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Abstract

Rationale: Absence of dystrophin in Duchenne muscular dystrophy (DMD) results in the
degeneration of skeletal and cardiac muscles. Owing to advances in respiratory management of
DMD patients, cardiomyopathy has become a significant aspect of the disease. While CRISPR/
Cas9 genome editing technology holds great potential as a novel therapeutic avenue for DMD,
little is known about the potential of DMD correction using CRISPR/Cas9 technology to mitigate
cardiac abnormalities in DMD.

Obijective: To define the effects of CRISPR/Cas9 genome editing on structural, functional and
transcriptional abnormalities in DMD-associated cardiac disease.

Methods and Results: We generated induced pluripotent stem cells (iPSCs) from a patient
with a deletion of exon 44 of the DMD gene (AEx44) and his healthy brother. We targeted exon
45 of the DMD gene by CRISPR/Cas9 genome editing to generate corrected DMD (cDMD)
iPSC lines, wherein the DMD open reading frame was restored via reframing (RF) or exon
skipping (ES). While DMD cardiomyocytes (CMs) demonstrated morphologic, structural and
functional deficits compared to control CMs, CMs from both cDMD lines were similar to control
CMs. Bulk RNA-sequencing of DMD CMs showed transcriptional dysregulation consistent with
dilated cardiomyopathy, which was mitigated in cDMD CMs. We then corrected dysfunctional
DMD CMs by adenoviral delivery of Cas9/gRNA and showed that correction of DMD CMs post-
differentiation reduces their arrhythmogenic potential. Single-nucleus RNA-sequencing of hearts
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of DMD mice showed transcriptional dysregulation in CMs and fibroblasts, which in corrected
mice was reduced to similar levels as wildtype mice.

Conclusions: We show that CRISPR/Cas9-mediated correction of DMD AEx44 mitigates
structural, functional and transcriptional abnormalities consistent with dilated cardiomyopathy
irrespective of how the protein reading frame is restored. We show that these effects extend to
postnatal editing in iPSC-CMs and mice. These findings provide key insights into the utility of
genome editing as a novel therapeutic for DMD-associated cardiomyopathy.
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INTRODUCTION

Duchenne Muscular Dystrophy (DMD) is an X-linked disease caused by mutations in

the dystrophin gene, resulting in the degeneration of skeletal and cardiac musclest. It is
the most common form of muscular dystrophy affecting ~1:5,000 boys?2. To date, over
3,000 dystrophin mutations have been described, which primarily affect so-called hotspot
regions, including the rod domain (exons 43 to 53) and actin-binding domain (exons 6
and 7) of dystrophin3. These mutations mostly involve deletions in the gene, disrupting
the open reading frame (ORF) and introducing a premature stop codon, which in turn
results in the production of non-functional dystrophin protein®. Dystrophin is a component
of the dystrophin-glycoprotein complex (DGC), which links the actin cytoskeleton to the
sarcolemma, and is essential for the transmission of extracellular forces to the sarcomeres.
In the absence of dystrophin, this link is weakened, and skeletal and cardiac myocytes are
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exposed to repeated cycles of shearing and tearing of the sarcolemma, resulting in critical
damage at the cellular as well as tissue levels®: .

Although historically DMD has primarily been regarded as a neuromuscular disease with
respiratory failure as the leading cause of death, today cardiomyopathy has become a
significant aspect of the disease owing to advances in respiratory medicine8. The onset

and progression of DMD-associated cardiomyopathy is highly variable, and often includes
successive myocardial atrophy and remodeling, eventually resulting in congestive heart
failure, arrhythmia and sudden cardiac death® 8. Current treatment options focus on medical
therapy with the aim to slow the progression of cardiomyopathy®. Novel therapeutic tools
are therefore in dire need.

The discovery of new therapeutic avenues for DMD-associated cardiomyopathy has been
limited by the lack of mouse models that reflect the clinical phenotype of cardiomyopathy
as seen in humans’. Mouse models of DMD are known to develop cardiomyopathy only

in a mild form and in much later stages of life, while in humans cardiac dysfunction is
readily observed in pre-pubescent boys’: 8. To generate preclinical models that recapitulate
the human disease more reliably, induced pluripotent stem cells (iPSCs) from patients
carrying a mutation in the DMD gene have been generated to study the pathobiology of
DMD-associated cardiomyopathy and to explore novel treatment options for the disease,
such as CRISPR/Cas9 genome editing®11. Our lab and others have previously demonstrated
the efficacy of CRISPR/Cas9 genome editing in a number of different DMD models in mice
and human cells12-15, These approaches focused on correcting the expression of functional,
truncated dystrophin protein through the introduction of small insertions and deletions via
non-homologous end joining of double-stranded DNA breaks generated by CRISPR/Cas9,
thereby restoring the ORF of the dystrophin transcript.

While our lab and others have shown the potential utility of CRISPR/Cas9 genome editing
as a novel therapeutic avenue in DMD-associated cardiomyopathy using iPSCs, the goal

of those studies was focused on the assessment of few functional aspects of cardiac

biology without providing an in-depth perspective on the correction of the cardiomyopathy
phenotype. In addition, because some correction strategies using CRISPR/Cas9 yield single
truncated dystrophin proteins via reframing or exon skipping, both of which restore the ORF
of the dystrophin transcript!8, other strategies have been shown to result in the simultaneous
production of multiple forms of truncated dystrophin proteinl# 1718 Further, it has been
shown that some truncated dystrophin proteins may be more functional than others!2 19, It
is therefore imperative to determine if these newly engineered proteins perform biologically
equally to the full-length dystrophin protein. More importantly, all of these studies have
focused on gene correction at the iPSC stage, such that corrected differentiated cardiac
myocytes never developed dysfunction due to the absence of dystrophin. It is therefore not
known to what extent correction of DMD using CRISPR/Cas9 genome editing technology
can mitigate the cardiomyopathy phenotype in dysfunctional DMD cardiomyocytes.

