4 biological replicates], (iii) reduced percentage of TdT" cells
that incorporate EdU [13.85% =+ 1.32, n=74 from 4 biological replicates] compared to WT controls [42.92% +1.19,
n=45 from 4 biological replicates], and (iv) increased percentage of TdT" cells that express Myog [68.20% =+ 2.35,
n=42 from 4 biological replicates] compared to WT controls [27.47% +1.99, n=45 from 4 biological replicates].
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EdU in vivo at either 48 hpi or 72 hpi, and provided a 7-day recovery period from the
time of injury to monitor for cell populations which contained EdU in their DNA. The
rapid bioavailability and short half-life of EAU (184) means that a single EdU pulse
can efficiently label actively dividing cells at the time of exposure to track their location
in regenerated skeletal muscle. Because most proliferating myogenic progenitors
proceed to terminal differentiation for myofiber repair, we can expect that actively
proliferating myogenic progenitors pulsed with EdU will produce an EdU" signal which
will remain once they proceed to occupy a centrally-located myonuclear position in
the regenerated de novo myofiber. When pulsed with EAU at 48 hpi, there was no
significant difference in the abundance of de novo myofibers (TdT") with an EdU*
centrally located nuclei (Figure 3.8) in NELFb**® and wildtype populations. This
indicates there is no difference within the transition of myogenic cells from late stages
of activation towards early proliferation despite a non-functional NELF complex, in
agreement with prior activation experiments performed (section 3.3.2). When EdU is
pulsed at 72 hpi, the abundance of EdU" centrally located nuclei in de novo myofibers
for NELFb***© populations are significantly reduced to those in the wildtype controls
(Figure 3.8). This suggests that most NELFb**“°® myogenic progenitors had already
undergone cell cycle withdrawal and commitment towards terminal differentiation by
72 hpi, while wildtype myogenic progenitors continued to proliferate. In agreement
with single myofiber culture experiments, this supports that NELFbseK© myogenic

progenitors undergo precocious terminal differentiation.

3.5 — The NELFb*®*° reduces quiescent MuSC populations in regenerated

skeletal muscle
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3.5.1 Reduced endogenous NELFb***° MuSC populations upon regeneration.
Recent analyses focused on cellular kinetics during regeneration suggest MuSC self-
renewal by quiescent MuSC populations begins around 3 dpi, peaks between 5 — 7
dpi, and continues with a lower occurrence up to 14 dpi (24). While the NELF complex
had no apparent regulatory function in either MuSC homeostasis or activation, this
does not preclude an implication of the NELF complex in MuSC self-renewal in the
regenerated skeletal muscle milieu.

To investigate functional implications of the NELF complex in MuSC self-

renewal, cross-sections from 7dpi and 28 dpi regeneration experiments were subject
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Figure 3.8 — In vivo EdU pulse-chase experiments suggest precocious differentiation of NELFb**©

myogenic progenitors during regeneration. (A) Experimental schematics for the in vivo EdU pulse-chase
experiment which is administered to mice through intraperitoneal injection at 48 hpi or 72 hpi, followed with a 7-
day regeneration period from time of injury. (B) Immunofluorescence characterization performed on cross-sections
(10 um) of the regenerated skeletal muscle shows de novo myofibers (TdT*) and identifies the actively dividing
nuclei (EdU™) at the time of the specific EAU pulse-chase experiment. (C) No significant difference is observed in
the abundance of EdU" centrally-located nuclei when EdU is administered at 48 hpi. When EdU is administered
at 72 hpi ,a significantly reduced amount of EAU" centrally located nuclei are apparent in de novo myofibers of the
NELFbS*© populations [16.65% + 2.33, n=4] compared to WT controls [39.01% + 3.16, n=3].



to immunofluorescent characterization. Here, Pax7" cells that reside within a
peripheral location to de novo myofibers were categorized as MuSCs and quantified.
Because the NELFb***® produces smaller de novo myofibers than their wildtype
counterparts (Figure 3.4A, S3.3) we normalized the abundance of MuSCs to the
amount of myofibers within a field of view to eliminate potential bias. Here, the

b**° mice was

normalized abundance of MuSCs in the regenerated TA of NELF
significantly reduced at both 7 dpi and 28 dpi when compared to those of the wildtype
controls (Figure 3.9, S3.5). This suggests a defect within MuSC self-renewal arises in

response to a non-functional NELF complex.

3.5.2 Skeletal muscle succumbs to serial injury upon a NELFb***°,  The

reduced myofiber size and MuSC populations observed in regenerated skeletal

muscle of NELFb***® populations presents a phenotype reminiscent to that in
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Figure 3.9 — A non-functional NELF produces a severely reduced MuSC pool in regenerated skeletal
muscle. Immunofluorescence characterization of regenerated TA muscle shows a reduced population of
Pax7" cells normalized to the amount of fibers within a field of view for NELFb**© populations [5.89% + 1.02,
n=4] compared to WT controls [33.34% =+ 3.20, n=3] at 7 dpi. The reduced normalized abundance of Pax7*
cells is sustained at 28-days post injury in the NELFbS© [1.96% +0.38, n = 3] compared to WT controls [9.07%
+0.71, n=4].



sarcopenia (185). During sarcopenia, several defects in MuSC behavior precludes
their regenerative capacity which leads to a progressive worsening in skeletal muscle
function. To investigate whether the reduced MuSC populations in regenerated
NELFb**K° skeletal muscle would further worsen skeletal muscle, a repeat-injury
experiment was performed. To do so, mice were subjected sequential intramuscular
CTX injections in the TA muscle at 28-day intervals (Figure 3.10A), and regeneration
assessed at 56 dpi from the first injury. At a first glance, the regenerated TA of
NELFb**° mice exhibited a severely reduced size and overall mass (Figure 3.10B).
Closer inspection of the cross-sections revealed a limited presence of de novo
myofibers in the NELFb***® TA, and those present display a massively reduced
myofiber diameter compared to wildtype controls (Figure 3.10C). In addition, an

bsK° cross-sections

abundance of interstitial cells and general fibrosis in the NELF
suggests an exhausted myogenic response from the NELFb**“® MuSCs which are

incapable to regenerate skeletal muscle.

3.6 — Discussion

3.6.1 Summary of results presented in the chapter. In this chapter,
an inducible MuSC specific NELFb knockout mouse model (NELFb**°) was
generated, validated, and used to study the functional role of NELF in skeletal muscle
regeneration. Characterizing functional implications of NELF in general skeletal
muscle regeneration and individual myogenic cell states clearly identified a role for
the NELF complex to retain myogenic progenitors engaged in the cell cycle, which

produces the pool of myogenic progenitors necessary to repair damaged myofibers.
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In the absence of a functional NELF complex, myogenic progenitors undergo
premature commitment to terminal differentiation, which prevents proper skeletal
muscle regeneration. In addition, the insufficient repopulation of MuSCs in the

bscKO

regenerated muscle of NELF populations severely impairs skeletal muscle from

responding to future injury.

3.6.2 Role of NELF in regulating proliferation expansion. Results

presented within this chapter supports a functional role for NELF uniquely to the
proliferating population of myogenic progenitor populations. While the presence of
promoter proximal paused Pol Il has been identified in other myogenic cell states (87),
including quiescent MuSCs (176), our experiments reveal there is no functional

implication for NELF in regulating myogenic cell state transitions at those instances.
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Figure 3.10 - NELFb*°*° skeletal muscle becomes ablated during sequential injury. (A) Experimental
schematic showing the sequential injury approach, where mice that had undergone tamoxifen-induced
recombination were subjected to two rounds of CTX treatment at 28-day intervals. (B) Haematoxylin & Eosin
staining shows a reduced size and weight of the regenerated TA muscle of NELFb***° mice [1 2.69mg +1.39, n=3]
when compared to the regenerated TA of the WT control [63.96mg + 2.31, n = 3], while similar weights in the
uninjured contralateral leg for the NELFbs*© [42.34mg +1.58, n=3] and WT [43.86mg + 1.18, n = 3] are apparent.
(C) Close-up of the repeat-injured TA from (B) shows small myofibers and a high abundance of interstitial cells in
the NELF-BS*© regenerated muscle, whereas the WT control exhibits muscle hypertrophy and no fibrosis.
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Because Pol Il promoter proximal pausing is a rate-limiting step in gene expression,
this raises the intriguing possibility that additional mechanisms may regulate promoter
proximal Pol Il pausing in different situations to permit cell state changes.

In agreement with this model, several other factors have been implicated in
regulating promoter proximal Pol Il pausing (186). This includes the GAGA Factor
(GAF) in Drosophila (187) and potential GAF homologs in eukaryotes (188). While
overexpression of GAF factors tends to increase promoter proximal paused Pol Il
(189), its specific molecular functions and regulations are still under investigation. In
addition, some studies indicate GAF may work in conjunction with NELF (190),
although whether the function of GAF to control Pol Il pausing is differentially
influenced by the presence of NELF remains unanswered. Additional factors which
have been implicated in the regulation promoter proximal Pol Il pausing includes the
histone chaperone FACT (191), the pre-exon junction complex (192), and the +1
nucleosome which acts as a secondary Pol Il regulatory step further downstream from
that typical for NELF (125). Additionally, several investigations have demonstrated the
PAF complex associates with DSIF to control Pol Il promoter proximal pausing (193-
195). What remains interesting is PAF 1c binds the same region of Pol || as does NELF
(97, 196), which presents the possibility for mutually exclusive functions of NELF and
PAF1c to control Pol Il pausing at different gene networks, or function in different cell
states. Indeed, a role for PAF1C to regulate Pol Il elongation in C2C12 myoblasts
(197) supports that multiple regulators of promoter proximal Pol Il pausing may
regulate gene expression. This raises the possibility that Pol Il promoter proximal
pausing of different gene regulatory networks and in different cell states are controlled

through different mechanisms. Thus, considering promoter proximal Pol |l pausing in
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myogenesis, we have shown that NELF specifically regulates the transition from
proliferation towards terminal differentiation but has no functional effects on other
myogenic cell states, despite the reported presence of promoter proximal Pol Il
pausing within those other myogenic cell states (176). It remains interesting to
determine whether different Pol Il promoter proximal pausing regulators may inflict
control on specific gene networks susceptible to rapid changes in expression, to elicit
different responses. This could explain why a loss of function in NELF does not affect
many myogenic cell state changes which are prone to Pol Il promoter proximal

pausing, such as those reported during MuSC activation (74, 75, 177).

3.6.3 Function of NELF on MuSC divisions. The functional implication of
NELF on MuSC activity was probed with two separate experiments. Here, populations

of MuSCs during homeostasis were not afflicted by a NELFb®*<©

, Which suggests the
NELF complex may not influence the asymmetric divisions of quiescent MuSCs during
skeletal muscle homeostasis (5) (section 3.3.1). In addition, the ability of MuSCs to
undergo symmetric divisions to produce two activated MuSCs in response to acute
injury (23, 56) was not disrupted by a NELFb**® (section 3.3.2). This remains
interesting, as the prevalence of promoter proximal paused Pol Il found in skeletal
muscle (87) and Gy induced C2C12 myoblasts alike (176) suggests Pol Il may be
poised for rapid gene expression to permit MuSC activation (74, 75, 177). Thus, this
process remaining unaffected despite a non-functional NELF complex suggests the

poised Pol Il in quiescent MuSCs may be stabilized by alternative factors, as

discussed (section 3.6.2).
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In either case, cellular functions of MuSCs during either asymmetric or
symmetric divisions were not impaired by a NELFb**°, which suggests these
processes may occur independent of the NELF complex. Despite the NELF complex
showing no functional implications in MuSC asymmetric or symmetric divisions, there
is a definite reduction in MuSC populations in the regenerated NELFbs© skeletal
muscle, which stipulates a defect in MuSC self-renewal between 3 to 14 days after
injury (24). To identify whether this defect in MuSC self-renewal is directly regulated
by NELF, or an indirect effect which stems from defects in skeletal muscle

regeneration will be addressed in the next chapter.
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CHAPTER 4

Molecular functions of NELF in myogenic progenitor
proliferation and MuSC self-renewal.

4.1 — MuSC allograft transplant of wildtype and NELFb*“° donors into NSG

recipient mice

4.1.1 Allograft transplant experiments. The reduced MuSC

populations observed in the regenerated skeletal muscle of NELFbS**©

mice (section
3.5.1) poses an interesting observation which prompted further investigation.
Considering the abundance of MuSC self-renewal typically occurs between 3 — 14
days post injury (198) presents a few possibilities for the reduced MuSC repopulation
observed. First, the NELF complex may directly control MuSC divisions to permit self-
renewal, so that this ability is compromised in response to a non-functional NELF
complex. Alternatively, because MuSC self-renewal occurs predominantly within the
milieu of regenerated skeletal muscle means that the reduced proliferation of
NELFb***® myogenic progenitors may have produced a deficient extracellular
environment unable to promote downstream MuSC self-renewal.

To investigate these possibilities, we proceeded with a series of allograft
transplantation experiments to introduce donor MuSCs populations into a host

recipient skeletal muscle (Figure 4.1). In all instances, NSG mice were used as host

mice as their compromised immune system (142) would preclude immunorejection of
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donor MuSC populations. Coupled with irradiation of the host hindlimb prior to
transplantation would also incapacitate the endogenous host MuSC populations, so
that observations are restricted to contributions by the donor MuSC populations (199,

bsK° and wildtype

200). In addition, performing allograft transplants of the NELF
MuSC donors in the contralateral TA of a same host would expose the donor MuSC
populations to nearly identical niche environments. This allows to normalize for

molecular and accessory cell type interactions in the host niche environment on

affecting MuSC self-renewal (see section 1.2.2) so that differences within donor
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Figure 4.1 — Graphical representation of the different conditions of allograft transplant experiments. (A)
Quiescent MuSC donours derived from tamoxifen-induced NELFb***® and WT donor mice are purified by
fluorescence-based cell sorting (TdT" Al7%), and concentrated (200 cells/uL) for immediate allograft transplant
experiments. (B) Activated MuScs are derived from skeletal muscle of donor mice harvested at 40 hpi, and
prepared for engraftment as described in (A). (C) Host NSG recipient mice are prepared for allograft transplant
through irradiation of the hindlimbs and cardiotoxin injury of both TA (if experimentally-specified) 48h prior to
receipt of NELFb**°® and WT donors in the contralateral TA. After a 21- -day period to establish homeostasis, the
host mice are sacrificed, and the TA muscle prepared for immunofluorescent characterization.
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MuSCs behavior arises solely by the functional presence of NELF. Lastly, the TdT
lineage tracer of donor populations provides easy tracking of the transplanted MuSCs,
their progenitors, and of the host myofibers with which donor-derived myocytes have
fused. This means that TdT" host myofibers can be used to delimit the zone of
homeostasis established by donor MuSCs as they engraft and proliferate upon their
transplant in the undamaged host tissue (199), as represented in Figure 4.2. Thus,
these experiments will clarify whether the reduced abundance of MuSC in the
regenerated TA of NELFb***° mice (section 3.5.1) arises from direct dysregulated
expression of NELF target genes, or as an indirect effect where the reduced
proliferation of NELFb**“° myogenic progenitors does not sufficiently rejuvenate the

extracellular environment and cannot promote downstream MuSC self-renewal.

