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Dwarf Open Reading Frame (DWORF)
Gene Therapy Ameliorated Duchenne
Muscular Dystrophy Cardiomyopathy in
Aged mdx Mice
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BACKGROUND: Cardiomyopathy is a leading health threat in Duchenne muscular dystrophy (DMD). Cytosolic calcium upregula-
tion is implicated in DMD cardiomyopathy. Calcium is primarily removed from the cytosol by the sarcoendoplasmic reticulum
calcium ATPase (SERCA). SERCA activity is reduced in DMD. Improving SERCA function may treat DMD cardiomyopathy.
Dwarf open reading frame (DWORF) is a recently discovered positive regulator for SERCA, hence, a potential therapeutic
target.

METHODS AND RESULTS: To study DWORF’s involvement in DMD cardiomyopathy, we quantified DWORF expression in the
heart of wild-type mice and the mdx model of DMD. To test DWORF gene therapy, we engineered and characterized an
adeno-associated virus serotype 9-DWOREF vector. To determine if this vector can mitigate DMD cardiomyopathy, we deliv-
ered it to 6-week-old mdx mice (6x10'? vector genome particles/mouse) via the tail vein. Exercise capacity, heart histology,
and cardiac function were examined at 18 months of age. We found DWORF expression was significantly reduced at the
transcript and protein levels in mdx mice. Adeno-associated virus serotype 9-DWORF vector significantly enhanced SERCA
activity. Systemic adeno-associated virus serotype 9-DWORF therapy reduced myocardial fibrosis and improved treadmill
running, electrocardiography, and heart hemodynamics.

CONCLUSIONS: Our data suggest that DWORF deficiency contributes to SERCA dysfunction in mdx mice and that DWORF
gene therapy holds promise to treat DMD cardiomyopathy.
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muscle-wasting disease caused by mutations in

the dystrophin gene.! Dystrophin offers structural
support to the muscle cell membrane during contrac-
tion 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 re-
placement is being actively pursued to treat DMD. An

Duohenne muscular dystrophy (DMD) is a rare

alternative gene therapy approach is to upregulate cel-
lular genes that may mitigate the pathogenic mecha-
nisms of DMD.

It is well documented that dysregulated intracellu-
lar calcium contributes directly to muscle cell death in
DMD.2? Calcium dysregulation results in an increased
concentration of cytosolic calcium, which activates
calcium-dependent proteases and phospholipases
that digest cellular proteins and lipids, respectively,*-6
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CLINICAL PERSPECTIVE
What Is New?

To our knowledge, this is the first study to evalu-
ate dwarf open reading frame (DWORF) expres-
sion in an animal model of Duchenne muscular
dystrophy (DMD).

e This is the first proof-of-principle study, to our
knowledge, suggesting adeno-associated
virus-mediated DWORF overexpression may
ameliorate Duchenne cardiomyopathy.

What Are the Clinical Implications?

e DMD is a lethal inherited muscle disease with-
out a cure; cytosolic calcium overload is a criti-
cal pathogenic mechanism.

e DWOREF is a small peptide that boosts cyto-
solic calcium removal via enhancing sarcoen-
doplasmic reticulum calcium ATPase activity;
we found DWORF expression is reduced in
the mdx model of DMD, and AAV-mediated
DWORF overexpression significantly reduced
DMD heart disease.

e Qur results support further development of
DWOREF gene therapy for DMD.

Nonstandard Abbreviations and Acronyms

AAV adeno-associated virus

ddPCR droplet digital PCR

DMD Duchenne muscular dystrophy
DWORF dwarf open reading frame

SERCA sarcoendoplasmic reticulum calcium

ATPase
SR sarcoplasmic reticulum
vg vector genome particles

WT wild-type

and contributes to cell death, fibrosis, and diminished
contractile function.”® 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 sarco-
plasmic reticulum (SR), which is the major intracellu-
lar calcium storage site and plays a central role in the
contraction-relaxation cycle.® In a healthy muscle cell,
contraction is initiated as calcium from the SR is re-
leased into the cytosol via the opening of the ryano-
dine receptor. Once in the cytosol, calcium binds to
myofilament proteins to initiate contraction. During re-
laxation, calcium is pumped back into the SR by the
sarcoendoplasmic reticulum calcium ATPase (SERCA),
leading to its dissociation from contractile proteins.'®!!
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In DMD, however, calcium release from the SR is in-
creased while calcium reuptake into the SR via SERCA
is decreased.'?'® 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 previously been achieved by SERCA over-
expression or knockdown of sarcolipin, a negative
regulator of the SERCA pump.'®2? These treatments
significantly reduced the dystrophic phenotype in var-
ious mouse models, suggesting that the restoration
of calcium homeostasis via enhancing SERCA activ-
ity is a promising approach to treating DMD. The mi-
cropeptide dwarf open reading frame (DWORF) is a
positive regulator of the SERCA pump.2® It has been
shown that DWORF overexpression potently enhances
SERCA activity and ameliorates ischemic heart failure
and muscle-specific Lin-11, Isl-1, and Mec-3 protein
deficiency cardiomyopathy.?#?® We hypothesize that
adeno-associated virus (AAV)-mediated DWORF ex-
pression can improve SERCA function and mitigate
DMD cardiomyopathy.