Here, iPSCs from a DMD patient with deletion of exon 44 of the DMD gene (AEx44) were
generated and differentiated towards the cardiac lineage. Using our previously published
gene correction approach, we generated corrected DMD (cDMD) iPSC lines, wherein
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dystrophin expression was restored by means of reframing (cDMD-RF) or exon skipping
(cDMD-ES) via CRISPR/Cas9 genome editing. We evaluate the biological equivalency

of these truncated dystrophin proteins to full-length dystrophin protein by assessing
differentiated cardiac myocytes from the DMD line, both cDMD lines and a control line
derived from the healthy brother of the patient with respect to their structural and functional
development. We provide RNA-sequencing data demonstrating that truncated dystrophin
proteins prevent transcriptional dysregulation as seen in human dilated cardiomyopathy.
We then apply our gene correction approach to differentiated DMD-CMs and demonstrate
the mitigation of arrhythmia when dystrophin expression is restored in post-differentiated
cardiomyocytes. Finally, we show using single-nucleus (sn)RNA-sequencing of aged AEx44
mice that our correction strategy also attenuates cardiac transcriptional abnormalities in
Vivo.

METHODS

For detailed methodological information, please refer to the Supplemental Material in
the Data Supplement. For research materials listed in the Methods, please see the Major
Resources Table in the Data Supplement.

Data and materials availability.

All data presented in this study are available in the main text or the supplementary
materials. iPSC-CM RNA-seq data have been deposited at Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE169190. Mouse SnRNA-
seq data have been deposited under accession number GSE169551.

Code Availability statement.

The MATLAB code used to perform contractile force measurements of iPSC-CMs is
available at https://github.com/DarisaLLC/Cardio. Codes for bulk RNA-seq analysis are
available at https://github.com/zwang0715/Atmanli_et_al RNAseq.

RESULTS

Dystrophin correction restores normal cardiac structural and morphologic development.

iPSCs from a DMD patient lacking exon 44 of the dystrophin gene and from the patient’s
healthy brother (control line) were generated. Deletion of exon 44 disrupts the open reading
frame by introducing a premature termination codon. To correct the DMD AEx44 genotype,
we targeted exon 45 in DMD iPSCs using our previously published CRISPR/Cas9 gene
editing approach!®. Using this strategy, dystrophin can be corrected by either reframing

or skipping of exon 45, thus generating two differently truncated dystrophin proteins (Fig.
1A). To study the biological effects of these truncated dystrophin proteins, we selected,
sequenced and expanded individual iPSC clones with the RF or ES genotype (Fig. 1B).

We differentiated all four lines towards the cardiac lineage and confirmed successful gene
editing by reverse transcription PCR (RT-PCR) using primers targeting exons 42 and 46,
respectively, of DMD cDNA (Fig. 1C) and sequencing of RT-PCR products (Online Figure
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I). We confirmed the presence or absence, respectively, of dystrophin protein by Western
blot analysis (Fig. 1D) and immunofluorescence of differentiated iPSC-CMs (Fig. 1E).

We then asked if the absence of dystrophin protein results in developmental deficits related
to the structure and morphology of iPSC-CMs and, conversely, if truncated dystrophin
proteins can rescue these defects. We first co-stained iPSC-CMs for wheat germ agglutinin
(WGA) and sarcomeric a.-actinin, and found DMD CMs to have a larger surface area

than control and cDMD CMs (Fig. 1F and Online Figure 11A). Because a two-dimensional
analysis does not reveal potential changes in cell volume, we next quantified relative three-
dimensional cell sizes by flow cytometry, and interestingly found DMD CMs to be smaller
than control and cDMD CMs (Fig. 1G and Online Figure 11B), suggesting that DMD CMs
have lower cell volumes, but spread out more on culture surfaces compared to control and
cDMD CMs.

We next quantified sarcomere lengths from cells co-stained for WGA and sarcomeric a-
actinin, and found DMD CMs to have shorter sarcomeres than control and cDMD CMs
(Fig. 1H and Online Figure I11), suggesting that in the absence of dystrophin sarcomere
biology is altered. Taken together, our observations suggest that DMD results in significant
perturbations in the cellular development and maturation of iPSC-CMs akin to dilated
cardiomyopathy37: 43-52_In contrast, truncated dystrophin proteins do not affect these
processes and cDMD CMs closely resemble normal CMs.

Truncated dystrophin proteins are functionally equivalent to full-length dystrophin protein.

We next asked if and to what extent DMD CMs show functional deficits and if truncated
dystrophin proteins restore functionality of iPSC-CMs. We first analyzed spontaneous

Ca?* cycling of single iPSC-CMs on d35 post-differentiation to quantify calcium release
and reuptake parameters (Fig. 2A). Consistent with previous reports from our group and
others® 12, DMD CMs showed prolonged calcium transients with increased times to release
(Fig. 2B) and to reuptake calcium (Fig. 2C). Although control CMs showed faster contractile
rates than DMD and cDMD CMs, differences in beating frequencies showed no correlation
with calcium handling parameters (Online Figure 1V). Defective calcium signaling in d35
DMD CMs was accompanied by an impaired patterning of the ryanodine receptor 2 (RYR2),
with the majority of DMD CMs showing a diffuse distribution pattern of RYR2 as opposed
to a correct localization to dyads, as seen in control and cDMD CMs (Online Figure VA

and B). Of note, the expression levels of RYR2were not different between the four lines
(Online Figure VC). In summary, DMD CMs show altered calcium signaling and CMs
expressing truncated dystrophin proteins exhibit calcium handling characteristics similar to
control CMs.

