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EVALUATION OF CALCIUM HANDLING AND DWARF OPEN READING FRAME
AAV GENE THERAPY IN DUCHENNE MUSCULAR DYSTROPHY

Emily D. Morales
Dr. Dongsheng Duan, Dissertation Supervisor

ABSTRACT

Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disease.
Increased concentrations of cytosolic calcium in dystrophic muscle cells has been
implicated in DMD pathogenesis. In healthy muscle, calcium from within the
sarcoplasmic reticulum (SR) is released to the cytosol to initiate muscle contraction and
is returned to the SR by the sarcoendoplasmic reticulum calcium ATPase (SERCA)
during relaxation. In DMD, SR calcium release is elevated, while calcium uptake by
SERCA isreduced. Strategies that improve SERCA function hold promise to reduce
cytosolic calcium levels and treat DMD. In the present work, we explored the role of a
small peptide SERCA enhancer, dwarf open reading frame (DWORF), in dystrophic
muscle. We found DWORF was significantly reduced in the heart and diaphragm of the
mdx mouse model of DMD. Following this discovery, we delivered 6 x 102 vg
particles/mouse of an AAV9.DWORF vector to 6-week-old mdx mice by tail vein
injection. Because SERCA over-activation has been reported to reduce muscle function,
we also injected wild-type (WT) mice, whose DWORF levels are already significantly
higher than in mdx mice. We found that AAV DWORF gene therapy (1) improved
SERCA uptake, heart function, and fibrosis in mdx hearts, (2) reduced SERCA uptake,

worsened heart function, and induced expression of the SERCA inhibitor sarcolipin in
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WT hearts, and (3) did not improve muscle force production but slowed maximum rates
of contraction and relaxation in mdx diaphragm. Additionally, we assessed the transcript
levels of several calcium handling proteins in the canine model of DMD. We found
transcriptional differences between normal and dystrophic muscles and between male and
female muscles. Our findings are the first to show DWORF downregulation plays a role
in SERCA dysfunction in dystrophic muscle and that AAV DWORF gene therapy is a
promising technique to treat DMD, especially DMD cardiomyopathy. Our findings also

highlight the importance of considering animal age and sex in dystrophic canine studies.
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Chapter 1. An introduction to calcium mishandling in Duchenne muscular

dystrophy

Emily D. Morales?

! Department of Molecular Microbiology and Immunology, School of Medicine, The

University of Missouri, Columbia, MO 65212



Introduction

Duchenne muscular dystrophy (DMD) is the most common form of muscular
dystrophy, affecting approximately 1 in 5,000 male births worldwide(D. Duan et al.,
2021; Mendell & Lloyd-Puryear, 2013). Patients with this disease harbor a mutation in
the X chromosome-linked dystrophin gene. Dystrophin protein plays an important role in
muscle cell integrity and function. This rod-shaped protein is responsible for connecting
the intracellular cytoskeleton network directly to the plasma membrane and to the
extracellular matrix through interactions with the dystrophin-glycoprotein complex
(DGC)(Allen et al., 2016; Gao & McNally, 2015). When functional dystrophin protein is
absent, patients experience progressive muscle degeneration and loss of muscle function.
Most patients become wheelchair bound at 10-12 years of age, require assisted
ventilation by approximately 20 years of age, and die prematurely of cardiac and/or
respiratory failure by 20-40 years of age(Mercuri et al., 2019). Currently, there is no cure
for DMD. Advancements in gene therapy techniques make dystrophin gene editing and
delivery promising therapeutic options. These methods are being actively pursued.
Another approach to treating DMD is to identify alternative disease pathways for

therapeutic targeting.

One such approach is to target intracellular calcium pathways within dystrophic
muscle cells. Multiple studies document dysregulated intracellular calcium pathways in
DMD(Burr & Molkentin, 2015; Mareedu, Million, et al., 2021). These dysregulations
result in increased calcium concentrations within the cytosol of muscle fibers(Hopf et al.,

19964a; Turner et al., 1988). Increased cytosolic calcium activates calcium-dependent



proteases and phospholipases, which degrade cellular proteins and lipids, leading to
damage in dystrophic muscle cells(Hussain, 2000; Lindahl, Backman, et al., 1995;

Shanmuga Sundaram et al., 2006; Spencer & Mellgren, 2002; Voit et al., 2017).

In the present review, we elaborate on calcium mishandling in DMD, focusing on
two sources of aberrant cytosolic calcium: (1) extracellular calcium and (2) sarcoplasmic
reticulum (SR) calcium stores. We then discuss the approach to resolving calcium
mishandling outlined in this dissertation, including the research questions being

addressed and the significance of the overall work with respect to the field.



Calcium handling in normal muscle

In healthy muscle cells, calcium plays a vital role in the contraction and relaxation
cycle. In order to understand this cycle, it is important to first understand where calcium
resides and at what concentrations. At rest, extracellular calcium concentrations are ~2-4
mM, cytosolic calcium concentrations are ~50-250 nM, and SR calcium concentrations
are ~0.4-0.5 mM(Gehlert et al., 2015; Kuo & Ehrlich, 2015; MacLennan & Kranias,
2003). In cardiac muscle, diastolic (resting) cytosolic calcium levels are ~100 nM, and

systolic cytosolic calcium levels increase to ~1 uM(MacLennan & Kranias, 2003).

In both cardiac and skeletal muscle, an action potential signals for contraction by
activating voltage-gated L-type calcium channels (Cay; Cay1.1 in skeletal muscles and
Cav1.2 in cardiac muscle) in the plasma membrane. This signal leads to the opening of
the ryanodine receptor (RyR; RyR1 in skeletal muscles and RyR2 in cardiac muscle) in
the SR membrane. In cardiac muscle, opening of L-type calcium channels allows
extracellular calcium to enter the cell and activate RyR opening through a process known
as calcium-induced calcium release (CICR)(MacLennan & Kranias, 2003; Rios, 2018).
In skeletal muscle, RyR opening is primarily independent of extracellular calcium influx
and occurs as L-type calcium channels physically interact with and open RyR(Franzini-
Armstrong, 2018; Protasi, 2002). Opening of RyR allows SR calcium to enter the
cytosol, where it initiates contraction by interacting with contractile proteins. Relaxation
is initiated as calcium is removed from the cytosol. ~70-90% of cytosolic calcium is
returned to the SR by the sarcoendoplasmic reticulum calcium ATPase (SERCA,;

SERCAL and SERCAZ2a in skeletal muscle and SERCAZ2a in cardiac muscle), a calcium



pump residing in the SR membrane. A very small amount of calcium is taken up by the
mitochondrial uniporter (MCU). The remaining calcium is removed from the cell by
pumps residing in the plasma membrane, including the sodium-calcium exchanger
(NCX) and plasma membrane calcium ATPase (PMCA). Throughout this cycle,
calcium-sequestering proteins in the SR lumen are responsible for isolating calcium ions

and regulating their uptake and release.



Calcium mishandling in dystrophic muscle: Mechanisms of extracellular calcium

influx

Increased plasma membrane permeability is an early feature of dystrophin-
deficient muscle, allowing an excess of enzymes such as creatine kinase to exit skeletal
muscle fibers and ions such as calcium to enter. Early on, this phenomenon was solely
attributed to microtears in the plasma membrane during mechanical stress, which were
believed to occur because the lack of dystrophin created membrane instability. However,
evidence for such membrane tears did not rule out alternative possibilities, such as
calcium influx due to opening ion channels. It appears that disorganization of the
cytoskeleton and disruption of the DGC have contributed to increased calcium entry
through ion channels(Allen & Whitehead, 2011). Here we describe various pathways for
extracellular calcium influx in skeletal and cardiac muscle cells and present evidence for

dysfunction of these pathways in DMD.

Membrane tearing and repair

The primary function of dystrophin is to support the plasma membrane during
muscle use by anchoring it to the cytoskeleton and to the extracellular matrix through
interactions with the DGC(Chakkalakal et al., 2005; Ervasti & Campbell, 1993; Gao &
McNally, 2015; Koenig et al., 1988; Petrof et al., 1993). Several studies provide
evidence that the absence of dystrophin destabilizes the plasma membrane, making it

more susceptible to microtears during mechanical stress(Danialou et al., 2001; Petrof et



al., 1993). However, one study found mdx muscle fibers are capable of repairing the
plasma membrane just as efficiently as wildtype (WT) muscle fibers, suggesting
microtears in dystrophic cells are not the primary cause of calcium entry and muscle cell

death(Cooper & Head, 2015).

This membrane repair relies on calcium signaling. Increased cytosolic calcium
levels activate calcium-dependent repair mechanisms(Andrews et al., 2014; Cooper &
Head, 2015). These repair mechanisms operate by patching plasma membrane tears with
exocytic vesicles. Several studies implicate the lysosomal calcium release channel
transient receptor potential mucolipin 1 (TRPML1) is involved in the lysosomal
exocytosis needed for membrane repair in DMD(Cheng et al., 2014; Yu et al., 2020).
Ablation of TRPML1 in mice impaired plasma membrane repair in skeletal muscle and
led to a DMD-like phenotype(Cheng et al., 2014). Activation or overexpression of
TRPML1 alleviated dystrophic phenotypes in mdx mouse skeletal and cardiac muscle(Yu

et al., 2020).

Voltage-gated L-type channels

In cardiac muscle cells, Cay1.2 is responsible for sustaining calcium entry during
the plateau phase of the action potential. Its activation in significantly increased in mdx
cardiac muscle cells, which may cause arrhythmias in dystrophic hearts(Koenig et al.,

2014).

In skeletal muscle, the involvement of Cay1.1 in abnormal calcium entry is

unclear. A study performed in dystrophic hamsters lacking delta-sarcoglycan (a



component of the DGC) showed administration of an L-type calcium channel antagonist
reduced cytosolic calcium content(Bhattacharya et al., 1982). This suggests calcium
entry through Cay1.1 may contribute to aberrant cytosolic calcium. However, a second
study found Cay1.1 activity is already reduced in the fast-twitch muscle cells of madx

mice(Friedrich et al., 2004).

Store-operated calcium channels

Store-operated calcium channels (SOCCs) are channels residing at the plasma
membrane that open in response to depleted SR calcium stores. Two proteins have been
identified as the necessary players involved in store-operated calcium entry: Stromal
interaction molecule (STIM) and Orai(Derler et al., 2016). STIM acts as a calcium
sensor residing in the SR membrane and dimerizes upon decreased SR calcium stores.
Simultaneously, Orai oligomerizes at the sarcolemmal membrane to form calcium
channels. STIM1 and Orail bind to one another directly, forming puncta that allow
extracellular calcium to enter the muscle fiber. In skeletal muscle, STIML1 is regulated by
calsequestrin (CSQ), a protein responsible for calcium buffering in the SR lumen. When

CSQ is low, store-operated calcium entry is increased(Cho et al., 2017).

Store-operated calcium entry is increased in dystrophin-deficient muscle cells due
to increased expression of SOCC proteins(Edwards et al., 2010). CSQ is also decreased
in multiple mdx muscle types, which may contribute to increased calcium entry through
SOCCs(Pertille et al., 2010). Lastly, SOCC activity may be increased by a calcium-

independent pathway. Calcium-independent phospholipase A2 (iPLA>) acts as a



messenger to trigger calcium entry through SOCCs and is elevated in dystrophic

muscles(Boittin et al., 2010; Smani et al., 2004; Smani et al., 2003).

Transient receptor potential canonical channels

Transient receptor potential canonical channels (TRPCs) are a family of plasma
membrane cation channels. These channels are opened in response to either SR calcium
store depletion or membrane stretch. Several lines of evidence suggest TRPCs are a
major contributor to increased cytosolic calcium in DMD. First, stretch-activated
channel blockers ameliorated force reduction in mdx muscle fibers(Yeung et al., 2005).
Second, TRPCL1, TRPC3, and TRPCG6 are all elevated in mdx mouse muscle(Gervasio et
al., 2008; Matsumura et al., 2011; Vandebrouck et al., 2007). The most well-understood
of these is TRPC1, which interacts with dystrophin and al-syntrophin, a member of the
DGC. In one model, the DGC acts as a scaffold for signaling molecules responsible for
regulating TRPCL1 activity(Sabourin et al., 2009). When dystrophin is absent, this
scaffolding is lost and TRPC1 activity is increased(Vandebrouck et al., 2007).
Supporting this theory, Matsumura and colleagues showed TRPC1 expression levels

correlated with disease severity in mdx mice(Matsumura et al., 2011).

A related channel type, the transient receptor potential vanilloid type 2 (TRPV2)
channel, may also play a role in increased calcium influx in DMD. In healthy muscle,
TRPV?2 is localized on intracellular organs. However, TRPV2 translocates to the plasma
membrane in dystrophin-deficient muscle(lwata et al., 2009). Inhibition of TRPV2 in

mdx mice ameliorated phenotypes of the disease(lwata et al., 2009).



Sodium regulators

In addition to an increase in intracellular calcium levels, dystrophic muscle also
exhibits an increase in intracellular sodium levels(Burr et al., 2014; Hirn et al., 2008;
Iwata et al., 2007). In normal muscle, sodium influx is important for plasma membrane
depolarization and for regulating the import and export of other ions, including calcium,
through ion exchangers. Sodium homeostasis is controlled by several plasma membrane
exchangers, including the sodium calcium exchanger (NCX). NCX is a major source of
calcium efflux from the cell. However, under high cytosolic sodium levels, as occurs in
DMD, NCX may operate in reverse and instead allow sodium to exit the cell and calcium

to enter(Deval et al., 2002).

ATP-gated ion channels

It has been suggested that ATP-gated ion channels also play a role in elevated
cytosolic calcium levels in DMD muscle. One such channel is the P2X receptor.
Evidence suggests either large amounts of extracellular ATP and/or inflammatory
mediators in dystrophic muscles activate P2X7(Gorecki, 2019; Young et al., 2012;
Young et al., 2018). In addition, an upregulation of P2X receptors was observed in madx
muscle and myoblasts(Yeung et al., 2006; Young et al., 2012). Targeting of P2X7 via
genetic or pharmacological methods reduced dystrophic inflammation and increased

muscle repair(Gorecki, 2019).
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Connexins

Connexins (Cx) are proteins responsible for forming gap junction channels and
hemichannels that coordinate depolarization and ion movement between cells(Cea et al.,
2012). Cx hemichannels formed by Cx39, Cx43, and Cx45 are observed in dystrophic
muscle but are absent in normal muscle(Cea et al., 2016). Ablation of Cx43/Cx45 in mdx
mice reduced cytosolic calcium levels and necrotic phenotype(Cea et al., 2016). In
addition, Cx43 is increased and mislocalized in dystrophic mouse

cardiomyocytes(Gonzalez et al., 2018; Himelman et al., 2020).
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Calcium mishandling in dystrophic muscle: Mechanisms of sarcoplasmic reticulum

dysregulation

A main function of the SR is to alter and maintain calcium levels within itself and
the cytoplasm through calcium storage, release, and reuptake. This is accomplished by
the RyR, SR luminal calcium-sequestering proteins, and SERCA. As discussed earlier,
regulation of cytosolic calcium levels is important for controlling muscle contraction and
relaxation(Mareedu, Million, et al., 2021). Muscle contraction occurs when calcium is
released from the SR and binds to myofilament regulatory proteins within the cytosol.
Muscle relaxation occurs as calcium shuttled back into the SR. In DMD, the functions of
several SR proteins are dysregulated, resulting in increased calcium release and slowed
calcium reuptake. This contributes to the increased cytosolic calcium levels observed in

dystrophin-deficient muscle.

Ryanodine receptor

RyR is a calcium channel residing in the SR membrane that is responsible for
calcium release into the cytosol during muscle contraction. Three isoforms exist: RyR1
(skeletal muscle), RyR2 (cardiac muscle), and RyR3 (brain and skeletal muscle). RyR
regulation occurs through phosphorylation or nitrosylation of the channels and through
interaction of RyR with its stabilizing protein calstabin. Calcium is excessively leaked
from the SR when RyR is hyperphosphorylated or hypernitrosylated or when the RyR-

calstabin interaction is lost.
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Studies performed in skinned EDL and soleus muscle fibers show SR calcium
release via RyR is more pronounced in mdx muscle fibers(Divet & Huchet-Cadiou,
2002). In support of this finding, Robin and colleagues showed an increase in passive SR
calcium leak in myofibers from the mdx5cv mouse model of DMD(Robin et al., 2012).
Contrary to these findings, Plant and Lynch showed SR calcium leak was unaltered in
skinned mdx muscle fibers(Plant & Lynch, 2003). Several additional studies elucidate
possible mechanisms for RyR leak in dystrophic muscles. Two studies show progressive
S-nitrosylation of RyR and depletion of calstabin are responsible for RyR leak in
dystrophic skeletal and cardiac muscle(Bellinger et al., 2009; Fauconnier et al., 2010). In
addition, it has been shown that RyR2 phosphorylation and oxidation increases calcium
leak in dystrophic cardiac muscle, and inhibition of this phosphorylation can reduce
RyR2 oxidation as well(Prosser et al., 2011; Shannon, 2009; Wang et al., 2015; Williams

& Allen, 2007).

