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Abstract

Mutations in RNA binding motif protein 20 (RBMZ20) are a common cause of familial dilated
cardiomyopathy (DCM). Many RBMZ20 mutations cluster within an arginine/serine-rich (RS-rich)
domain, which mediates nuclear localization. These mutations induce RBM20 mis-localization to
form aberrant ribonucleoprotein (RNP) granules in the cytoplasm of cardiomyocytes and abnormal
alternative splicing of cardiac genes, contributing to DCM. We used adenine base editing (ABE)
and prime editing (PE) to correct pathogenic p.R634Q and p.R636S mutations in the RS-rich
domain in human isogenic induced pluripotent stem cell (iPSC)—derived cardiomyocytes. Using
ABE to correct RBM20R834Q human iPSCs, we achieved 92% efficiency of A-to-G editing,
which normalized alternative splicing of cardiac genes, restored nuclear localization of RBM20,
and eliminated RNP granule formation. In addition, we developed a PE strategy to correct the
RBMZ20R836S mutation in iPSCs and observed A-to-C editing at 40% efficiency. To evaluate the
potential of ABE for DCM treatment, we also created R6m20R%36Q mutant mice. Homozygous
(R636Q/R636Q) mice developed severe cardiac dysfunction, heart failure, and premature death.
Systemic delivery of ABE components containing ABEmax-VRQR-SpCas9 and single-guide
RNA by adeno-associated virus serotype 9 in these mice restored cardiac function as assessed by
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echocardiography and extended life span. As seen by RNA sequencing analysis, ABE correction
rescued the cardiac transcriptional profile of treated R636Q/R636Q mice, compared to the
abnormal gene expression seen in untreated mice. These findings demonstrate the potential of
precise correction of genetic mutations as a promising therapeutic approach for DCM.

INTRODUCTION

RESULTS

Dilated cardiomyopathy (DCM) is a severe myocardial disease characterized by cardiac
enlargement with systolic dysfunction and high susceptibility to sudden cardiac death (1).
DCM is one of the most common causes of heart failure in humans with a prevalence of
about 1:250 (1, 2). Autosomal dominant mutations in the RNA binding motif protein 20
(RBMZ20) are a common cause of cardiomyopathy, accounting for 2 to 6% of patients with
familial DCM (3-5). Cardiac transplantation at a young age is the only currently effective
treatment for this disease (6-8).

RBM20 is a striated muscle—specific splicing factor that regulates alternative splicing of
many cardiac genes encoding sarcomere and calcium-regulatory proteins (9-10). Aberrant
splicing of cardiac genes, such as titin (77M), has been postulated as the primary cause of
RBM20-associated cardiomyopathy (11). Many RBMZ20 mutations are located in exon 9,
which encodes an arginine/serine-rich (RS-rich) domain (5, 6, 12). The amino acid stretch
RSRSP, located from p.R634 to p.P638, contains the nuclear localization signal of RBM20
(10). The RBM20R836S mutation in the RS-rich region induces RBM20 mis-localization and
the formation of phase-separated ribonucleoprotein (RNP) granules in the cytoplasm (13),
implicating aberrant RNP granules in cardiomyocytes (CMs) as a potential cause of DCM
(13-17).

Most therapies for DCM address the symptoms of the disease or target secondary effects,
whereas the genetic mutations underlying the disease remain unchanged. CRISPR-Cas9
gene editing technologies, such as base editing (BE) (18-20) and prime editing (PE) (21),
offer the potential to correct disease-causing mutations precisely and permanently and
provide therapeutic approaches to treat cardiomyopathy (22-24).

In this study, we used BE and PE to precisely correct the RBM20R534Q mutation (c.1901
G>A) and RBM20R636S mutation (c.1906 C>A) in human induced pluripotent stem cells
(iPSCs). In addition, we created a Rbm20R836Q mouse model that recapitulated the human
DCM phenotype. Systemic delivery of adenine BE (ABE) components to this DCM mouse
model rescued cardiac function and extended life span. Our results highlight the potential
of BE and PE-mediated precise gene editing for therapeutic correction of genetic mutations
underlying DCM.

BE in iPSCs with the RBM20R834Q mutation

The RBMZ20R834Q mutation (c.1901 G>A), located in the RS-rich region, is caused by a
transition of guanine to adenine, which is amenable to ABE (18, 19) (Fig. 1, A and B). To
test whether ABE could be adapted to precisely correct this mutation, we first generated
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human isogenic iPSC lines with heterozygous (R634Q/+) and homozygous (R634Q/R634Q)
mutations from healthy control iPSCs using CRISPR-Cas9 gene editing (fig. S1A). To
evaluate the efficiency of ABE, we designed four single-guide RNAs (sgRNAS) and tested
each sgRNA with ABES8e containing an adenine deaminase, which converts A to G (table
S1) (25). We observed potentially detrimental bystander mutations in addition to on target
editing and therefore switched the base editor to ABEmax (26), which has a narrower
editing window (fig. S1, B to D). The combination of sSgRNA1 and ABEmax fused with
VRQR-SpCas9, which can recognize an NGA protospacer adjacent motif (PAM) (27, 28),
showed high efficiency of A-to-G editing at the on-target site (92%) without inducing
notable bystander mutations (0.3%) (Fig. 1, B and C). In addition, ABEmax-VRQR-SpCas9
editing of the R634Q/+ mutation in iPSCs increased the percentage of the normal RBM20
allele from 50 to 91% (fig. S1E). Therefore, we selected ABEmax-VRQR-SpCas9 (hereafter
referred to as ABE) for further studies.

In human CMs derived from iPSCs (iPSC-CMs), both mutant and wild-type (WT) RBM20
proteins were expressed at similar abundances (Fig. 1D). However, in healthy iPSC-CMs,
RBM20 was localized predominantly to the nucleus (Fig. 1E). In contrast, in R634Q/R634Q
iPSC-CMs, RBM20 was localized to cytoplasmic RNP granules, whereas in R634Q/+ iPSC-
CMs, RBM20 was distributed in both the nucleus and the cytoplasm (Fig. 1E). Using ABE
and sgRNAL1 to correct the RBM20R534Q mutation, we observed restoration of nuclear
localization of RBM20, elimination of pathological RNP granule formation, and normal
architecture of sarcomeric structures marked by a-actinin (Fig. 1E).