To test our hypothesis, we quantified DWORF ex-
pression in the hearts of normal and dystrophin-null
mdx mice. We found DWORF expression was sig-
nificantly decreased in mdx mice. We then delivered
a DWORF expression cassette with AAV serotype 9
(AAV9) to B6-week-old mdx mice via tail vein injection.
DWORF expression, calcium uptake, myocardial fi-
brosis, electrocardiography, uphill treadmill running,
and left ventricular hemodynamics were examined at
18 months of age. In support of our hypothesis, AAV9-
mediated DWORF gene transfer significantly enhanced
cardiac SR calcium uptake, ameliorated pathological
heart remodeling, and improved cardiac function. Our
results support further development of DWORF gene
therapy to treat DMD cardiomyopathy.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Mice

All animal experiments were approved by the animal
care and use committee of the University of Missouri.
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 (wild-type [WT]; C57BL/10ScSnd, stock num-
ber 000476) mice were originally purchased from The
Jackson Laboratory (Bar Harbor, ME). Experimental



€202 ‘Gz Afenuer uo Aq Bio'sfeuinofeye//:dny wouy pspeojumoq

Morales et al

mice were generated in-house in a barrier facility using
breeders purchased from The Jackson Laboratory.
Female mice were used in the current study for the
following reasons. First, although DMD is an X-linked
disease, females can be afflicted if the mutation occurs
in both alleles. Importantly, female patients display a
characteristic DMD phenotype.?® Second, while male
mdx mice show more severe skeletal muscle disease,
female mdx mice show more severe heart disease.?”?®
The classic presentation of DMD cardiac disease is di-
lated cardiomyopathy. This is observed in female, but
not male, mdx mice.?”?° The sample size shown in the
figures refers to the number of mice used in the assay.

AAV Production and Administration

The cis-plasmid for AAV packaging (also called pEM1)
consisted of (from 5-end to 3'-end) the ubiquitous
cytomegalovirus immediate-early enhancer/chicken
B-actin promoter, a codon-optimized mouse DWORF
cDNA, the encephalomyocarditis virus internal ribo-
somal entry site (Clontech, Mountain View, CA), the
EGFP (enhanced green fluorescence protein) 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
2 rounds of isopycnic ultracentrifugation according to
our previously published method.3® AAV was delivered
to 6-week-old mice via tail vein injection at a concen-
tration of 6x10' vector genome particles (vg)/mouse.

Western Blot

For DWORF western blots, freshly isolated heart and
soleus tissues were snap-frozen in liquid nitrogen
and homogenized in radioimmunoprecipitation assay
buffer (1I50mmol/L NaCl; 1% /v IGEPAL CA-630;
50mmol/L Tris-Cl, pH 8.0; 0.1% w/v sodium deoxy-
cholate; 0.1% w/v sodium dodecyl sulfate) with added
protease inhibitors (cOmplete ULTRA mini-tablet,
Roche, Indianapolis, IN); 40 ug of the heart lysate was
run on 15% bis/acrylamide gels made by standard
preparation, and proteins were transferred to polyvi-
nylidene fluoride membranes 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 1:1000.2°
Blots were incubated with a goat anti-rabbit immuno-
globulin G horseradish peroxidase secondary antibody
and developed using ClarityTM Western ECL chemi-
luminescent substrate (Bio-Rad, Hercules, CA) and a
digital Bio-Rad ChemiDocTM MP Imaging System.
For all other western blots, tissues were ho-
mogenized in lysis buffer (50mmol/L Tris, pH 7.4,
150mmol/L NaCl, 1 mmol/L EDTA, and 0.5% NP-40)
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with added 1mmole phenylmethylsulfonyl fluoride,
5mmole sodium metavanadate, 10nmole okadaic
acid, 1mmole sodium fluoride, and 1mmole benz-
amidine. Heart lysates were run on sodium dodecyl
sulfate-polyacrylamide gels. Proteins were then elec-
troblotted onto polyvinylidene fluoride membranes
and incubated with antibodies specific for sarcolipin
(anti-rabbit, 1:3000),%' SERCA2a (anti-rabbit, 1:5000,
custom made),' phospholamban (anti-rabbit, 1:3000,
custom made),®! calsequestrin (anti-rabbit, 1:5000,
Affinity BioReagents, Golden, CO), or GAPDH (anti-
mouse, 1:10000, Sigma, St. Louis, MO). Quantification
was completed using ImagedJ/Fiji Software (Imaged
1.48b) and then normalized to GAPDH levels.

Endogenous DWORF Transcript
Quantification

Endogenous DWORF transcript was quantified using
droplet digital PCR (ddPCR) methods with the prim-
ers and probe as previously described.?® Specifically,
primer and probe sets were designed as follows:
Forward primer: 5-TTCTTCTCCTGGTTGGATGG-3',
Reverse primer: 5- TCTTCTAAATGGTGTCAGAT
TGAAGT-3', and Probe 5- TTTACATTGTCTTCTTC
TAGAAAAGGAAGAAG-3'. Probes were labeled with
a 5' 6-carboxyfluorescein, an internal ZEN quencher,
and a 3' lowa Black quencher. Tissue samples were
collected and stored in RNAlater stabilization solu-
tion (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). The ddPCR was com-
pleted 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 cODNA used in the ddPCR
reaction.

SR Calcium Uptake

SR calcium uptake was measured using a previously
described Millipore filtration technique.?° Approximately
150ug of ventricular protein extract was incubated at
37 °C in 1.5mL of calcium uptake medium (40 mmol/L
imidazole, pH 7.0, 100mmol/L KCI, 5mmol/L MgCl,,
5mmol/L NaN;, 5mmol/L  potassium  oxalate,
0.5mmol/L EGTA), and various concentrations of CaCl,
to yield 0.03-3umol/L free calcium. Ruthenium red was
added to a final concentration of 1umole immediately
before adding substrates to begin calcium uptake. A
final concentration of 5mmole ATP was added to initiate
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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
nonlinear curve fitting analysis using GraphPad Prism
v6.01 software (GraphPad, San Diego, CA).