Another hallmark of cardiomyocyte functionality is the generation of contractile force.
DMD cardiomyopathy has been shown to result in global cardiac dysfunction, affecting
both the systolic and diastolic capacity of the heart®3. To investigate the effects of DMD
and cDMD on the contractility of iPSC-CMs, we plated CMs on d35 post-differentiation
on a soft polydimethylsiloxane (PDMS) matrix at single-cell density and acquired high
frame-rate videos of contracting CMs. The PDMS surface allowed iPSC-CMs to undergo
auxotonic instead of isometric contraction, as seen on stiff surfaces such as glass or tissue
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culture polystyrene. Quantification of peak systolic forces of iPSC-CMs revealed that

DMD CMs generated two-fold reduced contractile force compared to CMs derived from
the control and both cDMD lines (Fig. 2D), suggesting systolic dysfunction. We further
quantified contraction and relaxation times and found that while there was no difference in
the time to reach peak systole between all lines (Fig. 2E), DMD CMs showed prolonged
relaxation times, suggesting diastolic dysfunction, while the control and both cDMD lines
relaxed similarly fast (Fig. 2F). This observation is consistent with our finding that DMD
CMs have shorter sarcomere lengths (Fig. 1H), further corroborating a deficit in cellular
relaxation. Taken together, these results show that the global cardiac dysfunction observed
clinically in DMD patients is recapitulated in vitro using CMs derived from iPSCs from a
DMD patient. In contrast, control as well as cDMD CMs with truncated dystrophin proteins
show no functional deficits. Our results related to the functional, structural and morphologic
characteristics of DMD CMs point to a cardiomyopathy phenotype, which is absent in
cDMD CMs expressing truncated dystrophin proteins.

Dystrophin correction attenuates a cardiomyopathy transcriptional profile.

We next sought to investigate the transcriptional state of DMD CMs and how it might differ
in CMs expressing truncated dystrophin proteins. Because our control line was not isogenic
to the DMD line, we performed RNA-sequencing on CMs from the DMD and both cDMD
lines. Principal component analysis revealed that cDMD CMs were transcriptomically
different from DMD CMs (Online Figure VIA). Differential gene expression analysis of
genes that changed by two-fold or more identified 794 upregulated and 205 downregulated
transcripts in cDMD-RF CMs compared to DMD CMs, whereas there were 495 upregulated
and 255 downregulated transcripts in cDMD-ES CMs compared to DMD CMs (Fig. 3A and
Online Figure VIB). Gene Ontology (GO) analysis of differentially regulated genes between
DMD CMs, and cDMD-RF and cDMD-ES CMs, respectively, mapped to extracellular
matrix signaling and cardiomyocyte function (Fig. 3B and Online Table I11), consistent with
previous reports that dystrophin is a key protein within the mechanotransduction process

of cardiac contraction®*. Indeed, we found 32 transcripts related to cardiac conduction and
calcium signaling, and 21 transcripts related to cardiac mechanotransduction and contraction
that were differentially regulated between DMD, and cDMD-RF and cDMD-ES CMs (Fig.
3C). We further performed GO analysis of genes whose expression showed a high degree of
dissimilarity between cDMD-RF and cDMD-ES CMs despite being differentially regulated
compared to DMD CMs (cluster A2 in Figure 3A; Online Figure VII). We found that these
genes mapped to the same or similar biological processes as the overall GO analysis, as
shown in Fig. 3B, demonstrating that both forms of truncated dystrophin proteins elicit the
same biological responses, albeit at different levels.

To corroborate our finding that DMD CMs exhibit a cardiomyopathy phenotype and cDMD
CMs mitigate it, we examined the expression levels of transcripts that have been implicated
in DCM in human patients®®: %6, Our transcriptomic analyses of DMD and cDMD CMs
identified over 200 known transcripts that have been shown to play a role in DCM and

that were differentially regulated between DMD and cDMD CMs (Fig. 3D and Online
Table 1V). Indeed, two of the hallmark dysregulated transcripts in DCM, NPPA and NPPB,
were three-fold downregulated in DMD CMs compared to cDMD CMs (Online Figure
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VIC), consistent with previous reports that natriuretic peptides are downregulated in in vitro
models of DCM as opposed being upregulated as in in vivo models3”. Finally, we showed by
quantitative PCR (qPCR) that NPPA and NPPB levels in cDMD CMs were similar to those
in control CMs (Online Figure VII1I), suggesting that truncated dystrophin proteins yield a
normal transcriptional profile. Taken together, our transcriptomic data shows that DMD CMs
display a transcriptional state consistent with DCM and that truncated dystrophin proteins
attenuate the cardiomyopathy profile.

Truncated dystrophin proteins restore membrane tension.

Some of the highest differentially regulated genes between DMD CMs and cDMD CMs
were genes involved in membrane biology and actin cytoskeleton organization (Online
Figure IXA). Because these cellular processes have been shown to be critical in maintaining
proper membrane tension®”- 38, which in turn is a key determinant of cardiac myocyte
function®® 60, we asked how the absence of dystrophin, and conversely the presence of
truncated dystrophin proteins, affect membrane tension. We loaded single CMs with the
fluorescent membrane tension probe Flipper-TR and computed the fluorescent lifetime of
the probe using fluorescence lifetime imaging microscopy (FLIM). Fluorescent lifetime of
Flipper-TR has been shown to be positively correlated with membrane tension2®. We found
that single DMD CMs have higher membrane tension than single control CMs, while single
cDMD CMs had similar membrane tension to single control CMs (Online Figure 1XB and
C). Analysis of membrane tension in densely grown cellular syncytia of CMs demonstrated
similar differences (Online Figure IXD and E). These data show how dystrophin critically
regulates membrane biology and cytoskeleton organization in CMs, and how truncated
dystrophin proteins are biologically equivalent to full-length dystrophin in this regard.

Postnatal dystrophin correction in DMD CMs reduces their arrhythmogenicity.