41.2 Engraftment of quiescent donor MuSCs into undamaged recipient

muscle. As a first trial, 12,000 freshly isolated quiescent MuSCs (TdT" AI7%)

bscKO

from undamaged NELF or wildtype skeletal muscle were engrafted into each of

Donor MuSCs establish homeostasis Areas of homeostasis can be viewed Legend
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Figure 4.2 — Donor MuSCs establish homeostasis upon allograft transplant. Upon entry in recipient muscle,
donor MuSC populations (TdT*) engraft, proliferate, and self-renew to establish a zone of homeostasis within the
host muscle. The donor proliferating myogenic progenitors differentiate and fuse with host myofibers, which are
evidenced by expression of the donor TdT lineage tracker. The abundance of TdT* host myofibers can be used to
demark the established zone of homeostasis, and donor MuSCs identified by expression of TdT.
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the undamaged contralateral TA of an irradiated host NSG mouse, and provided a
21-day engraftment period to permit donors to establish homeostasis. Initial
immunofluorescent analysis of the host TA reveals the presence of donor-derived
MuSCs (Pax7*, TdT") regardless of the donor genotype (Figure 4.3A, S4.1A). In
addition, unanimous expression of the calcitonin receptor (CalcR) as a mark of MuSC
quiescence (201), and the complete absence of Ki67 as a marker of cells engaged in
the cell cycle (202, 203) supports that all engrafted MuSCs derived from NELFbs**®
and wildtype donors (TdT") are in a quiescent state (TdT", CalcR", Ki67") in the host
TA (Figure 4.3B, S4.1C). In addition, presence of TdT" host myofibers in all recipient
TA (Figure 4.3A, S4.1C) indicates that NELFb**° and wildtype MuSC donors alike
can engraft, produce proliferating myogenic progenitors to establish homeostasis, and
undergo self-renewal upon allograft transplantation.

When quantified, there is a significantly reduced abundance of donor derived
MuSCs (Pax7* TdT") and of host myofibers which have been fused by a donor-derived
myocyte (TdT*) for the host TA engrafted with NELFb***°® MuSC donors than in the
contralateral control TA engrafted with wildtype MuSC donors (Figure S4.1). While
the reduced abundance of TdT" host myofibers immediately suggests a reduced
ability of engrafted NELFb***® MuSC donors to establish homeostasis, this may stem

from the intrinsic precocious differentiation of NELFb®*<©

myogenic progenitors (see
section 3.3.3), which prevents their ability to proliferate and propagate and establish
homeostasis. Thus, we reasoned that the reduced zone of homeostasis may in turn
affect donor MuSC self-renewal. To account for this bias, we defined the normalized

replenishment capacity as the abundance of donor MuSCs normalized to their zone

of homeostasis demarked by TdT* host myofibers. Doing so shows there is no
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significant difference in the normalized abundance of donor MuSCs upon allograft
transplant of either NELFb**° or wildtype MuSC donors (Figure 4.3A). This suggests
MuSC self-renewal is not intrinsically regulated by the NELF complex, but is highly
susceptible to immediate interactions in the extracellular environment produced by

proliferating myogenic progenitors.

4.1.3 Activated donor MuSCs into undamaged recipient muscle. During
skeletal muscle regeneration, a subset of activated MuSCs may return to a dormant
state to become satellite progenitors available to respond to future bouts of injury (23,
43). Because a NELFb***© evokes precocious differentiation, this may pull activated
MuSCs towards the cell cycle and prevent their ability to become satellite progenitors,
which could reduce the pool of dormant MuSCs in regenerated skeletal muscle. To
investigate this possibility, we performed another allograft transplant using activated
MuSCs donor populations. To do so, cardiotoxin-mediated injury performed to donor
skeletal muscle 40h prior to their isolation assured that most isolated donor MuSCs
would assume an activated state (Figure 4.1B, 4.1C). Upon isolation, these activated
MuSCs were immediately used for allograft transplant into the undamaged TA of
irradiated host NSG mice, and provided a 21-day recovery period to assure
homeostasis of the donors was achieved.

Initial immunofluorescent characterization revealed all donor-derived MuSCs
(Pax7”, TdT") were present in a dormant state (Pax7*, TdT", Ki67") in the host muscle
regardless of the donor genotype (Figure 4.3C, S4.1D). In addition, there was no

significant difference in the normalized replenishment capacity of NELFb***° and
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Figure 4.3 NELF is not required for muscle progenitors to return to quiescence and repopulated the MuSC
niche. Allograft transplant experiments were performed as shown in Figure 4.1. Subsequent to a 21-day period
to establish homeostasis, the host TA was characterized through immunofluorescence, and the abundance of
donor-derived MuSCs (TdT* Pax7*) was normalized to the region of homeostasis (TdT* myofibers) and termed
the normalized replenishment capacity. Two-tailed paired t-tests were used to assess whether there was a
significant difference within the normalized replenishment capacity of donor populations across biological
replicates. (A) Quiescent donors transplanted into an undamaged host TA shows no significant difference in the



normalized replenishment capacity of NELFb**“° and WT donors (P-value = 0.1025). (B) Immunofluorescence
staining for CalcR as a marker of MuSC quiescence shows all Pax7* cells are CalcR* quiescent populations. (C)
Activated MuSCs from NELFb***° and WT donors transplanted into an undamaged host TA have no significant
difference in their normalized replenishment capacity (P-value =0.2798). (D) When donors are transplanted to a
regenerating host environment (48 hpi), the normalized replenishment capacity of the quiescent NELFb**°donors
is significantly reduced than that of WT donors (P-value = 0.0034).

wildtype donors (Figure 4.3C, S4.1B, S4.1D), which suggests that the NELF complex

does not influence the ability of activated MuSCs to return to a dormant state.

41.4 Engraftment of quiescent donor MuSCs into regenerating recipient
muscle. We next desired to assess whether the NELF complex controls the
expression of genes which remodel the extracellular niche environment through a final
allograft transplant experiment of quiescent MuSC donors into a damaged host
skeletal muscle environment. To do so, the hindlimbs of host NSG mice were
irradiated and damaged with CTX 48h prior to receiving 12,000 freshly isolated

quiescent MuSCs donors derived from NELFbS<©

or wildtype mice (Figure 4.1A,
4.1C). As previously described, a 21-day regeneration period was provided to assure
that donor populations had completed their myogenic programs to regenerate the
damaged host skeletal muscle, and established homeostasis.

Upon immunofluorescence analysis, it is apparent that the NELFb***° donors
are unable to regenerate the damaged host muscle, evidenced through collapsed
ECM which is generally devoid of myofibers (Figure S4.1E), and very few donor-
derived quiescent MuSCs (TdT* Pax7") (Figure 4.3D, S4.1E). In stark contrast,
wildtype donors could strongly contribute to the damaged host muscle, evidenced by
a high abundance of donor-derived de novo myofibers (TdT" with a centrally-located

nuclei) and quiescent MuSCs populations (Pax7* TdT") (Figure 4.3D, S4.1). What

remains important is the normalized replenishment capacity of the NELFb***° donors
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is significantly reduced to that of the wildtype donor controls (Figure 4.3D). This
suggests an inability of the NELFb***° donors to undergo self-renewal, which extends
beyond the reduced zone of homeostasis caused by precocious differentiation of
NELFbseK® myogenic progenitors. Because the previous allograft experiments show
the NELF complex does not directly affect MuSC self-renewal, this raises the
possibility that NELFb**® donors are unable to contribute to the extracellular
environment during regeneration, which produces a deficient niche environment that
remains incapable to promote donor MuSC maintenance and / or self-renewal. Thus,
this implicates a potential role of NELF to regulate the expression of genes which
remodel the niche environment during regeneration.

Taken together, these allograft transplant experiments suggest the NELF
complex indirectly supports MuSC populations during skeletal muscle regeneration
by (I) promoting extended myogenic progenitor proliferation, and (Il) regulating the
expression of genes which rejuvenate the MuSC niche environment. Together, this
provides a downstream niche environment which supports MuSC self-renewal and
maintenance. When the NELF complex is no longer functional, this produces a devoid
extracellular environment which is no longer conducive towards MuSCs maintenance

and / or self-renewal, which reduces the abundance of MuSCs.

4.2 Single-cell transcriptome analysis of myogenic progenitors

4.2.1 scRNA-seq model to understand effect of NELF in myogenesis. Both the
phenotypic characterizations performed in chapter 3 and the allograft transplants

described above support a role for NELF to sustain myogenic progenitor proliferation
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during skeletal muscle regeneration. This sustained proliferation may assure sufficient
expansion of myogenic progenitors available for myofiber repair, and supports
replenishment of the extracellular environment to promote downstream MuSC self-
renewal. While compelling, the mechanisms through which NELF may regulate gene
expression for these functions remains unknown.

One suitable technique to investigate the molecular function of NELF in
myogenic cell state changes is single-cell RNA-sequencing (scRNA-seq) owing to its
ability to provide transcript information of individual cells across an entire sample
population. While sequencing depth is limited, its use to identify new tissue-resident
cell subtypes (204, 205), define tissue cellular composition (151), and provide
directional pseudotime trajectories of cell state changes (206) supports its versatility
to study cellular behavior. To study the effects of a non-functional NELF complex on
myogenic cells in regeneration, isolated myogenic progenitors (TdT", Al7") collected
from regenerating skeletal muscle at 72 hpi were subject to single-cell RNA
sequencing using the 10X™ platform. This specific time was chosen as our prior
results shows divergence of NELFb**° myogenic cell states occurs between 48hpi to

72 hpi (sections 3.3.2, 3.3.3, and 3.4.2).

4.2.2 Initial clustering using SEURAT algorithm. Initial analysis of the
cell expression matrices with Seurat (157, 207) showed similar cluster topology for
NELFb**® and wildtype samples across biological and technical replicates
(NELFb***°: KO-B, KO-C; Wildtype: WT-A, WT-B, WT-C) (Figure S4.2A, B). Because
NELFb***° and wildtype populations occupied a similar clustering topology, we treated

all samples as a single population. While the topographical UMAP plots identify three
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distinct islands (Figure S4.2C), transcriptional profiling suggests Islands | and Il are
contaminating populations composed of fibroblasts and immune cells respectively
(Figure S4.2D, S4.2E). In addition, the expression of myogenic specific transcription
factors Pax7, Myf5, MyoD, and Myog is restricted to cells clustered in island Il (Figure
S4.2F) which supports that only this island constitutes myogenic cells. Although
fluorescence cell sorting was used to isolate for single-cell myogenic populations
(TdT" AI7"), we attribute the presence of non-myogenic cells to limits of the sorting
technology, which incorporated false-positives in the purified populations prior to
sequencing. Because topological clustering is influenced by all cell populations
provided for analysis, we reasoned that the contaminating populations could mask
subtle differences between NELFb**° and wildtype myogenic populations. Therefore,
non-myogenic cells were excluded, so focus specifically on the effects of a non-
functional NELF complex on myogenic populations. Looking at population
distributions, an apparent difference in the relative abundance of NELFb***° and
bscKO

wildtype populations distributed across the myogenic clusters suggests a NELF

affects myogenic cell state transitions, as established in our previous results.

4.2.3 PAGA clustering and trajectory analysis. To inspect how myogenic cell

state progression is affected by a NELFb**©

, we processed the cell expression
matrices of the myogenic populations with the PAGA algorithm (208) to construct
pseudotime trajectories. Initial Louvain clustering of the combined wildtype and
NELFb**° populations revealed 16 interconnected myogenic clusters based on the

transcriptome profiles of the myogenic cells (Figure 4.4A). To proceed to pseudotime

trajectory reconstruction, PAGA first requires an anchor-point which denotes the
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trajectory start. While high expression of Pax7 is a logical starting point to denote
myogenic cells closer to a quiescent state, its overall low expression across the 16
clusters (Figure 4.4C, red rectangle) means it could not confidently identify a start
point. As an alternate, high expression of Myog specific to clusters 15, 12, and 6
(Figure 4.4C, blue rectangle), proved to be a suitable terminal anchor point for
pseudotime trajectory reconstruction. Indeed, doing so produced a single proposed
pseudotime trajectory (Figure 4.4B), which agreed with the differential expression
patterns of myogenic regulatory factors Pax7, Myod1, and Myog, (Figure 4.4D) the
cell cycle regulator Cdkn3 involved in proliferation (209, 210), and Cdkn1a which
denotes cell cycle withdrawal (Figure 4.4E) (211, 212). The coherence between the
proposed pseudotime trajectory with established gene expression programs that
accompany myogenic cell state transitions suggests accuracy within the proposed
trajectory. Next, we assigned each of the 16 Louvain clusters to different myogenic
cell states based on the differential gene expression signatures of each cluster (Figure
4.4C). This allowed to bin the clusters to denote MuSC quiescence (cluster 13),
proliferation (clusters 2, 3, 4, 5, 7, 9, 11), early differentiation (clusters 0 and 8), and
committed to terminal differentiation (clusters 1, 6, 12, 15).

Density plots which represent the relative population distributions of NELFb®eK®
and wildtype populations within the pseudotime trajectory shows different populations
occupancy along the trajectory as a result of a NELFb***© (Figure 4.5A). Indeed, the

relative abundance of NELFbSK®

and wildtype cells in each of the myogenic cell states
shows a different distribution along myogenic cell states: wildtype cells show a
superior occupancy in proliferating clusters (60%) than NELFb**® populations (50%),

while fewer wildtype cells occupied early or late differentiation clusters (39%)
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compared to the NELFbS°K©

populations (47%) (Figure 4.5B). Granted this is a static
representation of myogenic progenitors captured at 72 hpi which excludes cells that
had already fused into myofibers, the reduced amount of proliferating NELFb®*<©
progenitors supports decreased proliferation and early commitment to terminal

differentiation as described above. This reduced time in proliferation causes fewer

progenitors to partake in population expansion, and therefore fewer myocytes
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Figure 4.4 — Single cell transcriptome analysis of myogenic progenitors in regeneration. Myogenic
progenitor cells (TdT™ Al7*) were isolated from CTX injured hind-limb muscles at 72 hpi, sorted based on
fluorescence, and subjected to scRNA-Seq using the 10x genomic platform. Subsequent to initial
characterization with Seurat, the expression matrices of myogenic specific populations were re-processed on
PAGA. (A) Myogenic cells clustered with the PAGA algorithm produces 16 different Louvain clusters on
combined cell analysis for NELFb**® and WT samples. (B) Pseudotime trajectory re-construction using the
PAGA algorithm shows the cell trajectory across 16 clusters from the Pax7* MuSCs (blue), through to the Myog*
myocytes (red).(C) Dotplot analysis of the 16 clusters on selected genes shows differences in Louvain cluster
gene signatures. Expression mapping of (D) myogenic regulatory factors Pax7, Myod1, and Myog and (E) cell
cycle regulators Cdkn3 and Cdkn1a confirms the directional flow of the proposed pseudotime trajectory.
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available to participate in de novo myofiber formation.