ECG and Hemodynamic Assay

Twelve-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 pro-
tocols for Duchenne animal models” (http://www.paren
tprojectmd.org/site/PageServer?pagename=Advan
ce_researchers_sops).®> All ECG parameters but Q
wave amplitude were analyzed using the lead Il trac-
ing. Q wave amplitude was determined using the lead
| tracing. QTc interval was calculated by correcting the
QT interval with the heart rate as described by Mitchell
et al.%% The cardiomyopathy index was calculated by
dividing the QT interval by the PQ segment.®* 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”.®? The result-
ing 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.®® Body surface area was cal-
culated as described by Cheung et al.3®

Treadmill Running

The treadmill endurance assay was performed ac-
cording to previous protocols but with minor modifi-
cations.'®?° Mice were subjected to 5days of treadmill
acclimationandtraining ona 7° uphilltreadmill (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, unmoving treadmill surface for
2minutes. The rest of the protocol was conducted at a
7°incline. Training days were conducted as follows: (Day
1) mice acclimated to an unmoving treadmill surface for
5minutes, mice ran for 15minutes at 5m/min, mice ran
for 5minutes at 10m/min; (Day 2) mice ran for 5minutes
at 5m/min, mice ran for 15minutes at 10m/min, mice
ran for 5min at 12m/min; (Day 3) mice ran for 5minutes
at 5m/min, mice ran for 15minutes at 10m/min, mice
ran for 10min at 12m/min; (Day 4) mice ran for 5min-
utes at 5m/min, mice ran for 20minutes at 10m/min,
mice ran for 5min at 12m/min, mice ran for 5minutes at
15m/min; and (Day 5) mice ran for 5minutes at 5m/min,
mice ran for 20minutes at 10m/min, mice ran for 5min
at 12m/min, mice ran for 5minutes at 15m/min. On day
6, mice were again acclimated to a flat, unmoving tread-
mill surface for 2minutes. Then, mice ran at a 7° incline

J Am Heart Assoc. 2023;12:e027480. DOI: 10.1161/JAHA.122.027480

DWORF Ameliorated DMD Cardiomyopathy in mdx Mice

for 5minutes at 5m/min. The speed of running was then
increased by 1m/min every 5minutes until mice were
exhausted. Exhaustion was diagnosed when a mouse
exited the treadmill and refused to reenter, despite gen-
tle nudging, for 3seconds. At this point, total running
distance was recorded. Results were recorded as dis-
tance run/mouse body weight.

Morphological Studies

Atotal of 10um cryosections were sectioned from optimal
cutting temperature-embedded heart samples. General
histology was examined by hematoxylin and eosin stain-
ing. Fibrosis was examined by Masson trichrome stain-
ing, which was conducted using the Masson Trichrome
Stain Kit (Epredia, Kalamazoo, MI). To quantify the per-
cent of the fibrotic area, a transverse section in the mid-
dle of the heart was stained with Masson trichrome. The
blue-stained fibrotic area in the entire heart section was
quantified using ImageJ/Fiji Software (Imaged 1.48hb).
The sum of all fibrotic areas was then represented as a
percentage of the whole cross-sectional area.

Statistical Analysis

Data are presented as mean+SEM. Statistical analy-
sis was performed using the Statistics and Machine
Learning Toolbox (https:/www.mathworks.com/produ
cts/statistics.html; V12.3; Matlab 2022a, Mathworks
Inc., Natick, MA). The Anderson-Darling test was used
to determine data distribution. The 2-group comparison
data (except for western blot quantification of DWORF
expression in untreated mdx and AAV-treated mdx mice)
showed normal distribution. The statistical significance
of these comparisons was determined by the Student’s
t test. Most 3-group comparison data (wild-type, mdx,
and AAV-treated mdx) showed normal distribution. The
statistical significance of these data was determined by
1-way ANOVA with the Tukey—Kramer test for post hoc
pairwise comparison. Non-normal distribution was found
in a subset of 3-group comparison data. These data
were analyzed with the nonparametric Kruskal-Wallis
test. A P<0.05 was considered statistically significant.

RESULTS

DWORF Expression Was Decreased in
the Hearts of mdx Mice

Previous studies suggest SERCA function is reduced
in DMD.'2151920 Tg determine whether DWORF plays
a role, we compared DWORF cDNA and protein lev-
els in the ventricles of 6-month-old mdx and wild-type
BL10 (WT) mice (Figure 1). Compared with WT hearts,
DWORF cDNA levels were significantly decreased
in mdx hearts as assessed by ddPCR (Figure 1A).
Consistent with the cDNA data, western blot analysis
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Figure 1. Dwarf open reading frame (DWORF) expression was decreased
in mdx mouse hearts.

A, Quantification of DWORF transcript in the ventricle of 6-month-old wild-
type BL10 and mdx mice. B, Quantification of DWORF protein expression in the
ventricles of 6-month-old wild-type and mdx mice by western blot. The left panel
shows western blot images, and the right panel shows densitometry results.
Sample size refers to the number of mice used in the study. DWORF indicates
Dwarf open reading frame; and WT, wild-type. * P<0.05; **P<0.01.

showed an =50% decrease in DWORF protein expres-
sion in the mdx ventricle compared with the WT ventri-
cle (Figure 1B; Figure S1A). Additional studies suggest
that DWORF expression was also significantly reduced
in the ventricles of 6-week-old and 18-month-old madx
mice (Figure S2).

