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ABSTRACT
JAMES CARL WILLIAMS III. INFLUENCE OF NOTCH INHIBITION ON MTOR AND
WNT SIGNALING IN REPAIRING MUSCLE
(UNDER THE DIRECTION OF DR. SUSAN T. ARTHUR)

Protein synthesis and muscle stem cells are crucial components of adequate muscle
repair in healthy individuals that are dysregulated in a variety of diseases states. A key
regulator of muscle stem cell activation and coordination of downstream muscle repair is the
evolutionary conserved Notch signaling pathway. Notch signaling is instrumental in cell fate
determination during embryonic myogenesis and mature tissue repair. Furthermore, the
mechanistic target of rapamycin (mTOR) and Wingless/Integrated (Wnt) are closely linked to
Notch signaling in a variety of other tissues and their interactions are widely studied.
However, the exact mechanisms by which they coregulate in skeletal muscle is not fully
understood. The convergence of these three signaling networks in skeletal muscle is an area
which demands further exploration so effective therapies for the growing global obese and
aged population may be developed. Our lab has previously measured the effect Notchl
shRNA knockdown had on muscle protein synthesis (MPS) and found Notch inhibition
significantly increased mTOR signaling and MPS. Our attempt to elucidate the interaction of
Notch, mTOR, and Wnt utilized Notch1 shRNA lentiviral knockdown and an injurious bout
of downhill running. We investigated the effect of these interventions on key downstream
regulators of mMTOR and Wnt to understand the mechanisms by which Notch1 knockdown
increases muscle protein synthesis. We observed no significant differences between empty
vector and Notchl inhibited limbs in P70S6K or 4EBP1, indicating Notch1 shRNA inhibition
and DHR was not sufficient to induce changes. However, there were significant time-course
changes in GSK3[3 expression, suggesting a relationship between Notch and Wnt signaling

via GSK3p. These findings contribute to the growing understanding of the synergistic roles

played by Notch, mTOR, and Wnt signaling in the muscle repair process.
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CHAPTER 1: INTRODUCTION

Notch signaling is known to coregulate various cell processes throughout the body
with mechanistic target of rapamycin (mTOR) and Wingless/Integrated (Wnt) (Bertrand,
2020; Das & Hontiveros, 2020; Hibdon et al., 2019; McCubrey et al., 2014). There is
evidence, albeit limited, that Notch, Wnt, and mTOR interact in skeletal muscle to regulate
muscle repair (Brack et al., 2008; Gerrard et al., 2021; Huot et al., 2020). The data thus far
indicates a multifaceted and complex relationship between these three signaling pathways
that depends on combined inhibitory and stimulatory effects of their various factors. For one,
the enzyme GSK3f, which is integral to Wnt signaling, has been implicated as a regulator in
Notch and mTOR, acting as a nexus between the three signaling networks (Espinosa et al.,
2003; Foltz et al., 2002; Inoki et al., 2006; Jin et al., 2009; Stretton et al., 2015). This study
examines the effect of Notch signaling knockdown on the expression of the Wnt regulator
GSK3p and the downstream translation factors of mTOR 4E-binding protein 1 (4EBP1) and

S6 kinase 1.

This study is novel because we examine how Notch knockdown affects mTOR and

Wnt after exercise-induced injury. Our lab prefers an exercise-induced muscle injury model
because it is a more accurate representation of muscle damage sustained during daily life. In
addition, muscle damage because of exercise provides a robust stimulus for all the signaling
pathways we examine. The type of inhibition used, short hairpin RNA (shRNA), is praised
for its ability to integrate in the genome of test animals and produce a sustained knockdown
effect of the target (Moore et al., 2010; Taxman et al., 2006). Other Notch inhibitors such as
a y-secretase inhibitor (GSI) are not specific to just one receptor, whereby an understanding
of how each Notch receptor (1-4) is difficult to assess with that type of inhibitor (Huot,
2018). Short interfering RNA (siRNA), while a valuable tool in research, is not as stable as

shRNA, can lead to off-target effects, and may fail to induce lasting knockdown of targets



(Chernikov et al., 2019; Lam et al., 2015). We hypothesize that normal Wnt and mTOR
signaling will be altered in response to Notchl knockdown in repairing muscle. The
information gathered here will be valuable for determining solutions to dysfunctional muscle

repair in diseased populations that display muscle wasting or accelerated muscle loss.



CHAPTER 2: LITERATURE REVIEW

Notch signaling is a key player in the early stages of muscle repair and is shown to be
dysfunctional in other tissues (liver, adipose, endothelial cells, myocardium) in obesity,
aging, and cancer (Baker et al., 2014; Hasan et al., 2020; Miranda et al., 2018; Richter et al.,
2020; Rosati et al., 2009). It has been previously shown that oscillations in Notch activity is
necessary for the activation of muscle progenitor stem cells and the subsequent proliferation
and differentiation to myoblasts, which give way to fully formed myotubes at the end of
muscle repair (Brack et al., 2008; Gerrard et al., 2021; Noguchi et al., 2019).

Notch engages in synergistic regulation of various cell processes with other cell
signaling pathways. These other signaling networks that are known to interact with Notch
are mechanistic target of rapamycin (mTOR) and Wingless/Integrated (Wnt). The
mechanisms of crosstalk between these pathways are not well understood, but there is plenty
of evidence of co-regulation in cancer and non-skeletal muscle models (Bertrand, 2020; Collu
et al., 2012; Collu et al., 2014; Espinosa et al., 2003; Evangelisti et al., 2020; Hibdon et al.,
2019; Inoki et al., 2006; Ma et al., 2010; Vo et al., 2011), but fewer interactions have been
described in skeletal muscle (Brack et al., 2008; Huot et al., 2020), and the way they regulate
each other has not been clearly described. mTOR and Wnt are also known to be dysregulated
in obesity and aging (Abou Ziki & Mani, 2019; Anderson et al., 2008; Beals et al., 2019;
Colleluori et al., 2019; Laplante & Sabatini, 2012; Nilsson et al., 2013; Rivas et al., 2016;
Tran et al., 2018; Um et al., 2004), so an understanding of how these pathways interact with
Notch is helpful in understanding the bigger picture of poor muscle repair in obesity and
aging. This review gives context on the relationship between Notch, mTOR, and Wnt to
provide better insight into how muscle repair is accomplished by these complex cell signaling

networks.



