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MUSCLE-SPECIFIC BASE EDITORS FOR CORRECTION OF
MUTATIONS CAUSING DILATED CARBIOMYOPATHY

CROSS-REFERENCES TO RELATED APPLICATIONS
13601] This application claims priority to U.S. Provisional Application No. 63/423,716, filed
November 8, 2022, the disclosure of which is herein incorporated by reference in wis entirety

for all purposes.

BACKGROUND
{38021 Dalated cardiomyopathy (BUM) 15 a heterogeneous disease with multipie causes and
a non-specific phenotype that ultimately leads to the dilation of the left ventricle and systolic
dysfunction. DCM is the second highest cause of heart fatlure with an estimated prevalence
rate of 1:230. Current therapies for DCM inchude those broadly used for the management of
heart fatlure, however these therapies, at best, can only slow DCM progression. Therefore,
developing a strategy that maintains or even restorgs normal heart function would be a

breakthrough for paticots with dire treatment options.

36037 Besides environmental causes of DCM (e.g., viral infection, toxing, inflammation),
approximately 30% of alf cases are dug to mherited mutations of several structural components
of the heart. A curation of DCM-associated genes identified 19 gencs that exhibit a strong
connection to DCM based on genctic and experimental evidence, and the RBM20 gene s one
of them. The RBM20 gene encodes for a cardiac splice factor which regulates alternative
splicing of genes crtical for the function of cardiomyocvies. About 2-6% of patients with a

highly penetrant and aggressive form of familial DCM have RBM20 mutations.

BRIFF SUMMARY
[0804]  The present disclosure provides methods and compositions for treating or preventing
dilated cardiomyopathy (BCM} in a subject m need thereof, e g, through correcting ong or
more point mutations at the RBM2O locus of cells taken from a subject, and subsequently
reintroducing the genetically roodified cells back into the subject. As a non-hmiting example,

the present methods and compositions involve CRISPR-associated base editing combined with
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target-specific viral delivery using a mvotropic adenoc-associated viras (AAVMYO) to achieve

gene repair for treatment and prevention of BCM and other hereditary cardiac diseases.

080357 Accordingly, in one aspect, the present disclosure provides a method for correcting a
point puutation at the RBM20 locas in a cell, the method comprising: introducing into the cell
(1} a single guide RNA (sgRNA) targeting a sequence comprising the pomt mutation and (i) a
base editor {BE}), wherem the sgRNA binds to the base editor and directs 1{ o the target
sequence, whereupon the base editor corrects the point mutation at the RBM20 locus in the
cell. In some embodiments, the method further comprises isolating the cell from the subject

prior to the introducing of the sgRNA and the BE.

[6006] The method disclosed herein can correct any point mutations at the RBM20 locus or
other loci associated with DUM in the cell. In some cmbodiments, the point mutation at the
RBM20 locus compriscs a subsiifution at an amino acid position comprising 83, 455, 335, 633,
634, 633, 636, 637, 638, 703, 716, 783, 831, 88%, 913, 914, 1031, 1081, 1182, 1206, or a
combination thereof, and wherein the substitutions and the positions are determined with
reference to SEQ 1D NO: 10, In some embodumnents, the point mutation at the RBM20 locus
comprises a substitution at an amino acid position comprising 633, 634, 635, 636, 637, 634, or
a combination thereof In some embodiments, the point muotation at the REM20 locus
comprises a substitution at amino acid position 633, 634, ora combination thercof. In particular

embodiments, the substitution comprises P633L, R634Q, or a combination thereof.

13607]  Apy sgRNA targeting a sequence comprising the point mutation of interest can be
used 1o the claimed method. To some cmbodiments, the sgRNA comprises a seguence having
about 80% or greater wdentity to any one of SEQ ID NQs: 1-9. In particular embodiments, the

sgRMNA comprises a sequence of any one of SEQ 1 NGs: 1-9,

[3808] In some embodiments, the BE 1s an adenine base editor {ABE) or a ¢vtiding base
editor {CBE}. In some embodiments, the BE comprises an RNA-guided catalytically impaired
nuciease fused to a nucleobase deaminase enzyme. In some embodiments, the RNA-guided
catalytically impaired nuclease is a dead Cas9 {(dCas®), dCas12, or Cas9 nickase (Cas%n), ora
dertvative thereof. In some embodiments, the RNA-guided catalvtically mmpaired nuclease is
an engineered CasYn. In some embodiments, the engineered Cas9n is CasOn-NRNH, CasYn-

NRTH, Cas9n-NRCH, CP-1041, or SpRY.

1366%] In some embodiments, the nucleobase deammase enzyme is a single-stranded DNA

{ssDNA)-specific deaminase enzyvme. In some embodiments, the deaminase enzyme is an
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adenine deaminase or a cviidine deaminase. In some embodiments, the BE 1s BEL, BE2, BE3,
BE4, ABES 3, ABE7 8, ABE7.9, ABE7.10, BE4max, AncBE4max, ABEmax, ABESe, ABE-
SpRY, CBE-SpRY, ABE-CP-104 1, and CRE-CP-1041,

{0818} In some embodiments, the sgRNA and the BE are mntroduced into the cell m onc or
more expression casseites. In some embodiments, the BE s present in one expression cassetie,
In some embodiments, the BE 15 present in {wo expression casseties, wheremn an active BE 1
packaged in the cell through intcin-mediated trans-splicing. In some embodiments, the
oxpression cassette comprises a promoter.  In some embodiments, the promoter 18 a CAG
promater.  In some embodiments, the promoter 15 a human cardiac troponin T (hTNNTZ})

promoier.