AAV-DWOREF Delivery Increased DWORF
Expression and Enhanced SR Calcium
Uptake in the mdx Mouse Heart

To develop a DWORF gene therapy approach, we
engineered an AAV9-DWORF vector (Figure 2A). In
this vector, a codon-optimized mouse DWORF cDNA
was expressed from the ubiquitous cytomegalovirus
immediate-early enhancer/chicken -actin promoter.
To facilitate the detection of AAV transduction, we also
introduced the EGFP cDNA under the control of an
internal ribosomal entry site. The AAV genome was
packaged in myocardial-tropic AAV9 capsids.®” We
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injected the AAV9-DWORF vector to 6-week-old mdx
mice at the dose of 6x10'? vg/mouse via the tail vein
and examined DWORF expression in the ventricle when
mice reached 6 months of age (Figure 2B; Figure S1B).
Supraphysiological levels of DWORF expression were
detected in the AAV-injected mdx mouse hearts (=50-
fold higher than those of uninjected mdx mouse hearts).
For reasons yet unknown, we failed to detect EGFP ex-
pression (Figure S3). Despite the dramatic increase of
DWORF expression in AAV-injected mdx mice, no sig-
nificant changes were detected in the transcript level
of the endogenous DWORF gene (Figure S4), nor were
protein levels of SERCA2a (SERCA isoform expressed
in the heart), calsequestrin, sarcolipin, or phospholam-
ban altered (Figure 2C; Figure S1C).

Next, we analyzed SR calcium uptake in the ventricu-
lar extracts (Figure 2D and 2E). As expected, SR calcium
uptake was reduced in mdx hearts compared with WT
controls. AAV9-DWOREF delivery significantly enhanced
SR calcium uptake in the mdx heart (Figure 2D). The
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maximum velocity of calcium uptake was also signifi-
cantly increased (Figure 2E). Nonetheless, improve-
ments did not reach the levels of WT mouse hearts.

AAV-DWOREF Delivery Did Not Change
Heart Mass But Reduced Myocardial
Fibrosis in Aged mdx Mice

After validation of the AAV9-DWORF vector, we evalu-
ated its therapeutic effects in mdx mice (6x10" 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 dis-
play dilated cardiomyopathy.3 On anatomic examina-
tion, we did not detect significant differences in the
heart weight, ventricular weight, and weight ratios
between DWORF-treated and saline-injected control
mdx mice (Table). On histological examination, we
performed Masson trichrome staining and quantified
fibrosis (Figure 3). DWORF gene therapy significantly
reduced myocardial fibrosis compared with saline-
injected mdx mice.
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Figure 2. Adeno-associated virus—-Dwarf open reading frame (AAV-DWORF) delivery at 6 weeks of age increased DWORF
expression and sarcoendoplasmic reticulum calcium uptake in mdx hearts at 18 months of age.

A, Schematic drawing of the adeno-associated virus—-DWORF vector. B, Quantification of DWORF protein expression in the ventricles
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 in the ventricles. The left panel shows representative western blot images, and the
right panel shows densitometry results. Please note sarcoendoplasmic reticulum calcium ATPase 2a and sarcolipin blots were run
with 1 set of lysates, while calsequestrin and phospholamban were run with another. D, Heart sarcoendoplasmic reticulum calcium-
dependent calcium uptake curve. E, Maximum rate of calcium uptake in the heart. Sample size refers to the number of mice used in
the study. AAV, adeno-associated virus; CAG, cytomegalovirus immediate-early enhancer/chicken -actin promoter; DWORF, dwarf
open reading frame; EGFP, enhanced green fluorescence protein; IRES, internal ribosome entry site; polyA, polyadenylation signal;
SERCAZ2a, sarcoendoplasmic reticulum calcium ATPase type 2a; and WT, wild-type. **P<0.01 between all compared groups, ***P<0.001
between all compared groups, *P<0.05 between mdx and all other groups, but there is no statistically significant difference between

wild-type BL10 and adeno-associated virus—Dwarf open reading frame-treated mdx mice.

AAV-DWORF Delivery Ameliorated mdx
ECG Defects

To determine whether DWORF gene therapy can im-
prove cardiac electrophysiology, we performed ECG
(Figure 4; Figure S5). All parameters showed ex-
pected changes in mdx mice compared with WT mice
(Figure 4; Figure S5). DWORF therapy normalized the
heart rate, QTc interval, and cardiomyopathic index in
mdx mice. Other ECG parameters (PR interval, QRS
duration, and Q amplitude) showed a trend of improve-
ment but was not statistically significant.

AAV-DWORF Delivery Improved Uphill
Treadmill Running

Uphill treadmill running is frequently used to eval-
uate mouse heart function.'®2%3° Following 5days of
acclimation, we quantified mouse running distance
on a 7° uphill treadmill. Mdx mice ran an average of
82m or 3.3m/g body weight (m/g). WT mice ran an
average of 603 m or 20.9m/g (Figure 5). DWORF gene
therapy increased treadmill performance (P=0.065).