2.1 Role of Notch Signaling in Muscle Repair

Notch is a signaling pathway that exists within many tissue types (liver, adipose,
endothelial cells, myocardium, skeletal muscle) and is involved in multiple cell functions
such as proliferation and cell fate determination despite its relatively simple signaling
pathway. Notch signaling is initiated by cell-to-cell interaction between Notch receptors
(Notch-1, Notch-2, Notch-3, Notch-4) and Notch cell-membrane-anchored DSL ligands (Del-
ta/Jagged, Serrate, or Lag2) ligands (Shen et al., 2021; Tsivitse, 2010). Binding of a Notch
ligand to Notch-1 receptor induces two rounds of cleavage of the Notch receptor, the first
mediated by members of the ADAM-family of metalloproteases and the second by
endocytosis mediated y-secretase (Borggrefe & Oswald, 2009; Chapman et al., 2016). The
cleaved portion of the receptor, referred to as the notch intracellular domain (NICD), will
translocate to the nucleus to bind on the transcription factor CSL to induce transcription
(Shen et al., 2021). Endocytosis of cleaved Notch-1, and possibly the entire ligand-receptor
complex, is required for Notch signaling to occur(Chapman et al., 2016; Zheng & Conner,
2018). CSL is coupled with mastermind-like protein (MamL) and together will
phosphorylate NICD which leads to ubiquitination and subsequent proteasomal degradation
of NICD. The primary gene targets of NICD are Hairy/Enhancer of Split (HES) and
Hairy/Enhancer of Split related to YRPW motif (HEY) (Kopan & Ilagan, 2009).

Skeletal muscles are equipped with stem cells called Muscle Satellite Cells (MuSCs),
which rest between the sarcolemma and the basal lamina of muscle fibers. These MuSCs are
capable of proliferating into myoblasts and differentiating into myotubes to replace damaged
muscle tissue. MuSCs are quiescent during adulthood, waiting for activation induced by
muscle injury. Several factors are responsible for awakening MuSCs, including leukocytes,
stimuli from blood vessels, and signaling pathways, a prominent one being Notch Signaling

(54). A variety of myogenic factors interact with Notch to adjust its expression and regulate



myogenesis: myoblast determination protein 1 (MyoD), myogenic factor 5 (Myf5), myogenic
regulatory factors (MRFs), myogenin, and myosin heavy chain (MHC) (56).

The strength of Notch signaling is dependent on the amount NICD that accumulates in the
nucleus, so proper disposal and supply of NICD is important for efficient cellular function.
For example, there are various cancers which result due to flaws on the ubiquitination region
of NICD, PEST (proline, glutamic acid, serine, and threonine-enriched) domain (Shen et al.,
2021). Researchers determined that 12% of chronic lymphocytic leukemia (CLL) patients
possessed a mutation of Notchl gene that resulted in Notch1 proteins lacking a C-terminal
domain containing PEST (Puente et al., 2011). Puente et al. reiterate previous finding that
Notch is constantly active in CLL (Rosati et al., 2009) and that the isoform which results
from the removal of the PEST containing C-terminal of Notchl proteins is more stable and
active. Therefore, not only is Notch overly expressed in CLL, but the isoforms of Notch1
resulting from mutations related to CLL are even more stable and active. Furthermore, other
disease states such as T2DM and obesity are associated with hyperactive Notch in cells
(Valenti et al., 2013).

Precise fluctuations of Notch activity are necessary for proper muscle repair response.
When Notch activity is high, MuSCs are held in quiescence and their activation is inhibited
(Gioftsidi et al., 2022). It was shown that when Notch is inhibited by injury, MuSCs activate
and undergo proliferation (Batsis & Villareal, 2018), contributing many MuSCs to
differentiate into myoblasts. When MuSCs are activated, levels of MyoD, a regulator of
myocyte differentiation, increase (Kim et al., 2014). The increase of MyoD encourages
MuSCs to leave Go and begin DNA synthesis in preparation to go through several rounds of
division (Han & Lean, 2016; Zammit et al., 2004; Zhang et al., 2010). MuSCs are known to
exhibit self-renewal by proliferating and saving a number of MuSCs that will become

quiescent to maintain dormant SC levels (Abreu & Kowaltowski, 2020). Notch signaling is



then elevated to encourage myoblast proliferation; however, for differentiation to occur,
Notch must be downregulated, because Notch activity is known to inhibit differentiation of
myoblasts into myotubes (Brack et al., 2008; Noguchi et al., 2019). Noguchi (et al. 2019)
utilized transgenic mice lacking gene expression of specific Notch effectors (Heyl and HeyL)
to determine that HeyL and Hes1 together act as inhibitors of myogenic differentiation.
Previously, a group inhibited Notch in myoblasts early in the repair process to show there
was less Myf5 synthesis, suggesting reduced myoblast proliferation under Notch inhibition
(Brack et al., 2007). Furthermore, when Brack inhibited Notch at later stages of muscle
repair, repair was not as negatively affected, validating the idea that Notch signaling
withdraws during differentiation into myotubes. Finally, myotube fusion is accomplished by

suppressing Notch via TGFf inhibition (Choi et al., 2021).
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Fig. 1 Diagram of Notch signaling and MyoD/Myogenin activity during muscle repair; Created with
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An important protein associated with Notch activity is its downstream regulator, Hes]1,
which is thought to regulate MuSC proliferation and differentiation (Lahmann et al., 2019).
Lahmann (et al. 2019) showed fluctuating expression of Hes1 was likely to act on MyoD and

myogenin by inhibiting their expression. When Hes1 inhibits MyoD and myogenin,



proliferation rather than differentiation of MuSCs is occurring. These finding are consistent
with previous literature and describe the importance of precise orchestrations of Notch
signaling during myogenesis and repair.