We next desired to look at molecular mechanisms which may lead to early
terminal differentiation upon a non-functional NELF complex. To do so, we compared
the relative population occupancy across the 16 Louvain clusters to identify those with
a high discrepancy in the relative presence of NELFb**° and wildtype populations.
This identified five key clusters enriched for either wildtype (clusters 2, 7, 9) or
NELFb**K° (clusters 0, 8) populations. Subsequent gene ontology analysis on the
upregulated and downregulated genes which constitute these clusters was performed
to identify pathways which may contribute towards early differentiation of NELFb**®
populations. Clusters enriched with wildtype populations (2, 7, 9) displayed
upregulation of terms which relate to the cell cycle and general proliferation (Figure

4.5C), and downregulation of genes relating to terminal differentiation. Clusters
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Figure 4.5 — scRNA-seq trajectory mapping indicates precocious differentiation amongst NELFb***©
myogenic progenitor populations. (A)Density mapping of NELFb***® and WT myoblasts on the PAGA trajectory
reveals diﬁerentialopopulation occupancy in clusters 0 and 8 (up in NELFbSCKo) as well as clusters 2, 7, and 9
(down in NELFb** ). (B) Cells were classified into different myogenic cell states based on global gene signatures
representing quiescence (cluster 13), proliferation (cluster2,3,4,5,7,9,11), early differentiation (cluster 0,8), and
late differentiation (cluster 1,6,12,15). (C and D) Gene Ontology analysis was performed on differentially
expressed genes identified in the 5 clusters that were either underrepresented (C) or overrepresented (D) in
NELFb**° mice. Representative upregulated (blue) and downregulated (red) GO terms are shown as a function
of Log10(p-value).
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enriched for NELFb**® populations (clusters 0 and 8) demonstrated an upregulation
of terms which pertain to myogenic terminal differentiation, such as cell adhesion
(213-218), JAK-STAT pathway (219-221) , and the PI3k-AKT pathway (222-225),
while GO terms of the downregulated genes relate to the cell cycle, and cellular
division (Figure 4.5D). In agreement with global population distributions (Figure 4.5A,
B), this suggests NELFb**° populations are moving towards terminal differentiation
while wildtype populations remain in a state of proliferation.

Collectively, the single-cell RNA-sequencing results support a mechanistic role
for NELF to control the transitions from proliferation towards cell cycle withdrawal
required for terminal differentiation. Because single-cell RNA sequencing offers
limited sequencing resolution, higher resolution sequencing is required to understand
the molecular mechanism through which NELF may controls the transition of

myogenic progenitors from proliferation towards terminal differentiation.

4.3 Establishing specific molecular functions regulated by the NELF complex

4.3.1 RNA-sequencing on myogenic progenitors captured at 48h post-injury.

To identify early changes in gene expression from a non-functional NELF
complex, RNA-seq analysis was performed on fluorescence-sorted myogenic
progenitors (TdT" Al7") gathered at 48 hpi. This earlier timepoint was chosen to study

changes in the transcriptome upon a NELFb**°

prior to these producing an
observable phenotype as reported in sections 3.3.2 and 3.3.3. Initial differential gene
expression analysis shows 305 upregulated and 343 downregulated genes in the

NELFb**® samples when compared to wildtype controls (Figure 4.6A). Gene ontology
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analysis performed on these upregulated genes returned terms which relate to
skeletal muscle differentiation, extracellular matrix remodelling, and signaling
pathways which typically function in terminal differentiation such as MAPK (226, 227)
(Figure 4.6B, left panel). Contrarily, GO analysis of the downregulated genes
suggests suppression of pathways which relate to the cell cycle, extracellular
remodelling, and p53 signaling (Figure 4.6B, right panel). Together, this RNA-seq and
GO analysis suggests that at 48 hpi, NELFb***® myogenic progenitors already have
an aptitude towards terminal differentiation while wildtype populations gravitate
towards maintenance withinin the cell cycle.

Amongst the GO terms produced, there were some contradictory results.
Specifically, increased expression of genes which relate to the TGF- pathway in
NELFb***° progenitors (Figure 4.6B) seems counterintuitive as this pathway typically
supports progenitor proliferation and prevents terminal differentiation (228). To
investigate, we considered the specific dysregulated genes relating to the given GO
terms, to identify whether they were positive or negative regulators of the pathways.
Indeed, NELFb**° progenitors were marked with a general increased expression of
myogenic genes typically observed during terminal differentiation such as Myog,
Mef2c, Des, and Myipf (Figure 4.6C). In addition, NELFb**° populations exhibit
reduced expression of genes which sustain cellular proliferation (Cdk6, Pcna, and
CdC20) (229-234) and upregulated expression of Ccnd3 which supports cell cycle
withdrawal prior to terminal differentiation (235-237). In addition, dysregulation of

genes that function in extracellular matrix remodelling in NELFbS**°

progenitors
included defects in expression of structural collagens Col13a1 and Col5a3 (238),

matrix remodeling enzymes such as Adamts1, and genes such as SerpinF1 which
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produce the secreted protein Pigment Epithelium-Derived Factor (PEDF) (239)
(Figure 4.6C). Collectively, these results demonstrate precocious differentiation upon
a non-functional NELF complex occurs through early cell cycle arrest which prompts
terminal differentiation. In addition, dysregulated expression of extracellular
environment remodeling genes supports our prior implications of the NELF complex
in remodeling the extracellular environment (section 4.1.4) to support downstream
MuSC populations.

4.3.2 Cut N Tag to identify direct NELF targets. We next desired to
identify whether the reported changes in gene expression arise from a direct loss of

NELF binding, or as an indirect secondary effect produced by a loss of NELF function.
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Figure 4.6 —Transcriptome profiling of myogenic progenitors during early regeneration. RNA-seq analysis
performed on fluorescence-sorted NELFb***° and WT myogenic progenitors (TdT" Al7") isolated from skeletal
muscle at 48 hpi using an adjusted p-value < 0.01 as a cutoff. (A) Data represented as a Volcano plot shows 305
upregulated and 343 downregulated genes. (B) Representative GO terms of upregulated and downregulated
genes upon a NELFb**© are represented as biological processes (blue), cell component (red), or Kegg pathway
(black). (€C) Heatmap plot for select genes are grouped on their contributions towards myogenesis, cell cycle
regulation, and ECM remodeling.
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To do so, we identified the direct NELF target genes by Cut & Tag using a dual-
antibody approach to target the NELFe subunit (240) on cultured wildtype myoblasts
(Figure 4.7A). Because the NELF complex may help pause Pol Il at DNA double-
stranded break repair in the gene body (241, 242), analysis of the sequencing results
was confined to the promoter-proximal region. Subsequent overlap analysis between
genes with promoter-proximal bound NELF to the differentially expressed genes in
response to a NELFb**© identified direct NELF target genes which may evoke
precocious differentiation. To investigate potential pathways, we performed GO
analysis on these NELF target genes which are either upregulated or downregulated

in response to a NELFb© (

section 4.3.1). The GO terms of the upregulated genes
strongly related to terminal differentiation (Figure 4.7B) and encompass genes such
as Des, Myog, and Mylpf, in addition to the cell cycle withdrawal gene Ccnd3 (Figure
4.7C). Similarly, GO analysis of the downregulated NELF target genes produced
terms relating to proliferation and mitosis (Figure 4.7B), owing to reduced expression
of genes which promote cell cycle maintenance such as Pcna, Cdc20, and Cdk6
(Figure 4.7C). In addition, direct NELF target genes which relate to extracellular
remodelling were both upregulated (Adamts1, Col5a3) and downregulated (SerpinfF1,
Col13a1) (Figure 4.7C). Collectively, this data supports a direct role of NELF to

regulate the expression of genes which favour maintenance within the cell cycle, and

in extracellular remodelling.
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4.3.3 PRO-seq supports a role for NELF to stabilize rather than pause Pol Il.
To interrogate how a non-functional NELF complex affects Pol Il activity and
the resulting changes in gene expression, we proceeded to precisely map global Pol

Il positioning on cultured myoblasts derived from NELFbs<©

and wildtype populations
using Precision Run-On sequencing (PRO-seq). This modified nuclear run-on assay
uses biotin-labelled RNA precursors pulsed in permeabilized nuclei so that capture

and sequencing of the biotin-labelled RNA transcripts can be used to map global Pol
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Figure 4.7 — Mapping NELF binding sites and inferring genes directly regulated by NELF. (A) CUT&Tag
coupled with deep-sequencing was used to map global positioning of NELFe, Pol Il S5P, and H3K4me3 marks.
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their effect on myogenesis, cell cycle, and ECM remodelling.



Il occupancy with single nucleotide resolution. Further, the transcript abundance is
directly representative of Pol Il abundance and activity, where elevated transcript
content signals high Pol Il density, and low transcript abundance denotes low Pol Il
density within the genomic region (88, 152, 243). In addition, comparative analysis
between PRO-seq and RNA-seq datasets obtained in parallel conditions means the
activity of Pol Il within the promoter proximal region can be overlapped with RNA-
sequencing. Thus, this can identify how a NELFb**K© affects Pol I activity, and
whether NELF stabilizes transcripts to promote their expression, or acts to block their
active elongation (reviewed in section 1.3).

First, we focused on the effects of a NELFbSK®

on Pol Il activity in genes which
are specifically downregulated in response to a NELFb**°. Doing so reveals a
reduced abundance of nascent transcript at both the TSS (Figure 4.8A), and within
the gene body (Figure 4.8C). This suggests that in response to a non-functional NELF
complex, the promoter proximal paused Pol Il within these genes becomes
destabilized and prone to abortive transcription, as explained in section 1.3.2. In
addition, the reduced PRO-seq signal within these genes correlates with a reduced
presence of both serine-5 phosphorylated RNA Pol Il, and the histone mark H3K4me3
(Figure 4.7A), which are marks which denote paused promoter proximal Pol Il and
transcriptionally active genes, respectively. Thus, this signifies that genes which are
downregulated in response to a non-functional NELF complex arises from
destabilized Pol Il in the promoter-proximal region which becomes susceptible to
abortive transcription. In turn, this may promote gene silencing through reduced

recruitment of general transcription factors and nucleosome encroachment, which

leads to general downregulation and suppression, as introduced in section 1.3.4.
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Next, we considered the PRO-seq signal at genes which are upregulated in
response to a NELFb***°. This shows no significant difference within the abundance
of Pol Il accumulated at the TSS (Figure 4.8B), nor within the gene body (Figure 4.8C)
when compared to the wildtype control PRO-seq signal. In addition, presence of
H3K4me3 suggests these genes are transcriptionally active in response to a non-
functional NELF complex. Taken together, this data supports that the upregulated

bS°K® occurs from a quicker release

expression of these genes in response to a NELF
of paused Pol Il from the promoter proximal region, without increasing the abundance
of Pol Il recruited within these regions. Thus, this supports an inhibitory role of NELF
which binds promoter proximal paused Pol Il to prevent the expression of these genes,

so that a non-functional NELF complex allows release of promoter-proximal paused

Pol Il towards active elongation.

4.3.4 RNA-sequencing of cultured myogenic progenitors. During the
PRO-seq experiments, RNA-seq analysis was performed on an adjacent population

of NELFb***° and wildtype cultured myoblasts. Differential gene expression analysis
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Figure 4.8 — Precision Run-On sequencing maps changes in global Pol Il activity in response to a
NELFb®°K°, Precision Run-On sequencing mapped onto RNA-sequencing results obtained from
NELFb**° and WT cultured myoblasts show that (A) downregulated genes in the NELFbS*© myoblasts have
decreased nascent transcript levels at the promoter-proximal region as well as (C) the gene body (p-value =
0.006). (B) Genes which are upregulated in response to a NELFb**° show no significant change in nascent
transcript levels compared with WT controls (p-value = 0.77), (C) nor in gene body occupancy.
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bs°® populations

identified 102 upregulated and 441 downregulated genes in NELF
when compared to the wildtype controls (Figure 4.9A). Gene ontology analysis of
upregulated genes produced terms consistent with those obtained from myogenic
progenitors collected at 48 hpi, including MAPK signaling, negative regulation of
TGFB, and skeletal muscle differentiation (Figure 4.9B, left panel). Similarly, GO

b>*K° produced terms relating to

analysis on the downregulated genes upon a NELF
extracellular remodelling and cellular proliferation (Figure 4.9B, right panel). This data
supports the previous conclusions (section 4.3.1), where dysregulated gene
expression upon a NELFb**® causes cell cycle withdrawal and commitment to
terminal differentiation, while dysregulation of genes pertaining to extracellular
environment remodelling may prevent MuSC self-renewal. Thus, the early changes in
gene expression which arise from a NELFb***° as early as 48 hpi may compound in

later stages of proliferation to elicit precocious differentiation and defects in

extracellular environment remodelling.
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Figure 4.9 — Transcriptome profiling of cultured primary myogenic progenitors. RNA-seq analysis
performed on cultured primary myoblasts derived from NELFb***° and WT mice, using an adjusted p-value <
0.01 as a cutoff shows 441 downregulated and 102 upregulated genes (A) Data represented as a Volcano
plot; (B) Representative GO terms from upregulated and downregulated genes upon a NELFb™*° show
processes of biological processes (blue), cell component (red), or Kegg pathway (black).
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4.4 Role of NELF in pathway regulation during skeletal muscle regeneration.
Collectively, the characterized phenotype and molecular analysis suggests
NELF influences gene expression in two distinct pathways to support skeletal muscle
regeneration. First, NELF regulates the expression of genes which favors myogenic
cells to remain engaged in the cell cycle. This produces a massive expansion in
myogenic progenitor populations to (I) adequately repair damaged myofibers, and (ll)
permit proliferating myogenic progenitors to rejuvenate the extracellular environment
to support downstream MuSC self-renewal. Secondly, NELF directly regulates the
expression of genes which rejuvenate the extracellular environment, which further
supports downstream MuSC self-renewal in the regenerated environment. When
NELF is rendered non-functional, dysregulated expression of genes relating to both
these pathways culminates in fewer myogenic cells available to repair damaged
myofibers, and a niche environment which cannot support MuSC self-renewal. To
validate the proposed role of NELF in these pathways, we performed independent

rescue experiments targeted towards each of the pathways.

4.41 NELF controls expression of cell cycle regulators to effect cell cycle
withdrawal. Direct NELF target genes which are dysregulated in
NELFb**® myogenic cells can be grouped as those which are either upregulated or
downregulated in response to a non-functional NELF complex. Doing so reveals that
genes which favours maintenance within the cell cycle such as Ccng1, Pcna, and
Cdc20, are downregulated, while those which promote cell cycle withdrawal (Cdkn1a,
Ccnd3) and terminal differentiation (Myog) are upregulated (Section 4.3.1). Thus,

considering the temporal order of gene expression which accompanies myogenic cell
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state changes suggests the reduced expression of cell cycle promoting genes may
therefore initiate precocious differentiation, which is closely followed by upregulated
expression of the cell cycle withdrawal and terminal differentiation genes.

Focusing on the downregulated NELF target genes reveals a reduced
expression of Ccng1, which is a regulator of the p53 pathway which is well-known to
elicit terminal differentiation during myogenesis (244-246). Here, Cyclin G1
dephosphorylates to activate the ubiquitin ligase MDM2, which ubiquitinates p53 so
that p53 levels remain low (Figure S4.3A). In the absence of Cyclin G1, MDM2
remains in an inactive phosphorylated state, so it can no longer ubiquitinate p53, and
this causes p53 protein levels to elevate (Figure S4.3B). In turn, p53 activates its
target genes which includes Cdkn1a, and this produces the p21 protein to induce cell-

cycle arrest. Thus, the reduced expression of Ccng? in NELFbS*<©

populations could
therefore cascade towards an increase in p53 to prompt cell cycle withdrawal and
precocious differentiation. Indeed, deep-sequencing results supports Ccng1 is a direct
NELF target, where a NELFb**© reduces promoter-proximal paused Pol Il (Polll-
S5P), and decreases expression of Ccng1 (Figure S4.4). This culminates in increased
expression of p53, which drives production of p21 (Figure S4.5) to initiate precocious
differentiation.

To investigate whether precocious differentiation of NELFb*<©

myogenic
progenitors can be rescued through the p53 pathway, we cultured primary myoblasts
in the presence of the p53 molecular inhibitor pifithrin-a, and measured proliferation
through an EdU incorporation assay. A similar abundance of EdU* myoblasts in

NELFb**® and wildtype populations treated with pifithrin-a (Figure 4.10) suggests that

a block in the activity of p53 rescues the precocious differentiation typically observed
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in NELFb**“® myoblasts. In addition, pifithrin-a treatment had no significant effect on
the proliferation of wildtype myoblasts when compared to vehicle-treated controls,
while the proliferation of untreated NELFb**“® myoblasts remained significantly inferior
to that of the untreated wildtype controls (Figure 4.10). This suggests that early
expression of p53 may be responsible for the precocious differentiation of NELFb®*®
myogenic progenitors.