SR luminal calcium-sequestering proteins

Several proteins reside within the SR lumen that are responsible for buffering
calcium concentrations and regulating SR calcium uptake and release. These proteins
include calsequestrin (CSQ), CSQ-like proteins (CLPs), histidine-rich calcium-binding
protein (HRCBP), calreticulin, calmodulin (CaM), and sarcalumenin (SLM)(Arvanitis et
al., 2011; Beard et al., 2004; Jiao et al., 2012). Among these, CSQ is the major calcium-

buffering protein (CSQ1 in skeletal muscle, CSQ2 in cardiac and slow-twitch muscle).

13



In all, calcium-sequestering proteins show a trend of downregulation in
dystrophic muscle. CSQ is reduced in mdx diaphragm, soleus, and sternomastoid
muscles, while CaM is reduced in mdx diaphragm and tibialis anterior(Pertille et al.,
2010). Interestingly, these two proteins are increased in the extraocular and intrinsic
laryngeal muscles, two spared muscles in mdx mice(Pertille et al., 2010). One study
shows CSQ is also downregulated in dystrophic cardiac muscle(Lohan & Ohlendieck,
2004). However, multiple later studies conducted by others show CSQ is unaltered in
mouse models of DMD(Mareedu, Pachon, et al., 2021; Pertille et al., 2010; Voit et al.,
2017). Surprisingly, CSQ is upregulated in fast-twitch muscles of two mouse models of
DMD(Schneider et al., 2013a; Voit et al., 2017). The reason for this is currently
unknown. CLPs and SLM are also reduced in mdx muscle, while HRCBP is increased in
mdx heart(Culligan et al., 2002; Lohan & Ohlendieck, 2004). Overall, these findings

show SR calcium-sequestering proteins play a role in altered calcium cycling in DMD.

SERCA and SERCA regulators

SERCA plays a vital role in initiating muscle relaxation by returning cytosolic
calcium to the SR. Several isoforms exist, including SERCAL (fast-twitch muscle),
SERCAZ2a (heart and slow-twitch muscle), and SERCA3 (non-muscle tissues). SERCA
function is modulated by several micro-peptides, including phospholamban (PLN),
sarcolipin (SLN), myoregulin (MLN), and dwarf open reading frame
(DWORF)(Anderson et al., 2015; Bhupathy et al., 2007; Nelson et al., 2016; Shaikh et
al., 2016). PLN, SLN, and MLN are inhibitors of SERCA function, while DWORF is an

enhancer of SERCA function. PLN is highly expressed in the ventricles. SLN is

14



expressed the atria of the heart, in slow-twitch rodent muscle, and in all skeletal muscle
in large mammals. MLN is expressed in skeletal muscle. DWORF is expressed in slow-

twitch and heart muscle.

It is well-established that SERCA function is reduced in dystrophic
muscle(Mareedu, Pachon, et al., 2021; Schneider et al., 2013a; Voit et al., 2017; Wasala
et al., 2020). Previous research indicates that SLN upregulation is to blame in dystrophic
mouse and canine models(Mareedu, Pachon, et al., 2021; Voit et al., 2017). In addition,
it is possible that posttranslational modifications of SERCA under oxidative stress

contribute to SERCA dysfunction in DMD(Kim et al., 2013).
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Present approach

Currently, there is no cure for DMD. One approach to treating DMD is to target
dysregulated calcium pathways. Evidence suggests reducing cytosolic calcium in DMD
muscle fibers will improve muscle survival and function by diminishing calcium-

dependent activation of proteases and phospholipases that degrade cellular components.

One method for reducing cytosolic calcium in DMD is to improve SERCA
function. Previous studies have achieved this through SERCA overexpression or
knockdown of the SERCA inhibitor SLN(Balakrishnan et al., 2022; Goonasekera et al.,
2011; Mareedu, Pachon, et al., 2021; Morine et al., 2010; J. H. Shin et al., 2011; Voit et
al., 2017; Wasala et al., 2020). DWOREF is a positive enhancer of SERCA
function(Nelson et al., 2016). Makarewich and colleagues showed DWORF
overexpression ameliorated cardiomyopathy in a mouse model of ischemic heart failure
and a LIM protein deficiency mouse model of cardiomyopathy(Makarewich et al., 2020;
Makarewich et al., 2018). However, when considering SERCA-activating therapies for
DMD, it is important to consider the implications of SERCA overactivation, as several
recent studies suggest it could worsen phenotypes of DMD(Fajardo et al., 2017; Law et

al., 2018; Sato et al., 2021).

The following research is conducted in response to the need for methods aimed at
reducing cytosolic calcium in dystrophic muscle. Due to the recent discovery of
DWORF and its implications in cardiac health, we hypothesize that adeno-associated

virus (AAV)-mediated DWORF overexpression can improve SERCA function and
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mitigate phenotypes of DMD. In Chapter 2, we assess the effects of AAV DWORF gene
therapy on mdx mouse cardiomyopathy. In Chapter 3, we explore the effects of DWORF
overexpression in WT mice and hypothesize SERCA overactivation will have negative
consequences in healthy hearts. In Chapter 4, we assess the effects of AAV DWORF
gene therapy on mdx skeletal muscle. Lastly, we measure the transcript levels of various
calcium handling proteins in normal and dystrophic canines, including assessments made
in different age groups and in male vs female animals. This data is intended to elucidate
part of the mechanisms behind calcium dysregulation in an animal model that more

closely resembles human patients. This data is presented in Chapter 5.
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Abstract

Cardiomyopathy is a leading health threat in Duchenne muscular dystrophy
(DMD), a dystrophin-deficient muscle wasting disease. Upregulation of cytosolic
calcium has been implicated in the pathogenesis of DMD cardiomyopathy. Cytosolic
calcium is mainly removed by the sarcoendoplasmic reticulum calcium ATPase
(SERCA). SERCA activity is reduced in DMD. Strategies that improve SERCA
function hold promise to treat Duchenne cardiomyopathy. Dwarf open reading frame
(DWORF) is a recently discovered positive regulator for SERCA. Transgenic or adeno-
associated virus (AAV)-mediated DWORF overexpression significantly improved
cardiac function in other types of cardiomyopathies. We found DWORF expression was
significantly reduced in the mdx model of DMD. To test whether AAV DWORF gene
therapy can mitigate Duchenne cardiomyopathy, we delivered 6 x 10'? vg
particles/mouse of the AAV9.DWORF vector to 6-week-old mdx mice by tail vein
injection. Mice were examined at 18 months of age. We observed significant
improvement in myocardial histology and multiple parameters of electrocardiography
and heart hemodynamics. Uphill treadmill running was also significantly improved. Our
data suggest that DWORF deficiency contributes to SERCA dysfunction in mdx mice

and that DWORF gene therapy holds promise to treat Duchenne cardiomyopathy.
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Introduction

Duchenne muscular dystrophy (DMD) is a rare muscle-wasting disease caused by
mutations in the dystrophin gene(D Duan et al., 2021). Dystrophin offers structural
support to the muscle cell membrane during contraction and relaxation. When dystrophin
is absent, muscles undergo degeneration, resulting in muscle weakness and eventual heart
and/or respiratory failure. Restoration of dystrophin expression by genetic editing or
gene replacement is being actively pursued to treat DMD. An alternative gene therapy
approach is to upregulate cellular genes that may mitigate the pathogenic mechanisms of
DMD.

It is well-documented that muscle cell death in DMD is partly due to dysregulated
intracellular calcium pathways(Burr & Molkentin, 2015; Mareedu, Million, et al., 2021).
These dysregulations create an increased concentration of cytosolic calcium, which
activates calcium-dependent proteases and phospholipases that digest cellular proteins
and lipids, respectively(Hopf et al., 1996b; Lindahl, Backman, et al., 1995; Turner et al.,
1988). Therefore, strategies aimed at normalizing cytosolic calcium levels in dystrophic
cells are expected to reduce muscle disease in DMD.

A major source of cytosolic calcium is the sarcoplasmic reticulum (SR), which
acts as a calcium store and plays a large role in the contraction-relaxation cycle(Rossi &
Dirksen, 2006). In a healthy muscle cell, contraction is initiated as calcium from the SR
is released into the cytosol via the opening of the ryanodine receptor (RyR). Once in the
cytosol, calcium binds to myofilament regulatory proteins to initiate contraction. During

relaxation, calcium is pumped back into the SR by the sarcoendoplasmic reticulum
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calcium ATPase (SERCA), leading to its release from contractile proteins(Periasamy &
Kalyanasundaram, 2007; Xu & Van Remmen, 2021). In DMD, however, calcium release
from the SR is increased while calcium reuptake into the SR via SERCA is
decreased(Bellinger et al., 2009; Fauconnier et al., 2010; Kargacin & Kargacin, 1996;
Schneider et al., 2013b). This contributes to increased resting cytosolic calcium
concentrations.

One method of reducing cytosolic calcium overload in dystrophic muscle is to
enhance SERCA function. This has been achieved by SERCA overexpression or
knockdown of sarcolipin (SLN), a negative regulator of the SERCA pump(Balakrishnan
etal., 2022; Goonasekera et al., 2011; Mareedu, Pachon, et al., 2021; Morine et al., 2010;
J.-H. Shin et al., 2011; Voit et al., 2017; Wasala et al., 2020). The micro-peptide dwarf
open reading frame (DWORF) is a positive regulator of the SERCA pump(Nelson et al.,
2016). It has been shown that DWORF overexpression ameliorates ischemic heart failure
and muscle-specific LIM protein deficiency cardiomyopathy(Makarewich et al., 2020;
Makarewich et al., 2018). We hypothesize that adeno-associated virus (AAV)-mediated
DWORF upregulation can improve SERCA function and mitigate DMD cardiomyopathy.

To test our hypothesis, we quantified DWORF expression in the hearts of normal
and dystrophin-null mdx mice. We found DWORF expression was significantly
decreased in mdx mice. We then delivered a DWORF expression cassette with AAV
serotype 9 (AAV9) to 6-week-old mdx mice via tail vein injection. DWORF expression,
calcium uptake, myocardial fibrosis, electrocardiography (ECG), uphill treadmill
running, and left ventricular hemodynamics were examined. In support of our

hypothesis, AAV9 DWORF gene transfer significantly enhanced cardiac SR calcium
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uptake and improved myocardial histology and heart function. Our results support

further development of DWORF gene therapy to treat DMD cardiomyopathy.
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Results

DWORF expression was decreased in the hearts of mdx mice. Previous research shows
SERCA function is reduced in DMD(Kargacin & Kargacin, 1996; Schneider et al.,
2013b; Voit et al., 2017; Wasala et al., 2020). To determine whether DWORF plays a
role, we compared DWORF cDNA and protein levels in the hearts of 6-month-old madx
and wild-type BL10 (WT) mice (Figure 2.1). cDNA levels were detected using droplet
digital PCR (ddPCR) methods. DWORF cDNA levels were significantly decreased in
mdx hearts compared to that of WT hearts (Figure 2.1A). Consistent with the cDNA
data, western blot analysis showed an ~50% decrease in DWORF protein expression in

the mdx heart (Figure 2.1B).

AAV.DWOREF delivery increased DWORF expression and enhanced SR calcium
uptake in the mdx mouse heart. As a prelude to evaluating DWORF gene therapy, we
engineered an AAV9.DWORF vector (Figure 2.2A). In this vector, a codon-optimized
mouse DWORF cDNA was expressed from the ubiquitous CAG promoter. To facilitate
the detection of AAV transduction, we also introduced the enhanced green fluorescence
protein (EGFP) cDNA under the control of an internal ribosomal entry site (IRES). The
AAYV genome was packaged in myocardial-tropic AAV9 capsids(Bostick et al., 2007).
We injected the AAV9.DWORF vector to 6-week-old mdx mice at the dose of 6 x 102
vector genome particles (vg)/mouse via the tail vein and examined DWORF expression
in the heart when mice reached 6 months of age (Figure 2.2B). Supra-physiological

levels of DWORF expression were detected in the AAV-injected mdx mouse hearts (~
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50-fold higher than those of un-injected mdx mouse hearts). For reasons yet unknown,
we failed to detect GFP expression (data not shown). Despite the dramatic increase in
DWORF expression, no remarkable changes were detected in the protein levels of
SERCAZ2a (SERCA isoform expressed in the heart), calsequestrin, sarcolipin (SLN), or
phospholamban (PLN) (Figure 2.2C).

Next, we analyzed SR calcium uptake (Figure 2.2D-E). As expected, SR calcium
uptake was reduced in mdx hearts. AAV9.DWORF delivery significantly enhanced SR
calcium uptake (Figure 2.2D). The maximum velocity of calcium uptake was also
significantly increased (Figure 2.2E). Nonetheless, improvements did not reach the

levels of WT mouse hearts.

AAV.DWORF delivery did not change heart anatomy but reduced myocardial fibrosis
in aged mdx mice. After validation of the DWORF vector, we evaluated its therapeutic
effects (6 x 10 vg/mouse, tail vein injection at 6 weeks of age, examination at 18
months of age). We opted to study 18-month-old mice because this is the age at which
mdx mice display dilated cardiomyopathy(Bostick et al., 2008). On anatomic
examination, we did not detect significant differences in heart weight, ventricular weight,
and weight ratios between DWORF-treated and untreated mdx mice (Table 2.1). On
histology examination, we performed Masson trichrome staining and quantified fibrosis

(Figure 2.3). DWORF gene therapy significantly reduced myocardial fibrosis.

AAV.DWORF delivery ameliorated mdx ECG defects. To determine whether DWORF

gene therapy can improve cardiac electrophysiology, we performed ECG (Figure 2.4).
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All parameters showed expected changes in mdx mice compared to WT mice (Figure
2.4). DWORF therapy normalized heart rate, QTc interval, and cardiomyopathic index.
Other ECG parameters (PR interval, QRS duration, and Q amplitude) showed a trend of

improvement, though not statistically significant.

AAV.DWORF delivery improved uphill treadmill running. Uphill treadmill running is
frequently used to evaluate mouse heart function(Bernstein, 2003; Bostick et al., 2009;
Wasala et al., 2020). Following 5 days of acclimation, we quantified mouse running
distance on a 7° uphill treadmill. Mdx mice ran an average of 3.3 meters/g body weight
(m/g). WT mice ran an average of 20.9 m/g (Figure 2.5). DWORF gene therapy
significantly increased treadmill performance. Treated mice reached an average of 8.0

m/g (Figure 2.5).

AAV.DWORF delivery enhanced left ventricular hemodynamic function in mdx mice.
Cardiac pump function was evaluated using a closed-chest catheterization assay as we
previously reported(Bostick et al., 2011). Consistent with our previous
publications(Bostick et al., 2010; Bostick et al., 2008; Wasala et al., 2020), untreated madx
mice showed a classic profile of dilated cardiomyopathy (Figure 2.6). Specifically, end-
systolic and end-diastolic chamber volumes were significantly enlarged while the ejection
fraction, maximum pressure, and rates of pressure change during contraction (dP/dt max)
and relaxation (dP/dt min) were significantly decreased. DWORF gene therapy
normalized maximum pressure and ejection fraction. A trend of improvement was also

detected in dP/dt max and dP/dt min. Intriguingly, end-systolic and end-diastolic
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volumes of the treated mdx mice were smaller than those of WT mice, though statistical
significance between WT mice and DWORF-treated mdx mice was only observed for the

end-diastolic volume. The only parameter that showed no improvement was tau, the time

constant of left ventricular relaxation.
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Discussion

In this study, we evaluated DWORF expression in normal and dystrophic mouse
hearts and explored AAV DWORF gene therapy for Duchenne cardiomyopathy in the
mdx mouse model of DMD. We found that endogenous DWORF expression was
significantly reduced at both the transcript and protein levels in mdx hearts (Figure 2.1).
Intravenous delivery of an AAV9.DWORF vector resulted in supraphysiological levels of
DWORF expression in the mdx heart and significantly improved cardiac SR calcium
uptake (Figure 2.2). Importantly, a single AAV DWORF gene therapy in 6-week-old
mdx mice resulted in significant improvements in myocardial histology, uphill running,
ECG, and left ventricular hemodynamics at 18 months of age (Figures 2.3 to 2.6). Our
results suggest (1) decreased DWORF expression may contribute to SERCA dysfunction
in dystrophic cardiac tissue and (2) DWORF gene therapy at a young age holds promise
to significantly prevent dilated cardiomyopathy in DMD.