Previous papers showed that aberrant RBM20R836S granules colocalized with stress
granules, marked by G3BP stress granule assembly factor 1 (G3BP1) in iPSC-CMs (13,
15). Similarly, RBM20R634Q granules also colocalized with stress granules in the cytoplasm
after acute stress evoked by exposure to sodium arsenite (fig. S2, A to C).

In addition to RNP granule formation, mutations of RBM20 also cause RNA splicing
defects. To analyze the alternative splicing of genes regulated by RBM20, we performed
RNA sequencing (RNA-seq) analysis on normal, R634Q/+, R634Q/R634Q, and ABE-
corrected R634Q/R634Q iPSC-CMs. As shown in the heatmap (Fig. 2A), 14 genes showed
aberrant splicing patterns in uncorrected CMs, including genes encoding components of

the cardiac sarcomere, such as 77/, and calcium signaling proteins, such as calcium/
calmodulin-dependent protein kinase 116 (CAMK28). Because 77N mis-splicing represents
a major indicator of RBM20-associated DCM, we measured the exon-inclusion ratio by
percent spliced in (PSI) to assess the splicing pattern of the 77N gene. Normal splicing of
TTN produces a rigid isoform, termed N2B, which lacks exon 51 through exon 218 (Fig.
2B). In uncorrected R634Q/R634Q iPSC-CMs, exons 51 to 218 were not spliced properly,
generating the N2BA isoform (Fig. 2B and fig. S3A). This mis-spliced isoform reduces
cardiac stiffness, leading to DCM (29). Expression of the N2B and N2BA isoforms in ABE-
corrected iPSC-CMs was also validated by quantitative reverse transcription polymerase
chain reaction (QRT-PCR) analysis (Fig. 2C). Similarly, R634Q/+ iPSC-CMs also showed
an abnormal alternative splicing pattern compared to normal iPSC-CMs (Fig. 2C and fig.
S3A). In contrast, ABE-corrected iPSC-CMs displayed the same 77N splicing pattern as
normal iPSC-CMs (Fig. 2C and fig. S3A). In addition, the abnormal splicing pattern of
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CAMKZ5 was also restored (fig. S3B). Thus, ABE correction of the RBM20R834Q mutation
was effective in restoring proper RNA splicing.

Dysregulation of gene expression and calcium handling are common pathogenic phenotypes
seen in CMs with RBMZ20 mutations. To assess the transcriptional consequences of the
RBMZ20R834Q mutation and the effect of ABE gene editing, we performed RNA-seq and
gene ontology (GO) analyses on iPSC-CMs in which RBM20 mRNA was expressed
similarly across all groups (fig. S4, A to G). Down-regulated genes in R634Q/R634Q
iPSC-CMs included categories related to cardiomyopathy and striated muscle contraction,
consistent with the phenotype of DCM. The abnormal transcriptome seen in R634Q/R634Q
iPSC-CMs was restored following ABE editing (fig. S4, C and H to J). Calcium transient
kinetics, including time to peak and decay rate (tau), were abnormally elevated in both
R634Q/+ and R634Q/R634Q iPSC-CMs (fig. S4, K and L). After ABE-mediated correction,
iPSC-CMs displayed normal calcium transient kinetics, indicating restoration of calcium
release and reuptake (fig. S4, K and L).

Restoration of RBM20 nuclear localization and elimination of RNP granules are required
for proper cardiac function. To assess the impact of ABE on the accumulation of RNP
formation, we used adeno-associated virus serotype 6 (AAV6) and the trans-splicing intein
system (28) to deliver ABE components driven by the cardiac troponin T (cTnT) promoter
into differentiated R634Q/R634Q CMs (fig. S5, A and B). After ABE correction, the
corrected iPSC-CMs showed 63% editing efficiency at the genomic level (Fig. 2D and fig.
S5C). Immunocytochemistry showed localization of RBM20 in the nucleus and elimination
of RNP granules in the cytoplasm (Fig. 2, E and F, and fig. S5D). These findings indicate
that ABE can rescue the normal cardiac phenotype and prevent the formation of RNP
granules.

with the RBM20R836S mutation

Despite the high efficiency of ABE gene editing of the KBM20R834Q mutation, BE cannot
correct all RBM20 mutations because of the limited editing window, unwanted bystander
editing, and the lack of a proper PAM sequence near some target nucleotides. To overcome
these limitations, we developed a PE strategy for the p.R636S (c.1906 C>A) mutation,
because BE can mainly convert C-G to T-A or A-T to G-C. We designed the engineered
PE guide RNA (epegRNA), which has a structured motif on the 3" terminus for protection
from degradation (30) and selected the nicking sgRNA for the PE3b system (fig. S6A).
The PE3bmax coupled with epegRNA resulted in A-to-C editing with an efficiency of
40% without unintended genomic edits in an isogenic iPSC line with the homozygous
RBMZ20R836S (R636S/R636S) mutation (fig. S6, B and C). Whereas RNP granules were
detected in the cytoplasm of uncorrected R636S/R636S iPSC-CMs, a normal pattern of
nuclear localization was observed in PE-corrected iPSC-CMs (fig. S6D). After genomic
editing, each iPSC line corrected by BE or PE displayed a normal karyotype (fig. S6E).

To assess possible off-target editing, we performed deep sequencing analysis of the eight
off-target sites predicted by CRISPOR and found no detectable genomic alterations at any of
the potential off-target sites (fig. S7, A to C).
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Postnatal ABE correction of the pathogenic RBM20 mutation in mice

To evaluate the potential of ABE for in vivo DCM therapy, we generated a Rbm20R636Q
mutant mouse model, which corresponds to the human RBM20R834Q mutation due to
differences in numbers of amino acids in the protein from the two species (fig. S8, A

and B). Cardiac function was measured in 4-week-old mutant mice by echocardiography.
Homozygous (R636Q/R636Q) mice showed markedly reduced fractional shortening (Fig. 3,
A and B). Left ventricular internal dimensions during end-diastole (LVVIDd) and endsystole
(LVIDs) were substantially increased in R636Q/R636Q mice compared to WT mice.
Heterozygous (R636Q/+) mice demonstrated mild cardiac dysfunction (Fig. 3, A and B).
Hearts of R636Q/R636Q mice at 12 weeks of age showed morphological characteristics
consistent with DCM, including atrial and ventricular dilation (Fig. 3C). Thus, the R636Q/
R636Q mice recapitulate the phenotype of DCM patients harboring the RBM20R834Q
mutation.