Next, pifithrin-a treatment was assessed in vivo to determine if blocking p53
could rescue the skeletal muscle regeneration defect previously described for
NELFb**°mice. To do so, NELFb**° and wildtype mice were either provided pifithrin-
a or a vehicle control at 40 hpi, 64 hpi, and 88 hpi, then assessed for total regeneration
at a time of 7 dpi. Characterization of the regenerated TA through minimal Feret
diameter measurements reveals a partial but significant rescue in the myofiber

diameter of treated NELFb**® compared to the untreated population (Figure 4.11A).
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Figure 4.10 — Culturing primary myoblasts with pifithrin-a rescues proliferation of NELFb**°© populations.

Cultured primary myoblasts from NELFb**° and wildtype mice were induced with 4-OHT (72h), then treated with
either pifithrin-a (27 yM) or a DMSO vehicle control glsh). Proliferation assessed through an EdU incorporation
assay shows proliferation of vehicle-treated NELFb***° populations [48.79 + 0.9975, n=3] are significantly reduced
to that of vehicle-treated wild%)e controls [58.79 + 1.396, n=3]. Treatment with pifithrin-a significantly increases
the proliferation of NELFb**"” populations [58.92 + 1.681, n=3], while having no significant effect on the
proliferation of wildtype populations [62.56 + 2.703, n=3].
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This suggests the NELFbseK© myogenic progenitors underwent extended proliferation
in vivo, which allowed a higher abundance of myocytes to participate in myofiber
repair. In addition, treatment with pifithrin- a had no effect on myofiber diameter of
wildtype populations when compared to untreated wildtype controls. Because
proliferating myogenic progenitors may rejuvenate the niche environment in support
of MuSC self-renewal (section 4.1), we further quantified the abundance of Pax7*
MuSCs normalized to the amount of myofibers within a field of view. Indeed, a partial
but significant increase in the abundance of Pax7* MuSCs is apparent in the
regenerated skeletal muscle of pifithrin-a treated NELFb***° mice when compared to
untreated NELFb**° controls, whereas pifithrin-a had no effect on the MuSC
populations of the wildtype groups (Figure 4.11B, S4.6). This suggests that pifithrin-a
does not directly impact MuSC populations, rather the partial rescue in proliferation

A B

Untreated Pifithrin-a

ARWGK A% % ns
s oA —
8 E 601 - 2607 ww
= = — £ —
2 5 Coa 3
| £ £ [
< . P
(=] D [a -
® 301 & _530 ;
2 'E
E —
g E R4 2 2 'I'
3 c . 2 3
2 s b £ s 0 g7
m o & o EQ EQ
= =22 = =2 ¢
Untreated Treated Untreated Treated

Figure 4.11 — Pfithrin-a administered during skeletal muscle regeneration yields a partial rescue in
myofiber diameter and Pax7* populations in NELFb**° populations. Tamoxifen-induced NELFb***° and
wildtype mice received treatment with a vehicle control or pifithrin-a during skeletal muscle regeneration, and the
regenerated TA isolated at 7 dpi for characterization. (A) Hematoxylin & Eosin staining of cross-sections obtained
from the regenerating TA. Minimal Feret diameter measurements shows a significant increase in the myofiber
diameter of the regenerated TA of NELFb*°K° populations treated with pifithrin-a [22.81 + 1.747, n=5] compared to
the NELFb*°K° populations which received an vehicle control [12.53 + 2.386, n=4]. Treatment with pifithrin-a did not
produce a significant difference in the myofiber diameter of wildtype populations [26.99 + 0.4838, n=3] when
compared to vehicle-treated controls [25.69 + 1.602, n=3]. (B) Inmunofluorescent staining identified the abundance
of Pax7* cells normalized to the abundance of myofibers within a field of view. Treatment of NELFbS*© populations
with pifithrin-a significantly increases the normalized abundance of Pax7" populations [22.81 + 1.747, n=5]
compared to vehicle-treated NELFbS*© populations [12.53 + 2.386, n=4], while pifithrin-a treatment of wildtype
populations causes no significant difference of normalized Pax7* populations [36.24 + 6.564, n=3] compared to
vehicle-treated controls [42.23 + 3.889, n=3]. Individual immunofluorescence fields are shown in Figure S4.6.
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permits increased time for niche environment rejuvenation by myogenic progenitors,
which permits downstream MuSC self-renewal. These rescue experiments support

precocious differentiation of NELFbS*<°©

myogenic progenitors occurs in response to
dysregulated expression of Ccng1, which prompts cell cycle withdrawal through a

p53-dependent pathway.

4.4.2 NELF directly controls the expression of niche rejuvenation factors for
MuSC self-renewal. During analysis of allograft transplant experiments
(section 4.1) we noted a remarkable positive correlation which suggested proliferating
myogenic progenitors actively reformulate the extracellular niche environment to
support downstream MuSC self-renewal (section 4.1.2, 4.1.3). Further, deep-
sequencing analysis showed NELF directly controls the expression on some of these
environment remodelling factors. This included SerpinF1 which produces the PEDF
protein which is known to affect cellular behavior through anti-angiogenic , (247, 248),
anti-tumorigenic (249, 250), neurotrophic (251) (252), and myogenic effects (239,
253). Thus, we reasoned that the reduced expression of SerpinF1 in NELFb**°©
myogenic progenitors could also contribute to a diminished niche environment which
is incapable to support downstream MuSC self-renewal during regeneration.

To investigate, we provided intramuscular PEDF to the regenerating TA of
NELFb**° and wildtype mice at 3dpi and 5dpi, then characterized the regenerated
skeletal muscle at 7dpi. Because PEDF had no significant effects on myofiber
diameter in NELFb***° and wildtype populations (Figure 4.12A) suggests this factor
does not affect the myogenic progenitor proliferation, and therefore does not influence

de novo myofiber diameter. However, immunofluorescence analysis does reveal a
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significant increase in the normalized abundance of Pax7* MuSC populations in the
regenerated TA of NELFb***° mice compared to vehicle treated NELFb**® controls.
In addition, PEDF has no effect on Pax7* MuSC populations in the regenerated TA of
wildtype mice when compared to those of vehicle-treated wildtype controls (Figure
4.12B, S4.7). This implies a direct role for PEDF to promote MuSC self-renewal, which
is directly regulated by NELF. Thus, this supports a role for NELF in myogenic
progenitors to regulate the expression of genes which remodel the niche environment
to promote downstream MuSC self-renewal, which occurs as an independent process

from myogenic progenitor proliferation.
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Figure 412 — PEDF supplemented to the regenerating skeletal muscle environment increases
regeneration. Subsequent to tamoxifen-induced Cre-recombination, the TA of NELFb***°® and WT mice was
injured with intramuscular injury, and supplemented with intramuscular PEDF (50uM) in 2% alginate solution, or
a vehicle control at 24 hpi and 48 hpi. Regenerated TA isolated at 7 dpi are characterized. (A) Hematoxylin &
Eosin stain of the cross-sections shows there is no significant difference in the minimal Feret myofiber diameter
of NELFb*°K° populations whether treated with PEDF [20.59 + 1.368, n=3] or a vehicle control [21.51 + 0.857,
n=3]. Similarly, there is no significant difference in myofiber diameter of wildtype populations treated with PEDF
[27.94 +0.9834, n=3] compared to vehicle controls [28.56 + 0.6189, n=3]. (B) Inmunofluorescence of the cross-
sections was used to quantify the abundance of Pax7* cells normalized to the abundance of myofibers within a
field of view. Upon PEDF treatment, NELFb*°K° populations shows a significant increase in the normalized
abundance of Pax7* cells [23.03% +2.046, n=3] compared to vehicle-treated controls [10.54% +2.069, n=3], while
PEDF had no significant effect on the abundance of Pax7* populations [39.99% +3.239, n=3] compared to vehicle-
treated controls [37.36 % + 3.896, n=3]. Individual immunofluorescence fields are shown in Figure S4.7.
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4.5 — Discussion

4.5.1 The NELF complex does not influence cell state transitions of quiescent
and activated MuSCs. The reduced abundance of MuSC populations in
regenerated skeletal muscle of NELFb**© (section 3.5.1) prompted us to further

investigate how a NELFbs**®

may affect MuSC self-renewal using a series of allograft
transplant experiments. Considering the behavior of donor MuSCs during allograft
transplantations, they are known to engraft and proliferate to establish a zone of
homeostasis within their transplanted region (199). Understanding that the
extracellular environment strongly influences MuSC activity (section 1.1.3), this
means that differences in progenitor proliferation while establishing homeostasis
could influence downstream MuSCs self-renewal. Thus, to account for the inherent

reduced proliferation caused by a NELFb®*<©

(section 3.3.3) and its potential impact
to affect donor MuSC self-renewal, we decided to normalize the abundance of donor-
derived MuSCs to the established zone of homeostasis, denoted by TdT" host
myofibers, and termed this parameter the normalized replenishment capacity.

Upon transplantation of quiescent MuSCs in the undamaged host TA, there
was no significant difference in the normalized replenishment capacity of NELFb®eK©
and wildtype donors. This suggests that NELFb**“® MuSCs have an equal ability to
engraft and undergo self-renewal than their wildtype counterparts. In addition, there
were no significant differences within the normalized replenishment capacity when
activated MuSC donors were transplanted into a healthy host muscle. This equally

suggests that the NELF complex does not influence the ability of activated MuSCs to

return to a dormant state. Thus, this data suggests the NELF complex poses no
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influence on the cellular activity of MuSCs regarding their activity prior to entering the
cell cycle, and therefore has no influence on cellular activity of MuSCs in quiescence

and activated states, nor in MuSC self-renewal.

4.5.2 NELF controls the expression of extracellular remodelling genes.

When quiescent MuSCs were transplanted into a regenerating host milieu, we
observed a significantly reduced normalized replenishment capacity of NELFb®<©
donors compared to wildtype donors. This suggests that MuSC self-renewal is
impaired even when accounting for the reduced proliferation of myogenic progenitors
in response to a non-functional NELF complex. Because NELF does not inherently
affect MuSC self-renewal, this suggests a defect in the extracellular environment is
affecting the ability of donor MuSCs to undergo self-renewal. In addition, we may
exclude the effects of pre-existing niche factors and accessory cell types to influence
MuSC self-renewal, as the NELFb***® and wildtype donors were transplanted into the
contralateral TA of a same host NSG mouse, meaning they are exposed to near-
identical extracellular conditions upon transplant. Thus, the only variable in the
transplant experiments remains with the donor populations, and these only differed in
the function of the NELF complex. This presents the possibility that the NELFb®eK©
MuSC donors have an impaired ability to reformulate their extracellular environment
during acute injury, beyond that arising from their reduced proliferation. This supposes

that gene dysregulation from a NELFb**<°

causes aberrant expression of genes which
reformulate the extracellular environment, and this produced the reduced normalized
replenishment capacity of the NELFb**® donors when transplanted into a

regenerating host milieu.
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Indeed, subsequent deep-sequencing experiments do show NELF directly
regulates the expression of several genes which reformulate the extracellular
environment. Amongst these genes was downregulation of SerpinF1, which produces
the PEDF protein that is a known influencer of cellular activity (239, 247-253). When
PEDF is supplemented to the regenerating skeletal muscle environment, it produced
a partial rescue in the abundance of endogenous MuSC populations in NELFbs**©
muscle, with no effect on wildtype controls. This supports a role for NELF to directly
control the expression of genes which remodel the extracellular environment, and this
permits downstream MuSC self-renewal. While the dysregulation of these genes did
not appear to affect self-renewal of NELFb***°® donors transplanted to an undamaged
host environment, this is likely because host factors present within the undamaged
niche environment were able to compensate and promote MuSC self-renewal.

While we can exclude the function of NELF in affecting MuSC self-renewal, it
remains unclear whether the differences in MuSC population arose from an inability
of MuSC to undergo self-renewal, or from a hostile niche environment which could not
retain MuSCs in a quiescent state. To investigate, an extended EdU exposure should
be provided to host mice between 5 days — 10 days following allograft transplant,
reminiscent to an experiment previously described (24). Doing so would incorporate
EdU into the nucleus of MuSCs as they divide during self-renewal, so that quiescent
MuSC populations can be differentiated as those that arose from donor self-renewal
(Pax7*, TdT", EdU") versus those which engrafted and did not divide (Pax7", TdT",
EdU"). Comparative analysis of the abundance of self-renewing MuSCs versus those

which engraft with no proliferation to the normalized engraftment capacity would
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identify whether the depleted niche environment upon a NELF impairs MuSC

self-renewal or maintenance within a quiescent state in the host environment.

4.5.3 NELF supports promoter proximal Pol Il pausing during chromatin
rearrangements. The role of NELF to stabilize promoter proximal paused
Pol 1l (80) may permit a period for regulatory signals to integrate (99), and control the
ability of Pol Il to express a specific gene. When NELF is associated with Pol II, it
largely prevents Pol Il from escaping into the gene body, which may be a regulatory
step to permit chromatin rearrangement and render the downstream genes more
permissive. Upon recruitment of pTEFb, NELF is disengaged and Pol Il proceeds into
the gene body. By remaining associated with Pol Il and stabilizing it towards
elongation through Ser2 phosphorylation of the Pol Il CTD, this confers stability to
permit Pol Il elongation and subsequent gene expression.

The role of NELF has been proposed to both (l) stabilize Pol Il against abortive
transcription by the integrator complex in support of gene expression, and (Il) to
prevent Pol |l release into the gene body, as a transcriptional inhibitor (section 1.3).
Thus, when NELF is depleted, the fate of the promoter proximal paused Pol || may
either proceed towards active gene expression or towards promoter-proximal
termination (80). Here, the fate of Pol Il may largely depend on the epigenetic
signature of the gene (254). Permissive genes with low thermodynamic barriers would
remain susceptible to active elongation, so that an increased expression occurs upon
a non-functional NELF complex. Genes with thermodynamic barriers such as tightly
bound nucleosomes, repressive histone marks, and other inhibitory factors may

present a high thermodynamic barrier to Pol Il upon its release into the gene body.
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Here, Pol Il may not be able to overcome these steric and thermodynamic barriers
which entice Pol Il termination (51, 80), potentially mediated through endonuclease
cleavage by the integrator complex, as described in section 1.3. In addition, Pol Il
escape in response to a non-functional NELF complex may not be bound by pTEFb
so that the CTD Ser2 remains un-phosphorylated. This further destabilizes Pol II,
which may be more susceptible to transcription termination when faced with
destabilizing factors on the gene body.