DWORF was discovered in 2016 as a small peptide encoded in a long noncoding
RNA(Nelson et al., 2016). It is the only known endogenous SERCA activator. DWORF
is expressed in ventricular and slow-twitch skeletal muscle fibers. Initial studies suggest
DWORF enhances SERCA function through competition with inhibitory peptides SLN
and PLN for SERCA binding(Makarewich et al., 2018; Nelson et al., 2016; Singh,
Dalton, Cho, Pribadi, Zak, Seflova, et al., 2019). More recent studies suggest DWORF
may also directly activate SERCA(Fisher et al., 2021; Reddy et al., 2022a). It is possible

both mechanisms are in play(Li et al., 2021). More studies are needed to clarify this.
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Recently, DWORF has received attention for playing a large role in the
development and treatment of cardiomyopathy. DWORF expression was reduced in two
independent mouse models of heart failure, including myocardial infarct and a genetic
model of dilated cardiomyopathy caused by the loss of the muscle-specific LIM
protein(Makarewich et al., 2020; Makarewich et al., 2018). Expression of DWORF via a
transgenic approach or AAV9.DWORF gene delivery enhanced SERCA activity and
improved heart function in these models(Makarewich et al., 2020; Makarewich et al.,
2018).

It is well established that SERCA activity reduction contributes to DMD
pathogenesis(Burr & Molkentin, 2015; Law et al., 2020; Mareedu, Million, et al., 2021).
Previous studies have connected SERCA dysfunction with SLN overexpression(Niranjan
et al., 2019; Schneider et al., 2013b; Voit et al., 2017). Indeed, SLN knockdown
ameliorated dystrophic phenotypes in murine DMD models(Balakrishnan et al., 2022;
Mareedu, Pachon, et al., 2021; Voit et al., 2017). The discovery of DWORF as a positive
SERCA regulator raises the possibility of DWORF downregulation as an alternative
mechanism for SERCA activity reduction in DMD. Given the established involvement
of DWOREF in other types of cardiomyopathy, we focused the current study on DMD
heart disease.

In the mouse myocardial infarct model, DWORF expression was reduced by ~
60% (Makarewich et al., 2020). In the muscle-specific LIM protein-deficient
cardiomyopathy model, DWORF expression was reduced by ~ 70% (Makarewich et al.,
2018). Consistent with these results, we found DWORF expression was reduced by

~50% in the mdx heart (Figure 2.1). These results suggest low-level DWORF
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expression (30-50% of the wild-type level) is likely insufficient for normal mouse heart
function.

To establish a causal relationship between DWORF downregulation and SERCA
dysfunction, we delivered an AAV9.DWORF vector (6 x 102 vg/mouse) to the heart of
mdx mice via tail vein injection. Compared with untreated mdx hearts, AAV injected
mdx hearts exhibited an approximately 50-fold increase in DWORF levels (Figure 2.2B).
This is ~25-fold higher than that of WT hearts. Despite supraphysiological DWORF
expression, myocardial SR calcium uptake was only partially restored (Figure 2.2D and
E). This suggests DWORF downregulation may have contributed to SERCA activity
reduction in the mdx heart, but it is unlikely the sole cause. Previous literature shows
DWORF has a higher SERCA binding affinity than PLN(Makarewich et al., 2018;
Nelson et al., 2016), but there is no literature covering the dynamics of DWORF versus
SLN competition in the heart. Our results suggest either DWORF is weaker than SLN in
binding with SERCA (hence cannot fully compete away SLN from SERCA) or there may
exist additional yet unknown SERCA inhibition mechanism(s) in the mdx heart that
cannot be revoked by DWORF overexpression.

We also examined the expression of several other SR calcium-regulating proteins
and did not see significant alterations (Figure 2.2C). This is consistent with what has
been shown in DWORF transgenic mice, where proteins involved in calcium handling
are largely unaffected(Nelson et al., 2016).

To explore DWORF as a potential target for treating cardiomyopathy in madx
mice, we followed AAV9.DWOREF injected mice until they reached 18 months of age

(Figures 2.3-2.6). This is necessary because young adult mdx mice display minimal
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heart disease (Duan, 2006). On anatomical examination, no statistically significant
improvement was detected (Table 2.1). Nevertheless, cardiac fibrosis, ECG, closed-
chest cardiac catheter assay, and uphill treadmill running showed significant
improvements in many, though not all, parameters (Figures 2.3-2.6). This is expected
given that SR calcium uptake was only partially restored in treated mice (Figure 2.2D,
E).

We have previously conducted a similar long-term study in mdx mice using the
AAV9.SERCAZ2a vector(Wasala et al., 2020). Systemic injection of the same dose (6 x
10'? vg/mouse) of SERCA2a vector completely corrected cardiac SR calcium uptake,
prevented myocardial fibrosis, and normalized most parameters in physiology assays
(ECG, heart hemodynamics, and uphill treadmill running). The difference in the
therapeutic outcome between DWORF and SERCAZ2a gene therapy suggests that there is
room to further improve DWORF gene therapy. This can be accomplished by several
approaches. One is to further increase DWORF expression. Makarewich and colleagues
found that ~60-fold DWORF overexpression resulted in better cardioprotection than ~17-
fold DWORF overexpression in a dilated cardiomyopathy mouse model caused by
genetic knockout of the gene encoding the muscle-specific LIM protein(Makarewich et
al., 2020; Makarewich et al., 2018). We are not in favor of this approach because (a)
increasing the AAV dose may lead to severe adverse consequences, even
death(Srivastava, 2020); (b) an ex vivo study in isolated rat hearts suggests that
exogenous administration of high-dose DWORF peptide may induce coronary

vasoconstriction(Mbikou et al., 2020).
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Another approach is to combine SLN knockdown and DWORF overexpression.
This is tempting. On one hand, SERCA inhibition will be reduced (by lowering SLN
expression and/or by enhancing SERCA function through DWORF binding)(Fisher et al.,
2021; Reddy et al., 2022a). On the other hand, a potential caveat of this approach is
SERCA overactivation. Law et al ablated PLN from mdx mice(Law et al., 2018). These
mice showed enhanced calcium handling and myocardial contractility, but heart function
was worsened, and cardiac fibrosis was aggravated. Similarly, genetic deletion of SLN
from mdx mice resulted in more severe skeletal muscle disease(Fajardo et al., 2018). It is
possible that enhanced contractility from untuned calcium cycling may have made the
dystrophic sarcolemma more fragile, hence causing more damage.

A third approach is to combine DWORF overexpression with micro-dystrophin
gene therapy. Systemic AAV micro-dystrophin gene therapy is currently being tested in
DMD patients(Duan, 2018). Micro-dystrophin re-establishes the linkage between the
cytoskeleton and the extracellular matrix to maintain sarcolemmal integrity during
contraction. Despite encouraging data in murine models, micro-dystrophin only resulted
in limited force improvement in the canine DMD model(Shin et al., 2013). A recent
phase Il trial also failed to yield significant functional improvements in all
patients(Mullard, 2021). Multiple strategies have been proposed to enhance micro-
dystrophin gene therapy. One possibility is to combine micro-dystrophin with therapies
that can improve calcium homeostasis in muscle cells. In this regard, DWORF has a
unique advantage. The small size of the DWORF cDNA (102 bp) makes it possible to fit

into existing micro-dystrophin vectors. Future side-by-side comparisons of the micro-
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dystrophin vector, the DWORF vector, and the micro-dystrophin/DWORF vector will
show whether the combined approach is indeed superior.

In summary, our study demonstrates for the first time that DWORF expression is
reduced in mdx hearts and AAV DWORF gene therapy prevented the deterioration of
mdx mouse heart function. Future studies will shed light on whether AAV DWORF
therapy can ameliorate dystrophic skeletal muscle disease in mice, and more importantly,
whether positive findings seen in our study can be translated to canine models and

eventually benefit human patients.
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Materials and Methods

Mice. All animal experiments were approved by the institutional animal care and use
committee. All mice were maintained in a specific pathogen-free animal care facility on
a 12-hour light (25 lux):12-hour dark cycle with access to food and water ad libitum.
Dystrophin-deficient mdx mice (C57BL/10ScSn-Dmd™/J, stock number 001801) and
normal control BL10 (C57BL/10ScSnJ, stock number 000476) mice were originally
purchased from The Jackson Laboratory (Bar Harbor, ME). Experimental mice were
generated in-house in a barrier facility using breeders purchased from The Jackson
Laboratory. We have previously shown that female mdx mice display a more severe
cardiomyopathy (Bostick et al., 2010), hence, only female mice were used in the current

study.

AAYV production and administration. The cis-plasmid for AAV packaging (also called
pEM1) consisted of (from 5’-end to 3’-end) the ubiquitous CAG promoter, a codon-
optimized mouse DWORF cDNA, the encephalomyocarditis virus IRES (Clontech,
Mountain View, CA), the EGFP gene, and an SV40 virus polyadenylation signal. The
codon-optimized mouse DWORF cDNA was synthesized by GenScript (Piscataway, NJ).
The vector genome was packaged in the capsid of AAV9 and purified through two
rounds of isopycnic ultracentrifugation according to our previously published method (J.-
H. Shinetal., 2012). AAV was delivered to 6-week-old mice via tail vein injection at a

concentration of 6 x 102 vg/mouse.
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Western blot. For DWORF western blots, freshly isolated heart tissue was snap-frozen
in liquid nitrogen and homogenized in radioimmunoprecipitation assay buffer (150 mM
NaCl; 1% v/v igepal CA-630; 50 mM Tris-Cl, pH 8.3; 0.5% w/v sodium deoxycholate;
0.1% wi/v sodium dodecy!l sulfate) with added protease inhibitors (cOmplete ULTRA
mini-tablet, Roche, Indianapolis, IN). 40 pg of the heart lysate was run on 15%
bis/acrylamide gels made by standard preparation, and proteins were transferred to PVDF
membranes (Millipore, Immoblion-P) by wet transfer technique. Membranes were
incubated with a previously validated custom rabbit polyclonal antibody against mouse
DWORF (New England Peptide) at a concentration of 1:1,000 (Nelson et al., 2016).
Blots were incubated with a goat anti-rabbit IlgG-HRP secondary antibody and developed
using ClarityTM Western ECL chemiluminescent substrate (Bio-Rad, Hercules, CA) and
a digital Bio-Rad ChemiDocTM MP Imaging System.

For all other western blots, tissues were homogenized in lysis buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40) with added 1 mmole PMSF, 5
mmole NaVO3, 10 nmole Okadaic Acid, 1 mmole NaF, and 1 mmole benzamidine.
Heart lysates were run on sodium dodecy! sulfate-polyacrylamide gels. Proteins were
then electroblotted onto PVDF membranes and incubated with antibodies specific for
SLN (anti-rabbit, 1:3000)(Babu et al., 2007), SERCAZ2a (anti-rabbit, 1:5000, custom
made)(Babu et al., 2007), PLN (anti-rabbit, 1:3000, custom made)(Babu et al., 2007),
CSQ (anti-rabbit, 1:5000, Affinity BioReagents, Golden, CO), or GAPDH (anti-mouse,
1:10,000, Sigma, St. Louis, MO). Quantification was completed using ImageJ/Fiji

Software (ImageJ 1.48b) and then normalized to GAPDH levels.
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DWORF and GFP transcript quantification. Transcript quantification was completed
using ddPCR methods. Tissue samples were collected and stored in RNAlater
stabilization solution (Thermo Fisher Scientific, Waltham, MA; Cat No: AM7021) until
RNA was extracted using the RNeasy Fibrous Tissue Mini kit (Qiagen, Hilden, Germany;
Cat No: 74704). Reverse transcription was performed using the SuperScript IV VILO
Master Mix with ezDNase Enzyme (Thermo Fisher Scientific, Cat No: 11766050), and
the resulting cDNA concentrations were detected using the Qubit ssDNA assay Kit
(Thermo Fisher Scientific, Cat No: Q10212). Primer and probe sets were designed as
follows: Forward primer: 5’-TTCTTCTCCTGGTTGGATGG-3’, Reverse primer: 5°-
TCTTCTAAATGGTGTCAGATTGAAGT-3’, and Probe 5°-
TTTACATTGTCTTCTTCTAGAAAAGGAAGAAG-3’. Probes were labeled with a 5’
6-carboxyfluorescein, an internal ZEN quencher, and a 3’ Iowa Black quencher. ddPCR
was completed on the QX200 ddPCR system (Bio-Rad) using ddPCR supermix for
probes (no dUTP) (Bio-Rad, Cat No: 186-3024). Results were presented as the number

of transcript copies per ng of cDNA used in the ddPCR reaction.

SR calcium uptake. SR calcium uptake was measured using a previously described
Millipore filtration technique (Voit et al., 2017). Approximately 150 pg of protein
extract was incubated at 37° C in 1.5 ml of calcium uptake medium (40 mM imidazole,
pH 7.0, 100 mM KCI, 5 mM MgCI2, 5 mM NaN3, 5 mM potassium oxalate, and 0.5 mM
EGTA) and various concentrations of CaCl, to yield 0.03-3 uM free calcium.
Ruthenium red was added to a final concentration of 1 umole immediately before adding

substrates to begin calcium uptake. A final concentration of 5 mmole ATP was added to

35



initiate the reaction. The reaction was terminated at 1 minute by filtration. The rate of
SR calcium uptake and the calcium concentration required for EC50 were determined by
non-linear curve fitting analysis using GraphPad Prism v6.01 software (GraphPad, San

Diego, CA).

ECG and hemodynamic assay. 12-lead ECG was performed using a commercial
system from AD Instruments (Colorado Springs, CO, USA). Results were evaluated
using our previously published standard operating protocol in “Cardiac protocols for
Duchenne animal models”

(http://www.parentprojectmd.org/site/PageServer?pagename=Advance researchers sops)

(Duan et al., 2016). All ECG parameters but Q wave amplitude were analyzed using the
lead Il tracing. Q wave amplitude was determined using the lead I tracing. QTc interval
was calculated by correcting the QT interval with the heart rate as described by Mitchell
et al (Mitchell et al., 1998b). Cardiomyopathy index was calculated by dividing the QT
interval by the PQ segment(Bostick et al., 2011). Left ventricular hemodynamics was
performed using our previously described closed chest approach with the Millar catheter,
which can also be found in the “Cardiac protocols for Duchenne animal models” (Duan et
al., 2016). Resulting pressure-volume loops were analyzed using the PVAN software
(Millar Instruments, Houston, TX, USA). Cardiac relaxation time constant (Tau) was
calculated according to Weiss et al (Weiss et al., 1976). Body surface area was

calculated as described by Cheung et al (Cheung et al., 2009).
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Treadmill running. The treadmill endurance assay was performed according to
previous protocols but with minor modifications (Bostick et al., 2009; Wasala et al.,
2020). Mice were subjected to 5 days of treadmill acclimation and training on a 7° uphill
treadmill (Columbus Instruments, Columbus, OH, USA). During training, mice were
encouraged to run by gently nudging mice from behind with a ruler. Each training day
began with acclimating mice to a flat, uynmoving treadmill surface for 2 minutes. The rest
of the protocol was conducted at a 7° incline. Training days were conducted as follows:
(1) mouse acclimated to an unmoving treadmill surface for 5 minutes, mouse run for 15
minutes at 5 m/min, mouse run for 5 minutes at 10 m/min, (2) mouse run for 5 minutes at
5 m/min, mouse run for 15 minutes at 10 m/min, mouse run for 5 min at 12 m/min, (3)
mouse run for 5 minutes at 5 m/min, mouse run for 15 minutes at 10 m/min, mouse run
for 10 min at 12 m/min, (4) mouse run for 5 minutes at 5 m/min, mouse run for 20
minutes at 10 m/min, mouse run for 5 min at 12 m/min, mouse run for 5 minutes at 15
m/min, (5) mouse run for 5 minutes at 5 m/min, mouse run for 20 minutes at 10 m/min,
mouse run for 5 min at 12 m/min, mouse run for 5 minutes at 15 m/min. On day 6, mice
were again acclimated to a flat, unmoving treadmill surface for 2 minutes. Following,
mice were run at a 7° incline. Mice were run for 5 minutes at 5 m/min. The speed of
running was then increased by 1 m/min every 5 minutes until mice were exhausted.
Exhaustion was diagnosed when a mouse exited the treadmill and refused to reenter,
despite gentle nudging, for 3 seconds. At this point, total running distance was recorded.