Having established that truncated dystrophin proteins in our AEx44 iPSC model prevent

a cardiomyopathy profile, we set out to test whether restoring dystrophin expression

after a cardiomyopathy phenotype becomes apparent mitigates functional alterations in
DMD CMs (Figure 4A). Because our functional data as shown in Fig. 2 showed clear
cardiac dysfunction on d35 post-differentiation, we corrected dystrophin expression at that
developmental stage in the following experiments. Of note, our iPSC-CM culture system
includes the temporal addition of T3, dexamethasone and IGF-1, which have been shown

to promote the maturity of iPSC-CMs and to allow them to resemble neonatal cardiac
myocytes?2: 23, We cloned Cas9 and our gRNA in an adenoviral vector to achieve high
transduction efficiency. Indeed, we found that over 90% of iPSC-CMs were successfully
transduced as shown by flow analysis seven days post-infection (Online Figure X). We then
transduced DMD CMs with AdCas9/gRNA, and transduced control CMs and DMD CMs
with AdCas9 as controls. We confirmed successful gene editing by RT-PCR (Figure 4B)
and performed TOPO-TA cloning of RT-PCR products. Sequencing of individual bacterial
colonies revealed a 70% efficiency of productive gene editing with a 10:1 ratio of reframing
versus exon skipping events (Figure 4C), similar to our previous report that reframing is the
predominant editing outcome in corrected murine skeletal muscle!4. We further validated
our gene editing strategy by quantitative Western blot analysis (Figure 4D and Online Figure
XIA) and immunofluorescence (Figure 4E) 30 days post-infection with AdCas9/gRNA.
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Based on immunofluorescence, our approach yielded a correction efficiency of 75% (Figure
4F), in line with our TOPO-TA sequencing results.

Because a hallmark of DMD cardiomyopathy is the occurrence of deadly arrhythmia®,

we asked if the restoration of dystrophin in dysfunctional DMD CMs could mitigate

the occurrence of arrhythmia in clusters of CMs as a proxy for a tissue-level effect of
dystrophin restoration. We again infected cells on d35 post-differentiation and cultured them
for an additional 30 days. We then replated the cells at high-density and loaded the cells
with the voltage-sensitive probe FluoVolt to assess the arrhythmogenicity of CMs. While
control CMs showed minimal arrhythmogenic potential, 70% of clusters of DMD CMs were
arrhythmic, with some DMD CMs spontaneously entering or quitting a tachyarrhythmic
episode (Online Figure XI1), recapitulating a significant pathophysiologic phenomenon of
DMD cardiomyopathy®. Strikingly, restoring dystrophin in a fraction of DMD CMs was
sufficient to decrease the presence of arrhythmic clusters to less than 20% (Figure 4G and
H), consistent with previous reports that mosaic dystrophin expression in at least 50% of
CMs is sufficient to achieve a near-normal cardiac phenotypel3. Taken together, our results
show that postnatal editing of dystrophin in DMD CMs is efficient and has the potential to
resolve the arrhythmogenicity of DMD CMs.

Postnatal dystrophin correction in DMD AEx44 mice normalizes cardiac transcriptional

regulation.

We finally set out to determine if postnatal dystrophin correction in vivo improves cardiac
biology of DMD AEx44 mice. Because animal models of DMD develop cardiomyopathy
only at very late developmental stages and in a mild form’, we asked if DMD mice

show cardiac transcriptional dysregulation, and to what extent cardiac dystrophin correction
reduces transcriptional abnormalities. We delivered AAV9-Cas9 and AAV9-gRNA to DMD
AEx44 mice systemically via intraperitoneal injection on P4 and let the mice age for an
additional 18 to 22 months (Fig. 5A). We verified successful correction of dystrophin

by Western blot analysis (Figure 5B and Online Figure XIB) and immunofluorescence
staining (Online Figure XI11A). H&E and Picrosirius red staining showed that cardiac
muscle degeneration and interstitial fibrosis, both histopathologic hallmarks of DMD
cardiomyopathy, were present in the hearts of DMD AEx44 mice. We could not find
evidence of extensive tissue degeneration and interstitial fibrosis in the hearts of wildtype
and corrected mice (Fig. 5C and Online Figure XI111B).

Because DMD cardiomyopathy is accompanied by cardiomyocyte dysfunction as well as the
occurrence of widespread myocardial fibrosis®, we performed snRNA-sequencing of hearts
of DMD AEx44 mice. This approach allowed us to separately investigate transcriptomic
regulation within cardiomyocytes as well as fibroblasts. To allow cross-sample comparisons,
we integrated datasets from all samples for cell type clustering. Cell type identity was
assigned based on the top differentially expressed genes and expression of known cellular
markers (Online Figure XIVA). We identified all major cardiac cell types, including
cardiomyocytes, fibroblasts and endothelial cells, in each sample, as shown in Uniform
Manifold Approximation and Projection (UMAP) plots (Figure 5D and Online Figure

XV). Similar to our iPSC-CM RNA-sequencing data, dystrophin was expressed in all
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samples, including DMD hearts, with the highest expression levels in the CM populations
and significantly lower expression levels in smooth muscle cells and other vascular cell
populations (Online Figure XVI). Population analysis revealed no major differences in the
abundance of cell types (Online Figure XIVB). Within the CM population, we identified
over 100 genes related to cardiomyocyte function and metabolism that were differentially
regulated between DMD mice, and wildtype and corrected mice (Fig. 5E and F). Similar
to our bulk RNA-sequencing data from iPSC-CMs (Fig. 3 and Online Figure V1), Nppa, a
strong marker of cardiomyopathy, was highly dysregulated in DMD mice, but expression
levels restored to similar levels as wildtype mice after dystrophin correction. Further, the
metabolic gene panel demonstrated mitochondrial dysfunction in DMD mice as evidenced
by upregulation of genes involved in glycolysis and downregulation of genes involved

in oxidative phosphorylation, while dystrophin correction prevented the dysregulation of
metabolic transcripts (Fig. 5F). The dysregulation of cardiac functional and metabolic genes
was further corroborated by GO analysis of differentially regulated genes between DMD
CMs, and wildtype and cDMD CMs, respectively, wherein they mostly mapped to cardiac
functional and metabolic processes (Fig. 5G).