[B811]  In some embodiments, the sgRNA and the BE are introduced nto the cell using a
recombinant adeno-associated virus (rAAY) vector. In some embodiments, the tAAY vegtor
is an AAVMYO vector. In some embodiments, the sgRNA and the BE are introduced into the
cell as a nbonucleoprotey (RNP}Y. In some embodiments, the RNP is introduced into the cell

by electroporation.

(6812} In some embodiments, the cell 13 an induced pluripotent stem cell (PSC) or a

cardiomyocyie derived from the IPSC (CMAPSC).

13613]  In anocther aspect, the present disclosure provides a method for treating or preventing
a subiect having dilated cardiomyopathy (DCM), comaprsing (1} geoetically roodifving a cell
from the subject using the method of any one of claims 1 1o 27, and (11} reintroducing the cell
into the subject, wherem the reintroducing 13 effective to treat or prevent the subject having

BCM.

[3614] In some embodiments, the subject has a point mutation at the RBM20 locus. In some
embodiments, the point mutation at the RBM20 locus comprises a substiution at an amino acid
position comprising 83, 455, 535, 633, 634, 633, 636, 637, 638, 703, 716, 783, 831, 888, 913,
G14, 1031, 1081, 1182, 1206, or a combnation thercot: and wherein the substitutions and the
positions are deternuned with reference to SEQ ID NG 10, In some embodiments, the point
mutation at the RBMZ0 locus comprises a substitution at an amino acid position comprising
633, 634, 635, 636, 637, 638, or a combination thereof.  In some embodiments, the point
mutation at the RBM20 locus comprises a substitution at amino acid position 633, 634, or a
combination thereof. In some embodiments, the substibution comprises PA33L, R634) ora

combination thereof
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[B015]  In some mstances, the cell is reintroduced into the subject by systemic delivery, In
other instances, the cell is reintroduced into the subject by local delivery. In some

embodiments, the local delivery 18 intrafemoral or intrahepatic.

[0816] In some embodiments, the cell is cultured, expanded, selected, and/or mduced to

undergo differentiation 1n vitro prior to being reintroduced mto the subject.

{3617}  In ancther aspect, the present disclosure provides a sgRNA that specifically targets
the RBM20 gene comprising a sequence having about 830% or greater identity to any one of

SEG 1D NOs: 1-9.

{0018} In another aspect, the present disclosure provides an 1PSC comprising such sgRNA
and a base editor (BE) comprising an RNA-guided catalvtically impaired vuclease fused to a

nucleobase deanminase enzyme.

[6619]  In another aspect, the present disclosure further provides a cardiomyvocyte derived

from such iPSC.

[G026G]  In another aspect, the present disclosure provides a pharmaceutical composition
comprising a plurality of 1PSCs disclosed herein, or a plurality of cardiomyocyies disclosed

herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[6021] Figure 1: Molecular and physiological characterization of PG3SL and Re36Q
mouse lines. a) Confocal images of isolated adult munne cardiomvocyies. Scale bar 20 pm.
ACTNI was used as cardiomyocyic marker. b, ¢) RBM20 granule size (b) and amount {¢} in
aduit mouse cardiomyocytes. N=21 {WT), 16 (P635L HET), 28 (P635L HOM), 16 {R6360Q
HET)Y and 39 (R636Q HOM} mages with 1-4 cells each obtamed from three mice per
genotype. Boxplots depict the median with the box including the 25-75" percentile and the
whiskers ranging from the smallest to the largest value. d) Number of DEGs (Pagius <0.05) n
butk RNA-seq of Rbm20 mutant mice compared to WT. N=3 muce per genotvpe. ¢) GO
analysis (biclogical fonction) of DEGs overlapping for both P635L and R636Q HOM mice
with a stringent cut-off of Pagust < 1672 to reduce the number of DEGs for display in Fig. 7. )
Number of differentially sphiced events compared to WT detected and categorized by tMATS:
alternative 5° or 3° splice sife (ASSS or A3KE), mutually exclusive exons (MXE), retained
mitron (R}, skipped exon (SE). g} Averaged APSI {(percent spliced-in) values relative to WT
of sigotficant differentially spliced events (Padiusc < 0.01, APSE> 0.1} overlapping i both HOM
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Rbm 20 nustant mice. Multiple splice events per gene are depicted if they mateh the selection
cut-off. Genes in red were validated by RT-PCR or gPCR. Grey squares indicate that the splice
cvent was not detected by tMATS. h) RT-PCR of RBM20 target genes im, Ryrl, Ldb3 and
the housekeepmg gene Gapdh. i} Kaplan—Meiter survival curve of mutant mice monitored for
120 days. P value obtained by Log-rank test betwoen cach mutant and WT indicated next to
the curves. Percentage of survival indicated for HOM mice. §} Percentage of ejection fraction
determined by narcosis echocardiography of mwtant nuce. N=13 (W), 5 (P635L HET), 6
(PO35L HOM), 11 (R636Q HET) and 11 (R636Q HOM) mice. P values in (b, (¢}, and ()
obtained from one-way ANOVA with Tukey’s multiple comparison test: #***%P <<Q.0001,
FEERP G001, MR <001, ns. = not sigraficant. Al data were obtained in 16-week-old mice
except in {§) where data of 24-weck-old mice 1s shown. Error bars depict the standard error of

the mean (SEM) in all panels.