Results were recorded as distance run/mouse body weight.
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Morphological studies. 10 um cryosections were sectioned from OCT-embedded heart
samples. General histology was examined by hematoxylin and eosin (H&E) staining.
Fibrosis was examined by Masson trichrome staining, which was conducted using the
Masson Trichrome Stain Kit (Epredia, Kalamazoo, MI). Percent fibrotic area of entire
heart sections was quantified by dividing the area of blue staining by the total area using

ImageJ/Fiji Software (ImageJ 1.48b).

Statistical analysis. Data are presented as mean + stand error of mean. One-way
ANOVA with Holm-Sidak’s multiple comparisons was performed on more than two
group comparisons including one independent variable. Unpaired t-test was used for two-
group comparisons. All statistical analyses were performed using GraphPad PRISM
software version 9.1.2 (GraphPad Software, La Jolla, California). A p <0.05 was

considered statistically significant.
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Figure 2.1. DWORF expression was decreased in mdx mouse hearts. A,

Quantification of DWORF transcript in wild type BL10 (WT) and mdx hearts. B,

Quantification of DWORF protein expression by western blot. The bottom panel shows

western blot images, and the top panel shows densitometry results. *p<0.05.
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Figure 2.2. AAV.DWORF delivery increased DWORF expression and
sarcoendoplasmic reticulum (SR) calcium uptake in mdx hearts. A, Schematic
drawing of the AAV.DWOREF vector. B, Quantification of DWORF protein expression
by western blot. The left panel shows western blot images, and the right panel shows
densitometry results. C, Quantification of the expression of various calcium-handling
proteins. The left panel shows western blot images, and the right panel shows
densitometry results. Please note SERCAZ2a and sarcolipin (SLN) blots were run with
one set of lysates while calsequestrin (CSQ) and phospholamban (PLN) were run with
another. D, Heart SR calcium uptake curve. E, Maximum rate of calcium uptake in the
heart (Vmax). *p<0.05 between all compared groups, +p<0.05 between mdx and all other
groups but there is no statistically significant difference between wild type BL10 (WT)

and AAV.DWORF-treated mdx mice.
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Figure 2.3. AAV.DWORF delivery ameliorated fibrosis in treated mdx mice. A,
Representative photomicrographs of hematoxylin (H&E) and Masson’s trichrome (MTC)
staining from wild type BL10 (WT), mdx, and AAV.DWORF-treated mdx mouse

ventricles. B, Quantification of the fibrotic area in the ventricles. *p<0.05.
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Figure 2.4. AAV.DWORF delivery improved ECG. ECG evaluation of heart rate, PR

interval, QRS duration, QTc interval, Q amplitude, and cardiomyopathy index. *p<0.05.
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Figure 2.5. AAV.DWORF delivery improved uphill treadmill running. Total

distance ran on a 7° uphill treadmill normalized by mouse body weight. *p<0.05.

45



Figure 2.6. AAV.DWORF delivery improved left ventricular hemodynamics.
Evaluation of left ventricular hemodynamics, including the end-systolic volume, end-

diastolic volume, maximum pressure, ejection fraction, time constant of left ventricular
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relaxation (Tau), dP/dt max, and dP/dt min. Representative pressure-volume loops from

wild type BL10 (WT), mdx, and AAV.DWORF-treated mdx mice (bottom right panel).

*p<0.05.
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Tables

Table 2.1. Weights and weight ratios

mdx
Wildtype mdx

AAV.DWORF
Sample Size (N) 15 15 11
BW (g) 28.24 + 4.64 23.17 +3.07" 22.67 +4.81"
HW (mg) 98.87 + 14.43 104.8 + 18.6 104.6 + 27.6
VW (mg) 94.11 +14.79 100.8 + 18.3 101.2+27.9
Tibia Length (mm) 18.17 + 0.47 18.72 £ 0.53" 18.57 £ 0.55
TW (mg) 33.07 £5.62 28.57 £ 7.47" 27.29 +8.04"
HW/BW (mg/g) 3.52+0.74 453 +0.68" 4.61 +0.60"
HW/ Tibia Length 5.44+0.91 5.58 +1.06 5.63+1.39
TW/BW (mg/g) 1.18 +0.28 1.23+0.31 1.21+0.23
HW/TW (mg/g) 3.00 + 0.44 3.72+0.95" 3.85+0.83"
VW/BW (mg/g) 3.35+0.72 4.36 + 0.68" 4.46 + 0.55"
VWI/ Tibia Length 5.18 +0.93 5.38+1.05 5.44+1.41
VW/TW (mg/g) 2.86 +0.42 3.58 +0.91" 3.73+0.78"

*, significantly different from WT

Abbreviations: BW, body weight; HW, heart weight; TL, tibia length; TW, tibialis

muscle weight; VW, ventricle weight.
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Abstract

Heart disease remains a leading cause of death worldwide. It is becoming more
apparent that improper calcium handling in cardiac muscle cells plays a role. The
sarcoendoplasmic reticulum calcium ATPase (SERCA) is a calcium pump responsible for
moving calcium from the cytosol to the sarcoplasmic reticulum (SR) during muscle
relaxation. Reduced SERCA activity has been implicated in multiple models of heart
failure and muscle disease. Dwarf open reading frame (DWORF) is a newly discovered
micro-peptide activator of SERCA. Studies show DWORF therapy can mitigate the
effects of heart disease in several mouse models of cardiomyopathy. Despite these
promising results, recent studies have also shown over-activation of SERCA can cause
increased SR calcium leak and cardiac arrhythmias. To test whether DWORF
overexpression using AAV gene therapy can cause cardiac defects, we delivered 6 x 102
vg particles/mouse of the AAV9.DWORF vector to 6-week-old wildtype mice by tail
vein injection. Wildtype mice naturally express higher levels of DWORF than the
cardiomyopathy models where DWORF therapy was studied. Mice were examined at 18
months of age. We found several ECG and left ventricular hemodynamic parameters
were worsened following treatment. To our surprise, AAV DWORF gene therapy
induced expression of the SERCA inhibitor sarcolipin in the ventricles, leading to a
reduction in SR calcium uptake in the presence of high calcium concentrations. Our
results suggest supraphysiological levels of DWORF expression can lead to cardiac

defects, and DWORF and sarcolipin are co-regulated in healthy hearts. These findings
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emphasize the importance of balancing SERCA activation and inhibition as the number

of studies testing DWORF therapy for heart disease continues to rise.
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Introduction

Dwarf open reading frame (DWORF) is a small peptide activator of the
sarcoendoplasmic reticulum calcium ATPase (SERCA), a pump that resides in muscle
cells and is responsible for moving cytosolic calcium to the sarcoplasmic reticulum (SR)
during muscle relaxation(Nelson et al., 2016). DWOREF is naturally expressed in cardiac
and slow-twitch skeletal muscle and is the only known endogenous peptide activator of
SERCA. Early studies suggest DWORF enhances SERCA function indirectly by
attaching to the pump and preventing the binding of other small peptide SERCA
inhibitors such as phospholamban (PLN) and sarcolipin (SLN)(Makarewich et al., 2018;
Nelson et al., 2016; Singh, Dalton, Cho, Pribadi, Zak, Seflova, et al., 2019). More recent
studies have contested this idea and show DWORF directly enhances SERCA
function(Fisher et al., 2021; Reddy et al., 2022b). It is possible DWORF functions via

multiple mechanisms.

It is becoming more apparent that reduced SERCA activity contributes to heart
failure and muscle diseases such as Duchenne muscular dystrophy (DMD)(Denniss et al.,
2020; Mareedu, Million, et al., 2021; Zhihao et al., 2020). Recent studies show
increasing DWORF expression, and thus enhancing SERCA function, improves cardiac
function in multiple mouse models of heart failure and one mouse model of DMD
(Chapter 2)(Makarewich et al., 2020; Makarewich et al., 2018). In these studies,
DWORF was expressed through a transgenic approach or by using adeno-associated
virus (AAV) gene delivery and improved cardiac function and left ventricular dilation

and fibrosis.
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Despite the recent advances in our knowledge of the SERCA-DWOREF interaction
and its role in heart disease, concerns remain about the safety of DWORF delivery and
SERCA over-activation. Although enhanced SERCA function increases SR calcium load
and improves cardiac function, over-activation may also lead to increased SR calcium
leak and cardiac arrhythmias(Sato et al., 2021). In addition, increasing SERCA function
through total ablation of individual SERCA inhibitors worsened muscle function in the
mdx mouse model of DMD(Fajardo et al., 2017; Law et al., 2018). Ablation of PLN
improved calcium handling and myocardial contractility but worsened overall cardiac
function and fibrosis, while ablation of SLN worsened disease parameters in the skeletal
muscle. We hypothesize delivery of supraphysiological levels of DWORF will produce a

similar decline in cardiac function and histology.

To test the effects of exceedingly high levels of DWORF, we delivered our
previously tested DWORF expression cassette with AAV serotype 9 (AAV9) to 6-week-
old wild-type (WT) mice, whose DWORF levels are already high compared with
previously studied cardiac failure models. Injections were delivered intravenously
through the tail vein. By 6 months, DWORF expression was ~10-fold higher in treated
mice compared with untreated WT mice. At 18 months of age, we analyzed
electrocardiography (ECG), uphill treadmill running, left ventricular hemodynamics, and
cardiac fibrosis in WT and treated WT mice. In support of our hypothesis, AAV9
DWORF delivery worsened several ECG and hemodynamic parameters. To our surprise,
DWORF delivery induced SLN expression in the ventricles, despite SLN being known as
an atrial chamber-specific protein in healthy mouse hearts(Babu et al., 2007,

Minamisawa et al., 2003). Supporting this finding, DWORF delivery also reduced SR
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calcium uptake in the presence of high levels of calcium. No notable differences were
detected in uphill treadmill running capability, heart anatomy, or fibrosis. Our results
confirm supraphysiological levels of DWORF expression can cause cardiac defects and
are the first to show a feedback mechanism in non-diseased hearts, where increased
expression of DWORF is countered with an upregulation of SLN. These findings bring
to light the importance of treatment dose and design to avoid SERCA over-activation

during the use of future DWORF therapies for cardiac failure.

53



Results

AAV.DWOREF delivery increased DWORF expression but decreased SR calcium
uptake in WT mice. Before evaluating the effects of DWORF gene therapy, we
performed western blot analysis and SR calcium uptake measurements of heart tissue to
ensure successful DWORF expression (Figure 3.1). The gene therapy vector was
packaged into AAV.9 and contained codon-optimized mouse DWORF cDNA under the
control of a ubiquitous CAG promoter (Figure 3.1A). To monitor AAV transduction,
enhanced green fluorescent protein (EGFP) was also included under the control of an
internal ribosomal entry site (IRES). Mice were injected at 6 weeks of age at a dose of 6
x 10*2 vector genome particles (vg)/mouse via the tail vein. As discussed in Chapter 2,
EGFP was not expressed due to unknown reasons (data not shown). At 6 months of age,
injected mice exhibited an ~10-fold increase in DWORF expression compared with un-

injected WT control mice (Figure 3.1B).

Surprisingly, SR calcium uptake was significantly reduced in treated mice at high
calcium concentrations (Figure 3.1C). The maximum velocity of calcium uptake was

also significantly decreased (Figure 3.1D).

AAV.DWORF delivery induced endogenous SLN expression in the ventricles. Next,
we performed western blot analysis to assess whether DWORF gene therapy altered
expression of other calcium handling proteins. No significant changes were detected in

protein levels of the SERCA isoform found in the heart (SERCAZ2a), calsequestrin
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(CSQ), or phospholamban (PLN) (Figure 3.2A). Although SLN is believed to be an atria
chamber-specific protein, DWORF gene therapy induced expression of SLN in the

ventricles (Figure 3.2B).

AAV.DWOREF increased heart weight ratios but did not change myocardial fibrosis.
After confirming vector delivery in treated mice, we evaluated the effects of DWORF
gene therapy on cardiac tissue at 18 months of age. 18 months was selected because of
the additional pressure placed on mouse hearts at old age. No differences were detected
in heart weight or ventricular weight between WT and treated WT mice (Table 3.1).
However, significant differences were detected when heart weight and ventricular weight
were normalized by body weight or weight of the tibialis anterior skeletal muscle (TA).
Histological examination performed by Masson trichrome staining revealed no

differences in quantified fibrosis between WT and treated groups (Figure 3.3).

DWORF therapy in WT mice does not affect uphill treadmill running capability. To
test the effects of DWORF overexpression on cardiac function, we first performed uphill
treadmill running. This method is commonly used to evaluate heart function(Bernstein,
2003; Bostick et al., 2009; Wasala et al., 2020). To begin, we acclimated and trained
mice within the treadmill for 5 days. On day 6, we quantified mouse running distance on
a 7° uphill incline normalized by body weight (meters/g body weight) (Figure 3.4). Both

WT control and treated WT mice ran an average of ~21 m/g.
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AAV.DWORF therapy in WT mice leads to abnormalities in ECG. Next, we tested the
effects of DWORF gene therapy on ECG. DWORF-injected mice exhibited worsening
of several ECG parameters including PR interval, QRS duration, and cardiomyopathy
index (Figure 3.5). QTc interval was also worsened in injected mice but did not reach

statistical significance (p=0.084).

DWORF therapy in WT mice leads to dysfunction in left ventricular hemodynamics.
Following ECG analysis, we tested the effects of DWORF overexpression on left

ventricular hemodynamics using a catheter to record pressure and volume data (Figure
3.6). End systolic volume, ejection fraction, and dP/dt maximum were all worsened in

DWORF-injected mice.
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Discussion

In the present study, we examined the effects of delivering supraphysiological
levels of AAV9.DWORF gene therapy to healthy WT mice, whose DWORF levels are
already elevated compared with several models of heart failure(Makarewich et al., 2020;
Makarewich et al., 2018). This study was designed in response to the increased use of
DWORF overexpression in mouse heart failure models and the emerging evidence
suggesting SERCA over-activation may lead to SR calcium leak, cardiac arrhythmias,
and/or worsened muscle function(Fajardo et al., 2017; Law et al., 2018; Sato et al., 2021).
In support of this evidence, we found that DWORF overexpression in WT mice led to a
decline in multiple ECG and left ventricular hemodynamic parameters (Figures 3.5 to
3.6). To our surprise, DWORF gene therapy induced SLN expression in the ventricles,
despite SLN being known as an atrial chamber-specific protein in healthy mouse
hearts(Babu et al., 2007; Minamisawa et al., 2003)(Figure 3.2B). To back this finding,
our measurements show a reduction in SERCA calcium uptake at high calcium
concentrations (Figure 3.1C). No differences were found in uphill treadmill running
distance, heart anatomy, or heart fibrosis. Our results suggest (1) delivery of
supraphysiological levels of DWORF may lead to cardiac defects in mouse hearts and (2)
a feedback mechanism exists within mouse ventricles to induce SLN expression in the
presence of an overabundance of DWORF. As the number of studies utilizing DWORF
gene therapy in cardiac failure models continues to rise, these findings highlight the
importance of balancing SERCA activation/inhibition when designing DWORF or other

SERCA-targeting therapies.
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Proper intracellular calcium cycling is critical to striated muscle function. To
initiate muscle contraction, calcium is released from the SR and enters the cytosol via the
ryanodine receptor. Once in the cytosol, calcium binds to contractile proteins and a
contraction ensues. Calcium is then returned to the SR by SERCA to initiate relaxation.
Reduced SERCA function has been implicated in many muscle diseases. DWORF
down-regulation is evident in several mouse models of heart disease, including a model
of myocardial infarct, a genetic model of dilated cardiomyopathy caused by a loss of
muscle-specific LIM protein, and the mdx mouse model of Duchenne muscular
dystrophy (DMD)(Makarewich et al., 2020; Makarewich et al., 2018). DWORF mRNA

is also downregulated in ischemic failing human hearts(Nelson et al., 2016).