We next investigated the transcriptomic changes in the fibroblast (FB) population in the
hearts of the mice. We found upregulation of genes regulating a fibrotic response in DMD
mice, such as TGFB-signaling, and dysregulation of genes controlling extracellular matrix
remodeling, such as periostin (Postr) and several matrix metalloproteinases (Fig. 5H).
Dystrophin correction in the hearts of DMD mice mitigated the transcriptional dysregulation
in the FB population. Taken together, our data provided evidence that postnatal dystrophin
correction in vivo is accompanied by improvements in histopathologic and transcriptomic
changes consistent with cardiomyopathy in DMD AEx44.

DISCUSSION

The overarching goal of this study was to assess the utility of CRISPR/Cas9 genome
editing for the attenuation of cardiac abnormalities in DMD. We first aimed at evaluating
the functionality of truncated dystrophin proteins in the setting of correcting dystrophin
expression in a DMD AEx44 iPSC model. Secondly, we aimed at assessing the potential of
DMD gene correction in post-differentiated cardiomyocytes in a human iPSC model as well
as murine in vivo model. We showed that truncated dystrophin proteins retaining or lacking
exon 45, respectively, that are produced when exon 45 of the dystrophin gene is targeted
for the correction of DMD AEx44 correct perturbations in the structural, morphological and
functional development of DMD CMs to yield a phenotype similar to control CMs. These
phenotypic effects were accompanied by reduction of transcriptional dysregulation of key
proteins involved in conduction, calcium signaling, mechanotransduction and contraction
of CMs as well as proteins implicated in DCM in human patients. We then showed that
these effects extended to DMD CMs corrected postnatally in iPSC-CMs as well as to DMD
AEx44 mice corrected by systemic delivery of Cas9/gRNA, demonstrating that correction of
dystrophin using the herein described strategy is a viable option to attenuate cardiac defects
in DMD.
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CRISPR/Cas9 genome editing has gained significant traction as a potential therapeutic
tool for DMD over the past decadel2-15. 18, 61-64 Common to CRISPR/Cas9-mediated
correction strategies is the restoration of the dystrophin ORF, mostly via reframing or
skipping of individual exons. Some correction strategies, however, have been shown

to yield simultaneous reframing and exon skipping editing events, such that multiple
differently truncated dystrophin proteins are expressed4 17: 18, Truncated dystrophin
proteins have previously been demonstrated to show significant differences with respect
to their biochemical stability8> 86 as well as biological function at the cellular and tissue
levell2 19 In light of these considerations, a major goal of our study was to test how
truncated dystrophin proteins in the context of correcting the DMD exon 44 deletion
mutation, which lies within the mutational hotspot in the dystrophin gene, differ from
each other and if one outperforms the other. By targeting exon 45 in DMD AEx44 iPSCs,
we generated iPSC lines and differentiated them to CMs that produce dystrophin protein
retaining (reframing) or lacking (exon skipping) exon 45 of the dystrophin gene. In all
our assessments, we found cDMD-RF and cDMD-ES CMs to be overall similar to each
other and control CMs. Interestingly, in our transcriptional analyses, we found some degree
of dissimilarity in the expression profiles of cDMD-RF and cDMD-ES CMs. GO analysis
revealed that cDMD-RF CMs showed a stronger upregulation of differentially expressed
genes compared to cDMD-ES CMs. It is possible that these differences are the result of
inter-clonal variations arisen during the generation of the iPSC lines. It is also possible,
however, that the mere presence or absence of a single exon, such as exon 45 in our
study, may elicit a different response on the transcriptional activity of cells. Our data
could thus point to a broader significance of individual exons in the DMD gene for the
transcriptional regulation of cardiomyocytes. We conclude that both truncated dystrophin
proteins achieve biological equivalency to full-length dystrophin protein and that both
correct the cardiomyopathy phenotype in DMD in vitro to similar levels.

In assaying corrected iPSC-CMs, we found that dystrophin properly localizes to peripheral
sarcolemma and to, what we interpret as, T-tubules based on a striated pattern overlaying the
staining pattern of sarcomeric a.-actinin (Fig. 1E). This is in line with localization patterns
of dystrophin as seen in isolated adult murine cardiomyocytes and human ventricular
tissues®’: 68 However in CMs corrected post-differentiation, dystrophin seemed to localize
to T-tubules to a lesser extent and was more concentrated at the peripheral sarcolemma

(Fig. 4E). Because we plated iPSC-CMs on glass surfaces for Fig. 1E, but on soft PDMS
surfaces for Fig. 4E, it is possible that the biophysical differences between both types of
surfaces (elasticity, topography among others) may have contributed to differences in the
localization pattern of dystrophin in corrected CMs. Indeed, higher matrix elasticity, such as
glass surfaces, has been shown to increase cellular traction stress, which in turn results in
remodeling of cell-matrix adhesions®® and given dystrophin’s role in mechanosensation and
—transduction in CMs, it is likely that external cues determine its subcellular localization.
Future investigation may provide more insight into the biology of dystrophin trafficking,
localization and function in corrected CMs.

Our analyses showed that DMD CMs have structural, morphological and functional
defects including larger surface areas, lower cell volumes and shorter sarcomere
lengths, consistent with data from in vivo and in vitro models of DMD and dilated
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cardiomyopathy37: 49. 51,52, 70 Fyrther, our contractility analyses demonstrated systolic

and diastolic dysfunction in DMD CMs, in line with clinical findings in DMD patients®3
and a previous iPSC model of DMD-associated cardiomyopathy>L. Dystrophin functions

as an intermediary between membrane and cytoskeleton biology, and it is known that

the lack of dystrophin in DMD results in cytoskeletal disruptions, such as microtubule
dysregulation and increased cytoskeletal stiffness’?, as well as abnormalities in plasma
membrane structure and function resulting in calcium overload’2 73, A stiff cytoskeleton
may result in increased cellular viscoelastic resistance leading to systolic and diastolic
cardiac dysfunction’4, possibly by directly impairing the contraction cycle. Similarly,
elevated intracellular calcium due to sarcolemmal damage in DMD results in cardiomyocyte
hypercontraction, and thus decreased sarcomere lengths as well as low contractility and slow
relaxation’3.