[G022] Figure 2: Base editing of RBM20 in bumasn iPSC-CMs and in mice. a—¢}
Transient expression of base editor and gRNA mn human 1PSCs and 1PSC-CMs. Experimental
outling i (a), editing efficiency of P633L in (b} and R6344(} i (¢}, "CP” labels the circular
peomuted base editor CP-1041. Purple hine mdicates average repair efficicocy in 1PSC-CMs.
d} Generation of stable base editor expression in R634Q 1PSCs with a repair efficiency of
3426+2.36% as determined by amplicon-seq. N=3 independent differcntiations. e}
Expression of spliced and unspliced isoforms of 77N and IMAMT in parental, R634(} and edited
R634Q PPSC-CMs differerntiated for 15 and 32 days. Significant changes compared to R634Q)
mdicated when present and analyzed by unpaired, two-tailed ¢ tests. ¥P <0.0S, **P <(0.01,
*EEED < 0.0001. 1) Experimental outline of AAVMYO-mediated base editing m mice. g}
Percentage of editing of P635L HOM mice injected with AAVMY O carrving different gRNA-
hase cditor combinations or PBS as empty control. For NRCH-gRNA L, AAVY was also used
as vector. Significance was assessed using unpaired, two-tatled 1 tests ¥¥FFP <0001,
#EE <001, *P<0.05. Sequence shows location of the on-target edit in blue and the two
bystander edits in red. Numbers depict the posttion of the nucleotides within the targeting
gRNA (gRNAZ2 was used as reference} with the PAM sequence m position 21-23. h) Allele
frequency of repaired DNA 1 the muscle tissues heart, diaphragm and quadriceps femoris
{guadriceps £}, as well as the liver, plotted for ten muce with the highest editing events 1o {g).
i} Percentage of editing of Rbm20 mRNA in mice treated with AAVMYO-5pRY for6or 12
weeks. Editing was assessed by amplicon-seg of ¢DNA isolated from the whole heart. Most

base editors contain the deaminase variant Abemax except when indicated by “8e”, which are

(4]
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base editors with the Abe8¢ version. Percentage “repaired” in (b, ¢, g1} is defined by NGS
reads from amplicon-seq with only the wild-type seqaence. The number of biclogical replicates
1.¢., independent differentiations i (b, ¢, &) o1 mice in {g, 1) is indicated in brackets above the

bars. Error bars depict the SEM 1 all panels.

[G023] Figure 3: Phenotypic characterization of mice after AAVMYG-ABE treatment.
a} Allele frequency of repaired Rém20 mRNA m mice treated with AAVMYO-ABE
determined by RNA-seg. N = 3 {(R636(3}, 4 (P635L) and & {WT) mice per condition. b, ¢}
RBM20 staining in whole heart tissue sections it WT and Rbm 20 mutant mice treated with
PBS or AAVMY(O-ABE. Representative mmages in (b) and guantification of muclear and
cvioplasmic RBM20 localization 1o {¢). Scale bar: 20 pm. Arrows highlight nuclear restored
RBM20 {magenta) and tn cvtoplasmic RBM20 {white} i base ecdited mice. Manual
quantification of >200 nuclet n 2 mice per condition. d} Isoform expression of RBM20 target
genes {m, Ryrl, Ld63 and the housekeeping gene Gapdh determined by RT-PCR. N =24
mice per condition. e, f) Vertical agarose gel (e} and quantification {f) of titin protein isoforms
i WT and Rbom 20 musiant mice treated with PBS or AAVMYO-ABE. Basced on gel images in
Fig. 9d. ¥ = 3 mice per condition expect for WT and Po35L 7/ SpRY where 4 mice were
analvzed. g) RNA-seq data showing changes of the APSI values relative to WT 1n P635L, or
R6364 HOM mice injected with saline or base editor. Sce method section (bulk RNA
sequencing and analysis} for definition of 3 categories. Rescue splice events are labeled 1n red,
all 74 splice events in blue. N = number of splice events per category. R6360 was sequenced
decper compared to P635L explaining the difference in number of DSGs detected. N = 3-5
mice per condition. h-j} Percentage of ejection fraction (h), LVID (i) and cardiac volame (§)
determined by narcosis echocardiography of mutant mice treated with PBS or AAVMY (-
ABE. N =5 mice per condition. Same WT cohort used as in Fig. 61-n (16~-week time pomt). £
values obtained from one-way ANOVA with Takeyv's multiple comparison test: %% P <0.001
L0001, ¥ P <0.05, ns. = not significant. All data were obtained 12 weeks after AAVMYO-
ABE mjection. Only homozygous P635L or R636Q mice were treated. Error bars depict the

SEM m all panels.