Parabiosis experiments have yielded interesting perspectives on how Notch signaling and
MuSCs behave in older individuals. When an older mouse’s circulatory system is joined to
that of a younger mouse, and injury to muscle is induced, the older mouse experiences
improved muscle repair compared to two older mice who have been conjoined (Conboy &
Rando, 2006). On the other hand, the younger mice’s ability to repair muscle was
diminished. This reaffirms that elderly stem cell activity is blunted, either due to reduced

MuSC number, or impairment in their activity, possibly related to aberrant Notch signaling.

2.2 Role of mTOR signaling in Muscle Repair

mTOR balances anabolic and catabolic activity within cells and it is involved in cell
growth and proliferation, suppression of catabolism, cell fate determination, and metabolism.
mTOR is extremely sensitive to the presence of nutrients in the environment such as amino
acids (AAs) and oxygen and the hormone insulin (Liu & Sabatini, 2020; Sabatini, 2017,
Saxton & Sabatini, 2017). There are two distinct complexes of mMTOR, mTORC]1 and
mTORC?2, which serve different purposes (Laplante & Sabatini, 2012). One of the major
distinctions between the two complexes is that mTORC2 is unresponsive to the inhibitory
effects of rapamycin, unlike mTORCI.

mTOR activity is related to several downstream effectors including 4E-binding
protein 1 (4EBP1) and S6 kinase 1, otherwise known as P70S6K. 4EBP1 in its inactive form
is an inhibitor of translation as it is coupled tightly with eukaryotic translation initiation factor
4E (elF4E) on the 5’ cap of mRNA (Jossé et al., 2016). The mRNAs associated with mTOR

regulation are known to possess 5' terminal oligopyrimidine motifs on their 5° caps (Thoreen



et al., 2012). Phosphorylation of 4EBP1 by activated mTORCI causes it to separate from
elF4E which then disassociates from the 5’ cap of mRNA to allow 5’ cap dependent
translation to begin. Phosphorylation of 4EBP1 (p-4EBP1) is one way that mTOR
accomplishes protein synthesis. Phosphorylated P70S6K (p-P70S6K) on T389 may
phosphorylate ribosomal protein S6 which may have some dispensable involvement in
ribosomal biogenesis (Liu & Sabatini, 2020). P70S6K phosphorylates mTOR directly, and
activation of P70S6K is complex and requires phosphorylation of multiple AAs (Pullen et al.,
1998). p-P70S6K is also recruited to spliced mRNA by S6K1 Aly/REF-like target (Ahn et
al.) to increase translation of post-transcriptionally modified mRNA (Liu & Sabatini, 2020;
Ma et al., 2008). Translation regulation is mostly attributed to p-4EB1 rather than p-P70S6K
due to studies that examined S6K 1 knockout and addition of rapamycin finding a weaker
effect of P70S6K inhibition (Mieulet et al., 2007; Pende et al., 2004). On the other hand,
mTOR inhibition results in a significant drop in translation of 5' terminal oligopyrimidine

capped mRNA carried out by 4-EBP1 (Thoreen et al., 2012).

2.3 mTOR and Notch interactions

mTOR (mechanistic target of rapamycin) and Notch signaling are two important
molecular pathways involved in various cellular processes such as cell growth,
differentiation, and survival (Bi & Kuang, 2015; Gerrard et al., 2021; Gordon et al., 2013;
Laplante & Sabatini, 2012). While these pathways operate independently, recent studies
suggest that they can also interact in a complex and context-dependent manner (Baker et al.,
2014; Hibdon et al., 2019; Huang et al., 2015; Lee et al., 2012).

Notch signaling can regulate mTOR activity by modulating the expression of
upstream mTOR regulators (Hibdon et al., 2019). Notch inhibition (gamma-secretase

inhibition) has been shown to affect the phosphatase and tensin homolog (PTEN)/Protein



kinase B (AKT)/mTOR pathway (Huot et al., 2020). GSI treatment of C2C12 cells increased
indices of muscle protein synthesis, myosin heavy chain (MHC), myogenin. More
importantly, phosphorylation of mTOR at ser2448 and ser2481 as well as 4EBP1 on
Thr37/46, which promotes cell growth and protein synthesis, in 96-hour myotubes was
increased. Furthermore, AKT and TSC2 (Ser939 and Thr1462) phosphorylation increased
and PTEN expression decreased following GSI treatment, suggesting Notch signaling may
play an inhibitory role on upstream regulators of mTOR. Another study examining Notch-1
in T-cell acute lymphoblastic leukemia (T-ALL) cells found that PTEN inhibition by Notch-1
could be accomplished by Hes-1 and Myc binding to PTEN (Palomero et al., 2007).