In the case of a non-functional NELF complex generated by a NELFb®°K®,

our
sequencing data shows Pol Il undergoes both active elongation and promoter-
proximal termination at NELF target genes, with a bias of the gene class. Specifically,
Pol Il termination was predominant at genes which promote maintenance within the
cell cycle, while active elongation was observed at genes which promote cell cycle
arrest and terminal differentiation. This may arise from early rearrangements in the
chromatin landscape as activated MuSCs become engaged in the cell cycle (51, 255).
As an example, cell cycle maintenance genes are typically marked with activating
H3K4me3 marks on their nucleosomes during the early stages of myogenic progenitor
proliferation (256), to assure their expression and maintenance within the cell cycle
(255). Therefore, a loss of functional NELF at these genes would permit Pol |l escape
prior to chromatin rearrangements. However, as Pol |l encounters thermodynamic
barriers it could prompt abortive transcription which would prevent gene expression.
The ability of escaped Pol Il to undergo active elongation amongst genes which
participate towards terminal differentiation may additionally arise from early changes

to the chromatin networks. Indeed, a recent study suggests Pax7 directs changes in

chromatin looping networks to prime genes required for terminal differentiation (66).
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Thus, this open chromatin state could be conducive towards active Pol |l elongation
early in proliferation, so that ablated NELF permits Pol Il escape into permissive
chromatin which supports active elongation. Additionally, this early expression of
genes implicated in terminal differentiation such as Myog would further contribute to
cell cycle withdrawal. Specifically, Myog induction of p21 would coax cell cycle and
terminal differentiation, whilst diminishing the expression of cell cycle promoting
genes.

While the above scenarios remain speculative, the correlation between gene
class and the fate of escaped Pol Il in response to non-functional NELF remains an
interesting observation. Future comparative investigations to consider NELF binding
sites, chromatin accessibility with ATAC-seq, and the fate of the escaped Pol Il in
response to a non-functional NELF complex may clarify whether NELF exerts Pol Il
pausing to regulate between chromatin rearrangements and transcription regulation.
Additional bioinformatics comparisons to accessible databases such as ENCODE
(257, 258) will provide additional insight into spatio-temporal interactions between
chromatin rearrangements and transcriptional control evoked by NELF. Lastly,
bioinformatics modelling to consider the spatio-temporal activity of chromatin
modifiers along myogenic cell state changes in conjunction with changes in chromatin
and Pol Il processivity will help shape the regulatory network which ties chromatin

accessibility and the resulting activity of Pol Il.

4.5.4 NELF acts as a point of convergence between multiple signaling
pathways to initiate terminal differentiation and acts in a feed-forward loop.

The ability of NELF to control the onset of terminal differentiation was proposed
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to proceed through direct regulation of Ccng1 expression, which is an upstream
regulator of p53. Indeed, a block in p53 activity did extend myoblast proliferation,
which supports a mechanism of action where NELF can initiate terminal differentiation
by regulating the abundance of p53 regulators. This remains interesting, given several
signaling pathways in myogenesis are known to relay extracellular signals to induce
terminal differentiation by modulating the activity of p53, such as PI3K/Akt, MAPK,
and JAK/STAT signaling pathways (259-261). This presents an interesting possibility
when considering the general function of NELF to control rapid changes in gene
expression in response to extracellular stimulus, and the proposed ability of NELF to
induce terminal differentiation through p53 signaling. Here, extracellular signals may
activate diverse signaling pathways, which culminate in dissociation of NELF and
subsequent gene dysregulation which favours accumulation of p53 to evoke cell cycle
withdrawal and commitment to terminal differentiation.

Gene ontology analysis of dysregulated genes in NELFb***® samples revealed
prevalent upregulation of signaling pathway components known to entice myogenic
progenitors towards terminal differentiation. This included genes relating to the JAK-
STAT (219-221), PI3k-AKT (222-225), and MAPK (226, 227) pathways. This presents
an interesting implication of NELF to support the onset of terminal differentiation. As
a release of NELF starts priming cells towards cell cycle withdrawal, this also causes
increased expression of functional components of signaling pathways which prompt
terminal differentiation. In turn, this may potentiate the cellular response towards
extracellular signaling, in a type of feed-forward loop which assures commitment to

terminal differentiation. This remains an interesting possibility owing to previous
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studies that have demonstrated the importance of NELF to mitigate gene expression
in response to extracellular signals (section 1.3).

Lastly, while a block in p53 activity did provide a partial rescue in myogenic
progenitor proliferation, it did not rescue myofiber size to that of wildtype controls. This
could arise from an unoptimized protocol, or because NELF may additionally induce
terminal differentiation through a p53-independent pathway. Therefore, while the
activity of p53 is blocked, these dysregulated p53-independent pathways could still
entice cell cycle withdrawal and precocious terminal differentiation. To investigate,
shRNA silencing could be used to eliminate p53 and abolish p53-mediated cell cycle
withdrawal. From here, the ability of NELFb**° and wildtype populations could be
assessed for their ability to undergo terminal differentiation. If the NELFb®*©
populations still undergo precocious differentiation compared to the controls, this
would support the ability of NELF to initiate cell cycle withdrawal and terminal

differentiation through a p53-independent pathway.

4.5.5 General conclusions

Results presented within this chapter describe an important role of NELF to retain
myogenic progenitors in an expansive state. Doing so accomplishes two critical
components to effectuate skeletal muscle regeneration. As a direct effect, population
expansion assures sufficient myocytes are present for de novo myofiber fusion. As an
indirect effect, the sustained proliferation allows myogenic progenitors to reformulate
the niche environment in support of MuSC self-renewal during regeneration. In
addition, NELF regulates the expression of genes to assure rejuvenation of the

extracellular environment to promote MuSC self-renewal (Figure 4.13). At the
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molecular level, NELF appears to stabilize promoter proximal Pol Il of many genes to
retain myogenic progenitors in a proliferating state. Upon terminal differentiation,
various signaling pathways may converge to induce a release of NELF from promoter
proximal paused Pol I, and initiate the expression of gene programs required for

terminal differentiation.
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Figure 4.13 — Proposed mechanism for the implication of NELF in skeletal muscle regeneration. Healthy
skeletal muscle (I) remains adaptive to injury. In response to injury, (II) MuSCs are activated and begin dividing to
permit population expansion. (lll) In response to a NELFb*°K°, myogenic progenitors exhibit reduced proliferation
than in WT conditions, and begin undergoing precocious differentiation. This reduces the amount of progenitors
available for regeneration, and does not rejuvenate the extracellular niche environment. (IV) As regeneration
progresses myotubes begin forming. In addition, some activated MuSCs may become a dormant satellite
progenitor, while quiescent MuSCs undergo self-renewal. The reduced replenishment of the niche environment in
NELFb**© populations impairs MuSC self-renewal. (V) The mature myofiber is characterized by a contractile
myofiber and repopulated MuSC populations, both of which are reduced in NELFbS© populations.
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CHAPTER 5

Regulating myogenic cell proliferation through the NELF-pTEFb axis

5.1 — Modelling prolonged myoblast proliferation through molecular inhibition

5.1.1 Effects of Flavopiridol on primary myoblast proliferation. The
ability of NELF to regulate myogenic progenitor proliferation poses interesting
therapeutic perspectives. Specifically, sustaining NELF binding at its target genes is
a strategy which could retain myogenic progenitors engaged in proliferation, and
increase the abundance of myogenic progenitors available to contribute towards
degenerated skeletal muscle. Because NELF remains engaged until its release is
induced by phosphorylation of DSIF by pTEFb, this leads to the possibility that
disabling the function of pTEFb could be used to retain NELF bound to its target
genes, and support gene expression patterns which favour proliferation.

Considering molecular inhibitors of cyclin dependent kinases, one promising
candidate is Flavopiridol as it can specifically inhibit the catalytic activity of the pTEFb
constituent Cdk9 (262). In C2C12 myoblasts, a non-functional pTEFb complex
generated through either exogenous overexpression of a catalytically dead Cdk9
(Cdk9dn) or with low concentrations of Flavopiridol prevents the expression of genes
expressed in terminal differentiation such as Myog, Mck, and MHC (263) and general
myotube formation (264). Thus, this supports a role for pTEFb to initiate terminal

differentiation in C2C12 myoblasts. Considering the similar functional roles of NELF
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in C2C12 myoblasts and primary myoblasts (chapter 3) leads to suppose that a block
in pTEFb causes NELF to remain associated with its target genes and prevents their
terminal differentiation.

Despite the ability of Flavopiridol to block terminal differentiation of C2C12
myoblasts, its effects on primary myogenic cells has yet to be characterized. In
addition, because concentrations of Flavopiridol impacts cyclin dependent kinases
differently, this has the potential to elicit a range of effects ranging from increased
proliferation to induced apoptosis. Therefore, we desired to investigate the effects of
low concentrations of Flavopiridol on primary myogenic progenitors, and assess its
impact on myogenic behavior. To do so, primary myoblasts with a TdT" lineage
reporter were separated into two groups and received either Flavopiridol treatment
(25 nM) or a vehicle control as a 48h pre-treatment (Figure 5.1). Under continued
treatment, we assessed proliferation with an EdU incorporation assay, which shows

there is no significant difference in EdU incorporation between treated and control
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Figure 5.1 — Proliferation of primary cultured myoblasts during Flavopiridol treatment. Primary myoblasts
isolated from TdT* mice and subcultured in Flavopiridol (25 nM in DMSO) or vehicle control (DMSO) for 48h prior
to a 4h EdU incorporation assay. There is no significant difference in the abundance of EdU" myoblasts in
Flavopiridol treated populations [18.09 = 1.211, n=3] and vehicle controls [16.69 + 1.781, n=3].
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populations. Thus, this low concentration of Flavopiridol does not appear to influence

general proliferation of primary myoblasts.

5.1.2 Differentiation upon Flavopiridol withdrawal. Although  Flavopiridol
can inhibit terminal differentiation of C2C12 myoblasts, whether differentiation
remains impaired upon treatment withdrawal remains elusive. To investigate, primary
myoblasts were subdivided into two groups and treated with either Flavopiridol or a
vehicle control for 3 days. After treatment, both groups were further cultured at low-
confluence in treatment-devoid primary growth medium for an additional two days, to
permit complete treatment withdrawal from these myoblasts. Finally, we assessed the
ability of these populations to undergo terminal differentiation when plated at high-
confluence and exposed to low-serum treatment-devoid differentiation medium
(Figure 5.2A). The presence of multinucleated myotubes with similar morphology in
both populations (Figure 5.2B) supports that the inhibitory effect of Flavopiridol on
pTEFbD is transitory, so that withdrawal of Flavopiridol restores activity to pTEFb and

allows terminal differentiation to proceed as normal.

5.1.3 Flavopiridol inhibits terminal differentiation. The ability of
Flavopiridol to inhibit terminal differentiation in C2C12 myoblasts has yet to be
validated in primary myoblasts. To investigate this possibility, a population of cultured
primary myoblasts was sub-divided into two groups and treated with varying
concentrations of Flavopiridol or a vehicle control for 48h, then coaxed towards
terminal differentiation with low-serum medium over 72h. The ability to undergo

terminal differentiation and form multinucleated myotubes appeared to be inversely
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correlated to the concentration of Flavopiridol (Figure S5.1A). Of interest, populations
treated with the highest concentration of Flavopiridol formed very thin myotubes and
displayed large aggregates of myogenic cells which remained largely unfused (Figure
S5.1B). While this suggests terminal differentiation may be partially impaired by

Flavopiridol, it does not show a complete block in terminal differentiation. Because the
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Figure 5.2 —Myoblasts retain their ability to differentiate upon withdrawal from Flavopiridol treatment. (A)
Graphical outlay of the experiment performed: Primary myoblasts derived from TdT" mice are subcultured for 48h
in 4-OHT, then divided in two populations for either Flavopiridol (25 nM in DMSO) or vehicle control (DMSO)
treatment for 72h. These populations are further subcultured in treatment-devoid primary growth medium (48h),
then plated at high density in low serum medium to induce terminal differentiation. (B) Immunofluorescence for
MHC, endogenous TdT, and DAPI shows the preceeding populations retain similar ability to robustly undergo
terminal differentiation and form large multinucleated myotubes.
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myogenic cells used in the prior experiment were subcultured over a few days prior to
Flavopiridol treatment, we reasoned that some populations may have already been
primed to undergo cell cycle withdrawal towards terminal differentiation. To verify, we
isolated fresh primary myoblasts, and immediately subdivided them to receive either
Flavopiridol or a vehicle control. Here, myoblasts were retained in treated growth
medium, and allowed to expand to high-confluence. Upon doing so, the vehicle-
treated populations underwent terminal differentiation to form multinucleated
myotubes, whereas those under Flavopiridol treatment remained as single-cell
aggregates which were mostly devoid of the myotube marker MHC (Figure 5.3). This
supports the ability of Flavopiridol treatment to retain cultured primary myoblasts in a
proliferative which would have normally undergone terminal differentiation and

formation of multinucleated myotubes.

Extended culturing in growth medium
Merged. * . - W " [MHC

o W

Flavopiridol

Figure 5.3 — Flavopiridol inhibits spontaneous differentiation. Primary myoblast populations induced with
4-OHT to permit TdT" expression are treated with either Flavopiridol (25 nM in DMSO) or a vehicle control.
While primary growth medium spiked with the specified treatment is refreshed at 24h intervals, vehicle control
populations undergo spontaneous differentiation and form multinucleated myotubes (MHC, green), while those
treated with Flavopiridol undergo extended proliferation, produce high-density single-cell aggregates, and do
not undergo terminal differentiation.
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5.2 — Discussion to the chapter

5.2.1. Significance of results. The results presented in this chapter support
an important function of the NELF-pTEFb axis which regulates gene expression to
control maintenance and withdrawal from the cell cycle. Specifically, our results
support the necessity of functional pTEFb to induce terminal differentiation in primary
myogenic progenitors, as previously reported in C2C12 myoblasts (132, 137, 264).
Considering the functional role of NELF which retains myogenic progenitors engaged
in the cell cycle presented in chapters 3 and 4, this presents a potential mechanism
critical to terminal differentiation in myogenic progenitors: while NELF regulates gene
expression in favor of progenitor proliferation, dissociation of NELF induced by pTEFb
provokes dysregulation in the expression of NELF-gated genes, which culminates in
cell cycle withdrawal and terminal differentiation. In addition, while the NELF-pTEFb
axis may act as a molecular switch to control the transition from proliferation towards
cell cycle withdrawal, this axis appears to be highly susceptible to exogenous
manipulation with small molecular inhibitors such as Flavopiridol. This raises the
possibility that supplementing damaged skeletal muscle with Flavopiridol in vivo,
could be used to increase the abundance of proliferating myogenic progenitors,
produce more downstream myocytes available to fuse with myofibers, and lead to a
general increase in myofiber size and contractile function, to restore strength in
persons affected by muscle degenerative disease (Figure 5.4). In addition, extended
myogenic progenitor proliferation may additionally rejuvenate the extracellular

environment in support of MuSC self-renewal, as discussed in chapter 4. While
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speculative, this poses an interesting direction for therapeutics towards skeletal

muscle wasting disease.

5.2.2 Flavopiridol has broad functions. While our results support a
role for Flavopiridol to extend the duration of myogenic progenitor proliferation, we
must consider prior reports provide critical insight on the different effects Flavopiridol
concentrations can entice. contradicts prior reports which boasts the anti-neoplastic
effects of the compound. In fact, Flavopiridol which is also known as Alvocidib, has
proceeded through phase 2 clinical trials to study its safety to delay progression of
multiple lymphomas (265-267). Although results were promising, harmful secondary
effects (265, 268-271) have prevented its progression towards phase 3 clinical trials.

The contradictory effects of Flavopiridol to sustain proliferation in myogenic
progenitors, but demonstrating antitumour activity (272) by cell cycle arrest of
carcinogenic cells (273, 274) presents an interesting dichotomy of its function. This
arises from the molecular kinetics of Flavopiridol which regulates its ability to interact
with the family of cyclin dependent kinases (275). At moderate concentrations (150nM
— 300nM), Flavopiridol outcompetes ATP and binds the ATP-binding pocket of Cdks
1,2,4,6,7,and 9 (276-279). This restricts the energy currency which affords function
to Cdks, and causes these Cdks to become non-functional and unable to participate
in cell-cycle checkpoints. This produces cell cycle arrest and an inability to continue
cellular division. Administered at even higher concentrations, Flavopiridol induces
apoptosis in a p53-independent pathway (280, 281). Therefore, while moderate to

high concentrations of Flavopiridol does strongly inhibit cell proliferation, it does so by
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acting on many Cdks, and this occurs in a mechanism not related to the NELF-pTEFb
axis of cell state regulation proposed.