The emerging knowledge of DWORF’s role in various muscle diseases makes
DWORF delivery a promising therapeutic option for multiple conditions. However, data
suggesting SERCA overactivation is damaging to muscle mechanics is also surfacing.
The present study is the first to show decreased SR calcium uptake and damaging cardiac
effects following the delivery of AAV DWORF to cardiac tissues. This is at first glance
contradictory to the findings of Nelson et al., who show transgenic (Tg) mice
overexpressing DWORF have increased SR calcium uptake compared to WT mice in the
presence of low calcium concentrations in the heart(Nelson et al., 2016). However, SLN
expression and the degree of DWORF overexpression in these Tg mice is unknown. In
the present study, DWORF protein was increased by ~10-fold in mice treated with AAV
DWORF gene therapy. It is possible that either (1) DWORF expression in Tg mice is
low enough to increase SR calcium uptake without prompting SLN expression or (2)

DWORF expression in Tg mice is high enough to overcome SLN expression through
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increased DWORF competition. Future studies are needed to assess the outcomes of
different DWORF dosages, as this may affect the balance of SERCA

activation/inhibition.

The upregulation of SLN following AAV DWORF delivery indicates for the first
time that DWORF and SLN expression are by some means co-regulated. Some sources
have suggested that although SLN upregulation can negatively affect muscle function, it
can also serve as a beneficial response to calcium overload and disease. It does so by
allowing calcium signals to stimulate adaptive mitochondrial biogenesis, skeletal muscle
fiber type switching, and muscle hypertrophy(Chambers et al., 2022). At what point and
why SLN expression occurred in response to DWORF upregulation is difficult to
pinpoint. More work needs to be done to determine the mechanisms by which SERCA
inhibitors and DWORF are regulated and to elucidate an optimal degree of SERCA

activation.

It is likely that the unknown factors controlling the expression of SERCA
inhibitors and DWORF are altered in diseases such as DMD. In Chapter 2, where we
delivered the same AAV DWORF construct at the same dose (6 x 102 vs/mouse) to the
mdx mouse model of DMD, SLN upregulation was not observed. This suggests that the
feedback mechanism between DWORF and SLN is altered in this disease state. Further
elucidating the mechanisms behind the expression and regulation of SERCA inhibitors

and DWORF may help identify future therapeutic targets.

In summary, our study demonstrates for the first time that supraphysiological
expression of DWORF using AAV gene therapy can cause cardiac defects and induce

SLN expression in the ventricles of WT mice. These findings highlight the importance of
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balancing SERCA activation and inhibition through therapy design and dose during the

use of DWORF and other SERCA-regulating therapies for heart failure.
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Materials and Methods

Mice. Due to the differences in male and female cardiac function, female mice were
used in all studies. All experiments were approved by the institutional animal care and
use committee. Mice were contained in a specific pathogen-free animal care facility with
continuous access to food and water. Lights in this facility were on a 12-hour light, 12-
hour dark schedule (25 lux). WT control (C57BL/10ScSnJ, stock number 000476) mice

were purchased from The Jackson Laboratory (Bar Harbor, ME).

AAYV production and administration. AAV9 preparation was completed and purified
through two rounds of isopycnic ultracentrifugation according to previously published
methods(J. H. Shin et al., 2012). The cis-plasmid for AAV packaging contained codon-
optimized mouse DWORF cDNA under the control of a CAG ubiquitous promoter
followed by the EGFP gene under the control of the encephalomyocarditis virus IRES
(Clontech, Mountain View, CA). The DWORF gene was synthesized by GenScript
(Piscataway, NJ). Virus was delivered intravenously to the tail vein at 6 weeks of age at

a concentration of 6 x 10*2 vg/mouse.

Western blot. For DWORF western blots, fresh mouse hearts were snap-frozen in liquid
nitrogen prior to homogenization in assay buffer (150 mM NaCl; 1% v/v igepal CA-630;
50 mM Tris-ClI, pH 8.3; 0.5% w/v sodium deoxycholate; 0.1% w/v sodium dodecyl
sulfate) with added protease inhibitors (cOmplete ULTRA mini-tablet, Roche,
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Indianapolis, IN). 40 pg of lysate was run on standard 15% bis/acrylamide gels and then
transferred by wet transfer technique to PVDF membranes (Millipore, Immoblion-P). A
previously used, custom polyclonal DWORF antibody (New England Peptide) was used
to incubate membranes at a concentration of 1:1000(Nelson et al., 2016). Membranes
were then incubated in a goat anti-rabbit IgG-HRP secondary antibody and developed
using ClarityTM Western ECL chemiluminescent substrate (Bio-Rad, Hercules, CA) and

a digital Bio-Rad ChemiDocTM MP Imaging System.

For other western blots, snap-frozen hearts were homogenized in lysis buffer (50
mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40) with added 1 mmole
PMSF, 5 mmole NaVO3, 10 nmole Okadaic Acid, 1 mmole NaF, and 1 mmole
benzamidine. Lysates were run on sodium dodecy! sulfate-polyacrylamide gels,
electroblotted onto PVDF membranes, and incubated with antibodies for SLN (anti-
rabbit, 1:3000), SERCAZ2a (anti-rabbit, 1:5000, custom made)(Babu et al., 2007), PLN
(anti-rabbit, 1:3000, custom made)(Babu et al., 2007), CSQ (anti-rabbit, 1:5000, Affinity
BioReagents, Golden, CO)(Babu et al., 2007), or GAPDH (anti-mouse, 1:10,000, Sigma,

St. Louis, MO).

All densitometry quantification was completed using ImageJ/Fiji Software

(ImageJ 1.48b) and normalized to levels of GAPDH.

SR calcium uptake. A previously described Millipore filtration technique was used to
measure SR calcium uptake(Voit et al., 2017). Snap-frozen heart tissue was used for

protein extraction. Approximately 150 pg was incubated at 37° C in 1.5 ml of calcium
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uptake medium (40 mM imidazole, pH 7.0, 100 mM KCI, 5 mM MgCI2, 5 mM NaN3, 5
mM potassium oxalate, and 0.5 mM EGTA) and various concentrations of CaClI2 to yield
0.03-3 uM free calcium. Ruthenium red was added to a final concentration of 1 pmole
immediately before adding substrates to begin calcium uptake, and a final concentration
of 5 mmole ATP was added to initiate the reaction. At 1 minute, the reaction was
terminated by filtration. Non-linear curve fitting analysis was used to determine the rate
of SR calcium uptake and the calcium concentration required for EC50 using GraphPad

Prism v6.01 software (GraphPad, San Diego, CA).

ECG and hemodynamic assay. ECG was performed using a 12-lead ECG approach.
The commercial system used was acquired from AD Instruments (Colorado Springs,
CO). All parameters except for Q wave amplitude were analyzed using lead Il data. Q
wave amplitude was determined from lead | data. Results were evaluated using the
standard operating protocol outlined in “Cardiac protocols for Duchenne animal models”

(http://www.parentprojectmd.org/site/PageServer?pagename=Advance researchers sops)

(Duan et al., 2016). QTc interval was calculated according to methods described by
Mitchell et al (Mitchell et al., 1998a), where QT interval is corrected for heart rate.
Cardiomyopathy index was calculated by dividing the QT interval by the PQ

segment(Bostick et al., 2011).

Hemodynamics was also performed using a previous protocol described in
“Cardiac protocols for Duchenne animal models”(Duan et al., 2016). A Millar catheter
was inserted to the left ventricle and used to record pressure-volume loops. Loops were

analyzed using PVAN software (Millar Instruments, Houston, TX). Cardiac relaxation
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time constant (Tau) was calculated according to Weiss et al(Weiss et al., 1976), and body

surface area was calculated as described by Cheung et al(Cheung et al., 2009).

Treadmill running. Uphill treadmill running was conducted according to the protocol
presented in Chapter 2. Mice were trained for five days to run on a 7° uphill treadmill
(Columbus Instruments, Columbus, OH, USA). Throughout training, mice were
encouraged to run by gentle nudging with a ruler. On day 6, mice were run until the
point of exhaustion, and results were recorded as the distance ran/mouse body weight.
On the day of recording, mice ran for 5 minutes at a speed of 5 m/min. The speed of the
treadmill was then increased by 5 m/min every 5 minutes until the point of exhaustion.
Exhaustion was determined as the point when a mouse exited the treadmill and did not

re-enter for three seconds, even with gentle nudging.

Morphological studies. OCT-embedded heart tissues were used to create 10 pm
cryosection samples. Fibrosis was examined and quantified from Masson trichrome
stained slides, which were stained using the Masson Trichrome Stain Kit (Epredia,
Kalamazoo, MI). Percent fibrotic area of entire heart sections was determined by
dividing the area of blue staining by the total tissue area using ImageJ/Fiji Software
(ImageJ 1.48b). General heart histology was examined by hematoxylin and eosin (H&E)

staining.

64



Statistical analysis. Data are presented as mean + stand error of mean. Unpaired t-test
was used for all two-group comparisons. Statistical analyses were performed using
GraphPad PRISM software version 9.1.2 (GraphPad Software, La Jolla, California). A p

< 0.05 was considered statistically significant.
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Figure 3.1. AAV.DWOREF delivery increased DWORF expression and decreased

sarcoendoplasmic reticulum (SR) calcium uptake in WT hearts. A, Schematic



drawing of the AAV.DWOREF vector. B, Quantification of DWORF protein expression
by western blot. The left panel shows western blot images, and the right panel shows
densitometry results. C, Heart SR calcium uptake curve. D, Maximum rate of calcium

uptake in the heart (Vmax). *p<0.05 between all compared groups.
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Figure 3.2. AAV.DWORF delivery induced sarcolipin expression in the ventricles.
A, Quantification of the expression of various calcium-handling proteins. The left panel
shows western blot images, and the right panel shows densitometry results. Please note
SERCAZ2a and sarcolipin (SLN) (see Figure 3.2B) blots were run with one set of lysates
while calsequestrin (CSQ) and phospholamban (PLN) were run with another. B,
Quantification of SLN expression. The left panel shows the western blot image, and the
right panel shows densitometry results. Please note SLN results are not relative to

untreated WT, as no SLN was detected in these samples.
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Figure 3.3. AAV.DWORF delivery had no effect on fibrosis in treated WT mice. A,
Representative photomicrographs of hematoxylin (H&E) and Masson’s trichrome (MTC)

staining from WT and AAV.DWORF-treated WT mouse ventricles. B, Quantification of

the fibrotic area in the ventricles. *p<0.05.
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Figure 3.4. AAV.DWORF delivery did not affect uphill treadmill running. Total

distance ran on a 7° uphill treadmill normalized by mouse body weight. *p<0.05.
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Figure 3.5. AAV.DWORF delivery worsened ECG. ECG evaluation of heart rate, PR

interval, QRS duration, QTc interval, Q amplitude, and cardiomyopathy index. *p<0.05.
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Figure 3.6. AAV.DWORF delivery worsened left ventricular hemodynamics.

Evaluation of left ventricular hemodynamics, including the end-systolic volume, end-

diastolic volume, maximum pressure, ejection fraction, time constant of left ventricular

relaxation (Tau), dP/dt max, and dP/dt min. Representative pressure-volume loops from

WT and AAV.DWORF-treated WT mice (bottom right panel). *p<0.05.
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Tables

Table 3.1. Weights and weight ratios

WT WT AAV.DWORF

Sample Size (N) 15 15

BW (g) 28.24 + 4.64 27.48 +£11.08
HW (mg) 98.87 + 14.43 103.7 £ 23.9
TW (mg) 33.07 £ 5.62 32.46 £ 14.01
HW/BW (mg/g) 3.52+0.74 3.85+1.028
TW/BW (mg/g) 1.18+0.28 1.180.37
HW/TW (mglg) 3.00 + 0.44 3.00 + 0.44

& significantly different from WT

Abbreviations: BW, body weight; HW, heart weight; TW, tibialis muscle weight.
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Abstract

Duchenne muscular dystrophy (DMD) is the most common form of muscular
dystrophy and is caused by an absence of the protein dystrophin in muscle. Without
dystrophin, patients experience severe muscle weakness and degeneration. One cause for
rapid degeneration is high calcium concentrations within the cytosol of DMD muscle
fibers that activate cellular proteases and phospholipases. Dwarf open reading frame
(DWORF) is a newly discovered activator of the sarco-endoplasmic reticulum calcium
ATPase (SERCA), a pump responsible for moving cytosolic calcium into the
sarcoplasmic reticulum (SR) of muscle cells. SERCA function is reduced in DMD.
DWORF therapy has been shown to improve cardiomyopathy in several heart failure
mouse models. Increasing SERCA activity is one avenue for clearing aberrant cytosolic
calcium in DMD as well. Here, we show for the first time that DWORF transcript and
protein levels are downregulated in mdx mouse skeletal muscle. Systemic delivery of 6 x
10*? vg/mouse of AAV9.DWORF vector to 6-week-old mice via the tail vein had no
effect on diaphragm force production, myofiber size, or histology. Surprisingly, AAV
DWORF delivery slowed the maximum rates of diaphragm contraction and relaxation
and increased central nucleation in treated mdx, but not treated WT, mice. Our results
implicate that DWORF downregulation is a contributor to reduced SERCA function in
DMD skeletal muscle and that delivery of AAV DWORF gene therapy was unable to

rescue muscle function and histology in treated mdx mice.

76



Introduction

Duchenne muscular dystrophy (DMD) is a rare genetic disorder characterized by
severe muscle wasting(D. Duan et al., 2021). Patients with this disease die prematurely
from cardiac or respiratory failure caused by the absence of an essential muscle protein
called dystrophin. Phenotypes of the disease can be attributed, in part, to a dysregulation
of intracellular calcium(Mareedu, Million, et al., 2021). Previous studies have revealed
an increased concentration of cytosolic calcium in dystrophic muscle cells(Burr &
Molkentin, 2015). It is well-documented that high cytosolic calcium levels contribute to
cell death by activating calcium-dependent proteases and phospholipases that digest
cellular proteins and membranes(Hopf et al., 1996a; Lindahl, Backman, et al., 1995;
Spencer & Mellgren, 2002; Turner et al., 1988). Therefore, identifying therapeutic
strategies aimed at clearing cytosolic calcium from dystrophic cells will have great

impact.

One major source of aberrant cytosolic calcium in DMD is the sarcoplasmic
reticulum (SR). This organelle acts as a calcium store and plays a large role in the
contraction-relaxation cycle(Rossi & Dirksen, 2006). In healthy muscle cells, contraction
begins as calcium exits the SR via the ryanodine receptor (RyR) and enters the cytosol,
where it engages with contractile proteins. To initiate relaxation, calcium is pumped
back into the SR by the sarco-endoplasmic reticulum calcium ATPase (SERCA). In
dystrophic cells, this cycle is altered. Release of calcium to the cytosol is increased,
while calcium re-uptake by SERCA is decreased(Bellinger et al., 2009; Fauconnier et al.,

2010; Kargacin & Kargacin, 1996; Schneider et al., 2013a).
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To reduce cytosolic calcium in dystrophic muscle cells, our lab previously
delivered a dwarf open reading frame (DWORF) expression cassette with AAV serotype
9 (AAV9) to the mdx mouse model of DMD (Chapter 2). DWORF is an endogenous
micro-peptide SERCA enhancer, which is drastically downregulated in the mdx heart.
We found delivery of AAV DWORF gene therapy at 6 weeks of age significantly
improved SERCA calcium uptake and led to improvements in heart function and fibrosis.
Conversely, delivery of AAV DWORF gene therapy to WT mice induced expression of
the SERCA inhibitor sarcolipin (SLN) and reduced cardiac performance (Chapter 3).
The role of DWORF in dystrophic skeletal muscle has never been explored. We
hypothesize that DWORF is also downregulated in mdx skeletal muscle and that AAV

DWORF gene therapy can improve skeletal muscle function and histology.

To test this hypothesis, we first quantified levels of DWORF in the skeletal
muscle. We performed all studies in the diaphragm, as this is a highly affected muscle
and weakening of the respiratory muscles is a major health concern in DMD. We found
DWORF expression was indeed reduced in the diaphragm of mdx mice compared to
wildtype (WT) mice at 6 months of age. Next, we delivered 6 x 102 viral genome (vg)
particles/mouse of AAV9 DWORF gene therapy to 6-week-old mice via tail vein
injection. Because of the noted differences in the effects of AAV DWORF gene therapy
in diseased vs normal mouse hearts, we treated both mdx and WT mice here. Our
findings show AAV DWORF gene therapy had no effect on diaphragm force production
or histology in treated mdx and WT mice. To our surprise, DWORF therapy decreased
the maximum rates of muscle contraction and relaxation and increased central nucleation

in treated mdx mice only. These findings suggest decreased DWORF expression

78



contributes to reduced SERCA function in mdx skeletal muscle, but delivery of AAV
DWORF gene therapy was unable to rescue diaphragm function and histology.
Additionally, AAV DWORF gene therapy slows maximum rates of contraction and

relaxation in dystrophic skeletal muscle by mechanisms yet unknown.
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Results

DWORF expression was decreased in the diaphragm of mdx mice. Our previous study
shows DWORF expression is decreased in mdx mouse hearts (Chapter 2). To determine
whether this is also true in mdx skeletal muscle, we compared DWORF cDNA and
protein levels in the diaphragms of 6-month-old mdx and wild-type BL10 (WT) mice
(Figure 4.1). DWORF cDNA levels were detected using droplet digital PCR (ddPCR)
and showed a nearly-significant (p=0.0597) decrease in DWORF cDNA levels in mdx
diaphragms compared to WT (Figure 4.1A). Western blot analysis showed a more
drastic decrease (~77%) in DWORF protein expression in mdx diaphragm compared to

WT (Figure 4.1B).