Another observed interaction between the mTOR and Notch pathways can be seen in
the development of Alzheimer’s Disease (AD). The catalytic subunit of y-secretase
Presenilin-1 (PS1) is known to cleave beta-amyloid precursor protein (APP) (Chyung et al.,
2005), as well as Notchl, contributing to the buildup of Abeta42-peptide fragments which
form amyloid plaques in neurons (Hardy & Selkoe, 2002). Investigators tested the
hypothesis that rapamycin would alleviate plaque buildup by way of reducing PS1 expression
(Das & Hontiveros, 2020). They described a decrease in p-mTOR, p-P70S6K 1, 4EBP1, PS1,
NICD, and Hesl proteins suggesting mTOR upregulates PS1/y-secretase activity. Another
study examined the regulatory relationship between mTORC1 and Notch3 in human
pulmonary arterial smooth muscle cells in the development of Hypoxia-induced pulmonary
hypertension (Wang et al., 2014). They came to the conclusion that mTOR acted as an
upstream regulator of Notch3 after testing the effect of rapamycin on Notch3 activity. They
found that Notch3 activity decreased in response to rapamycin, and to confirm this regulatory
effect of mTOR they inhibited Notch3 activity which resulted in no significant changes in

mTOR activity.
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Overall, the interaction between mTOR and Notch signaling is complex and context
dependent. While mTOR can positively regulate Notch signaling, and vice versa, the exact
mechanism and outcome of this interaction may vary depending on the cellular context and

the specific signaling pathway involved.
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2.4 Wnt and Muscle Repair

Wnt signaling is a highly conserved molecular pathway that plays a crucial role in
embryonic development, tissue homeostasis, and regeneration. In muscle tissue, Wnt
signaling has been shown to be involved in the repair and regeneration of damaged muscle
fibers (Reggio et al., 2020; Rudnicki & Williams, 2015; Rudolf et al., 2016; Tusavitz et al.,
2020; von Maltzahn et al., 2012). Active Wnt signaling promotes the proliferation and
differentiation of satellite cells, leading to the generation of new muscle fibers (Fujimaki et
al., 2014). Wnt signaling also regulates the expression of myogenic regulatory factors, such
as MyoD and myogenin, which are essential for muscle regeneration (Jones et al., 2015;
Suzuki et al., 2015).

Canonical Wnt signaling is downregulated during muscle repair via increased levels
of one of the homologs of Glycogen Synthase Kinase 3 (GSK3), GSK3f (Amin et al., 2014).
Increased Notch signaling at the onset of muscle damage encourages accumulation of
GSK3p, specifically the active form GSK3[ phosphorylated at tyrosine 216, which acts
negatively on B-catenin preventing its effect in the nucleus (Yeh et al., 2023). Furthermore,
investigation determined low -catenin in muscle stem cells delayed differentiation following
proliferation due to increased Notch, but constant action of -catenin in satellite cells resulted
in early differentiation (Rudolf et al., 2016). B-catenin phosphorylated by GSK3f that is
phosphorylated at Tyr 216 (active GSK3p) is marked for degradation, whereby Wnt signaling
is inhibited (Brack et al., 2008; Hughes et al., 1993).

Studies wherein GSK3f3 was inhibited show a significant increase in muscle
regeneration of myogenic cells and expression of the transcription factor myogenin and
muscle specific Myosin Heavy Chain (MHC) (Marcella et al., 2023; Polesskaya et al., 2003).
In fact, there are many indications that the Wnt signaling regulator GSK3p interacts with and

may regulate various points of the PI3K/Akt/ mTOR network. Firstly, Wnt signaling was
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shown to stimulate P70S6K via GSK3 activity (Inoki et al., 2006). The study described
increased phosphorylation of P70S6K at Thr 389 in response to induction of Wnt-1 and Wnt-
3a in multiple cell types. Furthermore, 4EBP1 phosphorylation also increased following Wnt
signaling induction. The researchers go on to explain that GSK3f plays an inhibitory role in
the mTOR pathway by blocking P70S6K phosphorylation. Prior to this study others had
investigated the interaction between GSK3[3 and tuberous sclerosis complex (Werner et al.)
in the degradation complex for B-catenin (Mak et al., 2003). The TSC1/2 (hamartin-tuberin)
complex is a negative regulator of mMTOR (Huang & Manning, 2008). In the last ten years it
was found that GSK3 phosphorylates TSC2 to inhibit mTORCI in neural cells (Ka et al.,

2014).

Alternatively, others have suggested that GSK3[3 may also phosphorylate Regulatory
associated protein of tor (Raptor) at Ser859, whereby allowing downstream phosphorylation
of P70S6K (Stretton et al., 2015). GSK3 inhibition resulted in significantly decreased
phosphorylation of P70S6K due to loosening of the bond between Raptor and mTORC1
despite AA availability.

GSK3p is reduced in mice muscle subjected to a bout of injurious downhill running 3
days following muscle damage, but significantly increases beginning on day 4. (Amin et al.,
2014). Meanwhile, Amin et al. also described an increase in LEF1 expression which is a
downstream Wnt regulator that may induce expression of MRFs (Tsivitse, 2010). LEF1
expression is known to increase when [3-catenin enters the nucleus and binds to TCF/LEF

transcription factors (Nusse, 2005; Tsivitse, 2010).

2.5 Wnt and Notch interactions
GSK3 homolog GSK3p have been reported to regulate Notch signaling factors such

as NICD, Notch surface receptors, and the transcription factor Hes1 (Bertrand, 2020; Gao et
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al., 2021; Jin et al., 2009). GSK3p may bind to and phosphorylate active Notch2 surface
receptor fragments to modulate active Notch (Espinosa et al., 2003). In addition to the ability
of GSK3p to associate with Notch2, it was shown that it also inhibits Hes! transcription (Li
et al., 2012). Furthermore, GSK3f can have a positive effect on Notch by phosphorylating
NICD and increasing transcription (Collu et al., 2014). On the other hand, disheveled (Dvl),
a positive regulator of B-catenin, was found to bind to CSL and inhibit transcription (Collu et
al., 2012). Others have expounded on the negative regulatory effects of Dvl and shown that it
may bind to NICD and mark it for degradation, whereby downregulating Notch activity
(Munoz-Descalzo et al., 2010).