The R636Q/R636Q mutant mouse model enabled us to assess the possibility of in vivo
correction of the RBM20R834Q mutation by ABE. For ABE correction in mice, the targeted
adenine is positioned in the sgRNA at the A6 position, with possible bystander mutations
found at A14 and A20, and possible silent mutations at A4, A13, and A19 (Fig. 4A). ABE
components were administered by intraperitoneal injection of AAV9 at a dose of 1.25 x 1014
vg/kg for each AAV (total 2.5 x 1014 vg/kg) to mice at postnatal day 5 (fig. SOA). At this
age, R636Q/R636Q mice already showed cardiac dysfunction compared to normal mice (fig.
S9, B to D).

To confirm whether ABE-mediated correction was effective in vivo, we assessed DNA
editing efficiency in the heart. Deep sequencing analysis showed 19% of the targeted A-to-G
conversion in the hearts of R636Q/R636Q mice at 6 weeks after ABE correction (fig. S10A).
Genomic editing analysis underestimates ABE editing efficiency because other cell types,
such as endothelial cells and cardiac fibroblasts, which comprise up to two-thirds of the
cells of the heart, are not edited because of expression of the base editor under the control

of the cardiac-specific cTnT promoter. Therefore, we further evaluated ABE gene editing

at the complementary DNA (cDNA) level, which detects transcripts expressed from CMs,
and found that 66% of RBM20 cDNA transcripts were precisely corrected (Fig. 4B and fig.
S10B).

To assess cardiac function after ABE correction, we performed echocardiography in R636Q/
R636Q mice at 4 and 8 weeks after systemic delivery of ABE gene editing components.
Uncorrected R636Q/R636Q mice exhibited severe heart failure and premature death at 2

to 3 months of age. In contrast, R636Q/R636Q mice receiving systemic ABE components
showed a substantial improvement of LV function, as measured by fractional shortening
(Fig. 4C). In addition, cardiac chamber size was also partially rescued (fig. S10, C and

D). Histological analysis of ABE-corrected R636Q/R636Q hearts at 12 weeks after ABE
correction showed recovery from cardiac dilation, whereas untreated hearts displayed atrial
and ventricular enlargement (Fig. 4D). Histological assessment revealed no notable fibrosis
of the left ventricular myocardium in treated R636Q/R636Q mice (fig. S11, Ato C).
Systemic delivery of ABE editing components also increased the life span of the corrected
R636Q/R636Q mice (Fig. 4E).
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To determine whether the restoration of cardiac function was attributable to restored
function of RBM20, we evaluated the localization of RBM20 in vivo. In WT mice, RBM20
was localized to the nucleus without formation of RNP granules (Fig. 4F). In contrast, CMs
of R636Q/R636Q mice displayed RNP granules in the perinuclear region, as in R634Q/
R634Q iPSC-CMs. R636Q/+ mice showed RBM20 expression in both the nucleus and the
cytoplasm. ABE-mediated correction of R636Q/R636Q mice restored RBM20 localization
to the nucleus and eliminated RNP granules as assessed by immunohistochemistry (Fig. 4, F
and G). Next, we assessed the splicing pattern of 7#7in R636Q/R636Q mice after systemic
ABE gene editing. As observed with iPSC-CMs, gRT-PCR analysis showed a reduction of
the rigid N2B isoform and an increase in abundance of the compliant N2BA isoform in the
R636Q/+ and R636Q/R636Q mice (fig. S12A). In contrast, ABE-corrected R636Q/R636Q
mice showed partial restoration (68%) of the N2B isoform and a reduction (63%) of the
N2BA isoform (fig. S12A).

Normalization of cardiac gene expression by ABE

To determine whether ABE gene editing could normalize gene expression in R636Q/R636Q
mice, we performed RNA-seq analysis. In comparison to WT hearts, transcriptional changes
were seen in hearts of R636Q/R636Q mice, as determined by analysis of heatmap and GO
terms, including down-regulation of genes that regulate heart contraction and up-regulation
of genes involved in extracellular matrix organization (Fig. 5, A to C). Systemic ABE

gene editing of R636Q/R636Q mice improved the gene expression profile of corrected
R636Q/R636Q hearts, as seen by down-regulation of genes indicative of heart failure such
as natriuretic peptide A (AMppa) and natriuretic peptide B (Mppb) (Fig. 5, A and D to G, and
fig. S12B). In addition, RNA-seq analysis confirmed low off-target RNA editing in addition
to high on-target editing activity in the corrected hearts (fig. S13, A and B).

To investigate the transcriptional changes in the CM lineage of R636Q/R636Q mice after
ABE correction, we performed single-nucleus RNA-seq (SnRNA-seq) analysis. We observed
that cell type clustering was similar in WT, R636Q/+, R636Q/R636Q, and corrected R636Q/
R636Q mice (Fig. 6A) and that Rbm20 expression was restricted to the CM lineage, as
defined by the expression of myosin heavy chain 6 (My#6) gene (Fig. 6, B and C). Within
the CM population, the dysregulated transcriptional profile of untreated R636Q/R636Q CMs
was partially normalized in ABE-corrected R636Q/R636Q CMs (Fig. 6, D to F, and fig.
S14). Last, to assess possible inflammation induced by AAV9-mediated ABE correction, we
examined the proportion of immune cells in the heart of R636Q/R636Q mice. In corrected
mice, the total percentage of lymphoid cell and myeloid cell populations was only slightly
increased compared to that of uncorrected mice (corrected, 11.2% versus uncorrected, 9.8%)
(Fig. 6G).