[6024]  Figure 4: Cell type-specific profiling of cells after base editing by snRMNA-seq. a}
UMAP projection integrating all datascts and annotated based on their gene expression profile.
b} Expression of known marker genes defining the main cell types. ¢ UMARP projection of
ventricular cardiomyocytes from WT, P635L HOM, and base-edited mice. d} Histograms

depicting the distribution of pairwise Huclhidean distances of ventricular cardiomyocytes from
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P635L HOM and base-edited mice relative to WT using the two largest principal components
(PC). ey UMAP projection showing the activity score (sec 'Methods' section snRNA-seq
analysis} of cardiomyocyies usmg a subset of genes that were up- or downregulated i P635L
HOM relative to WT. Maximum 15 significantly up- or downregulated were used. f) Threshold
of activity score values based on {e} relative to percentage of cells above the threshold for genes
apregulated {upper panel} or downregulated (fower panel) i P635L HOM cardiomyocyies
relative to WT. g} Percentage of cells above the cnitical threshold for genes upregulated or
downregulated in P635L HOM cells relative to WT. VUM veniricular cardiomvocyies, ACMsg
atrial cardiomvocvtes, SMCs smooth muscle cells. Data were generated by snRNA-seqg of

isolated nuclet from two mice per condition.

[0825] Figure 5: WG of mouse tissue before and after AAYMYO-ABE treatment. a)
Mean nuntber of tissue-specific and variants detected tn all tissues {common}. b} Mean relative
distribution of distinct mucleotide conversions for tissue-specific and common SNVs. Tissue
overlap represent variants that were common 1o all three tissues. ¢} Allele frequency of tissue-
specific T>C/A> G vanants, N=33 theart), 32 (liver), 146 {tail). d) Mean number of
mismatches to the gRNA and PAM sequence 1o the area of + 30 bases around the variant start

site. Error bars depict the SEM n all panels. ¥N=3 mice wn (a, b, d).

[0026] Figure 6: Extended charvacterization of P635L and R636Q mouse lines. a) Sanger
sequencing fraces of first generation homozygous mutant mice used for subsequent mating and
experiments. Red (P635L) C>T mutation; grey (R636Qy GT>AQ mutation. Note that for
subsequent base editing in R6364}, the CAG codon is converted to CGG which 1s synonymaous
to the WT CGT codon. b, ¢) Expression fold change compared to WT of Rom20 (b)), and Nppa
and Nppb (). muce. d} GO analysis (biclogical function) of D5Gs that overlap for both P635L
and R636Q} HOM muce with a cut-off of FPague <0.01 and APSE > 0.1, ¢} Venn diagram of
significantly DEGs (up, Pung <6.05) and DSGs (down, Fague <001 and APSI> 0.1). ) F
values {cut-off Pagus <0.03) of DEGs umique or common between PO35L {red) and R6360
HOM (grey). Significant changes analvzed by unpaired, two-tailed t-tests. *%%% P < 0.0001.
Boxplots depict the median with the box including the 25-75th perceuntile and the whiskers
ranging from the smallest to the largest value. The number of genes is shown above the plots.
g, h) Expression fold change compared to WT of spliced and unspliced 7t isoforms and
Camk2d isoform A (g} or fibrosis marker genes (h) determined by gPCR. Sigmificant changes
indicated and analyzed by unpaired, two-taded 7 tests, * P < 0035, ** P <001 4, }}

Representative heart tissue sections stained with Surius Red (i) and quarntification of Sivius Red

-3
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posifive area {j}. Scale bar; 500 um. k, B} Cardiac volume (k) and LVID () determined by
narcosis echocardiography. Only sigmificant differences are labelled. P values obtained from
one-way ANOVA with Tukev's roultiple comparison test: *¥ 2 < (.01, Mice were 24-weeks
old. m-0} Percentage of ejection fraction (m), LVID {n) and cardiac volume (o} determined by
fime-course narcosis echocardiography of Rbm20 mutant mice. Asterisk mdicates statistical
significance compared to WT obtained by two-way ANOVA with Tukey's multiple
comparison test: ¥¥** P < §.0001, ¥¥* P <0001, ** P <001, * P <(.05. Data forthe 24 weck
time pomnt 1 the same as in Fig. 1 and Fig. 65, k. Data for R6360Q HET and HOM at 12 and 16
weeks has been published by us before®. (p) Heart-to-body weight ratio after 24 and 52 weeks
of P635L mutant mice. M=3 for HOM and 6 for HET mice unless indicated otherwise
brackets above the bars. No significant changes were found 1n (§), {1} and (p}. All data was
obtained in 16-week-old mice if not indicated otherwise. Error bars depict the SEM i all

panecls. Gene expression analysis was performed using RNA isolated from left ventricles.

{3827 Figure 7: Heatmap of BEGs of P635SL and R636Q mice derived from RNAseq.
Grey bars indicate that the gene was not detected in RNA-seq data. N = 5 mice per genotype.
Al DEGs that overlap m P6335L and R636Q HOM vuce are shown with a stringent cut~-off of