At lower concentrations (5nM — 30nM) region, Flavopiridol solely inhibits Cdk9
through an unknown mechanism which occurs independently from binding to the ATP-
binding pocket (282). Because the other Cdks retain functionality, the cell cycle and
cellular divisions proceed as intended, but with a block in the functional activity of
pTEFD. In the case of myogenesis, low concentrations of Flavopiridol means renders
pTEFB non-functional, so it can no longer phosphorylate DSIF to release NELF at
specific target genes. As a result, low expression of these genes retains myoblast
proliferation and offsets cell cycle withdrawal and terminal differentiation. Upon
withdrawal of Flavopiridol, pTEFb activity is restored so it may phosphorylate DSIF

and Pol Il, causes NELF to disengage, and allows expression of specific genes which
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Figure 5.4 — Proposed therapeutic use of Flavopiridol towards skeletal muscle wasting disease. (A) Persons
affected by muscle degenerative disease see a gradual decline in skeletal muscle mass, and reduced contributions
of MuSC populations to maintain myofibers. (B) Targeted delivery of Flavopiridol could coax an extended
proliferation of myogenic progenitor cells (yellow) during the contributions of MuSCs towards skeletal muscle in
homeostasis. This could increase the abundance of myocytes (green) to produce larger myofibers, and rejuvenate
the extracellular environment to support MuSC self-renewal (red). This could theoretically increase muscle mass,
strength, and restore the ability of MuSCs to participate in skeletal muscle maintenance.
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favours cell cycle exit and terminal differentiation (Figure 6.1A). Whether Flavopiridol
may be used to coax extended proliferation of myogenic progenitors in vivo remains

to be investigated, but will surely be an interesting area for future research.
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CHAPTER 6

General discussion

6.1 — Summary of results.

Results presented within this thesis have rigorously characterized the
functional role of the Negative Elongation Factor (NELF) complex in controlling cell
state transitions of myogenic cells. As a general function, NELF stabilizes promoter
proximal paused Pol Il, where it acts as a signal integration hub to control the outcome
of paused Pol Il at specific genes. In myogenic cells, we show that NELF has a dual
function to (I) stabilize promoter proximal paused Pol Il in favour of gene expression,
or (lI) prevent promoter proximal Pol Il from progressing towards processive
elongation. While the role of NELF appears to be influenced by the specific gene
class, its ability to retain myogenic cells engaged in the cell cycle is largely attributed
to its ability to stabilize Pol Il to promote expression of genes which favour
maintenance within the cell cycle. Specifically, we propose that NELF stabilizes
paused Pol Il in the promoter proximal region of cell cycle regulatory genes such as
Ccng1, which supports its stable expression to maintain low levels of p53 so that
myogenic cells remain engaged in the cell cycle. In response to a non-functional
NELF complex, destabilized Pol Il in the Ccng1 promoter region becomes susceptible
to integrator-mediated abortive transcription. This lowers the levels of Cyclin G1,
which cascades towards an increase in the abundance of p53, and prompts early
withdrawal from the cell cycle towards terminal differentiation. This affects skeletal

muscle regeneration as fewer available myocytes produces thinner de novo
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myotubes, and the reduced proliferation of myogenic progenitors does not sufficiently
rejuvenate the extracellular niche environment (Figure 4.13), which severely reduces
downstream MuSC self-renewal. In addition, NELF regulates the expression of
several genes which remodel the extracellular environment of regenerating skeletal
muscle, such as SerpinF1, and this is critical for downstream MuSC self-renewal. In
response to a NELFb***°, dysregulation of these extracellular remodelling genes
prevents myogenic progenitors from remodelling the extracellular niche environment,

which impairs downstream MuSC self-renewal.

6.2 — New insights on myogenesis

6.2.1 Myogenic progenitors rejuvenate the niche environment for MuSC self-
renewal. The MuSC niche microenvironment is well known for its regulatory
function towards MuSC maintenance and self-renewal, which arise from both
biophysical interactions and embedded ligands within the niche environment
(reviewed in section 1.1.3). To support the MuSC niche environment, many accessory
cell types such as T cells, monocytes, macrophages, fibroblasts, fibro-adipogenic
progenitors, and mesenchymal cells, influence the immediate niche environment of
MuSCs (32, 35, 38, 283-288). Doing so regulates several signaling pathways
modulated by Wnt7a and fibronectin (289, 290), Fibroblast growth factor receptor 1
(291), the JAK/STAT pathway (292, 293), and p38 MAPK, and this controls the ability
of MuSC to remain quiescent, undergo self-renewal, and become activated. When
these pathways are perturbed, this often restricts the ability of MuSCs to remain

quiescent and/or undergo self-renewal (291, 292, 294, 295).
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Despite the importance of cellular cross-talk in support of skeletal muscle
regeneration, there is limited literature which alludes to an ability of proliferating
myogenic progenitors to influence downstream MuSC self-renewal during skeletal
muscle regeneration. Some prior reports have shown that MuSC self-renewal remains
responsive to the extent of skeletal muscle injury (21, 56, 296), and the extent with
which quiescent MuSCs undergo self-renewal has been shown to positively correlate
to myogenic progenitor proliferation (23). In another instance, ablated fibroblasts were
shown to elicit precocious differentiation of myogenic progenitors and reduced

populations of quiescent MuSCs in the regenerated skeletal muscle (32).

Thus, during the allograft experiments, it remained interesting to find a strong
positive correlation between the extent with which myogenic cells proliferate to
establish homeostasis within their niche environment, and the resulting abundance of
quiescent MuSCs. Because the NELF complex does not affect MuSC quiescence
(section 3.3.1) or activation (section 3.3.2), does not restrict the ability of activated
MuSCs to become dormant (section 4.1.3), nor in MuSC self-renewal (4.1.2, 4.1.3),
suggests that the inherently reduced MuSC populations upon NELFb***° donors
occured from extracellular effects which impaired MuSC self-renewal. In addition,
because NELFb**° and wildtype donors were administered to the contralateral TA of
a same host mouse, this allowed us to exclude potential effects of the host niche
cytokines and accessory cell types to influence donor MuSC self-renewal. Thus, the
only variable which impaired donor MuSC self-renewal in these experiments is the
proliferation of donor-derived myogenic progenitors, where reduced myogenic

progenitor proliferation impairs MuSC self-renewal.
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Understanding a role for myogenic progenitors to rejuvenate the niche
environment and support downstream MuSC self-renewal may partially be explained
by cellular kinetics during myogenesis. Specifically, while myogenic progenitors
typically proliferate between 3 — 5 dpi, predominant MuSC self-renewal tends to occur
immediately afterwards, between 5 — 7 dpi (24). Considering the positive correlation
between myogenic progenitor proliferation and the abundance of quiescent MuSCs in
the allograft transplant experiments, this poses the possibility that while myogenic
progenitors are engaged in proliferation, they actively contribute towards remodelling
the extracellular environment to promote MuSC self-renewal. Whether myogenic
progenitors do so through biophysical or biochemical contributions remains unknown.
In addition, whether myogenic progenitors directly act on quiescent MuSCs to evoke
self-renewal (Figure 6.1A), or do so by through an intermediary cell type (Figure 6.1B)
remains to be established.

To investigate the specific mechanisms through which myogenic progenitors
affect downstream MuSC activity could be supported with computational modelling.

To do so, a connectome approach as described in (297, 298) may be particularly
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Figure 6.1 - MuSC self-renewal is supported by proliferating myogenic progenitors. (A) Proliferating myogenic
progenitors (yellow) may either directly secrete factors in the extracellular environment (blue squares) to support
downstream MuSC self-renewal (red), or (B) secrete recruiting factors (orange triangle) to localize accessory cell
types (green) in support of downstream MuSC self-renewal.
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useful. This would compare the MuSC receptome to the secretome of proliferating
myogenic progenitors and other accessory cell types in skeletal muscle, to identify
specific ligands which could be detected by and influence MuSC activity. Identifying
specific cytokines, extracellular matrix proteins or other components which promote
MuSC self-renewal would validate our reported role for proliferating myogenic
progenitors in reformulating the MuSC niche microenvironment. In addition, it would
be beneficial to extend the connectome analysis to consider how secreted factors by
myogenic progenitors may interact with and recruit accessory cell types, and identify
whether these accessory cell types may interact with MuSCs to influence their self-
renewal. While computationally heavy, this would provide an unbiased approach to
identify cellular cross-talk networks which influence MuSC activity during skeletal
muscle regeneration. Once candidate pathways are identified, they will need to be
validated in vivo. This could be achieved through gene silencing of candidate
receptors in MuSCs and ligands secreted by myogenic progenitors and accessory
cells to study how this may affect (1) general skeletal muscle regeneration, (Il) MuSC
populations, and (lIl) cellular localization between accessory cell types and myogenic
cells. This may be facilitated using advanced multiplexed imaging systems (e.g.
CODEX by Akoya Biosystems™) to study how candidate interactomes affect skeletal
muscle regeneration from a systems biology perspective. Lastly, these interaction
networks could be investigated in different muscle degenerative diseases to identify
whether ligand exposure strategies could be used to manipulate MuSC activity and

restore skeletal muscle strength and volume.
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6.2.2. Harnessing myogenic progenitor activity as a therapeutic approach.

The influence of proliferating myogenic progenitors on MuSC self-renewal
presents an intriguing therapeutic strategy towards muscle degenerative disease.
Specifically, a forced increase in myogenic progenitor proliferation would (I) provide
more downstream myocytes available to strengthen deteriorating myofibers, and (ll)
rejuvenate the niche microenvironment to promote MuSC self-renewal. Considering
the role of Flavopiridol in extending myoblast proliferation (section 5.1) confers great
therapeutic interest to Flavopirdiol, as described in section 5.3. As Flavopiridol may
exert effects on non-myogenic cell populations which reside in skeletal muscle, means
optimized drug-delivery strategies are required to assure targeted delivery of
Flavopiridol remains specific towards myogenic progenitors. Additionally, this will
require that Flavopiridol concentrations remain low enough to avoid secondary effects
such as inhibiting other Cdks and initiating apoptosis (299, 300).

One feasible strategy includes MuSC transplant approaches, where the
alginate gel used to encapsulate donors MuSC populations (301-303) could be
treated with Flavopiridol. Doing so would promote an extended proliferation of the
donor-derived proliferating myogenic progenitors while establishing homeostasis, and
this could increase the zone of homeostasis, increase donor MuSC self-renewal, and
provide a more efficient contribution towards the degenerating muscle. As an
alternative, systemic delivery of Flavopiridol payloads could be targeted specifically
to ailing skeletal muscle with muscle-homing peptides (304) or nanoparticle delivery
systems (305, 306). Here, shuttled Flavopiridol would act directly on endogenous
myogenic progenitor populations, and strengthen skeletal muscle through increased

progenitor production, and increased MuSC self-renewal, as previously described.
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This would increase skeletal muscle volume and strength, while a rejuvenated niche
environment would support MuSC self-renewal to provide long-term support to the
skeletal muscle.

While this seems promising, further investigations are required to assess the
potential therapeutic benefit of Flavopiridol in vivo, and its ability to remediate
degenerated skeletal muscle arising from different muscle wasting diseases. These
studies should be focused to assess the effects of Flavopiridol in different mouse
models of (l) injury-mediated regeneration, (lI) long-term exposure in uninjured
homeostatic muscle, (lll) various myopathies, (IV) cachexia, and (V) sarcopenia. In all
instances, myofiber diameter can be measured to loosely screen for increased
proliferation of myogenic progenitors, and quiescent MuSC populations quantified to
investigate increases in MuSC maintenance and self-renewal. In addition, a long-term
in vivo EdU pulse could be used to differentiate the abundance of MuSC self-renewal
(EdU") as performed in (24) and described in section 4.5. The possible effects of
Flavopiridol to reverse sarcopenia will be particularly interesting, given recent studies
which allude that biophysical and biochemical modifications within the extracellular
environment may alter MuSC fates (294, 307), and reverse their reduced ability to
undergo self-renewal which was previously thought to be permanent (291, 294, 295,
308, 309). Thus, this leads to speculate that extended proliferation of myogenic
progenitors in aged skeletal muscle by Flavopiridol could sufficiently rejuvenate the
niche environment and support MuSC self-renewal, to restore skeletal muscle

strength, volume, and function.

6.3 — Significance of our results towards global functions of NELF
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6.3.1 Different regulators of Pol Il promoter proximal pausing may control
different gene subsets. The presence of promoter proximal paused
Pol Il across various cell types in higher eukaryotes infers important regulatory
functions of this process. Indeed, the results presented within this thesis show an
important ability of NELF to control Pol Il activity at specific genes to effectuate cell
cycle withdrawal. What remains unanswered is whether NELF is a global regulator of
promoter proximal paused Pol Il, or acts at a specific subset of genes. Indeed, other
proteins known to regulate promoter proximal paused Pol Il includes GAF, the +1
nucleosome, and Paf1C, but whether these do so exclusively of NELF remains under
debate. In the context of myogenesis, the presence of promoter proximal Pol |l peaks
in quiescent MuSCs are rapidly reduced during MuSC activation (176). This suggests
that promoter proximal paused Pol |l is rapidly disengaged from the promoter proximal
region and proceeds towards active elongation during activation. Despite this
observation, results in this thesis show a loss in function of NELF does not affect
cellular functions of MuSC during quiescence or activation. This poses the possibility
that either regulatory complexes other than NELF may control Pol Il pausing in
quiescent MuSCs to effect cell state changes, or that rapid changes in gene
expression which accompany MuSC activation relies on other mechanisms, such as
rapid translation of the sequestered mRNA of Myf5 and MyoD discussed in section
1.2.2. To investigate, overlap analysis between promoter proximal paused Pol Il, and
different regulators of paused Pol Il such as NELF, DSIF, GAF, Paf1C, and the +1
nucleosome will need to be performed in quiescent and activated MuSCs populations.

Particularly, it will be important to identify (l) the classes of genes with diminished
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promoter proximal Pol Il pausing during MuSC activation, and (Il) which regulators of
Pol Il pausing co-localize with these peaks. It will be interesting to identify whether
different regulators of paused Pol Il control the expression of different subsets of

genes associated with different cellular processes and states.

6.3.2 — NELF is a master regulator which controls cellular proliferation.

Results presented in Chapters 3 — 5 demonstrate an important role for NELF
to regulate the extent of myogenic progenitor proliferation by modulating their ability
to undergo cell cycle arrest and terminal differentiation. Intriguingly, a role for the
NELF complex to retain cells engaged in the cell cycle is apparent in other cell
systems. As an example, NELFb is typically overexpressed in several carcinogenic
cell populations such as hepatocellular carcinomas (310), upper gastrointestinal
carcinomas (311), and prostate cancer (312). Similarly, NELFe is overexpressed in
pancreatic (313) and gastric (314) cancerous tissues. Further, when NELF is
inactivated through silencing of any one of its subunits, these carcinogenic cells tend
to exhibit reduced proliferation and migration, while ectopic overexpression of NELF
in non-carcinogenic cells tends to increase cellular viability, proliferation, and
migration, a phenotype reminiscent to that of carcinogenic cells (312, 314). A role for
NELF to retain cellular proliferation has also been reported in non-cancerous cell
systems, where a NELFb knockdown in murine embryos induces spontaneous cell
differentiation and prevents further embryonic development (116). In addition, NELF
supports embryonic stem cell proliferation towards embryo patterning and
development (117, 118), and does so in response to extracellular signaling (108).