Espinosa et al. confirmed this inhibitory effect of GSK3p by using the GSK3f3
inhibitor lithium chloride and described upregulation of Notch target Hes1. Furthermore,
active Wnt signaling inhibited GSK3[3 and resulted in greater transcription of Hes1,
indicating a positive regulatory role of Wnt on Notch signaling. They then tested the effect
of GSK3f knockdown on immunolocalization of Notch1 to further understand the regulatory
role of GSK3 on Notchl. They determined that in the presence of GSK3f in control cells,
Notchl would localize to a tubulovesicular compartment, but when GSK3[3 was inhibited or
knocked down, Notch1 would be broadly dispersed throughout the cytoplasm or enriched on
perinuclear regions. The investigators conclude that GSK3f negatively regulates sorting
decisions of Notchl in the cell.

More recently, research showed that GSK3f3 also mediates Notch transport
throughout the cell (Zheng & Conner, 2018). Before the work of Zheng and Conner, it was
discovered that Notch signal transduction requires endocytosis transport initiated by a ligand-

receptor interaction, specifically concerning Notchl (Chapman et al., 2016). Zheng et al.
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determined that after inhibiting GSK3f with a small interfering RNA Notchl signaling

increased, revealing a possible negative regulatory function of GSK3f on Notchl.

2.6 Conclusion

Notch, mTOR, and Wnt are inextricably linked and ablation or upregulation of select
regulatory factors in one signaling network has been shown to modulate activity in the others
(Bertrand, 2020; Collu et al., 2012; Collu et al., 2014; Espinosa et al., 2003; Evangelisti et al.,
2020; Hibdon et al., 2019; Inoki et al., 2006; Ma et al., 2010; Vo et al., 2011). GSK3p is a
significant coregulator which has positive and negative effects on Notch, mTOR, and Wnt
signaling alike acting as a nexus for the three pathways. It is involved in transcriptional,
mobility, and stability regulation of various factors in Notch and mTOR (Evangelisti et al.,
2020; Foltz et al., 2002; Stretton et al., 2015; Zheng & Conner, 2018). Notch inhibition also
affects portions of the mTOR pathway, namely the downstream transcriptional effectors
P70S6K and 4EBP1 (Huot et al., 2020). Factors of activated Notch also modify upstream

regulators of mTOR such as PTEN and AKT (Palomero et al., 2007).
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CHAPTER 3: METHODS

The experimental design for the project studying interactions between Notch, mTOR,
and Wnt involved injections of Notchl shRNA knockdown lentiviral particles in the left
gastrocnemius muscle and an empty vector in the right gastrocnemius. The right leg served
as a control limb to compare protein expression without Notchl inhibition to the Notchl
inhibited limb. Mice were randomly allocated to control and DHR groups to further examine
the effect of injurious eccentric exercise and induce muscle damage. Mice which ran
downhill were euthanized across 96 hours in order to gain insight on the time-course effects

of the treatments.

3.1. Animals and Experimental Groups

Young (2-4 months) male C57BL/6 mice (n = 6/group, 30 total) were randomly
divided into exercising and non-exercising (control) groups. Mice were group housed in the
vivarium at the University of North Carolina at Charlotte in a reverse 12-hour light cycle.

Mice were allowed to consume food and water ad libitum.

3.2. Notch1l Knockdown and Control Vector Injection

The mice were injected with 100,000 TUs of shRNA Notchl inhibitor into the left
gastrocnemius (Control vector in right) for five consecutive days prior to DHR. The Notchl
inhibitor and empty vector consisted of lentiviral particles and were purchased from Sigma
(Sigma Mission™ shRNA). The inhibitor contained a total of 100,000 transducing units split
between 4 different clones of RNA (GCAGATGATCTTCCCGTACTA;
GCCCTTTGAGTCTTCATACAT; GCCAGGTTATGAAGGTGTATA;
CCCACATTCCAGAGGCATTTA) that targeted Notchl receptors. 50 uLs were injected in

the gastrocnemius muscle along the longitudinal axis of the muscle. All mice groups were
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exposed to an injurious bout of DHR save the control group. The control group were
sacrificed on the day of DHR, and the remaining mice were sacrificed six at a time at 24hr,

48hr, 72hr, and 96hr so time-course changes could be measured.

3.3. Treadmill Familiarization and Downhill Run Exercise Bout

Animals randomly allocated to the exercise groups underwent five days of treadmill
familiarization. A shock grid was used to encourage running and all treadmill exposure
occurred in the dark. The grade of the treadmill during familiarization was set to 0% incline.
Mice were placed in the lanes of the treadmill for five minutes on day one of treadmill
familiarization and not allowed to run. On the second day of familiarization, mice were
placed in the lanes and sat for two minutes and ran for 2 minutes at 7 meters/min. On day
three of familiarization, mice were placed and rested on the treadmill for 2 minutes and ran
for 2 minutes at 7 m/min and another 2 minutes at 9 m/min. The fourth day of familiarization
involved two 3-minute bouts of running after resting in the lanes of the treadmill for 2
minutes, the first at 7 m/min and the second 9 m/min. On the final day of familiarization,
mice rested for 2 minutes on the treadmill and ran for 3 minutes at 7 m/min for one bout, 3
minutes at 9 m/min for a second bout, and 2 minutes at 11 m/min for the final bout. The
control group simulated a sedentary lifestyle (regular cage activity), and the exercise groups
engaged in a bout of downhill running (-15% grade 22m/min until exhaustion) to induce
muscle injury on the day of the last lentiviral injection. The left and right gastrocnemius

muscles were harvested at the time of euthanasia and stored at -80 °C.