AAV.DWORF delivery increased DWORF expression in WT and mdx mouse
diaphragm. Before evaluating the effects of DWORF gene therapy on skeletal muscle,
we engineered an AAV9.DWORF vector (Figure 4.2A). This AAV9 vector was used in
our previous cardiac studies (Chapters 2-3) and contains codon-optimized mouse
DWORF cDNA expressed from the ubiquitous CAG promoter and enhanced green
fluorescence protein (EGFP) cDNA under the control of an internal ribosomal entry site
(IRES). We injected the AAV DWORF gene therapy to 6-week-old WT and mdx mice
at the dose of 6 x 102 vector genome particles (vg)/mouse via the tail vein. At 6 months
of age, we examined DWORF protein expression in the diaphragm (Figure 4.2B).
DWORF expression in injected WT mice was ~ 6-fold higher than in un-injected WT

controls. DWORF expression in injected mdx mice was ~ 5-fold higher than in un-
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injected WT controls. As discussed previously, and for reasons unknown, we failed to

detect GFP expression using this vector.

AAV.DWORF delivery had no effect on diaphragm fibrosis or myofiber size but
increased central nucleation in treated mdx mice. After confirming DWORF
overexpression following AAV gene therapy, we evaluated its effects on muscle
histology and fibrosis (Figure 4.3). We studied the effects of DWORF gene therapy in
6-month-old mice because differences in WT versus mdx diaphragm are clearly
observable by this age(Hakim et al., 2019). On histological examination, we performed
hematoxylin and eosin (H&E) and Masson trichrome staining. Minimal feret diameter
was quantified from laminin immunofluorescent staining. When comparing WT and mdx
diaphragms, centronucleation quantification, percent fibrotic area, and myofiber size all
showed the expected patterns (Figure 4.3A-E). No differences were observed in percent
fibrotic area or myofiber size between treated WT and WT control groups or treated mdx
and mdx control groups (4.3C-E). However, centronucleation was significantly
increased in treated mdx mice compared to mdx control mice (Figure 4.3B). This

difference was not observed in treated WT mice compared to WT control mice.

AAV.DWORF delivery had no effect on diaphragm force production in treated WT and
mdx mice. Next, we examined the effects of AAV DWORF gene therapy on skeletal
muscle function. As expected, mdx diaphragm muscles showed patterns of reduced

specific twitch force, reduced specific tetanic force, and greater drops in force production
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following 10 cycles of eccentric contraction compared with WT (Figure 4.4A-C). No
differences in force production were observed between treated WT and WT control
diaphragms. Likewise, no differences were observed between treated mdx and mdx

control diaphragms.

AAV.DWORF delivery slowed the maximum rates of diaphragm contraction and

relaxation in treated mdx mice only. To determine whether DWORF gene therapy

affects the rate at which skeletal muscle functions, we quantified both the maximum rate

of contraction and maximum rate of relaxation (Figure 4.5). No differences were
observed between treated WT and WT control groups in either maximum rate of
contraction or maximum rate of relaxation (Figure 4.5A-B). Surprisingly, treated madx
diaphragms exhibited a decrease in both the maximum rate of contraction and the

maximum rate of relaxation.
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Discussion

To improve SERCA function in dystrophic skeletal muscle, we quantified
DWORF expression in the diaphragms of mdx mice and evaluated the effects of AAV
DWORF gene therapy on diaphragm function and histology. We found DWORF protein
expression was reduced by ~77% in mdx diaphragm compared to WT (Figure 4.1B).
Following this finding, we systemically injected 6 x 10*? vg/mouse of AAV9 DWORF
gene therapy to 6-week-old WT and mdx mice by tail vein injection. Delivery of AAV
DWORF gene therapy had no effect on diaphragm fibrosis, myofiber size, or overall
force production in either of the treated groups (Figures 4.3 to 4.4). To our surprise,
AAV DWOREF gene therapy increased central nucleation and slowed maximum rates of
muscle contraction and relaxation in the treated mdx group only (Figure 4.3B, Figure
4.5). Overall, these results suggest DWORF downregulation contributes to reduced
SERCA function in mdx skeletal muscle and show AAV DWORF gene therapy was
unable to rescue dystrophic skeletal muscle function and/or histology. Our results
showing AAV DWORF gene therapy slowed maximum rates of dystrophic skeletal
muscle contraction and relaxation indicate mdx mice have an altered response to
DWORF overexpression compared to treated WT mice.

This study was conducted following our previous study examining the role of
DWORF in DMD cardiomyopathy (Chapter 2). In this previous study, we found
DWOREF levels were decreased by ~50% in mdx mouse hearts and AAV DWORF gene
therapy significantly improved SR calcium uptake, cardiac function, and fibrosis.

Although DWOREF levels are decreased to a greater extent in mdx skeletal muscle (~77%
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decrease), AAV DWORF gene therapy failed to rescue mdx skeletal function and
fibrosis. It is possible that the differences in cardiac vs skeletal muscle outcomes are due
to either (1) limited expression of AAV DWORF therapy in the diaphragm due to AAV9
tropism or skeletal muscle degeneration and regeneration, (2) lower levels of SERCA2a
(the cardiac and slow-twitch skeletal muscle isoform) expressed in skeletal muscle, or (3)
skeletal muscle requires a lower dose of AAV DWORF gene therapy to achieve optimal
SERCA activation.

First, AAV DWORF gene therapy may have failed to rescue mdx diaphragms due
to limited AAV DWORF expression. AAV9 is known to be a cardiotropic
vector(Bostick et al., 2007; Srivastava, 2016). In our previous publication testing the
same dose and delivery method of AAV9.DWORF vector in mdx cardiac tissue, we
found DWORF expression was increased by ~50-fold in treated mdx mouse hearts
compared with mdx controls. In the present study, we found DWORF expression was
increased by ~22-fold in treated mdx mouse diaphragms compared with mdx controls.
Another possible explanation for this decrease in diaphragm expression is the difference
in tissue degeneration and regeneration. Skeletal muscles of murine DMD models
undergo profound muscle degeneration and regeneration, a phenomenon that is not
observed in the heart. Lower DWORF expression, removal of the AAV9.DWORF from
degenerating fibers, or a combination of mechanisms may account for the discrepancies
in cardiac vs skeletal muscle outcomes.

A second possibility is the difference in SERCAZ2a expression between cardiac
and diaphragm muscle. SERCAZ2a is the SERCA isoform found in cardiac and slow-

twitch skeletal muscle and is the only isoform endogenously activated by DWORF. It is
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possible that delivered DWORF only activates this isoform as well. Due to the mosaic
pattern of fiber types found in the diaphragm, not every muscle fiber contains SERCA2a,
which may account for the discrepancies in cardiac vs skeletal muscle outcomes.
However, a previous study performed by Nelson et al. in COS7 cells transfected with
green fluorescent protein (GFP)-tagged DWORF and various SERCA isoforms indicates
DWORF is capable of binding to all SERCA isoforms(Nelson et al., 2016). More work
needs to be done to elucidate which SERCA isoforms DWORF activates in vivo.

A third possibility is that skeletal muscle requires a much lower dose of AAV
DWORF gene therapy than the heart. Our findings indicate a dose of 6 x 10*2 vg/mouse
of AAV DWORF gene therapy improves both cardiac function and fibrosis but has no
effect on diaphragm function and fibrosis. These findings are similar to a study
conducted by Voit et al, who showed genetic ablation of the SERCA inhibitor SLN in
dystrophin mutant and dystrophin/utrophin double mutant mice (mdx:utr —/—:sln —/-)
drastically reduced cardiac fibrosis and improved left ventricular function(Voit et al.,
2017). However, total ablation of SLN did not statistically improve force production or
fibrosis in the diaphragm, despite improvements in SERCA calcium uptake that exceeded
uptake by WT samples. On the other hand, SLN haploinsufficient mice (mdx:utr —/— :sln
+/—) mice only normalized SERCA calcium uptake in the diaphragm to WT levels but
greatly improved diaphragm function and fibrosis. Levels of DWORF expression
achieved in the present study may be too high to attain an optimal level of SERCA
activation. Future studies evaluating SERCA activity in treated diaphragms and the

effects of varying dosages of AAV DWORF gene therapy will address this unknown.
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A surprising finding of this study is that AAV DWORF therapy slowed maximum
rates of diaphragm contraction and relaxation in treated mdx mice but not in treated WT
mice. We expected DWORF overexpression to increase SERCA activation and thus
increase the rate of relaxation in skeletal muscle. Our findings suggest mdx mice
regulate SERCA activation by mechanisms different than those observed in WT mice.
There are likely unexpected changes in SERCA regulation, expression of other calcium
handling proteins, and/or fiber type in treated mdx mice. As of yet, these experiments
have not been conducted.

In summary, our findings suggest DWORF downregulation contributes to reduced
SERCA function in DMD skeletal muscle, but delivery of 6 x 10*2 vg/mouse of AAV9
DWORF gene therapy is unable to rescue diaphragm function or histology. These
findings are different than those of our previous study showing this same dose
significantly improved heart function and fibrosis (Chapter 2). In addition, DWORF
gene therapy unexpectedly increased centronucleation and decreased the maximum rates
of diaphragm contraction and relaxation in treated mdx mice. Future studies will
elucidate why this unexpected finding occurred and how we can optimize AAV DWORF

gene therapy for use in dystrophic skeletal muscle.
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Materials and Methods

Mice. All animal experiments were approved by the institutional animal care and use
committee. Only male mice were used in the study. Mice were housed in a specific
pathogen-free animal care facility on a 12-hour light (25 lux):12-hour dark cycle with
access to food and water ad libitum. All mice were originally purchased from The
Jackson Laboratory (Bar Harbor, ME). Dystrophin-deficient mdx mice (C57BL/10ScSn-
Dmd™®/J, stock number 001801) and normal control BL10 (C57BL/10ScSnJ, stock
number 000476) mice were generated in-house in a barrier facility using breeders

purchased from The Jackson Laboratory.

AAYV production and administration. The cis-plasmid (also called pEM1) used for
packaging in AAV9 capsid contained (from 5’-end to 3’°-end) the ubiquitous CAG
promoter, a codon-optimized mouse DWORF cDNA, the encephalomyocarditis virus
IRES (Clontech, Mountain View, CA), the EGFP gene, and an SV40 virus
polyadenylation signal. DWORF cDNA was synthesized by GenScript (Piscataway, NJ)
and codon-optimized to mouse. Virus was purified through two rounds of isopycnic
ultracentrifugation according to our previously published method (J.-H. Shin et al., 2012).
AAV DWORF gene therapy was delivered to 6-week-old mice via tail vein injection at a

concentration of 6 x 10%2 vg/mouse.

Western blot. Freshly isolated diaphragm tissue was snap-frozen in liquid nitrogen and

homogenized in radioimmunoprecipitation assay buffer (150 mM NaCl; 1% v/v igepal
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CA-630; 50 mM Tris-ClI, pH 8.3; 0.5% wi/v sodium deoxycholate; 0.1% w/v sodium
dodecyl sulfate) with added protease inhibitors (cOmplete ULTRA mini-tablet, Roche,
Indianapolis, IN). Diaphragm lysate was run on 15% bis/acrylamide gels made by
standard preparation. Proteins were transferred to PVDF membranes (Millipore,
Immoblion-P) by wet transfer technique. Membranes were incubated with custom rabbit
polyclonal antibody against mouse DWORF (New England Peptide) at a concentration of
1:1,000(Nelson et al., 2016). Blots were incubated with a goat anti-rabbit 1lgG-HRP
secondary antibody and developed using ClarityTM Western ECL chemiluminescent
substrate (Bio-Rad, Hercules, CA) and a digital Bio-Rad ChemiDocTM MP Imaging

System.

DWORF transcript quantification. Freshly isolated diaphragm samples were stored in
RNAlIater stabilization solution (Thermo Fisher Scientific, Waltham, MA; Cat No:
AM7021). RNA was extracted using the RNeasy Fibrous Tissue Mini kit (Qiagen,
Hilden, Germany; Cat No: 74704). cDNA was generated via reverse transcription using
the SuperScript IV VILO Master Mix with ezDNase Enzyme (Thermo Fisher Scientific,
Cat No: 11766050). Resulting cDNA concentrations were detected using the Qubit
ssSDNA assay kit (Thermo Fisher Scientific, Cat No: Q10212). Transcript quantification
was completed using ddPCR methods. Results were measured using the QX200 ddPCR
system (Bio-Rad) and ddPCR supermix for probes (no dUTP) (Bio-Rad, Cat No: 186-
3024). DWORF-specific primer and probe sets were designed as follows: Forward
primer: 5’-TTCTTCTCCTGGTTGGATGG-3’, Reverse primer: 5°-

TCTTCTAAATGGTGTCAGATTGAAGT-3’, and Probe 5°-
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TTTACATTGTCTTCTTCTAGAAAAGGAAGAAG-3’. Probes were labeled with a 5
6-carboxyfluorescein, an internal ZEN quencher, and a 3’ Iowa Black quencher. Results
were recorded as the number of transcript copies per ng of cDNA used in the ddPCR

reaction.

Morphological studies. 10 um cryosections were sectioned from OCT-embedded
diaphragm samples. General histology was examined by hematoxylin and eosin (H&E)
staining, and fibrosis was examined by Masson trichrome staining. Masson trichrome
staining was completed using the Masson Trichrome Stain Kit (Epredia, Kalamazoo, MlI).
Percent fibrotic area of three random 10x images was quantified and averaged for each
diaphragm sample. Percent fibrotic area was calculated by dividing the area of blue
staining by the total tissue area using ImageJ/Fiji Software (ImageJ 1.48b). The
percentage of centrally nucleated fibers was manually calculated by counting the number
of centrally and peripherally nucleated fibers in H&E-stained sections.

Laminin staining was used to calculate myofiber minimal Feret diameter using
MyoVision software (Kenneth Campbell group, University of Kentucky). Images were
viewed using a Nikon E800 fluorescence microscope. Photomicrographs were taken with

a Leica DFC7000 camera.

Skeletal muscle function assay. Diaphragm muscle function was evaluated ex vivo
using our published protocol(Hakim et al., 2019). Muscle force was measured using a
305B dual-mode servomotor transducer using the Dynamic Muscle Control software

(Aurora Scientific, Inc., Aurora, ON, Canada). Data were analyzed using the Dynamic
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Muscle Analysis (DMA) software (Aurora Scientific). Specific muscle force was
calculated by dividing the absolute muscle force with the muscle cross-sectional area
(CSA), which was calculated according to the following equation: CSA = (muscle mass)
/ [(1.0 x optimal muscle length) x (1.06 g/cm3)]. Muscle density is 1.06 g/cm® (Mendez
& Keys, 1960). 1.0 represents the ratio of the fiber length to the optimal muscle length

(Lf/Lo) for the diaphragm muscle (Burkholder et al., 1994).