Table. Weights and Weight Ratios at 18 Months of Age
(mean+=SEM)

Wild-type mdx mdx AAV-DWORF

Sample size, n 15 14 11

BW, g 28.24+0.52 | 22.95+0.37* 22.67+0.65*
HW, mg 908.87+1.95 104.45+2.15 104.60+3.61
VW, mg 94.11+2.00 100.59+2.08 101.18+3.44
TL, mm 18.17£0.06 18.72+0.07* 18.57+0.09*
TW, mg 33.07+0.75 | 28.69+1.04* 27.29+1.01*
HW/BW, mg/g | 3.52+0.09 4.56+0.10* 4.61+0.09*
HW/ TL, mg/mm | 5.44+0.11 5.568+0.12 5.63+0.18
TW/BW, mg/mg | 1.18+0.04 1.25+0.04 1.20+0.03
HW/TW, mg/mg | 3.00+0.06 3.69+0.13* 3.85+0.0.10*
VW/BW, mg/g 3.35+0.08 4.39+0.09" 4.46+0.09"
VW/TL, mg/mm | 5.18+0.11 5.38+0.12 5.44+0.17
VW/TW, mg/mg | 2.86+0.05 3.56+0.12* 3.73+0.10*

BW indicates body weight; HW, heart weight; TL, tibia length; TW, tibialis
anterior muscle weight; and VW, ventricle weight.
*Significantly different from wild-type.

J Am Heart Assoc. 2023;12:e027480. DOI: 10.1161/JAHA.122.027480

Treated mice reached an average of 198 m or 8.0m/g
(Figure 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.3* Consistent with our previous publica-
tions,'927:38 saline-injected mdx mice showed a classic
profile of dilated cardiomyopathy (Figure 6; Table ST;
Figures S6 and S7). 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 de-
creased. DWORF gene therapy normalized maximum
pressure and ejection fraction in mdx mice. A trend
of improvement was also detected in dP/dt max and
dP/dt min. Intriguingly, end-systolic and end-diastolic
volumes of the AAV9-DWORF-treated mdx mice were
smaller than those of WT mice, although statistical sig-
nificance 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.

DISCUSSION

In this study, we evaluated DWORF expression levels
in normal and dystrophic mouse hearts and explored
AAV-DWOREF gene therapy for Duchenne cardiomyo-
pathy in the mdx mouse model of DMD. We found that
endogenous DWOREF expression was significantly re-
duced at both the transcript and protein levels in mdx
hearts (Figure 1; Figures S1A and S2). Intravenous
delivery of an AAV9-DWORF vector resulted in supra-
physiological levels of DWORF expression in the madx
heart and significantly improved cardiac SR calcium
uptake (Figure 2; Figure S1B). Importantly, a single
dose of AAV-DWORF gene therapy in 6-week-old mdx
mice resulted in significant improvements in myocardial
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Figure 3. Adeno-associated virus-Dwarf open reading frame (AAV-DWORF)
delivery at 6 weeks of age ameliorated fibrosis in treated mdx mice at 18 months
of age.

A, Representative photomicrographs of hematoxylin and eosin and Masson trichrome
staining from wild-type BL10, saline-injected mdx, and adeno-associated virus—
DWORF-treated mdx mouse ventricles. B, Quantification of the fibrotic area in the
ventricles. Sample size refers to the number of mice used in the study. AAV indicates
adeno-associated virus; DWORF, dwarf open reading frame; H&E, hematoxylin and

eosin; MTC, Masson Trichrome; and WT, wild-type. *P<0.05; **P<0.01.

histology, uphill running, ECG, and left ventricular
hemodynamics at 18 months of age (Figures 3 through
6, Table S1, Figures S5 through S7). Our results sug-
gest (1) decreased DWORF expression may contribute
to SERCA dysfunction in dystrophic cardiac tissue and
(2) DWOREF gene therapy at a young age holds promise
to significantly prevent dilated cardiomyopathy in DMD.

DWORF was discovered in 2016 as a small pep-
tide encoded in a long noncoding RNA.2® It is the
only known endogenous SERCA activator. DWORF
is exclusively expressed in ventricular and slow-twitch
skeletal muscle fibers. Initial studies suggest DWORF
enhances SERCA function through competition with
inhibitory peptides sarcolipin and phospholamban for
SERCA binding.?32440 More recent studies suggest
DWORF may also directly activate SERCA.4"#? It is
possible both mechanisms are in play.*® More studies
are needed to clarify this.

Recently, DWORF has received attention for play-
ing a large role in the development and treatment of
cardiomyopathy. DWORF expression was reduced
in 2 independent mouse models of heart failure,

including myocardial infarction and a genetic model
of dilated cardiomyopathy caused by the loss of the
muscle-specific Lin-11, Isl-1, and Mec-3 protein.?*25
Expression of DWORF via a transgenic approach or
AAV9-DWORF gene delivery enhanced SERCA activ-
ity, ameliorated pathological cardiac remodeling, and
improved heart function in these models.?*25

It is well established that decreased SERCA ac-
tivity contributes to DMD pathogenesis.?38 Previous
studies have connected SERCA dysfunction with
sarcolipin  overexpression.'®2%44 Indeed, sarcolipin
knockdown ameliorated dystrophic phenotypes in
murine DMD models.?*?? The discovery of DWORF
as a positive SERCA regulator raises the possibility of
DWORF downregulation as a contributing mechanism
for SERCA activity reduction in DMD. Given the estab-
lished involvement of DWOREF in other types of car-
diomyopathies, we focused the current study on DMD
heart disease.

In the mouse myocardial infarction model, DWORF
expression was reduced by ~60%.2° In the muscle-
specific Lin-11, Isl-1, and Mec-3 protein-deficient

J Am Heart Assoc. 2023;12:e027480. DOI: 10.1161/JAHA.122.027480 8
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Figure 4. Adeno-associated virus-Dwarf open reading frame (AAV-DWORF)
delivery at 6 weeks of age improved ECG at 18 months of age.