We performed terminal deoxynucleotidyl transferase—-mediated deoxyuridine triphosphate
nick end labeling (TUNEL) assay to detect apoptotic cells and assess cell damage in the
heart at 12 weeks after ABE correction. ABE-mediated correction reduced the number of
TUNEL-positive cells compared to untreated R636Q/R636Q mice (fig. S15, A and B).
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Absence of liver tumors in ABE mice

As a safety feature, our AAV9 delivery system contained a cardiac-specific promoter, cTnT,
to drive ABE exclusively in the heart. Although systemic ABE therapy has been reported to
cause liver tumors in mice (28), no solid liver tumors were observed for up to 3 months in
our mice, likely because of the cardiac-specific expression of the base editor (fig. S15C).

DISCUSSION

Despite current medical advancements, effective treatment for familial cardiomyopathies
remains challenging. Gene disruption can be deployed to target dominant-negative or
pathogenic gain-of-function mutations by preventing expression of the mutant allele and
eliminating the dysfunctional protein. However, many genetic mutations cannot be corrected
by these strategies because of haplo-insufficiency of the modified protein product. Precise
gene correction strategies allow the potential correction of monogenic mutations responsible
for various cardiomyopathies by gene editing. Therapeutic approaches using BE and PE
have been applied for Duchenne muscular dystrophy, progeria, inheritable liver, and eye
disorders in vivo (28, 31-37). The pathophysiology of RBMZ20 mutations is caused by a
mixture of a loss of function and a pathogenic gain of function (11, 13, 15). Therefore,
RBMZ0mutations are potentially well suited for correction by precise genomic editing.

In this study, we performed precise gene editing of FBMZ20 mutations by BE and PE.
Systemic ABE correction decreased toxic RNP granules present in CMs and rescued cardiac
dysfunction in mice.

DNA off-target editing has been raised as a potential concern for clinical translation.
Although BE can correct point mutations without double-strand breaks, other bystander
mutations and off-target sites should be carefully investigated. Although ABE8e can
efficiently edit the R634Q mutation, it may induce bystander mutations because of its wider
editing window. To overcome this, ABEmax has a narrower editing window and may be a
preferable editing enzyme. We found that ABE with ABEmax resulted in a low percentage
of off-target editing despite a high editing efficiency at the on-target site. Off-target RNA
editing has also been reported with ABE correction (38, 39). In this study, no off-target
RNA editing was observed in corrected R636Q/R636Q mouse hearts after ABE correction.
To expand the accessibility to genomic regions, many variants of SpCas9 and SaCas9

have been engineered. Selection of the proper variant of Cas9 is important for reducing
off-target effects of BE in the genome. PE can theoretically correct mutations such as base
substitutions, deletions, and insertions. Although the PE3 system uses two opposite nicks

to increase the editing efficiency, it can also induce unintended indels. To reduce undesired
indels, the PE3b system with an sgRNA recognizing the edited sequence may be considered.
We also detected no solid tumors in the livers of mice 3 months after AAV delivery of gene
editing components. Using tissue-specific promoters may be effective to prevent unintended
editing in other tissues. However, it is necessary to evaluate the long-term effects of genomic
editing.

AAV is the most widely used viral vector for gene delivery to the heart (40). The large
size of the BE and PE systems pose challenges for efficient delivery of these gene
editing components by AAV. Compact Cas9 orthologs such as the Neisseria meningitidis
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(NmeCas9) (41), Staphylococcus auricularis (SauriCas9) (42), and Campylobacter jefuni
(CjCas9) (43) are promising Cas9 systems for establishing consolidated BE systems. Other
delivery methods such as nanoparticles may also solve such a bottleneck if they could

be efficiently delivered to CMs (44, 45). Immunogenicity is another concern for clinical
application (46). However, analysis of sSnRNA-seq data revealed a minimal increase of
immune cells after AAV9 treatment.

There are some limitations to this study. First, we used homozygous mice for correction
because homozygous mice show severe cardiac dysfunction and premature death as seen
in human patients. Whereas RBMZ20 mutations display autosomal dominant inheritance

in human patients, heterozygous mice demonstrated relatively mild cardiac dysfunction.
In addition, the transcriptomes of hearts from corrected mice were similar to those of
hearts from heterozygous mice. Long-term studies of heterozygous mice will be of interest
as a potential prelude to clinical application. In addition, long-term follow-up studies to
address possible immune responses and tumorigenesis should ultimately be pursued. Last,
morphological characteristics of hearts from homozygous mice seemed to demonstrate
biventricular heart failure, which is observed in patients who have RBMZ20 mutations.
However, further investigations related to the right ventricular dysfunction will be needed
before and after correction. Despite various challenges and issues of safety, the pace and
potential of this field of investigation promise to revolutionize the treatment of genetic
cardiomyopathies and many other genetic disorders in the foreseeable future.

MATERIALS AND METHODS

Study design

This study aimed to test the therapeutic potential of BE and PE for RNA binding motif
protein 20 gene (RBMZ20) mutations in human cells and a mouse model of DCM. We

did not use exclusion, randomization, or blind approaches to assign the animals for the
experiments. All echocardiography experiments were performed and analyzed by a single
blinded operator. Each experiment was performed in biological replicate as indicated by n
values in the figure legends.

Study approval

All experimental procedures involving animals in this study were reviewed and approved

by the University of Texas Southwestern Medical Center’s Institutional Animal Care and

Use Committee. Use of iPSC lines was reviewed and approved by the University of Texas
Southwestern Medical Center’s Stem Cell Research Oversight Committee.

All-in-one SpCas9-ABE variants and SaCas9-ABE vectors

All variants of SpCas9 and SaCas9 were synthesized by g-Block (Integrated
DNATechnologies) and subcloned into Age I/Fse I-digested pSpCas9(BB)-2A-GFP (px458)
(Addgene plasmid no. 48138) (47) from F. Zhang’s laboratory (Broad Institute) using In-
Fusion ligation (Takara Bio) according to the manufacturer’s protocol. These vectors were
digested by Age | and Apa I. The inserts were transcribed from NG-ABEmax (Addgene
plasmid no. 124163) (48) and NG-ABES8e (Addgene plasmid no. 138491) (19) from D.
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Liu’s laboratory (Broad Institute). These inserts were subcloned into predigested pSpCas9-
NG-2A-GFP, pSpCas9-VRQR-2A-GFP, and pSaCas9-2A-GFP using an In-Fusion cloning
kit (Takara Bio) according to the manufacturer’s protocol. The sgRNAs (table S1) for ABE
of the RBM20R834Q mutation were subcloned into engineered vectors using Bbs | and T4
ligation. Primers are listed in table S2.