Thus, these studies and the work presented in this thesis suggests a global role for
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NELF to retains cells engaged in the cell cycle, and acts as a master regulator of
cellular proliferation responsive to extracellular stimulus.

Prior studies have demonstrated an importance of ‘bookmarked’ genes that
permit rapid changes in gene expression upon mitotic exit. Here, genes are
bookmarked through histone modifications, transcription factors, and promoter
proximal paused Pol Il which retains the ability to undergo rapid expression in support
of mitotic exit (315, 316), and cellular identity (317-319). The observed ‘leaky’
expression of these genes further supports presence of promoter proximal paused
Pol Il (320). Although these studies have not specifically considered the role for NELF
to control Pol Il pausing at these genes, the oft reported implication of NELF to sustain
cellular proliferation leads to speculate that NELF supports Pol |l pausing at these
bookmarked genes to retain cells engaged in the cell cycle. Thus, this offers a
potential mechanistic role wherein NELF stabilizes paused promoter-proximal Pol I
at cell cycle regulatory genes, which permits rapid changes in the expression of

specific genes to induce cell cycle withdrawal in response to specific stimulus.

6.3.3 — Evolutionary conservation of NELF as a cellular proliferation regulator.

A broad-scale role for NELF to regulate cellular proliferation critical for
development in humans, mouse, and drosophila (113, 114, 117) suggests NELF may
have been evolutionary conserved. Indeed, prior reports have identified orthologs of
NELF across insects and vertebrates (119), and the emergence of all four subunits of
NELF are traced to the early metazoan (321). Considering other processes which
evolved in early metazoa includes refined cell-adhesion interactions (322), tyrosine

kinase signaling to relay extracellular signals and permit cell-cell communications
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(323), and the emergence of multicellular organisms that undergo spatial rather than
temporal differentiation (324). Thus, NELF may have emerged as a regulator of Pol Il
activity to permit responsive gene regulation towards extracellular stimulus, to evoke
spatial rather than temporal cellular differentiation. From a speculative perspective,
this would allow multicellular organisms to competitively respond to carbon sources.
When faced with nutrient deprived environments, harsh external conditions would be
transduced and elicit a release of NELF at specific genes to permit rapid withdrawal
from the cell cycle, stop cellular divisions, and reduce the overall energy requirements
of the organism. During an abundance of carbon sources, NELF would remain
engaged at these genes, so that the sustained proliferation would provide a
competitive advantage to a multicellular organism through increased size, and the
ability to obtain additional nutrients. Thus, while NELF may have evolved to permit
spatial differentiation, its inherent function may have been conserved in higher
eukaryotes, where it acts as a spatial regulator to control proliferation and
differentiation (Figure 6.2).

The evolutionary implication of NELF to mitigate environmental responses on
the expression of cell cycle genes may have further diverged to control the expression
of several rapid-response genes towards extracellular stimulus. This includes the role
for NELF to permit rapid gene expression during the heat shock response in
Drosophila (113, 114), and for rapid induction of immediate early genes in
differentiated neurons in response to external stimulus (115). In addition, recent work
has demonstrated a role for the NELFa and NELFe subunits to arrest elongating Pol

Il in response to double stranded DNA breaks (241, 242), although NELFb and
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NELFcd do not co-localize at these sites. These roles may have emerged at a later

evolutionary time owing to the refined ability of NELF to stabilize paused Pol Il.

6.4 — Multiple signaling pathways may converge on NELF to elicit cell cycle

withdrawal

6.4.1 Regulation of pTEFb functions is affected by various factors. Despite
the role of pTEFb to disengage NELF, it interacts with additional protein partners to
modulate housekeeping gene expression programs. This includes the role of pTEFb
to phosphorylate Ser2 of the Pol Il CTD to permit elongation (325, 326), and of histone
H1.4 to render nucleosomes more permissive in the promoter region of active genes
(263, 327). This remains enigmatic, as Flavopiridol treatment to inhibit Cdk9 and
therefore pTEFb does not affect cellular viability, as demonstrated by both our results,

and prior studies which show Pol Il CTD hyperphosphorylation remains during

A

Figure 6.2 Early evolutionary role of NELF to control cellular proliferation responsive to external
stimulus. (A) NELF associates with Pol Il and prevents the expression of cell cycle withdrawal genes. This
retains cells in a state of proliferation, leading to population expansion within a multicellular organism. (B) In
response to extracellular stressors (grey arrows), NELF disengages Pol Il, which allows expression of cell cycle
withdrawal genes, whose effector proteins (blue) coax withdrawal from the cell cycle.
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Flavopiridol treatment (328). While this may occur from compensatory mechanisms
such as Cdk12/13 to undertake Ser2 CTD phosphorylation (329-331), the composition
of pTEFb may additionally influence its susceptibility to inhibitors. Here, differences in
the pTEFb constituent isoforms of Cdk9 may cause pTEFb to interact with different

regulatory proteins, and elicit different functional roles in cells.

Cdk9 isoforms. The two isoforms of Cdk9, namely Cdk9-42 kDa

(Cdk9-42) or Cdk9-55 kDa (Cdk9-55) (332, 333) exhibit different cellular functions.
First, the promoter regions of the Cdk9 isoforms suggests their expression is
independently regulated. The TATA-less promoter of Cdk9-42 implies its expression
may be mediated alongside that of general housekeeping genes (332), while E-box
(264) and TATA box (333) motifs in the Cdk9-55 isoform imply its expression may be
dependent on stress-responsive factors (334, 335) and transcription factors. In
addition, the dynamic abundance of Cdk9 isoforms is highly responsive to external
stimulus (336-338), where the Cdk9-55 is dominant in Gy cell states, but entry within
the cell cycle causes a shift and prevalence of the Cdk9-42 isoform (264, 339, 340).
This implies the Cdk9 isoforms which constitute pTEFb may well influence its

downstream activity.

Cdk9 isoform localization. In addition to dynamic changes in their expression,

Cdk9 isoforms localize to different regions in the nucleus, which further affects its
functional role (341). Here, Cdk9-42 localized to the nucleoplasm supports a role for
general transcription (342), whereas Cdk9-55 localized to the nucleolus may support

cellular stress response pathways mediated by the nucleolus (343). Indeed, nucleoli
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formation is cell-cycle dependent (344, 345), and perturbations to the nucleoli
structure is known to trigger a cellular stress-response (346) which evokes cell cycle
arrest through p53-dependent (347-349) and p53-independent pathways (350, 351).
This leads to speculate that in response to cellular stress, the nucleolus induces cell
cycle arrest with synergistic contributions by the p53 pathway and a rapid release of
sequestered Cdk9-55. The increased abundance of active pTEFb becomes available
to phosphorylate DSIF and release NELF, which produces changes in Pol Il activity
at these genes to evoke cell cycle withdrawal. Thus, while the Cdk9-42 isoform may
participate in general housekeeping functions, it is the increased abundance of
previously sequestered Cdk9-55 which targets NELF to permit cell cycle withdrawal.
Indeed, this agrees with prior studies which suggest the availability of active and free
pTEFbD is a rate limiting step in regulating Pol Il activity at NELF-bound genes (352) to
evoke a change in gene expression. In addition, this presents the possibility that the
housekeeping Cdk9-42 is sheltered by accessory proteins such as the super
elongation complex, which hinders Flavopiridol interactions, whereas Cdk9-55

released by the nucleolus is free and susceptible to inhibition by Flavopiridol.

6.4.2 — Accessory proteins guide pTEFb to gene loci independent of the Cdk9
isoform. The increased availability of active pTEFb to facilitate large-scale
release of NELF binding must also be able to interact with localizing proteins to direct
it to stalled Pol Il. Generally, much of the free pTEFb associates with the super
elongation complex (134), while the remainder associates with transcription factors
and other RNA-binding proteins (353-356) to localize it towards paused promoter-

proximal Pol Il. In the case of C2C12 myoblasts, prior studies have shown that MyoD
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interacts with the N-terminal tail of Cdk9-42 and chromatin remodellers p300, PCAF,
and Brg1 (137, 357). This allows MyoD to co-localize chromatin remodelers and
pTEFD to elicit rapid gene expression at specific target sites. Thus, the role of MyoD
towards gene activation during terminal differentiation may be further supported by
localizing pTEFb to paused Pol Il within these genes and allow their rapid expression.

Although western blots of the MyoD immunoprecipitations identified a Cdk9-42
protein band, the western blots did not include the 55 kDa region to identify whether
MyoD interacts with the Cdk9-55 isoform (137). Thus, it remains unclear whether
MyoD interacts in a selective manner with each of the Cdk9 isoforms, and whether
the increased abundance of Cdk9-55 during myogenic terminal differentiation (264)
permits association of this isoform with specific DNA binding proteins, or acts merely
to elevate levels of free pTEFb. Some evidence may come from an earlier study,
which showed that ectopic overexpression of a non-functional Cdk9-42 (Cdk9dn)
prevents myoblast terminal differentiation (132, 264). This raises the possibility that
the high levels of Cdk9dn can outcompete the endogenous Cdk9 isoforms to interact
with pTEFb localizing proteins such as MyoD, so that the Cdk9dn becomes localized
to NELF binding sites. In turn, the lost kinase function of the Cdk9dn would not be
able to relieve NELF binding at target genes, so that myoblasts remain in a state of
proliferation. Thus, this suggests a non-discriminatory role of the N-terminal tail of
Cdk9 isoforms to interact with localizing proteins such as MyoD, and the interaction
of pTEFb with MyoD may be reliant only on elevated availability of pTEFb regardless
of its constituent Cdk9 isoform. Thus, while a shorter Cdk9-42 isoform may be
incorporated into housekeeping complexes such as the super elongation complex

(Figure 6.3A), the arginine-rich N-terminal tail of Cdk9-55 localizes the larger isoform
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to the nucleolus as part of the cellular stress response pathway (358). This allows to
sequester active Cdk9, which can be suddenly released in response to cellular
stressors (Figure 6.3B). The sudden abundance of free pTEFb becomes available to
interact with specific DNA-localizing proteins such as MyoD, which recruits pTEFb to
promoter proximal paused Pol |l to phosphorylate DSIF, disengage NELF, and permit

rapid gene expression.

6.4.3 Multiple signaling pathways may elicit release of functional pTEFb. An

increased abundance of free pTEFb is also achieved when pTEFb is released from a
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Figure 6.3 — Isoforms of Cdk9 assume different regulatory functions. Cdk9 isoforms localize to different
cellular regions which influences its activity. (A) The smaller Cdk9-42 isoform may be captured by the super
elongation complex to participate in housekeeping activities, such as Ser2-P of the Pol Il CTD. (B) Cdk9-55 is
sequestered to the nucleolus or to the HEXIM1/2 complex, which inactivates it. Upon extracellular signaling (black
arrow), signaling cascades (yellow arrow) perturb either the nucleolus and / or the HEXIM1/2 sequestering complex,
which releases free pTEFb composed with the Cdk9-55 isoform (blue arrow). This becomes available to interact
with DNA-localizing proteins such as MyoD (pink), which shuttles it towards NELF-bound loci (red arrow), where
pTEFb phosphorylates DSIF to evoke a release of NELF and permits active gene expression.
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sequestering complex composed of 7SKsnRNA, MeCPE, LARP, and HEXIM1/2
(359). Previous reports indicate this occurs in response to a vast array of contributing
factors. For instance, chromatin remodelers such as histone deacetylases and
bromodomain and extra-terminal (BET) domains affect the stability of the
sequestering complex to regulate the release of free pTEFb (360, 361). The histone
modifier JMJD6 (362, 363) can also demethylate the 7SK snRNA (364) and cleave
MeCPE (365) to dismantle the sequestering complex and release active pTEFb (364).
In addition, signaling pathways such as PI3k/Akt (366) and ERK (367) have been
shown to disrupt this sequestering complex, and thereby elevate levels of free pTEFb.
In addition, the nucleolus remains responsive to several extracellular stress response
pathways (343) to produce a rapid increase in free pTEFb. Therefore, several
pathways may contribute to a sudden increase in abundance of free pTEFD to provoke
a release of NELF, and permit expression of genes which cause cell cycle withdrawal.

This brings an interesting perspective on the previously discussed role of NELF
to retain cellular proliferation and permit spatial differentiation. Here, vast cellular
proliferation could proceed until extracellular conditions become unfavorable to do so.
This extracellular stress is detected through diverse signaling pathways which disrupt
the nucleolus or the pTEFb sequestering complex, and this causes a rapid elevation
in nuclear levels of active pTEFb. The abundance of free pTEFb is now available to
relieve NELF binding and permit rapid changes in gene expression which culminate
in cell cycle arrest and spatial differentiation to occur. In the case of myogenesis, cell-
cell contacts (368), PI3K/AKT(222, 369), p38 MAPK (370), ERK/MAPK (371, 372),
and JAK-STAT (373) pathways are all known for their ability to induce terminal

differentiation. Therefore, while these pathways detect different extracellular stressors
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to evoke terminal differentiation, they may contribute individually or collectively to
elevate the abundance of free pTEFb, alleviate NELF binding, and induce cell cycle
withdrawal for terminal differentiation to occur.

While this remains an interesting pathway, further investigations are required
to validate it. To investigate, the ability of myoblasts to undergo terminal differentiation
in response to a Cdk9-55 knockdown would reveal whether this isoform may influence
terminal differentiation. If these knockdown myoblasts can no longer undergo terminal
differentiation, a follow-up rescue experiment with exogenous expression of Cdk9-42
and Cdk9-55 could identify whether the Cdk9 isoforms occupy non-discriminate roles
to induce terminal differentiation. In complimentary experiments, immunofluorescence
imaging focused on Cdk9-55 localization relative to the nucleolus in proliferating and
differentiating myoblasts could further identify whether a release of Cdk9-55 from the
nucleolus occurs during terminal differentiation. If the antibodies provide sufficient
resolution to show Cdk9-55 colocalization within the nucleolus, subsequent
proliferating myoblast populations could be treated with ligands which activate these
various pathways, and visualized with immunofluorescence to see whether they

promote a release of Cdk9-55 from the nucleolus.

6.4.4 The NELF-pTEFb axis exerts control on the cell cycle of myogenic cells.
Previous studies have shown that a loss of functional NELF or DSIF allows
transcription to proceed independent of pTEFb (104, 139, 140). Thus, while a
difference in pTEFb isoforms is typically required to release NELF and permit

expression of genes for terminal differentiation, a non-functional NELF complex
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causes spontaneous expression of these genes to evoke terminal differentiation fully
independent from pTEFb availability.

Considering the role of NELF to retain myogenic progenitor proliferation, and
the translation of extracellular events which coax an increased abundance of pTEFb
to alleviate NELF binding for cell cycle withdrawal allows to propose a model of the
NELF-pTEFb axis in myogenesis. First, NELF stabilizes paused Pol Il at upstream
regulators of p53 such as Ccng1, which retains low levels of cellular p53, and permits
myogenic progenitors to remain engaged in an expansive state. In response to
exogenous stimulus through signaling pathways, sequestered pTEFb is rapidly
released from the nucleolus and / or HEXIM1/2 sequestering complexes. The
elevated abundance of active pTEFb interacts with DNA-localizing proteins such as
MyoD, which shuttles pTEFb to NELF-bound genes. Here, pTEFb phosphorylates
DSIF which prompts NELF to disengage, and leaves Pol Il susceptible to different
fates. In some instances, Pol |l proceeds towards active elongation to elevate gene
expression, while in others, the integrator complex may more freely bind with Pol I
and initiate abortive transcription. This produces dysregulated expression of cell cycle
regulating genes, which increases levels of p53 to promote production of the cell-cycle
arrest protein p21 by Cdkn1a (374). Indeed, phenotype rescue experiments

bscKO

performed in chapter 4 supports that a block in p53 activity in NELF populations

does extended myogenic progenitor proliferation in cultured myoblasts and during in

vivo skeletal muscle regeneration.