Statistical analysis. Data are presented as mean + stand error of mean. One-way
ANOVA with Holm-Sidak’s multiple comparisons was performed on more than two
group comparisons including one independent variable. Groups compared were pre-
selected as follows: WT vs mdx, WT vs treated WT group, and mdx vs treated mdx
group. Unpaired t-test was used for two-group comparisons. All statistical analyses were
performed using GraphPad PRISM software version 9.1.2 (GraphPad Software, La Jolla,

California). A p < 0.05 was considered statistically significant.
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Figure 4.1. DWORF expression was decreased in mdx mouse diaphragms. A,
Quantification of DWORF transcript in wild type BL10 (WT) and mdx diaphragms. B,
Quantification of DWORF protein expression by western blot. The bottom panel shows

western blot images, and the top panel shows densitometry results. *p<0.05.
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of DWOREF protein expression by western blot. The left panel shows western blot

images, and the right panel shows densitometry results.
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Figure 4.3. AAV.DWOREF delivery effects on diaphragm histology. A,
Representative photomicrographs of hematoxylin (H&E) and Masson’s trichrome (MTC)
staining from wild type BL10 (WT), AAV.DWORF-treated WT, mdx, and
AAV.DWORF-treated mdx mouse diaphragms. B, Percent of centrally nucleated muscle
fibers in the diaphragm. C, Quantification of the fibrotic area in the diaphragm. D,
Minimal Feret diameter of diaphragm muscle. E, Myofiber size distribution in the

diaphragm. *p<0.05.
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Abstract

Muscle degradation experienced by patients with Duchenne Muscular Dystrophy
(DMD) can be partly attributed to a buildup of aberrant cytosolic calcium. This excess
calcium activates calcium-dependent proteases and phospholipases that degrade cellular
proteins and lipids. Previous studies show changes in the expression levels and
regulation of calcium handling proteins associated with the sarcoplasmic reticulum (SR)
are partly to blame. Calcium exit from the SR is increased in DMD muscle fibers, while
calcium re-uptake into the SR is decreased. However, most data collected on SR-
associated calcium handling proteins come from studies completed in mouse models of
DMD. Little is known about the mechanisms underlying SR calcium leak and reduced
uptake in large animal models of DMD, which more closely resemble human patients. In
the current study, we analyzed transcript levels of various calcium handling proteins in
normal and dystrophic canines, drawing comparisons between different age groups and
sex-based differences. The samples analyzed were collected from the left ventricle,
diaphragm, and extensor carpi ulnaris. We found differences in transcript levels between
normal and affected male canines in skeletal muscle only. No differences were detected
in heart samples. The transcriptional differences in skeletal muscle changed over time
and disease progression. Additionally, we found several transcriptional differences
between male and female canine tissues, primarily in the heart. Our study highlights the
importance of considering animal age and sex when conducting studies on dystrophic
canines and the need for further research elucidating calcium handling mechanisms in

large animal models of DMD.
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Introduction

Duchenne muscular dystrophy (DMD) is the most common form of muscular
dystrophy(D. Duan et al., 2021). The disease occurs in patients lacking a functional
version of dystrophin, a protein important for protecting the integrity of the plasma
membrane of muscle fibers. Phenotypes of the disease include severe muscle weakness
and degeneration that are exacerbated with age. One cause for muscle degeneration is an
increase of cytosolic calcium within the muscle fibers of DMD patients(Burr &
Molkentin, 2015; Mareedu, Million, et al., 2021). High levels of cytosolic calcium
activate calcium-dependent proteases and phospholipases, which degrade proteins and
lipids(Hopf et al., 1996a; Lindahl, B&ckman, et al., 1995; Spencer & Mellgren, 2002;

Turner et al., 1988).

A portion of the cytosolic calcium found in DMD muscle fibers comes from the
sarcoplasmic reticulum (SR). The SR is important for harboring large concentrations of
calcium essential to the contraction-relaxation cycle(Rossi & Dirksen, 2006). In both
skeletal and cardiac muscle, calcium from the SR is released to the cytosol upon opening
of the ryanodine receptor (RyR), a channel found in the SR membrane. Once in the
cytosol, calcium binds to contractile proteins and a contraction ensues. During
relaxation, calcium is returned to the SR by the sarco-endoplasmic reticulum ATPase
(SERCA). Throughout this cycle, calcium-sequestering proteins within the SR are
responsible for isolating calcium ions and regulating their uptake and release. In DMD,

an increased amount of calcium is released from the SR while a decreased amount of
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calcium re-enters the SR, leading to cytosolic calcium buildup(Mareedu, Million, et al.,

2021).

Changes in the expression and regulation of several SR calcium handling proteins
are responsible. Studies show RyR in dystrophic muscle is open more often and not
solely in response to a contractile stimulus(Bellinger et al., 2009; Fauconnier et al.,
2010). In addition, several calcium-sequestering proteins within the SR have reduced
expression in dystrophic muscle(Culligan et al., 2002; Dowling et al., 2004; Lohan &
Ohlendieck, 2004; Pertille et al., 2010). Both of these factors likely contribute to the
increased release of calcium from the SR. Re-uptake of calcium into the SR is also
altered due to decreased SERCA function(Bellinger et al., 2009; Fauconnier et al., 2010;
Kargacin & Kargacin, 1996; Schneider et al., 2013a). This decrease in function is caused
by increased expression of sarcolipin (SLN), a small peptide inhibitor of SERCA, and
decreased expression of dwarf open reading frame (DWORF), a small peptide enhancer
of SERCA (Chapter 2, Chapter 4) (Voit et al., 2017). Collectively, this information
paints a picture of the mechanisms behind aberrant cytosolic calcium. However, most of
the information acquired about this process comes from studies conducted in mouse
models of DMD. There is not enough information on whether this process is similar in
large animal models of DMD, whose disease phenotypes more closely resemble those of

human patients.

In the present study, we assessed transcript levels of several SR calcium handling
proteins in normal and dystrophic canines using droplet digital PCR (ddPCR) methods.
The transcripts included those of three calcium-sequestering proteins (calreticulin,

calsequestrin 2, sarcalumenin), two SERCA isoforms (SERCA1, SERCAZ2a), and two
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SERCA regulators (sarcolipin, dwarf open reading frame). Tissues were collected from
canine left ventricle, diaphragm, and extensor carpi ulnaris (ECU). Male samples were
analyzed at three different age groups to illustrate expressional changes during disease
progression. In addition, male and female comparisons were made between canines in
the middle age group. Our results show transcriptional changes in dystrophic canine
skeletal muscle. Differences in male vs female canine tissues were primarily detected in
the heart. These findings emphasize the importance of animal age and sex in dystrophic
canine studies. They also highlight the need for further elucidation of the mechanisms

behind calcium mishandling in large animal models of DMD.
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Results

Left ventricle transcript levels showed no changes between normal and affected
canines, but several transcripts were altered between male and female ventricles. To
assess transcriptional changes in dystrophic canine hearts, we analyzed samples collected
from the left ventricle. The left ventricle was chosen because dystrophic hearts exhibit
left ventricular dilated cardiomyopathy. ddPCR methods were used to assess the total
number of transcript copies/ng of complementary DNA (cDNA) used in the reaction. As
expected, SERCA1 (the SERCA isoform found in fast-twitch skeletal muscle fibers) and
sarcolipin (a SERCA inhibitor mainly expressed in the atria and skeletal muscle) showed
extremely low levels of transcript. No transcriptional changes were observed at any age

between normal and affected canines (Table 5.1).

However, female canines from both normal and affected canine groups exhibited
reduced transcript levels of all calcium-sequestering proteins (calreticulin, calsequestrin
2, and sarcalumenin) and the SERCA isoform expressed in cardiac and slow-twitch

skeletal muscle fibers (SERCA2a) compared to males (Table 5.2).

Diaphragm transcript levels were altered between normal and affected canines, but
there were no transcriptional changes between male and female diaphragms. To assess
transcriptional changes in skeletal muscle, we first analyzed samples collected from
canine diaphragms. The diaphragm was chosen because it is an important muscle used in

respiration. Respiratory failure is a main cause of death in DMD. At 0-2 and 8-15
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months of age, the SERCA enhancer DWORF was downregulated in affected canine
diaphragms compared to normal canine diaphragms (Table 5.3). This downregulation
was no longer observed at 30-50 months of age. Both SERCA isoforms (SERCA1 and
SERCAZ2a) were also downregulated in affected canine diaphragms at 8-15 months. This
downregulation was no longer observed at 30-50 months of age. Lastly, calsequestrin 2

was upregulated in affected canine diaphragms at 30-50 months of age.

No transcriptional changes were observed between male and female diaphragms

(Table 5.4),

ECU transcript levels were altered between normal and affected canines, and several
transcripts were altered between male and female ECUs. Next, we analyzed transcript
levels of calcium handling proteins in the ECU, a skeletal muscle required for proper
movement of the canine forearm. This muscle is weakened and contains high levels of
fibrosis in dystrophic canines(Hakim et al., 2021). No transcriptional changes were
observed at 0-2 months of age. Transcripts of several calcium handling proteins were
downregulated in affected canines at 8-15 months, including sarcalumenin, SERCAL,
SERCAZ2a, and DWORF (Table 5.5). However, no transcripts were downregulated by
30-50 months of age. Instead, SERCA 1 was upregulated in affected canine ECUs at 30-

50 months of age.

In addition, transcripts for sarcalumenin, SERCAZ2a, and DWORF were all
downregulated in normal female ECUs compared with normal male ECUs (Table 5.6).

No changes were observed between affected female and affected male transcripts.
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Discussion

Calcium mishandling in DMD causes a buildup of aberrant cytosolic calcium that
activates calcium-dependent proteases and phospholipases(Mareedu, Million, et al.,
2021). These enzymes degrade muscle cell proteins and lipids. High levels of cytosolic
calcium are partly due to changes in calcium handling proteins residing at the
sarcoplasmic reticulum (SR). Most of the information we currently have on changes in
calcium handling protein expression comes from studies conducted in mouse models of
DMD. However, the canine model of DMD more closely resembles the phenotypes and
disease progression observed in humans. Here, we assessed changes in transcript levels
of various calcium handling proteins in normal and affected canines using droplet digital
PCR (ddPCR) methods. We compared normal and affected male left ventricle,
diaphragm, and extensor carpi ulnaris (ECU) tissues at 0-2 months of age, 8-15 months of
age, and 30-50 months of age. In addition, we compared transcript levels between
normal male and female tissues and affected male and female tissues at 8-15 months. We
found transcriptional changes in normal vs affected canine skeletal muscles but found no
transcriptional changes in normal vs affected canine heart samples. However, several
transcriptional changes were found between male and female hearts. Additionally,
differences in transcript levels between normal and affected canines changed with disease
progression and canine age. Our findings highlight the importance of selecting the proper
age and sex when conducting studies involving dystrophic canines and emphasize the
need for more studies elucidating the mechanisms behind calcium mishandling in large

animal models of DMD.
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Human patients with DMD exhibit delayed motor skill development, which
becomes apparent at 2-5 years of age(Duan, 2015; Mercuri et al., 2019). By their early
teen years, patents lose ambulation. Patients then die prematurely, around 20 years of
age, from cardiac and/or respiratory failure. The most commonly used mouse model of
DMD is the mdx mouse. Compared with human patients, this model exhibits very mild
disease symptoms. Dystrophic canines more closely resemble the timeline of human
disease(Duan, 2015). Dystrophic puppies are often weak at birth and exhibit limb muscle
weakness at 2-3 months of age (~3 years in human age). By 6 months of age (~8 years in
human age), dystrophic canines develop more pronounced muscle wasting, abnormal
gait, and abnormal cardiac function. At 3 years, or 36 months, of age (~20 years in
human age), canines die from cardiorespiratory failure or euthanasia due to poor health
conditions. Skeletal muscle and cardiac data suggest both male and female dystrophic
canines exhibit similar phenotypes of the disease in both skeletal muscle and the

heart(Guo et al., 2019).

Calcium-sequestering proteins act as calcium buffers within the SR and help
regulate calcium uptake and release. In the present study, we assessed transcript levels of
three calcium-sequestering proteins residing within the SR: calsequestrin 2,

sarcalumenin, and calreticulin.

Calsequestrin 2 is endogenously expressed in cardiac and slow-twitch skeletal
muscles. It binds to the ryanodine receptor and acts as a calcium sensor to help regulate
the release of calcium from the SR(Woo et al., 2020). Calsequestrin is downregulated in
cardiac and skeletal muscles of mdx mice, the most commonly used mouse model of

DMD(Lohan & Ohlendieck, 2004; Pertille et al., 2010). For unknown reasons,
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calsequestrin is increased in spared muscle types and fast-twitch muscle fibers from
dystrophin and utrophin double-mutant (mdx:utr—/—) mice(Pertille et al., 2010; Schneider

etal., 2013a; Voit et al., 2017).

Sarcalumenin is a calcium-sequestering protein expressed in both heart and
skeletal muscles that is bound to SERCA and aids in regulation of calcium uptake into
the SR(Yoshida et al., 2005). Sarcalumenin-deficient mice exhibit weakened calcium
uptake('Yoshida et al., 2005). Sarcalumenin is downregulated in mdx skeletal muscle

fibers and heart(Dowling et al., 2004; Lohan & Ohlendieck, 2004).

Calreticulin is expressed in both skeletal and heart muscle. It resides within the
SR and binds to calcium, rendering it inactive(Groenendyk et al., 2022). No studies have

assessed calreticulin expression in dystrophic mice.

Overall, calcium-sequestering proteins show a trend of downregulation in
dystrophic mice. In the present study, we observed an upregulation of calsequestrin 2
transcript in dystrophic canine diaphragm at 30-50 months and a downregulation of
sarcalumenin transcript in dystrophic canine ECU at 8-15 months (Table 5.3, Table 5.5).
No changes were observed in calreticulin transcript levels. Because calsequestrin is
increased in fast-twitch muscle fibers of dystrophic mice, it is possible the increased
calsequestrin 2 transcript levels in dystrophic canine diaphragm are due to fiber-type
switching. Unlike dystrophic mice, dystrophic canines undergo a fiber-type switch where
the ratio of fast-twitch to slow-twitch fibers is increased(Hakim et al., 2021). Itis
currently unclear why this trend is only observed at 30-50 months. This may be a
phenomenon that occurs as the disease progresses. It is also unclear why sarcalumenin is

only downregulated in dystrophic canines at 8-15 months. No changes in calcium-
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sequestering transcript levels were observed in the heart (Table 5.1). More work needs

to be done to assess the levels of calcium-sequestering proteins in dystrophic canines.

In addition to calcium-sequestering proteins, we also assessed transcript levels of
two SERCA isoforms and the SERCA regulators sarcolipin and DWORF. SERCAL1 is
endogenously expressed in fast-twitch skeletal muscle, while SERCAZ2a is expressed in
slow-twitch skeletal muscle and the heart. Sarcolipin is a small peptide inhibitor of
SERCA expressed in the atria and skeletal muscle. DWOREF is a small peptide enhancer

of SERCAZ2a.

Due to fiber-type switching in dystrophic canines, SERCAL protein expression is
increased in the ECU, while SERCAZ2a protein is decreased(Voit et al., 2017). In the
present study, we found SERCAL1 transcript is downregulated in dystrophic canine ECU
at 8-15 months and is upregulated at 30-50 months (Table 5.5). Canine samples used to
analyze SERCA protein expression were between the ages of 1.73-11.9 months(Voit et
al., 2017). At these ages, SERCAL transcripts are either unchanged or downregulated in
dystrophic ECU samples (Table 5.5). This suggests changes in SERCAL translation are
responsible for increased protein expression in dystrophic canine ECU. In line with what
is known about fiber-type switching in dystrophic canine skeletal muscle, SERCA2a
transcript was downregulated in dystrophic ECU and diaphragm at 8-15 months (Table
5.5, Table 5.3). This finding was not observed by 30-50 months in either tissue. No
changes in transcript levels of SERCA isoforms or their regulators were observed in the
heart (Table 5.1). It is currently unclear why transcriptional changes are specific to
select age groups. More work needs to be done to assess protein expression changes at

varying ages.
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Previous studies show sarcolipin expression is increased in both dystrophic mouse
and canine tissues(Voit et al., 2017). In addition, our previous work shows DWORF
expression is decreased in mdx mice (Chapter 2, Chapter 4). Both of these findings
contribute to altered SERCA function in DMD. In the present study, we found sarcolipin
transcripts were unchanged in dystrophic canines (Table 5.1, Table 5.3, Table 5.5). This
suggests sarcolipin upregulation occurs at the translational level. However, DWORF
transcript was reduced in dystrophic diaphragm at 0-2 months and 8-15months (Table
5.3). Transcript levels were also reduced in dystrophic ECU at 8-15 months (Table 5.5).

No changes were observed in the left ventricle (Table 5.1).

When comparing male and female canines, most transcriptional differences were
observed in the left ventricle. Female left ventricles exhibited reduced transcript levels of
calreticulin, calsequestrin 2, sarcalumenin, and SERCAZ2a, regardless of whether the
canines were normal or affected (Table 5.2). These findings suggest major differences
are present between male and female calcium regulation. Several changes were also
observed in canine ECU (Table 5.6). Normal female ECUs exhibited decreased
transcript levels of sarcalumenin, SERCA2a, and DWORF compared to normal male
ECUs. However, these differences were not observed between affected female and
affected male ECUs. This is likely due to the drastic reduction in sarcalumenin,
SERCAZ2a, and DWORF transcripts in affected male tissues. These drastic reductions do
not appear in affected female ECUs. No transcriptional changes were observed between
male and female diaphragms (Table 5.4). These findings highlight the importance of
selecting the proper animal sex in studies involving the use of dystrophic canines. More

work needs to be done to determine expression levels of various calcium handling
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proteins in male vs female canines and to elucidate why differences in regulation of

calcium handling proteins exist in affected male and affected female tissues.