Human iPSC lines

Human iPSC lines were generated and maintained as previously described (49). Briefly,
iPSCs were maintained in mTeSR plus medium (STEMCELL Technologies) and passaged
using Versene (Thermo Fisher Scientific) and 10 uM Rock inhibitor, Y-27632 (Selleckchem)
every 4 days. A single-cell suspension of 8 x 10° iPSCs was mixed with a single-stranded
oligodeoxynucleotide (sSODN) template and 5 ug of pSpCas9(BB)-2A-GFP (px458)
plasmid containing sgRNA for exon 9 of RBMZ20. The mixture was transfected by a
Primary Cell 4D-Nucleofector X kit (Lonza) according to the manufacturer’s protocol.
After nucleofection, iPSCs were maintained in mTeSR plus medium with Rock inhibitor
and Primocin (Invivogen). Green fluorescent protein—positive (GFP*) cells were sorted by
fluorescence-activated cell sorting (FACS) at 48 hours after nucleofection and expanded.
Single clones of GFP* single iPSCs were picked, and genomic sequencing was performed
for heterozygous (R634Q/+), homozygous (R634Q/R634Q), and homozygous (R636S/
R636S) lines. Sequences of sSODNs are listed in table S2.

BE and PE in iPSCs

For ABE, 5 g of engineered all-in-one vector including sgRNA was transfected into
heterozygous (R634Q/+) or homozygous (R634Q/R634Q) iPSCs by nucleofection. Forty-
eight hours later, GFP* cells were sorted by FACS and expanded. For PE, pegRNA

and epegRNA were subcloned into pU6-pegRNA-GG-acceptor plasmid (Addgene plasmid
no. 132777) (21) from D. Liu’s laboratory. The nicking sgRNA was subcloned into
pmCherry_gRNA plasmid (Addgene plasmid no. 80457) from E. Welker’s laboratory
(Hungarian Academy of Sciences). For the PE3b system, pCMV-PE2-P2A-GFP (Addgene
plasmid no. 132776) (21) from D. Liu’s laboratory, pegRNA, and nicking sgRNA plasmids
(4.5, 1.5, and 0.75 pg, respectively) were transfected into 8 x 10° homozygous (R636S/
R636S) iPSCs by nucleofection. For PE3bmax coupled with epegRNA, pCMV-PEmax
(Addgene plasmid no. 174820) (30) from D. Liu’s laboratory, epegRNA, and nicking
SgRNA plasmids (4.5, 1.5, and 0.75 pg, respectively) were transfected by nucleofection.
After 48 hours, GFP* and mCherry™ cells in PE3b-treated iPSCs and mCherry™* cells

in PE3bmax-treated iPSCs were sorted by FACS and expanded. Single clones of edited
iPSCs were picked and established. After extracting DNA, the region of exon9 in RBM20
was amplified by PCR, and PCR products were subjected to EXoSAP-IT (Thermo Fisher
Scientific) according to the manufacturer’s protocol and sequenced. After BE and PE,
G-Banded karyotyping was assessed by WiCell Research Institute Inc. (https://wicell.org).

Human iPSC-CM differentiation

iPSCs were induced to differentiate into CMs using previously described methods (50).
iPSCs were treated with CHIR 99021 (Selleckchem) in RPMI 1640 (Thermo Fisher
Scientific) supplemented with CDM3 for 2 days (days 1 and 2). The medium was
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changed to RPMI supplemented with WNT-C59 (Selleckchem) for 2 days (days 3 and 4).
iPSC-CMs were maintained in RPMI 1640 supplemented with B27-supplement (Thermo
Fisher Scientific). iPSC-CMs were purified by metabolic selection in RPMI 1640 without
glucose (Thermo Fisher Scientific), supplemented with 5 mM sodium pL-lactate and CDM3
supplement for 6 days (days 10 to 16). After metabolic selection, iPSC-CMs were replated
into six-well plates using TrypLE Express (Thermo Fisher Scientific). The iPSC-CMs
were >95% pure as determined by cTnT staining (Proteintech, 15513-1-AP, 1:250). CMs
were used for experiments on days 35 to 40 after differentiation. Each experiment was
performed in replicate using independent differentiated iPSC-CMs. Regarding the ABE-
and PE-corrected iPSC-CMs, single clones of iPSCs were isolated and differentiated into
iPSC-CMs for assays.

Western blot analysis

Western blot analysis was performed as previously described (49). iPSC-CMs were
dissolved in RIPA buffer (Boston BioProducts, BP-115-250) with protease inhibitor cocktail
(Thermo Fisher Scientific, 78438), and 15 ug of total protein was loaded on a 4 to 20%
acrylamide gel. Gels were run at 100 V for 15 min and at 150 V for 1 hour, followed by
transfer to a polyvinylidene difluoride membrane at 100 V for 60 min at 4°C. The membrane
was blocked with 5% milk for 60 min at room temperature and probed with goat anti-
RBM20 antibody (Novus Biologicals, NBP2-27509, 1:1000) at 4°C overnight. Peroxidase
AffiniPure bovine anti-goat horseradish peroxidase antibody (Jackson ImmunoResearch,
catalog no. 805-035-180) was used as secondary antibody. Anti-vinculin (V9131, Sigma-
Aldrich, 1:1000 dilution) was used as loading control.