ECG evaluation of heart rate, PR interval, QRS duration, QTc interval, Q amplitude, and
cardiomyopathy index. Sample size refers to the number of mice used in the study. AAV
indicates adeno-associated virus; DWORF, dwarf open reading frame; and WT, wild-type.
*P<0.05; **P<0.01; ***P<0.001. Results from the heart rate, PR interval, QRS duration,
Q amplitude, and cardiomyopathy index were analyzed by the Kruskal-Wallis test. Box
plot (median, 25% and 75% interquartile range) presentations of these data are shown in

Figure S5.

cardiomyopathy model, DWORF expression was re-
duced by ~70%.2* Consistent with these results, we
found DWORF expression was reduced by ~50% in
the mdx heart (Figure 1; Figure S1A). These results
suggest low-level DWORF expression (30%-50% of
the WT level) is likely insufficient for normal SERCA
function.

To establish a causal relationship between DWORF
downregulation and SERCA dysfunction, we delivered
an AAV9-DWORF vector (6x10' vg/mouse) to the
heart of mdx mice via tail vein injection. Compared with
saline-injected mdx hearts, AAV-injected mdx hearts
exhibited an approximately 50-fold increase in DWORF
levels (Figure 2B; Figure S1B). This is ~25-fold higher
than that of WT hearts. Despite supraphysiological
DWORF expression, myocardial SR calcium uptake
was only partially restored (Figure 2D and 2E). This
suggests DWORF downregulation may have contrib-
uted 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
phospholamban,?2* but there is no literature covering

J Am Heart Assoc. 2023;12:e027480. DOI: 10.1161/JAHA.122.027480

the dynamics of DWORF versus sarcolipin competition
in the heart. It has been shown that sarcolipin expres-
sion is elevated in the heart of mdx mice.?° DWORF
overexpression has no effect on sarcolipin expression
in mdx ventricles (Figure 2C). Therefore, it is possible
that sarcolipin will strongly compete with DWORF for
binding to SERCA, thereby limiting SERCA activation
by ectopic DWORF. Alternatively, there may exist ad-
ditional 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 signifi-
cant alterations (Figure 2C; Figure S1C). This is consis-
tent with what has been shown in DWORF transgenic
mice, where proteins involved in calcium handling are
largely unaffected.??

To explore DWORF as a potential therapeutic tar-
get for Duchenne cardiomyopathy, we followed AAV9-
DWORF injected mdx mice until they reached 18 months
of age (Figures 3-6). This is necessary because young
adult mdx mice display minimal heart disease.*® On
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Figure 5. Adeno-associated virus-Dwarf open reading frame (AAV-
DWORF) delivery at 6weeks of age improved uphill treadmill running at

18 months of age.

A, Total distance run on a 7° uphill treadmill. B, Total distance run on a 7° uphill
treadmill normalized by mouse body weight. Sample size refers to the number of
mice used in the study. AAV indicates adeno-associated virus; DWORF, dwarf
open reading frame; and WT, wild-type. ***P<0.001.

anatomical examination, no statistically significant im-
provement was detected (Table). Nevertheless, cardiac
fibrosis, ECG, closed-chest cardiac catheter assay, and
uphill treadmill running showed significant improve-
ments in many, though not all, parameters (Figures 3—
6). This is expected given that SR calcium uptake was
only partially restored in treated mice (Figure 2D and 2E).

We have previously conducted a similar long-term
study in mdx mice using the AAV9.SERCAZ2a vector.®
Systemic injection of the same dose (6x10" vg/mouse)
of SERCA2a vector completely corrected cardiac SR
calcium uptake, prevented myocardial fibrosis, and nor-
malized most parameters in physiology assays (ECG,
heart hemodynamics, and uphill treadmill running). The
difference in the therapeutic outcome between DWORF
and SERCA2a 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 overexpres-
sion 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 Lin-11, Isl-1, and Mec-3
protein.?*2® We are not in favor of this approach be-
cause (a) increasing the AAV dose may lead to severe
adverse consequences, even death*; and (b) an ex
vivo study in isolated rat hearts suggests that exoge-
nous administration of high-dose DWORF peptide may
induce coronary vasoconstriction.*

Another approach is to combine sarcolipin knock-
down and DWORF overexpression. On one hand,
SERCA inhibition will be reduced (by lowering sarco-
lipin expression and/or by enhancing SERCA function
through DWORF binding).**? On the other hand, a

J Am Heart Assoc. 2023;12:e027480. DOI: 10.1161/JAHA.122.027480

potential caveat of this approach is SERCA overacti-
vation. Law et al ablated phospholamban from mdx
mice.*® These mice showed enhanced calcium han-
dling and myocardial contractility, but heart function
was worsened, and cardiac fibrosis was aggravated.
Similarly, genetic deletion of sarcolipin from mdx mice
resulted in more severe skeletal muscle disease.* It
is possible that enhanced contractility from untuned
calcium cycling may have made the dystrophic sarco-
lemma more fragile, hence causing more damage.

A third approach is to combine DWORF overex-
pression with microdystrophin gene therapy. Systemic
AAV microdystrophin gene therapy is currently being
tested in patients with DMD.5° Microdystrophin re-
establishes the linkage between the cytoskeleton and
the extracellular matrix to maintain sarcolemmal integ-
rity during contraction. Despite encouraging data in
murine models, microdystrophin only resulted in lim-
ited force improvement in the canine DMD model.5' A
recent phase |l trial also failed to yield significant func-
tional improvements in all patients.5? Multiple strategies
have been proposed to enhance microdystrophin gene
therapy. One possibility is to combine microdystrophin
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 microdystro-
phin vectors. Future side-by-side comparisons of the
microdystrophin vector, the DWORF vector, and the
microdystrophin/DWORF vector will show whether the
combined approach is indeed superior.