Padjus:, <1€104

[B028] Figure 8: Aunalysis of base editing in iPSC-CMs and in mice. a-¢} Percentage of
Indels (a) and bystander edits in P633L (b) and R534Q (¢) 1P5Cs and iPSC-CMs. Indel
formation 1s the summed frequency of msertions or deletions in 8 window of 10 bp upstream
to 10 bp downstream of the gRNA binding site. Indel formation is shown combined for both
mutations and gRNAs and separated by different base editors only. Bystander edits are
sequences that contain extra A>( conversions within the gRNA window. Observed positions
of bystander edits s indicated i red, the on-target site is i blue. 4, e) Representative tissue
sections {d) and RNA expression data (e} measuring the flucrescent transgene Y+ dehivered
by AAVMY O and mjocted in different concentrations in WT mice. Scale bar 100 pm. One
motse per concentrafion was mjected. £y Percentage of repaired reads relative to viral copy
number per diploid genome {left) or relative to RNA expression {right) determined by ddPCR
1 the muscle tissues heart, diaphragm and guadrniceps femoris {quadriceps £}, as well as the
hiver. For the left panel, DNA was used as mput with primers for the CMV promoter, for the
right pancl, RNA reverse transcribed to cBNA was used with primers for the transcribed WPRE
clement common in all base editor constructs. Oanly the SpRY-gRNAZ combimnation was

analvzed. Each datapoint represents one mouse. gi Editing officacy of NRCH / gRNAZ dniven
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by the ATNNTZ or the CAG promoter. Concentration shown 1s the combined amount of N-and
C-ternmnnal base editor-contaimng AAV. N = 2 mice (CAG 1212 and hTNNT2 2¢12, no error
bars) or 3 mice (BTNNT2 1¢12). h) Editing efficacy of SpRY and 8¢-NRCH 10 heart and biver
6 and 12 weeks after mjection 1 4-week-old muce. =3 (Be-NRCH-gRNAZ) or 7 (SpRY-
gRNAZ)Y mice. 1) Normalized RNA expression of RBAL20 derived from single-muclens RNA-
seq of the human heart™ SMCs = smooth muscle cells, Vent. (Ms = veniricolar

cardiomyocytes. Hrror bars depict the SEM 1u all panels. Ooly P6351L HOM were treated.

[3029] Figare 9 Extended phenotypic characterization of mice after AAVMYOABE
treatment. a, b} Allele frequency of repaired DNA (a) and bystander edits (b) 1n roice treated
with AAVMYO-ABE. Sequence shows location of the on-target edit in bluc and the bystander
edits in red. Numbers depict the position of the nucleotides within the targeting gRNA with the

AM sequence in position 21-23. ¢} Example aliele frequency determined by Crispresso? for
one mouse treated with AAVMY O harboring the base editor 8¢-NRCH and gRNAZ. On-target
location 1s indicated n blue and location of observed bystander edits in red. d) Expression of
spliced and unspliced T isoforms and CambZd isoform A in WT and mutant mice treated with
PBS or AAVMYQ-ABE. ) Vertical TN agarose gels showing the G-NZBA, NZBA N2B,
and T2 protein isoforms of TIN, and MHC as a loading control. f} Percentage of e¢jection
fraction m WT or mutant mice 8 weeks after injection with PBS or AAVMYO-ABE. P values
obtained by one-way ANOVA with Tukey's multiple comparison test shown for AAVMYQO
versus PBS. N = 3-3 mice per condition. g} Expression of heart faiture biomarkers Mppa and
Nppb in WT and mutant mice treated with PBS or AAVMYO-ABE. k) Ejection fraction before
(at week 4) and 8 and 12 weeks after injection of AAVMY O-ABE with hTNNT2-driven NRCH
base editor. Twice the amount of AAVMY O-ABE was used compared to CAG-driven ABEs,
In comtrast to other experiments, we performed echocardiography also before the injoction
showing that PBS and ABE-treated mice had similar phyvsiological parameters. WT data was
obtained separately and is the same as m Fig. 3bh. Statistical significance was assessed by
unpaired, two-tatled t-tests between PBS and ABE-treated mice. ** £ < 0.01, ns. = not
significant. Only P635L or R6360 HOM muce were treated. Error bars depict the SEM i all
panels. The number of mice per condition s indicated in the graphs. All data except in (e} and
{g) were obtained 12 weeks after AAVMY O-ABE mjection. DNA, RNA and protein isolated

from left vendricles.

[B038] Figure 18: Extended snRNA-seq analysis. a-¢} Number of active genes {a}. total

transcript counts (b} and percentage of nutochondnal gene counts per cell {¢} for nuclei from
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each condition. Two independent snRNA-seq experiments were performed for each condition.
&) Relative cell type distribution in WT, P635L HOM and base edited mice. ¢, {} UMAPs {¢}
and guanitfication of the fraction of cells expressing the base editor construct (f) delivered by
AAVMY Q. N-and C-terminal base editor expression values were summed up. Values are
cither O (not expressed, grey) or 1 {expressed, red}. g} Histograms depicting the distnibution of
pairwise Euchdean distances of depicted cell types from P635L HOM and base edited mice
relative to WT upon mapping using two principal compounends (PC). b} Threshold of activity
score of depicted cell tvpes (see methods for calculation) relative to percentage of cells above
the threshold for genes vpregolated {upper panel) or downregulated (lower pancl} in P635L

HOM relative to WT.

[0831] Figure 11: AAY coverage and editing events detected by WEGH, a) Nommalized
read coverage across autosomes of (- and N-terminal base editor sequence delivered by
AAVMYO. b} Allele frequency of the P6331L A>G nucleotide conversion. ¢, d) All (flefi) and
novel (right) SNVs (¢} or Indels {(d) called by four vanant callers (HC: HaplotypeCaller, MT:
MutectZ, LF: Lofreqg, SC: Scalpel). ) Mean relative distribution of tissug-specific and conunon
variants within coding or non-coding regions of the genome. Tissue overlap represent variants
that were common to all three tissues. ) Allele frequency of 16 candidate loct analvzed by
amplicon-seq. Seven loct were determined by in silico predictions of off-target editing based
on gRNA sequence sinlarity. Nine loci were obtaimed from WGE by taking A>G /T SNVs
with the coverage. N = 5 mice treated with PBS and 3 mice treated with AAVMYO-SpRY.