Immunocytochemistry of iPSC-CMs

Immunocytochemistry of iPSC-CMs was performed as previously described (34). Briefly,
iPSC-CMs were replaced on 12-mm coverslips coated with poly-p-lysine. After fixation
with 4% paraformaldehyde (15 min) and permeabilization with 0.3% Triton X-100 (15
min), coverslips were blocked for 1 hour with 5% goat serum/phosphate-buffered saline.
Rabbit anti-RBM20 antibody (Novus Biologicals, NBP2-34038, 1:250), mouse anti-G3BP1
(Proteintech 66486-1-1g, 1:250), and mouse anti—a.-actinin (Sigma-Aldrich, A7811, 1:800)
in 5% goat serum/phosphate-buffered saline was applied and incubated overnight at 4°C.
Then, coverslips were incubated with fluorescein-conjugated goat anti-rabbit Alexa Fluor
488 and anti-mouse immunoglobulin G (IgG) Alexa Fluor 555 (Invitrogen). Sodium arsenite
(1 mM for 1 hour) was used for inducing stress granules. Images were taken by a Zeiss LSM
800 microscope using a 20x objective and N-SIM S Super Resolution Microscope (Nikon)
using a 100x oil objective.

Calcium imaging of human iPSC-CMs

Calcium imaging was performed as previously described (34). Briefly, CMs were
dissociated and seeded on 35-mm glass-bottom dishes (Thermo Fisher Scientific). Calcium
imaging was evaluated 3 days after plating. CMs were loaded with the fluorescent calcium
indicator Fluo-4-AM (Thermo Fisher Scientific, F14201) at 5 uM for 20 min in Tyrode’s
solution (Sigma-Aldrich, T2397). The calcium transients of spontaneous beating iPSC-CMs
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were measured at 37°C using a Nikon A1R+ confocal microscope. Data were processed by
Fiji software and analyzed using Microsoft Excel.

AAV delivery to differentiated iPSC-CMs

The cTnT promoter was extracted from the pAAV:cTNT::Luciferase (Addgene plasmid no.
69915) (51) from W. Pu’s laboratory (Harvard). The N-terminal and C-terminal regions of
ABEmax-VRQR-SpCas9 were extracted from CMV_Npu-ABEmax N-terminal (Addgene
plasmid no. 137173) (52) and hu6 HGPS sgRNA expression and ABE7.10max VRQR
C-terminal AAV vectors (Addgene plasmid no. 154430) (28) from D. Liu’s laboratory,
respectively. These inserts were subcloned into pSSV9 single-stranded AAV plasmid using
In-Fusion cloning. AAV vectors were digested using Sma | and Ahd | to confirm intact
inverted terminal repeat integrity. AAV viruses were generated with serotype 6 (AAV6) and
serotype 9 (AAV9) capsids in the Boston Children’s Hospital Viral Core. AAVE viruses
were infected into homozygous (R634Q/R634Q) iPSC-CMs at day 40 after differentiation
with 4 x 10° vg/cell. Twenty days after infection, DNA was extracted.

Generating Robm20R836Q knock-in mice

Rbm20R836Q knock-in mice were generated using CRISPR-Cas9 technology with ssODN
template as described previously (53). The sgRNA for exon 9 of Rbm20was cloned into
pSpCas9(BB)-2A-GFP (px458). The sgRNAs were transcribed using the MEGA shortscript
T7 Transcription kit and purified by a MEGA clear kit (Life Technologies). Cas9 mRNA,
Rbm20 sgRNA, and ssODN including the Rom20R836Q mutation were injected into mouse
pronuclei and cytoplasm. Mouse embryos were transferred to a surrogate dam for gestation.
Fo generation pups were sequenced, and positive founders were bred to WT C57/BL6

mice to isolate potential knock-in alleles. Mutants in the F; generation were identified by
sequencing. Both male and female mice were used in this study. Tail genomic DNA was
extracted and used for genotyping.

Systemic AAV9 delivery in vivo

P5 homozygous (R636Q/R636Q) mice were injected intraperitoneally with 100 pl of AAV9
containing N-terminal and C-terminal ABEmax-VRQR-SpCas9-sgRNA (total of 2.5 x 1014
vg/kg) using an ultrafine BD insulin syringe (Becton Dickinson).

Transthoracic echocardiography

Cardiac function was assessed by two-dimensional transthoracic echocardiography using a
VisualSonics Vevo2100 imaging system. Fractional shortening, LVIDd, and LVIDs were
measured using M-mode tracing. All measurements were performed by an operator blinded
to this study.

Extraction of genomic DNA

Genomic DNA of iPSCs, iPSC-CMs, and murine hearts was extracted using DirectPCR
lysis reagent (VIAGEN) according to the manufacturer’s protocol. Extracted genomic DNA
was amplified using PrimeSTAR GXL DNA polymerase (Takara Bio) according to the
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manufacturer’s protocol. PCR products were sequenced and analyzed by EditR for gene
editing efficiency. PCR primers are listed in table S2.

Immunohistochemistry

Hearts were isolated and fixed in 4% paraformaldehyde in phosphate-buffered saline for
48 hours. After fixation, gross images of hearts were taken by a Zeiss AxioZoom.V16
system. Hearts were embedded in paraffin and sectioned. Hematoxylin and eosin (H&E)
and picrosirius red staining was performed. Images were taken by a digital microscope
(Keyence) with 4x and 40x objective magnifications. For immunohistochemistry, sections
were deparaffinized and subjected to antigen retrieval using epitope retrieval solution
(IHC WORLD) according to the manufacturer’s protocol. CMs were stained by primary
antibodies of ¢cTnT (Thermo Fisher Scientific, 1:200) and RBM20 (a gift from W. Guo,
1:400). Sections were incubated with 4”,6-diamidino-2-phenylindole (DAPI), fluorescein-
conjugated goat anti-rabbit Alexa Fluor 488, and anti-mouse IgG Alexa Fluor 555
(Invitrogen). Images were taken by N-SIM S Super Resolution Microscope (Nikon) using
a 100x oil objective. TUNEL assay was performed using Click-iT Plus TUNEL assay
kits for in situ apoptosis detection (Thermo Fisher Scientific, C10619) according to

the manufacturer’s protocol. Livers were isolated and fixed in 4% paraformaldehyde in
phosphate-buffered saline for 48 hours. After fixation, the livers were sliced at 5-mm
thickness. H&E staining was performed.