Our study has several limitations. First, a ubiqui-
tous promoter was used in the current study. From the
standpoint of gene therapy, future studies should be
conducted using muscle-specific promoters to limit

10
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Figure 6. Adeno-associated virus-Dwarf open reading frame (AAV-DWORF)
delivery at 6 weeks of age improved left ventricular hemodynamics at 18 months
of age.

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
wild-type BL10, mdx, and adeno-associated virus—Dwarf open reading frame-treated
mdx mice (bottom right panel). Sample size refers to the number of mice used in the
study. AAV, adeno-associated virus; DWORF, dwarf open reading frame; and WT, wild-
type. *P<0.05; **P<0.01; ***P<0.001. Results from the maximum pressure and Tau W were
analyzed by the Kruskal-Wallis test. Box plot (median, 25% and 75% interquartile range)
presentations of these data are shown in Figure S6.

off-target expression in nonmuscle tissues. Second,
we focused our study on mdx mice. Despite signifi-
cant improvement in multiple electrophysiological and
hemodynamic parameters, the left ventricular relax-
ation time constant Tau, the most established index
for left ventricular diastolic function, was not improved.
This suggests the existence of diastolic dysfunction in
DWORF-treated mdx mice. Future studies in WT mice

will help clarify whether DWORF overexpression may
induce diastolic dysfunction. Third, we have focused
our study on treating DMD heart disease. Interestingly,
we found DWORF expression was also significantly re-
duced in the soleus muscle of mdx mice (Figure S8). It
is likely that systemic AAV-DWORF therapy may also
ameliorate dystrophic skeletal muscle disease. In sup-
port, the improvement in uphill treadmill running may

J Am Heart Assoc. 2023;12:e027480. DOI: 10.1161/JAHA.122.027480 11
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be partly attributable to the effect on skeletal muscle
(Figure 5). Future studies are needed to thoroughly ex-
amine skeletal muscle histology and force in mdx mice
that have received systemic AAV DWORF therapy.

In summary, our study demonstrates for the first
time, to our knowledge, that DWORF expression was
reduced in mdx hearts and AAV-DWORF gene ther-
apy 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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Table S1. Left ventricle hemodynamic parameters.

Wild type mdx A AV.I]I;%):] ORF
Sample Size (N) 23 20 9
Body Surface Area (cm?) 93.50+1.91 "% 79.77 + 1.06 | 77.67 + 1.68
Stroke Volume Index (mL/m?) 1.51+0.13 % 1.34+0.101 1.38+0.17
Cardiac Index (L/min/m?) 0.86 % 0.09 § 0.72 +0.06 0.72+0.11
Min P (mmHg) 2,32+ 0.62 3.15+0.79 6.30£2.37
- End Systolic Pressure (mmHg) 89.07 £1.39 70.32+5.19° 86.53 £ 6.44
g End Diastolic Pressure (mmHg) 5.08£0.77 5.79+1.00 897+232
E Stroke Work (KmmHgpL) 1118.04+ 10151  591.70+62.28"  780.78 % 156.62
_o§ Arterial Elastance (mmHg/uL) 6.78 £0.52 6.78 £ 0.63 8.76 £1.01
5 dV/dtMax (uLiseo) 671.83£5921  631.30£51.08  422.60+35.78 1
& dv/dt Min (uL/sec) 779916233 -708.40+59.42  -582.00 +76.95
£ P@AV/dt Max (mmHg) 26.01 +4.97 2091 + 4.43 2426 + 9.05
S P@dP/dt Max (mmHg) 60.11 = 1.30 451£374° 62.52+477%
V@dP/dt Max (uL) 2188+ 127 2683+ 1.73°  14.60+150%
V@dP/dt Min (uL) 8.84 + 0.89 1755+1.59*  496+1.19%
Max Power (mWatts) 6.54+0.66* 5.06+£0.64 " 6.41+1.31
Preload Adjusted Max Power 14 1) 1 3750%  145.85£26.04"  463.44+132.01
(mWatts/plL?)
Body Surface Area (cm’) (89.33,'59(;.00) (77.32,‘%%.75) (76.(?3,%(()).50)
Stroke Volume Index (mL/m’) (0.919',3f 93) (1.013',215 55) (1.11)',1;t 55)
Cardiac Index (L/min/m?) (0.5(;',7? 23) (0.5(31',75.85) (0.52',5383)
Min P (mmFHg) (0.617',328.98) (1.121',02.12) (1.271,'613).50)
g End Systolic Pressure (mmHg) (84.?5,'7931.37) (52.97?,2551.55) (70.099?‘16 30.30)
§ End Diastolic Pressure (mmHg) (2.8%)',62.12) (2.81',273.46) (3.665,'5132.59)
% Stroke Work (Kemigul) 1026.00 600.00 625.00

(729.75, 1592.25)

(451.50, 720.00)