3.4. Tissue Homogenization and Protein Concentration
Lysates were generated using a Benchmark 24 tube Bead blaster. Samples of

gastrocnemius muscle were added to 2.0 mL reinforced cryogenic tubes and placed on dry
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ice. Tubes and beads were cooled on dry ice, and Radioimmunoprecipitation assay (RIPA)
buffer (supplemented with 1% Triton-x, 2% SDS, protease cocktail inhibitor) was chilled in
wet ice before bead blast homogenization. 15 volumes of ice-cold RIPA buffer were added
to cryogenic tubes with muscle samples and loaded into bead blaster to be shaken at 6 m/s,
for two 30 second cycles at 1-minute intervals. Following shaking, the tubes were placed on
ice for 5 minutes and then put back into the bead blaster for another round with the same
settings as the first. Samples were put on ice for 15 minutes and vortexed every 2-3 minutes.
Samples were then centrifuged at 2,000 g for 2 minutes to remove any bubbles, and then
transferred to chilled Eppendorf tubes. Finally, the sample tubes were centrifuged for 20
minutes at 20,000g. A Pierce BCA kit was used to determine protein concentration of sample

homogenates (23225; ThermoFisher).

3.5 Western Blot

Protein samples were loaded into wells of a 4-12% Bis-Tris gel (3450125; Bio-rad)
and run (XT MES running buffer; 1610789; Bio-rad) at 125 V for 2-2 2 hours in 4 °C
refrigerator. Following electrophoresis, proteins were transferred (Towbin Buffer; 10%
methanol) onto a Polyvinylidene difluoride (PVDF) membrane for 1 hour at 100V in 4 °C
refrigerator. Membranes were washed 1x in Tris-buffered saline (TBS) and blocked for 30
minutes in 1:1 Odyssey blocking buffer with TBS. Following blocking, membranes were
incubated overnight (14-18 hours) in primary antibodies (p-4EBP1, p-GSK3p, p-P70S6K,
Total 4EBP1, Total GSK3f, Total P70S6K) (Dilution Factor of 1:500 for phosphorylated
proteins, 1:1000 for total proteins) in 4 °C refrigerator on a rocker. The following day
membranes were washed 5 times x 5 minutes in TBST (TBS: 0.1% Tween 20) and then
incubated in secondary antibodies (IRDye 680 RD, Goat anti-Rabbit, #926-68071; IRDye

800 CW, Goat anti-Mouse, #926-32350) directed to primary antibodies (1:10,000 in TBST)
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for 1 hour. Following 5 x 5-minute washes in TBST and 1 x 5 min wash in TBS, membranes
were imaged to identify mTOR and Wnt proteins. Bands were quantified using the
Odyssey® LiCor CLx System. Membranes were stripped between scanning of
phosphorylated proteins and incubation of total proteins using NewBlot™ PVDF Stripping

Buffer for PVDF Membranes produced by LiCor.

Antibody Catalog #, Company Dilution
p-4EBP1 (Thr37/46) #2855, CS 1:500
p-GSK3a/f (Ser 21/9) #9331, CS 1:500
p-P70S6K (Thr389) #9205, CS 1:500
Total 4EBP1 #9644, CS 1:1000
Total GSK3a/f3 #5676, CS 1:1000
Total P70S6K #9202 1:1000

Table 1. Western Blot Antibodies 4EBP1: 4E-binding protein 1; GSK3: Glycogen Synthase

Kinase 3; P70S6K: P70 S6 kinase 1; CS: Cell signaling.

3.6 Statistical Analysis

A 2-way ANOVA test was used (Limb (Inhibitor Vs. Vector) x Exercise (DHR vs. No
DHR)). Post-hoc comparisons were obtained via a Tukey’s test, with statistical significance
set at p <0.05. All statistical analyses and graphs were made using Graphpad Prism 7.03. All

data are presented as means + SD.
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CHAPTER 4: RESULTS

4.1 The Effect of Notch Inhibition on mTOR

Mice were exposed to a Notchl shRNA inhibitor in the left leg and exercised to
induce muscle damage to examine the effects those treatments had on downstream
transcription targets of mTOR. Mice which ran downhill were sacrificed daily following
DHR (24 hr., 48hr., 72hr., and 96h). The control group that did not engage in DHR were
euthanized the same day the exercising mice ran downhill. However, no significant changes
in expression of p-4EBP1 or p-P70S6K between control and Notchl Knockdown were

observed (Figure 4)(p>0.05).
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Fig. 3 Expression of p-4EBP1%7374¢ investigated with Western blotting. Significance is

indicated by “*” (p <0.05).
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Fig. 4 Expression of p-P70S6K "% investigated with Western blotting. Significance is

indicated by “*” (p<0.05).

4.2 The Effect of Notch Inhibition on Wnt target GSK3[3

No significant differences were observed between control and Notchl Knockdown in
p-GSK3B* expression (Figure 6)(p>0.05). However, there was a significant decrease in p-
GSK3B*™ in CT compared to 48h post-DHR in empty-vector limbs (Figure 6)(p = 0.0444).
In addition, there was a significant difference between CT and 48h post-DHR of p-GSK3
in the Notch inhibited limb (Figure 6)(p = 0.0393). p-GSK3B* was shown to have

increased significantly at the 96-hour timepoint normalized to total GSK3 (p = 0.0135).
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Fig. 5 Expression of p-GSK3B* investigated with Western blotting. Significance is
indicated by “*” (p =0.0444); “o” (p = 0.0393); ““+" (p = 0.0135). There were significant

differences between empty vector limb (right gastrocnemius) between control mice and DHR
mice 48hr after exercise, and between shRNA Notchl limb (left gastrocnemius) between
control mice and DHR mice 48hr after exercise, and between DHR mice at 48hr post-DHR

and DHR mice 96hr post-DHR.
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CHAPTER 5: DISCUSSION

Our study’s aim was to describe interactions between Notch, mTOR, and Wnt
signaling by inhibiting Notchl protein synthesis and measuring protein concentrations of
specific downstream effectors of mMTOR and Wnt during muscle repair induced by a single
bout of injurious DHR. Dysregulation of Notch, mTOR, and Wnt signaling are characteristic
of obesity, metabolic syndrome, aging, and cancer (Beals et al., 2019; Brack et al., 2007;
Collu et al., 2014; Nusse, 2005; Saxton & Sabatini, 2017; Yang & Ming, 2012). The two
targets of mTOR investigated were the translational factors P70S6K and 4EBP1.