Our transcriptional data further corroborated existing literature on the cytoskeletal and
membrane biological disruptions in DMD. Using RNA-sequencing of iPSC-CMs, we
showed that some of the strongest downregulated genes in DMD CMs compared to cDMD
CMs were genes involved in membrane biology and actin cytoskeleton organization. These
differences at the transcriptional level were accompanied by increased tension at the plasma
membrane of DMD CMs, while the membrane tension of cDMD CMs was similar to
control CMs. Membrane tension is a mechanical regulator of cell adhesion, motility and
contractility”®, and it has previously been shown to be increased in cardiomyocytes with
defects in membrane biology resulting in decreased sarcomere lengths and contractile
defects®?, possibly by impairing relaxation kinetics. The significance of cytoskeletal and
membrane biology in cardiomyocyte function is further underscored by the fact that
mutations in cytoskeletal proteins are known to cause DCM7®, and by recent reports

that showed that disruptions in the interaction between sarcomeres, the cytoskeleton and
the plasma membrane result in decreased sarcomere lengths and contractile defects in
DCM?30. 70, Given dystrophin’s role as a scaffolding protein for signaling and membrane-
associated proteins at the intersection of the intracellular milieu with the extracellular space,
it is possible that that altered cardiomyocyte structure, morphology and function in DMD
are in part the result of impaired expression and localization of key proteins involved in the
regulation of membrane biology and cytoskeletal organization, resulting in non-physiologic
cellular stiffness and membrane tension.

Our functional data confirmed previous findings that calcium signaling and contractility
are significantly altered in DMD CMs and that correction of dystrophin reverses these
functional deficits 9 12. 13. 51 We found that DMD CMs beat at a slower frequency

than control and cDMD CMs, in line with a recent report on an in vitro model of
DMD-associated cardiomyopathy®1. Our transcriptional data showed multiple instances

of dysregulation of genes involved in cardiomyocyte calcium signaling, which may, in
conjunction with intracellular calcium overload’3, be responsible for dysregulation of the
cardiac contraction cycle. Similarly, we found impaired patterning of RYR2 in DMD CMs,
consistent with a recent report of a mouse model of a-dystroglycanopathy-associated heart
failure””. It is thus possible that increased arrhythmogenicity and reduced systolic force
generation in DMD CMs are partly mediated via disrupted localization of RYR2 away from
dyads, in addition to complex post-translational modifications’8. Interestingly, however, we
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found an apparent discrepancy between the calcium and contractile kinetics of DMD CMs,
whereby an increased time to reach peak intracellular calcium levels did not correspond
with increased contraction times (Fig. 2B and E). While technical differences between both
experiments may account for these observations, a similar discrepancy has been reported in
iPSC models of Noonan syndrome’® and hypertrophic cardiomyopathy®°, pointing towards
a disconnect between calcium signaling and contractility in damaged CMs. Indeed based
on in vivo studies, it has been reported that the responsiveness of contractile proteins to
calcium can be blunted in injured myocardium, such that relative contractile properties may
be affected for any given calcium transient®l, possibly due to changes in expression levels
or post-translational modifications. These observations demonstrate that calcium cycling and
contractility of CMs can be affected individually and independent from one another. They
further underscore the necessity to assess both aspects of cardiac function to gain greater
insight into the intricacies of cardiac biology. We therefore believe that our data point to
independent disruptions in the calcium handling and contractile machinery of DMD CMs,
and may represent an interesting aspect of cardiac biology in DMD.

Finally, we showed that correcting dystrophin expression in post-differentiated
cardiomyocytes reduced cardiac abnormalities in vitro as well as in vivo, suggesting that
delayed expression of dystrophin has the potential to correct the deficits that have developed
until gene correction occurs. Our gene correction approach in vivo as well as in vitro
demonstrated efficient mosaic dystrophin expression and in both cases we were able to reach
near-normal biological outcomes, consistent with a previous report showing that correcting
only ~50% of CMs results in a near-normal cardiac phenotypel3. Although for our in vivo
work we do not provide cardiac functional data, dystrophin correction by means of gene
editing has been shown to restore cardiac function in DMD mice in several reports, despite
achieving far inferior correction levels82-84, Similarly microdystrophins, which are truncated
dystrophin proteins with approximately one-third the size of full length dystrophin protein
and thus significantly shorter than the truncated dystrophin proteins in our study, have been
shown to restore cardiac function in DMD mice after gene therapy8 86, We can therefore
speculate based on these reports and our data that our dystrophin correction strategy in DMD
mice may similarly achieve improved cardiac function.

We were further able to show that restoring dystrophin expression in DMD mice

mitigated cardiac transcriptional dysregulation in DMD. By performing single-nucleus
transcriptomics, we were able to separately assess the transcriptional profiles of
cardiomyocytes and fibroblasts. While we observed transcriptional dysregulation in
functional and metabolic genes in the CM population as well as in fibrosis-related genes

in the FB population in DMD mice, we found that these changes were reversed in corrected
mice to near-normal levels as seen in wildtype animals. Nonetheless, some differences in the
transcriptional activity of wildtype and cDMD mice remained, which could be the result of
incomplete dystrophin restoration or the consequence of postnatal gene correction. Although
cardiogenesis is not obviously altered in the absence of dystrophin, it has been reported

that lack of dystrophin may impair cardiomyocyte maturation®l, leaving open whether
postnatal dystrophin correction rectifies developmental delays in DMD CMs. Overall, our
data demonstrate that our gene correction strategy has the potential to normalize cardiac
transcriptional regulation in DMD AEx44.
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Our study has several limitations. First, although our iPSC-CM culture included biochemical
additions to promote the maturity of iPSC-CMs, these have been shown to yield CMs similar
to only neonatal cardiomyocytes22 23, It is therefore possible that not all aspects of the
pathophysiology of DMD-associated cardiomyopathy are captured in our model. Further,
because DMD-associated cardiomyopathy can be observed as early as in prepubescence?,

it will be important to assess whether a similar gene correction efficacy can be detected