Error bars depict the SEM in all panels.

[6632] Figure 12;: RNA on- and off-target editing. a} Base editor expression n heart and
hiver tissue 12 weeks afier AAVMYQ-ABE or PBS treatment 1n P635L or P6360 HOM mice.
RPKM = reads per kilobase mitlion. b} On-target edit (blue arrow) and bystander edit (red
arrow) within the gRNA region targeting Rom20 on chromosome 19. Shown is the percentage
of cach base aligned to the positions plotted on the x-axis for R636(} and P635L HOM moice.
In each row, three replicated were summed before calenlating the fractions. ¢} Number of heant
(H}, liver (L) and common vanants after filtering as described in the method section. o)
Averaged relative amount of distinet tvpes of SNVs identified as heart-specitic. Significance
fesis were performed with a logistic regression model using the python package statsmodels
and testing the difference in A<QG vs. non-A<G ratios between pairs of ABE and PBS-treated
samples. Error bars depict standard deviation. e} Number of mismatches to the gBNA and PAM

sequence i the arca of £ 30 bases around the variant start site. Variants from three replicates
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were summed up. Vanants on the X or Y chromosome were excluded. Error bars depict the
SEM 1n all pancls. Box plots i (&) and {¢) depict the median including the 25th--75th percentile

with whiskers extending to the rest of the distribution.
DETAILED DESCRIPTION

Introduction
{36337 Provided herein are compositions and methods for treating or preventing dilated
cardiomyopathy {BCM} in a subjoct in necd thereof, ¢.g., through correcting one or more point
mutations in the genomic DNA of celis taken from a subject, and subsequently reintroducing
the genetically modified cells back into the subject. In one particular aspect, the disclosure
describes the use of a CRISPR-associated base editing to correct point mutations at the RBM20
locus in a cell. For the first ume, the inventors employ a combination of the viral vector
AAVMY O with targeting specificity of heart muscle tissue and CRISPR base editors (BHs) to
repair DUM patient mutations in the cardiac splice factor RBEM24, demonstrating the potential
of base cditors combined with AAVMY O to achicve gene repair for treatment of DCM and
other hereditary cardiac diseases. Furthcumore, the tnventors use the mtemn-mediated trans-
sphicing strategy 1o package the gRNA/BE complex in dual recombinant adeno-associated
viruses (rAAVs), to optimize viral dosages wnside of the cells thus enhancing base editing

cfficiency.

Befinitions
10634} Before the present invention 13 further described, it is to be understood that this
mvention is not stactly hnuited to particular embodiments described, as such may of course
vary. {t is also to be understood that the terminology used herein 1s for the purpose of describing
particular embodiments only, and s not intended to be limiting, since the scope of the present

invention will be hmited only by the claims.

[3835] The terms “a,” “an,” or “the” as used herein not only include aspects with one
member, but also include aspects with more than one member. For instance, the singular forms
43 >

a,” “an,” and “the” include plural referents undess the context clearly dictates otherwise. Thus,
for example, reference to “a cell” includes a plurality of such cells, and so forth.

[G036] The torms “about” and “approximately” as used herein shall gencrally mean an
acceptable degree of ervor tor the quantity measured given the nature or precision of the
measuremenis. Typically, exemplary degrees of error are within 20 percent (%), preferably

within 16%, and more preferably within 5% of a given value or range of vahies. Any reference

i
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o “about X7 specifically mndicates at least the values X, 0.8X, 0.81X, 0.82X, (.83X, 0.84X,
(85X, 0.86X, G.87X, 088X, 089X 09X 091X 092X 093X, 094X, 095X, 0.96X, 097X,
098X, 0.99X, 1L.OIX, 102X, 103X, 1.043 103X, 1.06X, 1.O7X, 1.08X, 1.09X, 11X, 111X,
I2X, FI3X, 114X, 1SX, 116X, 117X, LiI8X, 119X, and 12X, Thus, “about X7 i3
miended to ieach and provide written description support for a claim hmitation of, ey,

98X

{3837} The term “nucleic acid” or “polynucicotide™ refers to deoxyribonucleic acids (BNA)
or ribonucleic actds (RNA}Y and polymers thereof in either single- or double-stranded form.
Unless specifically imited, the term encompasses nucleic acids containing known analogs of
natural nucleotides that have simlar binding properties as the reference nucleic acid and are
metabolized i a manner similar to naterally occurring nucleotides. Unless otherwise indicated,
a particular nucleic acid sequence also implicitly cncompasses conservatively modified
varants thereof {e.g, degeneraie codoun substitutions), alleles, orthologs, SNPs, and
complementary sequences as well as the sequence exphcitly indicated. Specifically, degenerate
codon substitutions may be achieved by generating sequences in which the third position of
one or more sclected (or all) codons is substituted with nuxed-base and/or deoxyinosing
restdues (Batzer et al., Nucleic Acid Res. 19:5081 (1991}, Ohtsuka et al., J Riol Chem.

260:2605-2608 {1985); and Rossolini et al., Mol Cell. Probes §:91-98 (1994}}.