In summary, calcium mishandling in DMD causes degradation of muscle cells.
High levels of cytosolic calcium in dystrophic muscles are partly due to increased
calcium leak from the SR, reduced expression of SR calcium-sequestering proteins, and
reduced calcium uptake into the SR. Most of the work elucidating the involvement of
calcium handling proteins in this process has been conducted in mice. Here, we show
transcriptional changes in dystrophic canine cardiac and skeletal muscle samples at
various ages. Transcriptional changes in dystrophic tissues were only detected in skeletal
muscle, but changes in male vs female tissues mainly occurred within the heart. Several
of the changes observed fit well within our previous knowledge of calcium mishandling
of DMD. However, more work needs to be done to assess changes in canine protein
expression. Overall, our findings emphasize the importance of considering animal age
and sex in dystrophic canine studies and show there is much left to be explained about

calcium mishandling in large animal models of DMD.
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Materials and Methods

Animals. All experiments were approved by the University of Missouri’s Animal Care
and Use Committee and were in-line with National Institutes of Health guidelines. All
canines used for normal vs affected comparisons were male. Male vs female
comparisons were made using both normal and affected canine groups. All canines were
of mixed genetic backgrounds including golden retriever, Labrador retriever, beagle, and
Welsh corgi. Animals were generated at the University of Missouri by artificial
insemination and were housed in a conventional care facility accredited by the American
Association for Accreditation of Laboratory Animal Care. Animals were kept under a
12-hour light/12-hour dark cycle with access to drinking water ad libitum. Affected
canines were housed in raised platform kennels and were fed wet food as instructed by a
veterinarian. Normal canines were housed in regular floor kennels and were fed dry
food. Canines were monitored daily by caregivers and were allowed toys in the kennels
for activity enrichment. Animals were euthanized according to the American Veterinary

Medical Association Guidelines for the Euthanasia of animals.

Transcript quantification. Fresh left ventricle, diaphragm, and ECU samples were
snap-frozen in liquid nitrogen prior to use. RNA extraction was performed using the
RNeasy Fibrous Tissue Mini kit (Qiagen, Cat No: 74704). Reverse transcription was
performed using the SuperScript IV VILO Master Mix with ezDNase Enzyme (Thermo

Fisher Scientific, Cat No: 11766050). cDNA concentrations were determined using the
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Qubit ssDNA assay kit (Thermo Fisher Scientific, Cat No: Q10212). Droplet digital PCR
(ddPCR) was performed using the QX200 ddPCR system (Bio-Rad) using ddPCR
supermix for probes (no dUTP) (Bio-Rad, Cat No: 186-3024). Primer and probe sets
were designed according to the table below. All probes contained a 5° 6-
carboxyfluorescein, an internal ZEN quencher, and a 3’ Iowa Black quencher. Results

are presented as absolute copies of transcript/ng of cDNA used in the reaction.

Calreticulin

Forward Primer

5-GACTGGGATGAAGAGATGGATG-3'

Probe

5-CTGAGTACAAGGGCGAGTGGAAGC-3'

Reverse Primer

5-GCCCTTGTAATCTGGGTTGT-3'

Calsequestrin 2

Forward Primer

5'-CCATCCCTGACAAACCTTACA-3

Probe

5-CGTAGGGTGGGTCTTTGGTGTTCC-3'

Reverse Primer

5-GGATGCCGTTCAAATCATCTTC-3'

Sarcalumenin

Forward Primer

5-CTGAATGAGGACAAGCCAGT-3

Probe

5'-TGCAGCACCACAGAGTAGTCATCC-3'

Reverse Primer

5-GCTTGATGGAGGAATGGTAGAT-3'

SERCAL1

Forward Primer

5-CCTCCACTTCCTCATCCTCTA-3'

Probe

5-ACCCTCTGCCGATGATCTTCAAGC-3'

Reverse Primer

5'-CGAGCCCAATGACTGGAAA-3'
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SERCA2a

Forward Primer

S-GCTTGGTTTGAAGAAGGTGAAG-3'

Probe

S-TGGGTGTATGGCAGGAGAGAAATGC-3

Reverse Primer

5-CTTAAGTGCTTCGATCGCATTC-3'

Sarcolipin

Forward Primer

5-CCTGAGTTGGAGAGAGAGAGAA-3'

Probe

5-CTACTGCAGCCAGGTGAGGACAAG-3'

Reverse Primer

5-TGAGGGCACACCCAAGA-3

DWORF

Forward Primer

5-CCTTCTGGTCCCTATTCTTCTC-3'

Probe

S-TCTTCTCCTAGAAAGGCAAGAAGACT-3'

Reverse Primer

S-AATCTGTCACGTTCATGCTTT-3'

Statistical analysis. Data are presented as the absolute number of transcript copies/ng of

cDNA used in the ddPCR reaction. All analyses performed were unpaired t-tests

between two groups. Analyses were calculated using GraphPad PRISM software version

9.1.2 (GraphPad Software, La Jolla, California). A p <0.05 was considered statistically

significant.
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Discussion

In the present studies, we evaluated DWORF expression in the mdx mouse model
of DMD, explored the effects of a novel AAV9 DWORF gene therapy in both WT and
mdx mice, and analyzed the expression levels of various transcripts encoding calcium
handling proteins in the canine model of DMD. All treated mice were injected via the
tail vein at 6 weeks of age with 6 x 102 vg/mouse of AAV9.DWORF vector.
Collectively, these studies led to the following findings: (1) DWORF is downregulated in
mdx cardiac and skeletal muscles, (2) AAV DWORF gene therapy significantly
improved SR calcium uptake, cardiac function, and fibrosis in mdx mouse hearts, (3)
AAV DWOREF gene therapy reduced SR calcium uptake, induced ventricular SLN
expression, and worsened cardiac function in WT mouse hearts, (4) AAV DWORF gene
therapy did not alter diaphragm force production or histology but slowed maximum rates
of contraction and relaxation in treated mdx mice, and (5) several transcriptional
differences exist between normal and dystrophic canine muscle samples and between
male and female samples from both normal and affected groups. As a whole, the studies
presented here suggest DWORF downregulation contributes to SERCA dysfunction in
dystrophic tissues and DWORF gene therapy holds promise to treat DMD, especially
DMD cardiomyopathy. However, there are apparent differences in the regulation of
SERCA regulators between WT and mdx mice and in the ways cardiac and skeletal
muscles respond to AAV DWORF gene therapy. Further work needs to be done to

optimize SERCA activation/inhibition to best treat DMD. In addition, further studies
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need to be conducted to elucidate the mechanisms behind calcium dysregulation in

dystrophic canines, as this model more closely resembles DMD in human patients.

DWOREF, a small peptide enhancer of SERCA, has received recent attention for
playing a role in cardiomyopathy development and treatment. DWORF was
downregulated in two independent mouse models of heart failure(Makarewich et al.,
2020; Makarewich et al., 2018). DWORF overexpression in these models via a
transgenic approach or AAV9.DWORF delivery enhanced SERCA activity and improved

cardiac function in these mice.

Our initial study analyzing DWOREF’s role in DMD cardiomyopathy (Chapter 2)
was conducted in response to these recent findings. We discovered DWORF expression
was also reduced in the hearts of mdx mice by ~50% compared to WT mice (Figure 2.1).
We then showed a single dose of AAV DWORF gene therapy at 6 weeks of age
significantly improved SR calcium uptake, myocardial histology, uphill treadmill
running, ECG, and left ventricular hemodynamics at 18 months of age (Figures 2.2 to
2.6). Our results corroborate the idea that low-level DWORF expression is likely

insufficient for proper heart function.

Despite the significant improvements made following AAV gene therapy,
SERCA calcium uptake and cardiac function in treated mdx mice were not fully
normalized to WT levels (Figure 2.2, Figures 2.4 to 2.6). This suggests DWORF
downregulation is not the sole cause of reduced SERCA activity in mdx mice. Itis
possible that either DWORF has a lower binding affinity for SERCA compared to SLN,
and thus cannot fully restore SERCA function, or there are additional yet unknown

SERCA inhibition mechanisms that cannot be reversed by DWORF overexpression. No
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alterations were found in the expression of other SR calcium-regulating proteins (Figure

2.2C).

As the number of studies assessing the effects of DWORF overexpression in heart
failure grows, it is important to consider the potentially negative effects of SERCA over-
activation. Several recent studies suggest SERCA over-activation may lead to SR
calcium leak, cardiac arrhythmias, and/or worsened muscle function(Fajardo et al., 2017
Law et al., 2018; Sato et al., 2021). Our second study (Chapter 3) was conducted in

response to these findings.

In this study, we delivered AAV DWORF gene therapy to WT mice, whose
endogenous DWORF expression is already at sufficient levels that are higher than those
expressed in mdx mice (Figure 2.1). In support of previous findings, AAV DWORF
gene therapy worsened multiple ECG and left ventricular hemodynamic parameters in
WT mice (Figures 3.5 to 3.6). To our surprise, however, AAV DWORF gene therapy
induced SLN expression in the ventricles, despite SLN expression being specific to the
atria in un-treated WT mice (Figure 3.2B)(Babu et al., 2007; Minamisawa et al., 2003).
This increase in SLN expression is likely responsible for the decreased SERCA calcium
uptake observed in treated mice in the presence of high calcium concentrations (Figure
3.1C). These results suggest delivery of supraphysiological levels of DWORF may lead
to cardiac defects in mouse hearts, and a feedback mechanism exists in WT mice where
SLN expression is upregulated in response to increased levels of DWORF. This response
appears to be lost in mdx mice, as SLN expression is un-altered in treated mdx mice

(Figure 2.2C).
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Our third study (Chapter 4) is the first to assess the effects of AAV DWORF
gene therapy in skeletal muscle. We found DWORF expression was reduced by ~77% in
mdx diaphragm compared to WT (Figure 4.1B). Following the discovery that DWORF
overexpression in the heart led to negative effects in treated WT mice, we delivered AAV
DWORF gene therapy to both WT and mdx mice here. AAV DWORF gene therapy had
no effect on diaphragm force production or histology in either treated group (Figures 4.3
to 4.4). However, DWORF gene therapy slowed maximum rates of muscle contraction
and relaxation in treated mdx mice only (Figure 4.3B, Figure 4.5). This again shows a
difference in the mechanisms behind SERCA regulation between WT and mdx mice.
Currently, it is unknown whether this finding is due to altered expression of other

calcium handling proteins, fiber type switching, or some other unknown mechanism.

Collectively, these three studies suggest DWORF downregulation contributes to
SERCA dysfunction in mdx mice, and AAV DWORF gene therapy holds promise to treat
DMD, especially DMD cardiomyopathy. However, several hurdles stand in the way.
First, AAV DWORF gene therapy was unable to fully restore SERCA calcium uptake
and cardiac function in the mdx heart. Second, DWORF overexpression has the potential
to worsen SERCA calcium uptake and cardiac function under WT conditions. Third,

AAV DWORF gene therapy was unable to rescue diaphragm function and histology.

In order to improve AAV DWORF gene therapy for use in DMD, several
approaches may be explored. One approach is to alter AAV DWORF gene therapy dose.
On the surface, increasing the dose of AAV DWORF gene therapy seems promising.
Makarewich and colleagues found that ~60-fold DWORF overexpression in a mouse

model of dilated cardiomyopathy was more protective than ~17-fold DWORF
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overexpression(Makarewich et al., 2020; Makarewich et al., 2018). However, increasing
AAYV dose may lead to adverse events or death(Srivastava, 2020). In addition, a study
performed ex vivo in isolated rat hearts shows high-dose DWORF peptide administration
may induce coronary vasoconstriction(Mbikou et al., 2020). Our study in WT mice
suggests SERCA overactivation may also have a negative impact on the heart, although it
is currently unclear whether this will occur in dystrophic hearts treated with a higher

dose.

In skeletal muscle, it is possible the level of DWORF expression in treated mice
was not enough to impact muscle function or histology. DWORF expression was
increased by ~22-fold in treated mdx mouse diaphragms compared with mdx controls,
whereas DWORF expression was increased by ~50-fold in treated mdx mouse hearts
compared with mdx controls. This may be due to the preference of AAV9 for cardiac
tissue or a loss of the AAV9.DWORF vector during profound tissue degeneration and
regeneration that occurs in dystrophic skeletal muscle, but not cardiac muscle(Bostick et
al., 2007; Srivastava, 2016). An alternative approach to increasing AAV DWORF
dosage in skeletal muscle is to determine AAV serotypes or promoters with greater

skeletal muscle tropism and expression.

However, it is possible that DWORF expression in treated skeletal muscles was
not too low, but rather too high to achieve improved diaphragm function and histology.
Previous work done by Voit and colleagues shows genetic ablation of SLN in dystrophin
mutant and dystrophin/utrophin double mutant mice (mdx:utr —/—:sln —/—) improved
cardiac performance and fibrosis but did not improve diaphragm performance and

fibrosis(Voit et al., 2017). SLN haploinsufficient mice (mdx:utr —/— :sln +/—) mice, on
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the other hand, exhibited significantly improved diaphragm function and fibrosis. This

suggests lower levels of SERCA activation may be beneficial in skeletal muscle.

Another approach to improving AAV DWORF gene therapy is to combine
DWORF overexpression with SLN knockdown. This approach will theoretically
enhance SERCA activation. Again, we are not in favor of this approach as SERCA over-
activation has been shown to have negative consequences on muscle function. In a study
conducted by Law and colleagues, ablation of the SERCA inhibitor PLN in mdx mice
worsened cardiac function and fibrosis (Law et al., 2018). In skeletal muscle, total
ablation of SLN from the mdx mouse model of DMD resulted in worsened skeletal

muscle disease(Fajardo et al., 2017).

A third approach to improving AAV DWORF gene therapy is to combine
DWORF with micro-dystrophin gene therapy in a single AAV vector. This will combine
a re-establishment of the linkage between the cytoskeleton, plasma membrane, and
extracellular matrix with improved SERCA activation. DWORF’s unique size (102 bp)
makes it possible to package into a single vector alongside other therapies. Future studies
will need to be conducted to determine which therapy is superior: micro-dystrophin

alone, DWOREF alone, or a micro-dystrophin/DWORF combination therapy.

In order to administer future calcium pathway-targeting therapies to human
patients, more work needs to be done to elucidate calcium handling mechanisms in a
large animal model of DMD, such as the dystrophic canine. This is why we conducted
our final study assessing transcriptional differences in normal and affected canine tissues
(Chapter 5). In this study, we assessed transcript levels of three calcium-sequestering

proteins (calreticulin, calsequestrin 2, sarcalumenin), two SERCA isoforms (SERCA 1,
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SERCA 2a), and two SERCA regulators (SLN, DWORF). Tissues were collected from
canine left ventricle, diaphragm, and extensor carpi ulnaris (ECU). Male samples were
analyzed at three different age groups to illustrate expressional changes during disease
progression. In addition, male and female comparisons were made from normal and
affected canines in the middle age group. Transcriptional changes in dystrophic tissues
were detected in skeletal muscle only, but changes in male vs female tissues mainly
occurred within the heart. More work needs to be done to assess changes in canine

protein expression.

In summary, the studies presented here are the first to show DWORF
downregulation plays a role in SERCA dysfunction in dystrophic cardiac and skeletal
muscle and that AAV DWORF gene therapy is a promising technique to treat DMD. In
addition, they show that transcriptional changes exist between normal and dystrophic
canines and between male and female canines. Although AAV DWORF gene therapy
appears to be a promising treatment for DMD, several unknowns remain. One unknown
is why ventricular SLN is expressed in response to AAV DWORF gene therapy in treated
WT hearts but not in treated mdx hearts. It is also unknown why AAV DWORF gene
therapy only partially rescued cardiac performance and fibrosis and did not rescue
skeletal performance and fibrosis at all. In addition, our findings in dystrophic canines
show more work needs to be done to assess changes in dystrophic canine calcium
handling protein expression. They also highlight the importance of considering animal
age and sex in dystrophic canine studies. In future studies, we plan to include direct
cytosolic calcium measurements to better understand our findings following

administration of DWORF AAV gene therapy. These studies will shed light on whether
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AAV DWORF gene therapy can be improved, translated to canine models, and

eventually delivered to human patients.
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