in more mature CMs. Secondly, because we used a patient-derived DMD iPSC line in

this study, we were only able to compare the isogenic DMD CMs and cDMD CMs by
RNA-seq in the absence of isogenic control CMs. This approach is similar to previous
studies, whereby isogenic gene corrected iPSC lines were generated to study disease
biology using patient-derived iPSC-CMs87-90. Further, the use of patient-derived iPSCs
presumes that the genetic background is permissive for the disease without major limitations
from disease-modifying effectors®L. Finally, we employed snRNA-seq because conventional
microfluidics-based single-cell RNA-sequencing technologies are not suitable for adult
cardiomyocytes. Although for certain tissues a good correlation between nuclear and
cytosolic transcripts has been described®?: 93, a discrepancy may nonetheless remain. Indeed,
our lab has previously shown compensatory upregulation of the dystrophin transcript in
skeletal muscle of DMD mice by snRNA-seq, although it is known to exist at low levels

in the cytosol3°. It is therefore possible that some of the dysregulated transcripts in our
snRNA-seq data represent a compensatory response rather than a primary abnormality.
Furthermore, our snRNA-seq approach involved mechanical disruption of heart tissues to
separate nuclei from cytoplasms. Because fibrotic tissue is stiffer than normal heart tissue,

it is possible that during our nuclei isolation approach we introduced sampling bias by not
being able to fully isolate nuclei from fibrotic areas of the hearts, such that they may be
underrepresented in our data.

In conclusion, in this study we showed that CRISPR/Cas9-mediated correction of DMD
AEx44 mitigates structural, functional and transcriptional dysregulation consistent with
dilated cardiomyopathy irrespective of whether the protein reading frame is restored by
reframing or skipping of exon 45. We show that postnatal editing in iPSC-CMs and mice
reduces cellular dysfunction and transcriptional dysregulation, respectively. These findings
provide key insights into the utility of genome editing as a novel therapeutic for DMD-
associated cardiomyopathy.
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Duchenne Muscular Dystrophy (DMD) is a genetic neuromuscular disease
caused by mutations in the dystrophin gene, resulting in the production of
non-functional dystrophin protein in skeletal and cardiac muscle cells.

. Cardiomyopathy has become a significant aspect of the disease owing to
advances in respiratory medicine and results in congestive heart failure,
arrhythmia and sudden cardiac death.

. CRISPR/Cas9 genome editing holds great promise as a novel therapeutic
avenue in DMD.

What New Information Does This Article Contribute?

. CRISPR/Cas9-mediated correction of the DMD gene in induced pluripotent
stem cells (iPSCs) generated from a DMD patient with the exon 44 deletion
mutation restores morphologic, structural and functional deficits of iPSC-
derived cardiomyocytes (iPSC-CMs).

. RNA-sequencing of iPSC-CMs from the DMD patient showed transcriptional
dysregulation consistent with dilated cardiomyopathy, which was mitigated in
iPSC-CM s corrected by CRISPR/Cas9 gene editing.

. Single-nucleus RNA-sequencing of hearts of DMD mice showed
transcriptional dysregulation in cardiomyocytes and fibroblasts, which in
corrected mice was reduced to similar levels as wildtype mice.

DMD is a deadly disease affecting ~1:5,000 boys. Although historically DMD has
primarily been regarded as a neuromuscular disease with respiratory failure as the leading
cause of death, today cardiomyopathy is recognized to be a significant contributor to
morbidity and mortality. Current treatment options only focus on medical therapy with
the aim to slow the progression of cardiomyopathy. Our lab and others have previously
demonstrated the efficacy of CRISPR/Cas9 genome editing in a number of different
DMD models in mice and human cells. However, the goal of these studies was focused
on the assessment of few functional aspects of cardiac biology without providing an
in-depth perspective on the correction of cardiac abnormalities. In this study, we show
that CRISPR/Cas9-mediated correction of DMD in human iPSCs mitigates structural,
functional and transcriptional abnormalities consistent with dilated cardiomyopathy. We
further show that these effects extend to myocardial DMD gene correction in mice. These
findings provide key insights into the utility of genome editing as a novel therapeutic for
DMD-associated cardiomyopathy.
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Figure 1. Correction of DMD AEx44 by CRISPR/Cas9 genome editing rescues structural and
morphologic abnormalities in iPSC-derived CMs.

A) Gene editing strategy for DMD AEx44 deletion mutation. Deletion of exon 44 (black)
generates a premature stop codon in exon 45. The protein reading frame can be restored by
disrupting the splice junction of exon 45 (exon skipping) or reframing exon 45 (green).

B) Schematic showing the derivation of DMD patient-derived iPSCs and iPSC-CMs, and
generation of corrected iPSC lines.

C) RT-PCR analysis using primers targeting exons 42 and 46 of DMD cDNA from control,
DMD and cDMD CMs.
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D) Western blot analysis of control, DMD and cDMD CMs for dystrophin. Vinculin served
as loading control.

E) Representative immunofluorescence images of control, DMD and cDMD CMs stained
for dystrophin and sarcomeric a-F) Quantification of cell area of d35 control, DMD and
cDMD CMs using wheat germ agglutinin staining (n = 71 cells for control CMs, n = 70 cells
for DMD CMs, n = 71 cells for cDMD-RF CMs, n = 69 cells for cDMD-ES CMs;um.

F) Quantification of cell area of d35 control, DMD and cDMD CMs using wheat germ
agglutinin staining (n = 71 cells for control CMs, n = 70 cells for DMD CMs, n = 71 cells
for cDOMD-RF CMs, n = 69 cells for cDMD-ES CMs; quantification was performed across
three independent batches of differentiation).

G) Quantification of the cell size of DMD and cDMD CMs relative to control CMs

using forward scatter (FSC) from flow cytometry (n = 3 samples per group across three
independent batches of differentiation; minimum of 50,000 cells per sample recorded).

H) Quantification of sarcomere lengths of d35 control, DMD and cDMD CMs (n = 50 cells
per group across three independent batches of differentiation).