Amplicon deep sequencing analysis

Off target sites were predicted by CRISPOR (http://crispor.tefor.net). PCR

products from genomic DNA and cDNA were generated using PrimeSTAR

GXL DNA polymerase. Primers were designed for human RBMZ20exon 9,

off-target sites of BE and PE, and mouse RbmZ0exon 9 with adaptor

sequence (forward, TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and reverse,
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). A second round of PCR was
performed to add Illumina flow cell binding sequence and barcodes. Primer sequences are
listed in table S2.

RNA isolation, RT-PCR, and gRT-PCR

Total RNA was extracted from iPSC-CMs at day 40 after differentiation and murine hearts
at 6-weeks after injection using miRNeasy (Qiagen), and cDNA was reverse-transcribed
using iScript reverse transcription supermix (Bio-Rad Laboratories) according to the
manufacturer’s protocol. For RT-PCR, cDNA was amplified using PrimeSTAR GXL DNA
polymerase (Takara Bio). For gRT-PCR, gene expression was measured using KAPA SYBR
FAST Master mix (KAPA) and quantified by the G method. For normalization of gRT-PCR,
we used 18s. RT-PCR and gRT-PCR primers are listed in table S2.

Bulk RNA-seq analysis

Library prep from total RNA was performed using a KAPA mRNA Hyper prep kit (Roche,
KK8581) according to the manufacturer’s protocol. Sequencing was performed on an
Illumina NextSeq 500 system using the 75-bp high-output sequencing kit for pair-end
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sequencing. Trim Galore (https://bioinformatics.babraham.ac.uk/ projects/trim_galore/) was
used for quality and adapter trimming. The qualities of RNA-sequencing libraries were
estimated by mapping the reads onto human transcript and ribosomal RNA sequences
(Ensembl release 89) using Bowtie (v2.3.4.3) (54). STAR (v2.7.2b) (55) was used to align
the reads onto the human genome (hg38). SAMtools (v1.9) (56) was used to sort the
alignments, and HTSeq Python package (57) was used to count reads per gene. edgeR R
Bioconductor package (58-60) was used to normalize read counts and identify differentially
expressed (DE) genes. DE genes (fold change >2 in homozygous compared to normal,
adjusted Pvalue <0.05) were analyzed in experiments using iPSC-CMs or murine hearts.
GO analysis was performed using Metascape (61), and selective GO terms were shown.
SpliceFisher (https://github.com/jiwoongbio/SpliceFisher) was used to identify differential
alternative splicing events and calculate PSI values. To calculate the average percentage

of A-to-1 editing, we adopted a previous strategy (28). Briefly, REDItools2 (62) was used
to quantify the percentage editing in each sample. Nucleotides except adenosines were
removed, and remaining adenosines with read coverage less than 10 or read quality score
below 25 were also filtered to avoid errors due to low sampling or low sequencing quality.
We then calculated the number of A-to-1 conversions in each sample and divided this by
the total number of adenosines in our dataset after filtering to get the percentage of A-to-I
editing in the transcriptome.

snRNA-seq analysis

Isolation of cardiac single nuclei was performed as previously described (63). Briefly, three
hearts of 6-week-old mice were extracted in each group. Both ventricles were collected

and minced with a razor blade on ice. Minced hearts were homogenized with a dounce
grinder. Cell suspension was sequentially filtered through 70- and 40-um cell strainers
(Falcon, 352350 and 352340), and centrifuged at 500¢g for 5 min. SnRNA-seq libraries
were generated using Single Cell 3° Reagent Kits v3 (10x Genomics) according to the
manufacturer’s protocol. Sequencing was performed on an Illumina NextSeq 500 system.
Sequence data were analyzed by Cell Ranger Single-Cell Software Suite. The cDNA reads
were mapped on the mm10/GRCm38 reference genome. DE genes were analyzed (fold
change >1.5 in homozygous compared to normal hearts, P value <0.001). Seurat R package
(64) was used for creating GO analysis and uniform manifold approximation and projection
(UMAP) analysis.

Statistical analysis

All data are shown as means + SEM. Unpaired two-tailed Student’s ¢tests were performed
for comparison between the two groups as indicated in the figures. One-way analysis

of variance (ANOVA) with Tukey’s multiple comparisons test or two-way ANOVA with
Tukey’s or Bonferroni’s multiple comparisons test was performed to analyze other data.
Data analyses were performed with GraphPad Prism software. Pvalues less than 0.05 were
considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Precise correction of the RBM20R634Q mutation by adenine base editing in iPSCs.
(A) Nlustration of RBMZ20 gene and protein. The 14 exons encoding the protein are

indicated. Exon 9, which encodes the arginine/serine-rich (RS-rich) region, contains the
human RBMZ20 gene mutations. Pro-rich, proline-rich region; ZnF, zinc finger domain;
RRM, RNA recognition motif; Glu-rich, glutamate-rich region. aa, amino acid. (B)
[llustration depicting adenine base editing (ABE) correction of R634Q mutation using
sgRNAL (blue) and ABEmax-VRQR-SpCas9. On-target site is positioned at A6 (red), and
possible bystander site is at A14 (green). PAM is indicated in pink. (C) Editing efficiency of
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adenine (A) to guanine (G) determined by deep sequencing in homozygous (R634Q/R634Q)
iPSCs after ABE correction. Data are expressed as means = SEM (7= 3). (D) Western

blot showing the expression of RBM20 protein in wild-type (WT), heterozygous (R634Q/+),
R634Q/R634Q, and ABE-corrected R634Q/R634Q iPSC- cardiomyocytes (CMs). Vinculin
was used as the loading control. Data of quantification are expressed as means = SEM