p-4EBP37/46 expression was measured to understand the effect Notch inhibition and
DHR had on downstream targets of mTOR. The current study did not reveal a significant
change in p-4EBP 113746 in response to Notch1 inhibition despite a significant increase in
mTOR™248 " Our finding could be explained in part by the form of p-4EBP1 we chose to
study (p-4EBP1%r37/46) ig not the form that would respond to Notchl inhibition and a singular
bout of DHR. The downstream target of mTOR, 4EBP1, negatively regulates translation by
binding to eukaryotic translation initiation factor 4E (eIF4E) to prevent its interaction with
the 5° cap of mRNA. Activated mTOR phosphorylates 4EBP1, removing it from the
complex with elF4E and allowing translation to commence. Some have described a
concurrent increase in p-mTOR™**® and p-4EBP1 that was phosphorylated at a different site
(Murai et al., 2012). So, our lack of an increase in p-4EBP1 could be because another form
of p-4EBP1 which was phosphorylated at a site other than thr 37/46 increased but was not
measured. Our lab previously described an increase in phosphorylated mTOR®™2448 in the
mice limbs that were transduced with Notch1 inhibiting shRNA (Huot, 2018). It was our
assumption that because mTOR®™448 expression increased in response to Notchl inhibition,
and prior findings in which Notch inhibition led to increased p-4EBP 13746 (Huot et al.,

2020), that we would see a similar increase in p-4EBP1%37/46 Qur assumption was based on
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the studies which found mTOR inhibitors decreased p-4EBP1 and active mTOR in response
to GSI Notch inhibition increased p-4EBP1 (Huot et al., 2020; Lee et al., 2021; Truitt &
Ruggero, 2016). Another study determined that phosphorylation of mTOR on ser2448 had
minimal effect in vitro on 4EBP1, therefore p-mTOR*™**® may not be an adequate indication
of downstream 4EBP1 activity (Mothe-Satney et al., 2004). Furthermore, others have shown
that inhibition of mTOR was not always sufficient to reduce p-4EBP1, suggesting activity of
a different kinase or kinases on 4EBP1 (Mi et al., 2015; Zhang & Zheng, 2012). A review
from 2017 asserted there is more to the mTOR/4EBP1 network than the canonical
phosphorylation of 4EBP1 by active mTOR, and that many other kinases may play a role in
regulating 4EBP1 (Batool et al., 2017). Prior studies have been met with similar findings in
which p-4EBP1 did not increase or decrease with active or inactive mTOR, respectively. Our
findings suggest Notch1 inhibition and exercise does not affect phosphorylation of 4EBP1 on
thr 37/46, and its activity may be regulated by other factors such as other Notch receptors (2-
4), GSK3, or other kinases independent of or in tandem with p-mTORS2448,

We then measured p-P70S6K"38% expression to understand the mechanism by which
mTOR®48 increased in response to Notchl inhibition. Notchl shRNA inhibition in tandem
with no DHR or DHR did not illicit a significant effect on p-P70S6K ™38 expression in
Notchl knockdown limbs compared to empty vector limbs. The absence of a change in p-
P70S6K relative to an increase in mTOR®™*# is confounding as the general understanding is
that p-P70S6K ™38 phosphorylates mTOR™#48 (Glass, 2003)(Figueiredo et al., 2017).
Again, our expectation was that if Notch inhibition causes an increase in p-mTOR®2#48_ then
a parallel increase in p-P70S6K™38 should occur. We believe that we did not see an increase
in P70S6K ™38 because Notchl inhibition may have reduced p70S6K activity, and
phosphorylation of mTOR®*™>*8 was instead accomplished by AKT. Compensatory

phosphorylation of mTOR®">*48 by AKT could explain why we witnessed an increased in p-
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mTOR™?*8 and no relative increase in p-P70S6K™38 Other studies which examined the
relationship between p-mTOR*™448 and p-P70S6K ™38 have also described this puzzling
concurrent increase in p-mTOR*™?48 and stable p-P70S6K™H33? expression (Apré &
Blomstrand, 2010; Horii et al., 2020). Myotubes treated with GSI were shown to have
significantly decreased p-P70S6K ™38 despite elevated mTOR™?#8 which is the opposite of
our expected outcome (Huot et al., 2020). mTOR™?*48 has been shown to be phosphorylated
primarily by P70S6K, but to a lesser extent by AKT (Chiang & Abraham, 2005; Navé et al.,
1999). Rapamycin was also shown to inhibit P70S6K activation in adipocytes and
phosphorylation of mTOR®®">*#8 in adipocytes remained stable despite the inhibition, so it is
possible P70S6K is regulated independently of active mTOR (Wang et al., 2006). p-P70S6K
expression was decreased following addition of AMPK activators, suggesting AMPK has
inhibitory effects on P70S6K that prevent its phosphorylation (Ginion et al., 2011). Our
apparent lack of an increase in p-P70S6K"3%° despite greater p-mTOR™?##8 expression could
be the result of Notchl inhibition reducing P70S6K activity by way of AMPK inhibition or
other regulators independent of mTOR.

Finally, we investigated GSK3%™ expression in response to Notchl shRNA
inhibition to identify cross-over between Notch and Wnt signaling. Based on our data,
Notchl inhibition may have had some effect on GSK3B%™ expression, evidenced by
significant time-course changes (Figure 6). This conclusion is in line with prior studies
which assessed the effect of Notch3 inhibition via shRNA on p-GSK3p* (Giovannini et al.,
2013). Giovannini et al. found that Notch3 shRNA inhibition increased p-GSK3 s
expression in human hepatocarcinoma cell lines. GSK3[3 may be phosphorylated at multiple
sites, one of which is serine 9 (p-GSK3B*™) and it is the form that we investigated. GSK3J
is an inhibitor of B-catenin, preventing its accumulation in the nucleus to induce transcription.