(483.25, 827.50)
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. . 6.50 6.64 9.47
%_’ Arterial Elastance (mmHg/puL) (4.57, 8.82) (437,9.15) (6.40, 10.21)
2 621.00 595.50 384.50
g dV/dtMax (uL/sec) (470.75,773.00)  (425.00, 832.50)  (326.00, 516.00)
5 . 2757.00 2686.00 -513.00
W
& dV/dtMin (uL/sec) (-983.75, -503.25) (-851.50, -493.00) (-655.50, -428.75)
o)
g 21.17 16.32 15.52
3 P@dV/dt Max (mmHg) (4.25, 48.36) (3.57,32.71) (4.87, 34.34)
58.83 41.82 69.99
P@dP/dt Max (mmHg) (55.82.63.09)  (30.71,51.87)  (49.60, 74.64)
22.12 27.57 11.94
V@dp/dt Max (L) (18.18,2441)  (20.18,31.97)  (11.23,19.09)
. 8.49 17.70 371
V@dp/dt Min (uL) (4.94,11.61) (12.79, 22.59) (279, 5.48)
579 439 597
Max Power (mWatts) (4.71, 8.80) (4.07, 5.69) (3.47, 8.06)
Preload Adjusted Max Power 221.56 144.70 313.87
(mWatts/uL2) (143.52,326.78)  (90.05,161.18)  (192.14, 602.61)

*, significantly different from other two groups
T, significantly different from WT

i, significantly different from mdx

Y N=18; . N=13; # N=14; **, N=9
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Figure S1. Uncropped western blot images from WT, mdx, and treated mdx hearts.

A Figure 1B B Figure 2B
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WT mdx AAV-DWORF: _-_ _*
; ; e
= 984 .
-+ & fud -
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A. Uncropped western blot image for Figure 1B. B. Uncropped western blot image for Figure

2B. C. Uncropped western blot image for Figure 2C.
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Figure S2. DWOREF expression was reduced in the ventricles of mdx mice irrespective of

age.
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DWORF Western GAPDH Western

—_— — PR e —
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A. Quantification of DWORF protein expression in the ventricles of 6-week-old WT and mdx
mice by western blot. The left panel shows western blot images, and the right panel shows
densitometry results. B. Quantification of DWOREF protein expression in the ventricles of 18-
month-old WT and mdx mice by western blot. The left panel shows western blot images, and
the right panel shows densitometry results. C. Uncropped western blot image for panels A and
B. Sample size refers to the number of mice used in the study. Data are presented as mean +

S.E.M. *p<0.05; **p<0.01; **p<0.001.
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Figure S3. Unexpected observation of protein expression from the internal ribosomal entry

site (IRES) used in the study.

A

Alkaline phosphatase DWORF-IRES-EGFP GOI-IRES-mCherry

DWORF-IRES-EGFP

A. IRES resulted in efficient transgene expression in 293 cells. Three independent plasmids
were used in transfection. One plasmid expressed non-fluorescent reporter alkaline phosphatase
from the RSV promoter (left panel). The second plasmid (the plasmid used in the current study)
expressed EGFP from the IRES (middle panel). The third plasmid expressed mCherry from the
IRES (right panel). GOI, gene of interest. B. IRES failed to mediate EGFP expression in mouse
muscle in vivo. EGFP expression was readily visualized in leg muscles 4 weeks following
systemic injection of an AAV9.CMV.EGFP vector (6 x 10'2 vg particles/mouse) in 6-week-old
mdx mice (left panel). EGFP expression was not detected in leg muscles 4 weeks following
systemic injection of the AAV9.CAG.DWORF-IRES-EGFP vector (6 x 10'? vg particles/mouse)

in 6-week-old mdx mice (right panel).
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Figure S4. AAV-mediated DWORF expression did not alter the level of the endogenous

DWOREF transcripts.

16000 - *
I**

12000 A o WT (n=7)

8000 - e mdx (n=7)

¢« oo e

4000 » mdx AAV.DWORF (n=3)

L J
°
-o—o-
°
°

Endogenous DWORF transcript
(copies/ng cDNA)

Quantification of endogenous DWORF transcript by digital droplet PCR. Sample size refers to

the number of mice used in the study. Data are presented as mean = S.E.M. *p<0.05; **p<0.01.
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Figure S5. Box plot presentations of ECG data analyzed by Kruskal-Wallis test.
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The bottom and top of the box are the 25th (quartile 1, Q1) and 75th percentiles (Q3). The line
inside the box is the 50th percentile (median). Whiskers are 1.5 times the interquartile range

beyond Q1 and Q3. *, p <0.05; ** p <0.01; *** p <0.001.
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Figure S6. Box plot presentations of hemodynamic data analyzed by Kruskal-Wallis test.
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The bottom and top of the box are the 25th (quartile 1, Q1) and 75th percentiles (Q3). The line

inside the box is the 50th percentile (median). Whiskers are 1.5 times the interquartile range

beyond Q1 and Q3. *, p <0.05; **, p <0.01.
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Figure S7. Pressure-volume (PV) loops of AAV DWORF-treated mdx mice.

D Representative of BL10 PV loop D Representative of mdx PV loop D mdx AAV.DWORF PV loop
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PV loops of AAV.DWORF-treated mdx mice are shown on the background of representative PV
loops from a wild-type mouse and an mdx mouse. The top left panel is shown in Figure 6 of the

main article.
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Figure S8. DWOREF expression was reduced in the soleus muscle of mdx.

A

[ o WT (n=4) o mdx (n=4) ]

- * %%k
Soleus (6-month-old) < 1.5 -
WT mdx B = 5
[72]
0= 40-
DWORF KAl 5o
W o
GAPDH : — — IhL: -(%
o 0.5
==
()]
0.0-
WT mdx

Soleus (6-month-old) Soleus (6-month-old)

A. Quantification of DWORF protein expression in the soleus of 6-month-old wild-type and mdx
mice by western blot. The left panel shows western blot images, and the right panel shows
densitometry results. B. Uncropped western blot image for panel A. Sample size refers to the

number of mice used in the study. Data are presented as mean = S.E.M. *p<0.001.
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