(7= 3). One-way ANOVA with Tukey’s multiple comparisons test was performed. ns,

not significant. (E) Immunocytochemistry of normal (WT), R634Q/+, R634Q/R634Q, and
ABE-corrected R634Q/R634Q iPSC-CMs. a-Actinin (red), RBM20 (green), and DAPI
(blue). Scale bar, 10 um. Single clones of iPSCs were isolated and differentiated into
iPSC-CMs for assays.
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Fig. 2. Correctionof the pathological phenotype of RBM 20R634Q jpsC-CM s after ABE.
(A) Heatmap of the alternative splicing patterns in WT, heterozygous (R634Q/+),

homozygous (R634Q/R634Q), and corrected R634Q/R634Q iPSC-CMs. RNA-seq analysis
was performed on three independent differentiated iPSC-CMs at day 40 after differentiation.
(B) Hlustration showing alternative splice isoforms of the 77N gene, TTN-NZBA and
TTN-NZB. (C) Relative expression of 77TN-N2Band TTN-NZBA isoforms quantified by
gRT-PCR. Data are expressed as means + SEM (1= 15). One-way ANOVA with Tukey’s
multiple comparisons test was performed. ***P< 0.001 and ****£< 0.0001. (D) Percentage
of adenine (A) to guanine (G) editing in corrected R634Q/R634Q iPSC-CMs after ABE
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correction. A6 is on-target site. A14 is bystander site. (E) Immunocytochemistry of WT,
R634Q/R634Q, and ABE-corrected R634Q/R634Q iPSC-CMs. a-Actinin (red), RBM20
(green), and DAPI (blue). Scale bar, 10 um. (F) Quantification of RBM20 subcellular
localization in R634Q/R634Q iPSC-CMs before and after ABE correction (n7= 100 to
150 total cells in each group; quantification was performed across three independent
differentiation groups). Data are expressed as means + SEM. Two-way ANOVA with
Bonferroni’s multiple comparisons test was performed. ****/£ < 0.0001.
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WT R636Q/+ R636Q/R636Q

WT R636Q/+ R636Q/R636Q

Fig. 3. Cardiac dysfunction in Rbm20R636Q mice.
(A) Representative M-mode echocardiographic tracings from 4-week-old WT, heterozygous

(R636Q/+), and homozygous (R636Q/R636Q) mice. (B) Fractional shortening (FS),

left ventricular end-diastolic (LVIDd) and end-systolic (LVVIDs) diameters measured by
echocardiography. Data are expressed as means £ SEM (/7= 6 per genotype). One-way
ANOVA with Tukey’s multiple comparisons test was performed. *P < 0.05 and ****P <
0.0001. (C) Representative hearts from 12-week-old mice of indicated genotypes. Scale bar,
1 mm.
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Fig. 4. Systemic delivery of ABE components by AAV9 restored cardiac function.
(A) ABE correction of the R636Q mutation using sgRNA (blue) and ABEmax-VRQR-

SpCas9. On-target: A6 (red). Bystander: A14 and A20 (green). Silent: A4, A13, and A19
(brown). (B) Percentage of adenine-to-guanine editing determined by deep sequencing

of cDNA from hearts of R636Q/R636Q mice (6 weeks after ABE correction). Data are
expressed as means + SEM (n= 3). (C) Fractional shortening at 4 and 8 weeks after ABE
correction in WT, R636Q/+, R636Q/R636Q, and corrected mice. Data are expressed as
means + SEM (7 = 6 per group). Two-way ANOVA with Tukey’s multiple comparisons
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test was performed. ****P < 0.0001. (D) H&E staining of four-chamber hearts (12 weeks
after ABE correction). Scale bar, 1 mm. LV, left ventricle. (E) Kaplan-Meier survival curve
of all groups (7= 16 per group). Log-rank (Mantel-Cox) test was performed. ****p <
0.0001 for R636Q/R636Q versus other groups. (F) Immunohistochemistry showing the
translocation of RBM20 in CMs of WT, R636Q/+, R636Q/R636Q, and corrected mice (12
weeks after ABE correction). cTnT (red), RBM20 (green), and DAPI (blue). Scale bar, 10
pum. (G) Quantification of RBM20 localization before and after correction in R636Q/R636Q
mice. Data are expressed as means + SEM (/7= 4 per genotype). Two-way ANOVA with
Bonferroni’s multiple comparisons test was performed. ****/£ < 0.0001.
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Fig. 5. ABE normalized transcriptional expression in the heart.
(A) Heatmap showing the expression of differentially regulated genes in WT, heterozygous

(R636Q/+), homozygous (R636Q/R636Q), and ABE-corrected R636Q/R636Q (corrected)
mice at 6 weeks after ABE correction (1= 4 per genotype). (B and C) GO terms associated
with the up- and down-regulated genes in R636Q/R636Q mice compared to WT mice. (D to
F) Heatmap showing differentially regulated gene expression (D) and GO terms associated
with the up-regulated (E) and down-regulated genes (F) in corrected mice compared to
R636Q/R636Q mice. (G) Relative expression of the Appaand Appb genes was quantified
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by gRT-PCR in WT, R636Q/+, R636Q/R636Q, and corrected mice at 6 weeks after ABE
correction. Data are expressed as means + SEM (/7= 4 per genotype). One-way ANOVA
with Tukey’s multiple comparisons test was performed. **£ < 0.01 and ****P < 0.0001.
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Fig. 6. ABE correction restored thetranscriptomein the R636Q/R636Q CMs.
(A) Uniform manifold approximation and projection (UMAP) visualization of all nuclei

from WT, heterozygous (R636Q/+), homozygous (R636Q/R636Q), and ABE-corrected
R636Q/R636Q (corrected) hearts at 6 weeks after ABE correction by cluster identity. FB,
fibroblasts; LEC, lymphatic endothelial cells; EndoEC, endocardial cells; EC, endothelial
cells; EPI, epicardial cells. (B) Expression pattern of Myh6and RbmZ20in each cluster on
the UMAP graph. Color scale represents the expression of gene. (C) Violin plot showing the
expression of Myh6and Rbm20in WT, R636Q/+, R636Q/R636Q, and corrected CMs. (D)
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Violin plot showing the expression of Ajppa, Nppb, and Ankrdl in WT, R636Q/+, R636Q/
R636Q, and corrected CMs. (E) Heatmap showing expression of up- and down-regulated
genes in R636Q/R636Q compared to WT. (F) GO terms associated with the DE genes in
R636Q/R636Q compared to WT. (G) Fraction of cell populations in WT, R636Q/+, R636Q/
R636Q, and ABE-corrected R636Q/R636Q samples.
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