[30638] The term “gene” means the segment of DNA mvolved in producing a polypeptide
chain. It may include regions preceding and following the coding region (feader and trailer) as

well as intervening sequences {introns) between individual coding segments {oxons).

68391 A "promoter” s defined as an array of nucleic acid control sequences that direct
transcription of a nucleic acid. As used hercin, a promoter includes necessary nucleic acid
sequences near the start site of {ranscription, such as, in the case of a polymerase 11 type
promoier, a TATA element. A promoter also optionally includes distal enhancer or repressor
elements, which can be located as much as several thousand base pairs from the start site of

franscription.

[0848] An “expression cassette” 18 a nucleic acid construct, generated recombinantly or
synthetically, with a series of specified nucleic acid elements that permit transcription of a
particular polynucicotide sequence in a bost cell. An expression cassctie may be part of a
plasmid, viral genome, or nucleic acid fragment. Typically, an expression cassette includes a

polynuclectide to be transcribed, operably linked to a promoter. The promoter can be a
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consfitutive promoter, such as a CAG promoter, which is active m a cell under all
circumstances. The promoter can also be a regulatory promoter or mducible promoter, which
becomes activated under specific circumstances, such as a chemically inducible promaoter, a
temperature inducible promoter, a hight imducible promoter, etc. In some embodiments, the
promoter can be only activated m particular organs/tissaes, such as a human cardiac tropomn

T (WTNNT2) promoter, which is specifically activated in heart but not in other tissues/organs.

13641 “Polypeptide,” “peptide.” and “protein” are used mterchangeably hevein to referto a
polvmer of amine acid residues. All three terms apply to amino acid polvmers in which one or
more amine acid residue s an arificial chemical sumetic of a coresponding naturally
occurring amine acid, as well as to naturally occurring amino acid polymers and non-naturally
occurring aming acid polymers. As used herein, the terms encompass amino acid chains of any
length, including full-length proteins, wherein the amino acid residues are linked by covalent

peptide bonds,

10642}  Amino acids may be referred to herein by either their commonly known three letter
sviobols or by the one-letier svmbols recommended by the IWPAC-IUB Biochemical
Nomenclature Commission. Nucleotides, likewise, may be referred to by their commonly

accepted single-letter codes.

{38431  As used i herein, the terms “identical” or percent “identity,” 1 the context of
describing two ormore polynucleotide or amino acid sequences, refer to two or more sequences
or specified subsequences that are the same. Two scquences that are “substantially identical”
have at least 60% dentity, preferably 63%, 70%, 73%, 80%, 85%, 90%, 91%, 92%, 93%, 94%,
5%, 96%, 97%, 98%, 99%, or 100% identity, when compared and aligned for maximum
correspondence over a comparison window, or designated region as measured using a sequence
comparison algorithm or by manual aligniment and visual inspection where a specific region is
not designated. With regard 1o polynucleotide sequences, this definition also refers to the
complement of a test sequence. With regard to amine acid sequences, in some cases, the
identity exists over a region that is at least about 50 amino acids or puclestides in length, or

more preferably over a region that 1s 75-100 amme acids or nucleotides 1o length.

[B844] For sequence comparison, typically one sequence acts as a reference sequence, 1o
which test sequences are compared. When using a scquence comparison algorithm, test and
reference sequences are entered into a computer, subsequence coordinates are designated, if

necessary, and sequence algorithm program parameters are designated. Default program
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parameters can be used, or alternative parameters can be designated. The sequence comparison
algorithm then calculates the percent sequence identitics for the test sequences relative to the
reference sequence, based on the program parameters. For sequence comparison of sucleic
acids and proteins, the BLAST 2.0 algonthm and the default parameters discussed below are

used.

{38451 A “comparison window,” as used herein, meludes reference to a segment of any one
of the number of contigucus positions sclected from the group consisting of from 20 to 600,
usually about 56 to about 200, more usvally about 100 to about 150 in which a sequence may
be compared to a reference sequence of the same mumber of contiguous positions after the two

sequences are optimally aligned.

[G046]  An algorithm for determinung percent sequence identity and sequence sinularity is the
BLAST 2.0 algorithm, which 1s deseribed n Altschul et al |, (1990) J Mol Biol. 215 403-410.
Software for performing BLAST analyses is publicly available at the National Center for
Biotechnology Information website, nchi.nlm.nib.gov. The algorithm mavolves first idendifving
high scoring sequence patrs (HSPs) by iderdifying short words of length W i the query
sequence, which either match or satisfy some positive-valued threshold score T when aligned
with a word of the same length in a database sequence. T is referred to as the neighborhood
word score threshold (Altschul et al., supra). These tutial neighborhood word hits acts as seeds
for initiating searches to find longer HSPs containing them. The word hits are then extended in
both directions along each sequence for as far as the cumdative alignment score can be
mcreased. Cumulative scores are calculated usimg, for nucleotide sequences, the parameters M
(reward score for a pair of matching residues; always >0) and N (penalty score for pusmatching
residues; abways <0}, For ammo acid sequences, a scoring matrix 1s used o calculate the
cunmtlative score. Extension of the word hits i cach direction are halted when: the cumulative
alignment score falls off by the quantity X from its maximum achieved value; the cumulative
score gocs to zero or below, due to the accumulation of one or more negative-sconing residuc
alignments; or the end of either scquence is reached. The BLAST algonithm parameters W, T,
and X defermine the sensitivity and speed of the alignment. The BLASTN program (for
nucleotide sequences) uscs as defaulis a word size (W) of 28, an expectation (E) of 10, M=1,
N=-2, and a comparison of both strands. For ammo acid sequences, the BLASTP program uses
as defaults a word size (W) of 3, an expectation (B} of 10, and the BLOSUMG62 scoring matnx