Quantified data are shown as mean = s.e.m. **p<0.01 and ****p<0.0001.
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Figure 2. Corrected DMD CMs show normal functional characteristics.
A) Representative calcium traces of single control, DMD and cDMD CMs loaded with the

calcium indicator Fluo 4-AM.

B) Quantification of the calcium release phase in single control, DMD and cDMD CMs as
shown by time to peak (n = 50 cells for control CMs, n = 56 cells for DMD CMs, n = 52
cells for cDOMD-RF CMs, n = 54 cells for cDOMD-ES CMs; quantification was performed
across three independent batches of differentiation).

C) Quantification of the calcium reuptake phase in single control, DMD and cDMD CMs as
shown by tau (n = 50 cells for control CMs, n = 56 cells for DMD CMs, n = 52 cells for
cDMD-RF CMs, n =54 cells for cDOMD-ES CMs; quantification was performed across three
independent batches of differentiation).

D) Quantification of contractile force of single control, DMD and cDMD CMs (n = 52 cells
for control CMs, n = 46 cells for DMD CMs, n = 55 cells for cDMD-RF CMs, n = 52

cells for cDMD-ES CMs; quantification was performed across three independent batches of
differentiation).

E) Quantification of contraction time of single control, DMD and cDMD CMs (n = 52 cells
for control CMs, n = 46 cells for DMD CMs, n = 55 cells for cOMD-RF CMs, n = 52

cells for cDOMD-ES CMs; quantification was performed across three independent batches of
differentiation).

F) Quantification of relaxation time of single control, DMD and cDMD CMs (n = 52 cells
for control CMs, n = 46 cells for DMD CMs, n = 55 cells for cOMD-RF CMs, n = 52

cells for cDMD-ES CMs; quantification was performed across three independent batches of
differentiation).

Functional analyses were performed at d35 post-differentiation. Quantified data are shown
as mean + s.e.m. **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure 3. Dystrophin correction mitigates transcriptional dysregulation in iPSC-CMs.
A) Heatmap showing the expression of differentially regulated genes in DMD, cDMD-RF

and cDMD-ES CMs. Hierarchical clustering of differentially expressed genes revealed two
major clusters: A, which contains genes upregulated in cDMD CMs; and B, which contains
genes downregulated in cDMD CMs. Genes within A cluster can be further divided into Al
cluster, which contains genes that showed similar upregulation in cDMD-RF and cDMD-ES
CMs compared with DMD, and A2 cluster, which contains genes that showed a high degree
of dissimilarity between cDMD-RF CMs and cDMD-ES CMs despite being differentially
regulated compared to DMD CMs.

B) Top GO terms associated with the differentially expressed genes in DMD versus cDMD-
RF (top) and DMD versus cDMD-ES (bottom).

C) Heatmap of key genes involved in cardiac conduction and calcium cycling (top), and
cardiac mechanotransduction and contraction (bottom).

D) Heatmap of key genes implicated in dilated cardiomyopathy in human patients.
RNA-sequencing was performed on three independent batches of iPSC differentiation.
RNA-sequencing analyses were performed at d50 post-differentiation.
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Figure 4. Postnatal dystrophin correction reduces arrhythmogenicity of iPSC-CM:s.
A) Schematic showing postnatal gene editing in DMD CMs by adenoviral delivery of Cas9

and gRNA.

B) RT-PCR analysis using primers targeting exons 42 and 46 of DMD cDNA from control,
DMD and cDMD CMs.

C) Pie chart showing the percentage of gene editing events in iPSC-CMs based on RT-PCR
sequence analysis of TOPO-TA generated clones. RF, reframing; NE, no editing; NPE,
non-productive editing; ES, exon skipping.

D) (Left) Western blot analysis of control, DMD and cDMD CMs for dystrophin and
vinculin. (Right) Quantification of dystrophin expression based on Western blot analysis (n
= 3 samples per group across three independent batches of differentiation). Total protein
expression served as loading control (Online Fig. XA).

E) Representative immunofluorescence images of control, DMD and cDMD CMs stained
for dystrophin and cardiac troponin 1. Scale bar 50um.

F) Quantification of dystrophin-positive CMs in control, DMD and cDMD CMs (n = 1,612
cells for control CMs, n = 1,569 cells for DMD CMs, n = 1,734 cells for cDMD CMs;
quantification was performed across three independent batches of differentiation).

G) Representative membrane potential traces of clusters of control, DMD and cDMD CMs
loaded with the voltage-sensitive probe Fluo\olt.
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H) Quantification of the percentage of arrhythmic clusters of control, DMD and cDMD CMs
based on FluoVolt imaging (n = 60 clusters per group across four independent batches of
differentiation).

iPSC CMs were transduced with adenovirus at d35 post-differentiation and functional
analyses were performed at d65 post-differentiation. Quantified data are shown as mean
+s.e.m. ****p<0.0001.
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Figure 5. Postnatal dystrophin correction attenuates DMD-associated cardiac transcriptional

dysregulation in vivo.

A) Schematic showing postnatal gene editing in DMD AEx44 mice using AAV9-Cas9 and
AAV9-gRNA on P4. Heart tissues were obtained at 18 to 22 months of age.
B) (Left) Western blot analysis of control, DMD and cDMD CMs for dystrophin and
vinculin. (Right) Quantification of dystrophin expression based on Western blot analysis (n
= 2 samples per group). Total protein expression served as loading control (Online Fig. XB).
C) Histopathologic H&E (top) and Picro Sirius Red (PSR, bottom) analysis of WT, DMD

and cDMD hearts. Scale bars 200um.

D) UMAP visualization of cardiac cell populations in all sShRNA-sequencing samples.
E) Heatmap of key functional genes in the cardiomyocyte (CM) population.
F) Heatmap of key metabolic genes in the CM population.
G) Top GO terms associated with the differentially expressed genes in the comparison WT
versus DMD (top) and DMD versus cDMD (bottom).

H) Heatmap of key genes in the fibroblast (FB) population.
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