6.5 — Potential Mechanisms at play in the context of myogenesis
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The results presented in this thesis presents a critical role for the NELF-pTEFb
axis in mediating skeletal muscle regeneration. While the axis only exerts effects in
proliferating myogenic progenitors, its direct and indirect impacts strongly influence
the outcome of the regenerated skeletal muscle. A detailed mechanism is presented

below, and summarized in Figure 6.4.

Muscle stem cells during regeneration: from quiescence to proliferation.

Prior to skeletal muscle damage, quiescent MuSCs associated with individual
myofibers are maintained in quiescent state, which is supported by various niche
microenvironment factors (309). In this quiescent state, many genes have paused Pol
Il in the promoter-proximal region which may prime them for rapid induction (176).
While the factors which support this promoter proximal Pol |l pausing are currently
unknown, our results suggest the NELF complex may not directly influence the Pol Il
pausing to elicit changes in the MuSC cell state. Upon damage to skeletal muscle,
MuSCs are activated, rapidly enters the cell cycle (23), and undergo a massive
expansion in their populations. While doing so, NELF and DSIF associate with
paused Pol Il at various genes, which stabilize paused Pol Il to regulate the expression
of these genes. Doing so locks myogenic progenitors in the cell cycle where they
undergo a massive population expansion between 2 — 5 dpi. While undergoing
proliferation, the myogenic progenitor cells additionally secretes factors in the
extracellular environment, such as PEDF. These factors help rejuvenate the niche

environment, which will promote downstream quiescent MuSC self-renewal.
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External stress signals cell cycle arrest and commitment to terminal differentiation.

Near the end of proliferation, a combination of signaling ligands and cell-cell
contacts evoke an internal stress response in myogenic progenitor cells. These
pathways cause an abrupt release of sequestered pTEFb from the nucleolus and the
HEXIM1/2 sequestering complexes (341). The sudden increase of free pTEFb is
available to alleviate NELF binding, and the paused Pol |l becomes susceptible
towards gene elongation, or abortive transcription. Together, this produces
dysregulated expression of cell cycle regulatory genes, which culminates in increased
levels of p53. In a NELF-independent pathway, the nucleolus also secretes proteins
which support increased abundance of p53 (343). In turn, this prompts cell cycle

arrest, withdrawal, and permits myogenic progenitors to become myocytes committed

Legend

@QuiescentMuSC @Activated MuSC <@ = Myocyte © Self-renewal factor
<§>Satellite progenitor@ProIiferating myogenic progenitor <> Fusing Myocyte

Figure 6.4 — Proposed model on the role of myogenic progenitor cells to promote MuSC self-renewal during
skeletal muscle regeneration. In response to acute injury, quiescent MuSCs become activated. While the majority
enter the cell cycle to undergo massive expansion, a small subset may return to a dormant state as a satellite
progenitor available to participate in future regeneration. During proliferation, myogenic progenitor cells undergo a
massive population expansion, and secrete renewing factors in the extracellular environment. In response to
extracellular signaling cues, myogenic progenitors withdraw from the cell cycle, and become myocytes committed
to terminal differentiation. Myocytes fuse with one another to produce de novo myofibers. While this occurs, the
renewing factors secreted by myogenic progenitor cells effectuate self-renewal of the quiescent MuSCs which did
not participate in regeneration.
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to terminal differentiation. In turn, myocytes fuse with one another or with damaged

myofibers to generate multinucleated myofibers.

MuSC self-renewal. At the end of myogenic progenitor proliferation,

terminal differentiation allows myocytes to produce de novo myofibers. In addition, the
rejuvenated niche microenvironment causes self-renewal of MuSCs which have
remained quiescent, which typically occurs from 5 — 7 days post injury (24). The niche
environment plays a critical role towards this self-renewal and subsequent
maintenance of MuSC quiescence (309). At this point, the skeletal muscle is functional

and ready to respond to future damage and general skeletal muscle homeostasis.

6.6 — Closing remarks

The results presented within this thesis have contributed to our understanding
of cellular processes during skeletal muscle regeneration. In particular, we uncovered
a previously unappreciated ability of proliferating myogenic progenitors to reformulate
the extracellular environment in support of downstream MuSC self-renewal. This
presents the potential that increasing the extent of myogenic progenitor proliferation
in vivo could promote downstream MuSC self-renewal. One method to do so could be
through targeted delivery of Flavopiridol to myogenic progenitors, owing to our
preliminary in vitro results which shows the ability of Flavopiridol to sustain myogenic
progenitors in a state of proliferation. Whether these results translate in vivo will
remain an interesting area for further investigation.

Investigations into the functional implications of NELF on myogenic cell states

has identified the NELF-pTEFb axis as a key modulator which controls maintenance
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and exit from the cell cycle. This accompanies recent results which suggest NELF
may be a master regulator of the cell cycle (108), which elicits withdrawal from the cell
cycle in response to extracellular signaling. Indeed, we present a potential mechanism
which explains that various extracellular signaling pathways may be able to induce a
release of sequestered pTEFb to specifically alleviate NELF binding and permit
withdrawal from the cell cycle. While further investigations will be required to validate
this axis, it could pose novel approaches to regulate cellular activity towards
therapeutic applications which range from tissue regeneration through to tumor
SuUppressors.

Lastly, our results suggest that regulation of promoter proximal Pol Il by NELF
may be restricted to the population of proliferating myogenic progenitor populations.
While the presence of promoter proximal Pol Il is apparent in other myogenic cell
states such as in quiescent MuSCs, a non-functional NELF complex does not impact
the ability of those myogenic to participate in cell state changes. This raises the
possibility that either (l) different regulatory proteins assist promoter proximal Pol Il
pausing to regulate gene expression during these myogenic cell state changes, or
that (1) promoter proximal pausing of Pol Il is not a rate-limiting step required for those
cell state changes.

While intensive research efforts will be required to further explore these
concepts, the results presented within this thesis in conjunction with research efforts

led by many other groups provide a foundation to direct exciting future investigations.
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Appendix | — Supplementary Figures to Chapter 3
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Figure S3.1 - Generating lentivirus to deliver shRNA to C2C12 cells. (A) shRNA target
sequences are cloned into the pLKO.1 plasmid. (B) Calcium phosphate transfection using pLKO.1,
pMD2.G, and psPAX2 plasmids are performed on HEK 293T cells. Assembly of functional virus is
expelled in the culturing medium which is collected. (C) Harvested viral medium from (B) is used to
transduce C2C12 cells. Puromycin selection is used to positively screen for transduced C2C12
cells, which are used in subsequent experiments.
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Figure S3.2 — Graphical representation of tamoxifen-induced CreERT2 recombination in
mouse models. (A) Tamoxifen is delivered to mice through four consecutive intraperitoneal
injections at 24h intervals. (B) Systemic tamoxifen is internalized by the constituent cells. In MuSCs,
Pax7 drives the expression of CreERT2, which is inactivate and remains in the cytoplasm. In
response to tamoxifen induction, the ER receptor binds tamoxifen, translocates to the nucleus,
where the Cre recombinase performs homologous recombination of floxed sites to remove the DNA
within those regions. This causes a deletion of NELFb, and activation of TdTomato.
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Figure S3.3 — Regenerated TA cross-sections at 7dpi. (A) Hematoxylin & Eosin staining of
regenerated TA at 7 dpi shows a reduced size of the regenerating TA muscle from NELFb**©
compared to WT controls. The normalized regenerated weight to the undamaged contralateral leg
is significantly reduced in the NELFbs*© [65.24% +2.79, n=4] compared to WT controls [74.75% +
2.33, n=3!). (B) Magnified images from (A) show a reduced minimal Feret's myofiber diameter in the
NELFb***° population [16.54 um + 0.24, n=3] compared to WT controls [25.01 um + 0.18, n=3].
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Figure S3.4 —Fluorescence cell sorting used in different experiments (A) FACS gating strategy
applied to quantify abundance of EdJU* MuSCs (TdT* Al7") shown in Figure 3.6A and 3.6B. First,
cell debris are excluded and only cells are selected (R1); from the cell population, doublets are
removed (R2) to yield only single-cell populations, which are then selected for the MuSC specific
population (TdT", Al7*, R3 ), and finally for EQU™ populations (R5) and EdU™ populations (R7). (B)
Analysis of viable (Sytox’) muscle progenitor cells (TdT* Al7") from all experiments performed did
not show significant differences in viable cell populations between NELFb**° and WT muscle
progenitors. Samples included viability sorting for freshly isolated MuSCs [WT : 95.32% + 1.81,
n=5; NELFb***° : 96.06 + 1.2, n=6], MuSCs from skeletal muscle at 40 hpi [WT : 98.21% =+ 0.58,
n=5; NELFb*™"© : 97.96% + 0.58, n=4], MuSCs from skeletal muscle at 72 hpi [WT : 95.50% + 1.02,
n=6; NELFb**"° : 96.68% + 0.379, n=6], and myogenic progenitors from skeletal muscle at 120 hpi
[WT :98.21% + 0.58, n=5; NELFb***° : 98.61 + 0.538, n=5].
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Figure S3.5 — Individual immunofluorescence fields of skeletal muscle icharacterized at 7dpi
and 28dpi. Merged and individual fields showing MuSC (Pax7), myofibers (WGA), and all nuclei
(DAPI) in cross-sections of the TA muscle which is either undamaged or regenerated obtained at 7
dpi (A) and 28 dpi (B).
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Appendix Il - Supplementary Figures to Chapter 4
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Figure S4.1 — (Related to Figure 4.3). Transplantation of MuSCs from NELFb**° mice show
reduced incorporation into myofibers. Immunofluorescence characterization on 10 um cross-
sections from allograft recipient mice 21-days after transplantation. In all instances, 12,000 MuSCs

from NELFb***° or WT were transplanted into irradiated NSG recipient mice. (A) Freshly isolated
MuSCs from healthy muscle of WT and NELFb***° donors into uninjured irradiated recipient NSG
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muscle. (B) Abundance of TdT" myofibers for : transplants of freshly isolated MuSCs into healthy
uninjured irradiated recipient muscle shows reduced TdT* myofibers upon a transplant of NELFbs*©
MuSCs [181.5 +£27.6, n=5] compared to WT [548.2 + 96.7, n=5]; reduced amount of TdT+ myofibers
for transplant of activated MuSC from NELFb*<° [97.33 + 31.39, n=3] compared to WT [233.2 +
25.1, n=3], and reduced TdT" myofibers for transplants of freshly isolated MuSCs into regenerating
skeletal muscle at 48 hpifor NELFb***© [220.0 + 96.7, n=4] compared to WT [1431 + 207, n=4]
counterparts. (C) Representative images for Ki67 and Pax7 co-stain of transplanted freshly isolated
MuSCs from NELFb**° and WT mice into healthy uninjured recipient NSG muscle, with positive
control performed on WT muscle collected at 96-hours post-injury. (D) Transplant of 12,000
activated MuSCs isolated from regenerating muscle of WT and NELFb***° donors (40h after CTX
injection) into uninjured irradiated recipient NSG muscle; and (E) transplant of freshly isolated
MuSCs from healthy muscle of WT and NELF-BscKO donors into irradiated recipient muscle at 48
hours after CTX damage.
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Figure S4.2 — Single cell transcriptome analysis with Seurat. Myogenic progenitors were isolated
from skeletal muscle at 72 hpi, purified by FACS (TdT" Al7%), and prepared for single-cell RNA-seq
using the 10X platform. The resulting single cell expression matrices for NELFb***© (KO-B, KO-C)
and wildtype (WT-A, WT-B, WT-C) populations were analyzed with Seurat. All KO and WT
populations distribute equally amongst the topographical map produced when considered by
sample (A) or by population (B), and occupy 3 distinct islands (C). Gene expression analysis reveals
cluster Il is composed of immune cells owing to their expression of Fcer1g and Cd74 (D), whereas
island 1 constitutes fibroblasts based on their high expression of collagens such as Col3a1 and
Col1a2 (E). Island 2 contains the myogenic progenitor cells, evidenced by their expression of the
myogenic specific transcription factors Pax7, Myf5, Myod1, and Myog (F).
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Ccng1 expression depletes p53 levels Downregulation of Ccng? accumulates p53, activates p21
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Figure S4.3 — The role of Cycin G1 in modulating p53 activity. (A) When expressed, Cyclin G1
and PP2A de-phosphorylate MDM2. This activates MDM2, which ubiquitinates p53, and targets it
for degradation. (B) When Ccng1 is downregulated, PP2A can no longer de-phosphorylate MDM2
so it remains inactive. This allows p53 to accumulate, induce the expression of Cdkn1a, whose

protein product p21 induces cell cycle withdrawal.
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Figure S4.4 — Non-functional NELF causes a drop in promoter-proximal bound Pol Il and
reduced expression of Ccng1. Representative UCSC track for Ccng1 shows reduced Ccng1
expression for NELFb***° samples compared to WT counterparts for RNA derived from MuSCs at
48h postinjuryand from RNA-seq obtained from cultured myoblasts. PRO-seq analysis shows no
effect on nascent transcript, while Cut & Tag experiments show reduced NELFe and Pol Il (S5P)
binding at the promoter region in NELFb*°<® samples compared to WT counterparts.
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Figure S4.5 — Western blot of cultured primary myoblasts shows an elevated level of p21
among NELFb*"° populations. Whole cell extracts of proliferating primary myoblasts derived from
NELFb**® and WT mice reveals an upregulation of p21 in NELFb**® populations. This likely
prompts precocious differentiation.
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Vehicle Control Pfithrin-a

WT KO

Figure S4.6 — (Related to Figure 4.11) Individual immunofluorescence
fields of regenerating TA cross-sections during pifithirin-a treatment.
Merged and individual immunofluorescence fields performed on regenerated
skeletal muscle (7 dpi) of NELFb***° and WT mice when untreated or having
received intraperitoneal pifithirin-a during regeneration.

189



Vehicle Control PEDF
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Figure S4.7 — (Related to Figure 4.12) Individual immunofluorescence
fields of regenerating TA cross-sections during intramuscular PEDF
supplementation experiments. Merged and individual immunofluorescence
fields performed on regenerated skeletal muscle (7 dpi) of NELFb**®and WT

mice when untreated or having received intramuscular PEDF during
regeneration.

50 um . .
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Appendix lll - Supplementary Figures to Chapter 5

Flavopiridol concentrations affect ability to undergo terminal d rI"ferentlatlon

DMSO

Flavopiridol

100 pm .E

Figure S5.1 - Flavopiridol impairs primary myoblasts from undergoing terminal
differentiation. Cultured primary myoblasts derived from WT mice (TdT") were subdivided into
different groups and received varying doses of Flavopiridol or a vehicle control (DMSQO). Myoblast
populations were imaged live, monitoring for TdT". (A) The ability to form myotubes is affected by
increased concentrations of Flavopiridol. (B) In response to high doses of Flavopiridol, myoblasts
form large single-cell aggregates (white arrows), which appear to be myoblasts which are unable to
commit to terminal differentiation.
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