However, phosphorylation of GSK3B%™ causes the kinase to become inactive and B-catenin
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is no longer under GSK3 inhibition and Wnt signaling increases. p-GSK3B** is an inactive
form of GSK3p and it follows that GSK3B* protein expression would be greater during the
phase of muscle repair that Wnt signaling is increased. Notch has also been shown to effect
an upstream regulator of GSK3p, AKT (Huot et al., 2020). Some of the variance in p-
GSK3p we observed could be the result of an increase in AKT signaling in response to Notch
inhibition that in turn inhibited GSK3. The effect of exercise could also alter Wnt signaling
and GSK3p phosphorylation. Exercise has been shown to illicit changes in AKT, GSK3p,
and B-catenin (Sakamoto et al., 2004; Sakamoto et al., 2003; Sun et al., 2021). Our data
showed an initial decrease in p-GSK3p*™ but a significant increase by the 96h timepoint,
which resembles prior studies on the effect of exercise on Wnt signaling and GSK3.

While shRNA inhibition of Notchl was able to significantly reduce overall Notch
signaling activity, there were drawbacks in terms of how it was applied. DHR was shown to
not induce a significant amount of muscle damage in DHR mice compared to control, likely
due to damage from needle injection. Transducing units were given through intramuscular
injection in the left gastrocnemius muscle of mice, introducing muscle damage and additional
inflammation. This additional muscular damage likely skewed the results and made it appear
as though DHR mice did not sustain significant damage from DHR. Conditional knockdown
of Notchl could circumvent the issues associated with intramuscular injection injury and
would be beneficial to include in futures studies of effect of DHR on muscle regeneration.
Furthermore, shRNA can have significant off-target effects that can have unknown effects on
other signaling pathways (Konermann et al., 2018). shRNA can bind to and mark off-target
proteins for degradation if they have as little as 11 similar nucleotides as the target mRNA
(Jackson et al., 2003). Clustered Regularly Interspersed Short Palindromic Repeats/Cas
(CRISPR-Cas) and closely related technologies have been shown to effectively alter the

genome and generate minimal off-target effects (Gilbert et al., 2014). CRISPR technologies
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are not completely error-free and can still lead to considerable off-target effects; however,
new breakthroughs continue to improve the fidelity of these gene editing technologies (Shen
et al., 2018).

A limitation of the study can be found in its restricted time frame. Muscle was only
examined up to 4 days post exercise-induced damage, while typical muscle repair requires
about 2 weeks to peak and up to 4 weeks to completely resolve (Ambrosio et al., 2009).
Notch signaling has been described to fluctuate throughout the muscle repair process to
mediate satellite cell stem activity and muscle repair (Bi et al., 2016). Therefore, the current
timeframe studied here, while edifying, is not sufficient to give a full picture of the interplay
between Notch, mTOR, and Wnt.

Chronic inflammation is a common characteristic of obesity and aging. It is known
that a significant stimulus for Notch activity is signaling from pro-inflammatory cells (Fazio
& Ricciardiello, 2016). Furthermore, Notch signaling has been identified as a key regulator
of inflammation and therapies which target Notch are likely to become more prevalent in the
near future. Notch downregulation in diabetic and liver inflammation models have been
shown to reduce inflammation and improve repair of damaged tissue (Gamrekelashvili et al.,
2016; Shang et al., 2016). Muscles are often thought of purely as tools for locomotion;
however, muscles have complex roles in metabolism, inflammation, and secretion of
hormone-like factors (myokines), some of which are either increased in response to exercise
or exercise-dependent (Bostrom et al., 2012; Broholm et al., 2011; Broholm et al., 2008;
Gopalan et al., 2021; Huh et al., 2012; Yang et al., 2015). The interaction between Notch
signaling and immune cells in the inflammatory response of skeletal would be a fruitful area
of study in the future.

Our data contributes to the understanding of the influence Notch signaling on other

key signaling pathways involved in skeletal muscle and disease. The intention of the study
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was to uncover aspects of the crosstalk between Notch, mTOR, and Wnt in order to aid future
efforts to develop therapeutics to counteract muscle wasting in a variety of disease states.

The current results indicate crosstalk between Notch and Wnt signaling by way of GSK3.
Prior studies suggest the way Notch inhibition affects GSK3p activity is through AKT, which

is a critical upstream factor involved in mTOR signaling.
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CHAPTER 6: CONCLUSION

To summarize, our study identified an interaction between Notch and Wnt signaling
in skeletal muscle via GSK33. We observed significant time-course changes in GSK3f in
response to Notchl inhibition, suggesting Notchl or a downstream factor of Notch signaling
exerts some effect on GSK3f. This data confirms previous studies that noted coregulation of
GSK3p and Notch.GSK3 is likely to be involved in mTOR regulation, acting as a regulatory
nexus between the three signaling pathways. The precise mechanisms of Notch, mTOR, and
Wnt coregulation in skeletal muscle repair remain only partially understood and warrants
future investigations. In addition, there is a gap in the literature regarding the effect of
chronic inflammation on Notch and muscle repair. Future studies would do well to
investigate the effect of inflammation and Notch inhibition on key cell signaling networks

involved in skeletal muscle repair.
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APPENDIX A: WHOLE WESTERN BLOT IMAGES

Samples were loaded in repeated sequence of left gastrocnemius (L; sShRNA Notch1
inhibition) and right gastrocnemius (R; empty vector) beginning with control group to 96h
post DHR. Molecular weights are labeled in yellow text. Membranes were cut at ~37 kD to
allow for more efficient and convenient application of primary antibodies.
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