{see Henikoff & Henikoff, Proc. Nail Acad. Sci. U/SA 89:10915 {1989)).
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[3047] The BLAST algorithm also performs a statistical analysis of the similaniy between
two sequences (see, e.g., Karlin & Altschul, Proc Not'l Acad Sci. USA  90:5873-5787
(1993}). One measure of similarty provided by the BLAST algorithm is the smallest sum
probability (PN}, which provides an indication of the probability by which a match between
two nucleotide or amino acid sequences would cocur by chance. For example, a nucleic acid is
considered similar to a reference sequence if the smaliest sum probability in a comparison of
the test nucleic acid to the reference nucleic acid 1s less than about 0.2, more preferably less

than about 0.01, and most preferably less than about 0.001.

[0648] The “CRISPR-Cas” sysiem refers to a class of bacterial systems for defense agamst
foreign nucleic acids. CRISPR-Cas systems are found in a wide range of bactenial and archaeal
organisms, CRISPR-Cags systems fall into two classes with six types, L 1L I IV, V, and Vias
well as many sub-types, with Class 1 including tvpes 1 and HI CRISPR systems, and Clags 2
mehiding types 1L IV, V and VI Class | subtypes include subtypes 1-A to I-F, for example.
See, e.g., Fonfara et al., Nawure 532, 7600 (2016), Zetsche ot al., Cell 163, 759771 (2015},
Adlt ot al. (2018}, Endogenous CRISPR-Cas sysiems include a CRISPR locus containing
repeat clusters separated by non~repeating spacer sequences that correspond to sequences from
vituses and other mobile genetic elements, and Cas proteins that carry out multiple functions
meluding spacer acquisition, RNA processing from the CRISPR locus, target identification,
and cleavage. In clags T systems these activities are effected by multiple Cas proteins, with
(Cas3 providing the endonuclease activity, whereas i class 2 systems they are all carried ot

by a single Cas, Cag9,

[6045]  The teom “treating” or “treatment” refers to any one of the following: ameliorating
one or more sympioms of a disease or condition {e.g., a dilated cardiomyopathy); slowing down
or completely ferminating the progression of the disease or condition (as may be evident by
longer periads between reoccurrence episodes, slowing down or prevention of the deterioration
of symptoms, efc.); enhancing the ounset of a remission period; slowing down the irreversible
damage caused in the progressive~-chronic stage of the disease or condition (both in the primary

and secondary stages); delaying the onset of said progressive stage; or any combination thereof,

[6888] The term “prevent” or “preventing” refers protecting a subject that s at nisk for a
disease or condition {e.g., a dilated cardiomyopathy} from developing the discase or condition,

or decreasing the risk that a subject can develop the discase or condition,
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{38511  As used herein, the terms “subject”, “individual” or “patient” refer, nterchangeably,
o a warm-blooded animal such as a mammal. In particular embodiments, the term refers to a
human. A subject may have, be suspected of having, or be predisposed to a lysosomal storage
disorder as described herein. The term also includes bvestock, pet amimals, or amimals kept for
study, including horses, cows, sheep, poultry, pigs, cats, dogs, zoo animals, goats, primates
{c.g. chimpanzee}, and rodents. A “subject in need thereof” refers to a subjoct that has one or
mwore svraptoms of diated cardiomyopathy (BCM), that has received a diagnosis of a DCM,
that 1s suspected of having or being predisposed to a DCM, and/or that has dentified one or

more point mutations of BCM-associated genes.

(0682}  Asused herein, the term “administering” includes oral administration, topical contact,
administration as a supposifory, intravenous, intraperitoneal, intramuscular, ntralesional,
intratomoral, intradermal, mtralymphatic, intrathecal, imfranasal, or subcitaneous
admistration to a subject.  Adwpunistration 18 by any route, including parenteral and
transmucosal {e. g, buccal, sublingual, palatal, gingival, nasal, vagimal, rectal, or transdermal).
Parenteral  adnumistration  includes, e.g, intravencus, inframuscular, intra-arteriole,
mtradermal, subcutancous, intrapertioneal, intraventricular, and mtracranmal. Other modes of
delivery include, but are not limited to, the use of liposomal formulations, intravenous infusion,

transdermal patches, esc.

[3853] The term “pharmaceutically acceptable carrier” refers 1o a substance that aids the
administration of an active agent to a cell, an organism, or a sabject. “Pharmaceutically
acceptable carrier” refors (o a carrier or excipient that can be included in the compositions of
the disclosure and that causes no significant adverse toxicological effect on the subject. Non-
hmiting examples of pharmaceutically acceptable camers mclade water, sodium chlonde,
normal saling solutions, lactated Ringer’s, normal sucrose, normal glucose, binders, fillers,
disintegrants, lubricants, coatings, sweeteners, flavors and colors, liposomes, dispersion media,
microcapsules, cationic lipid camers, 1sctonic and absorption delaying agents, and the like,
The carrier may also be substances for providing the tormulation with stability, sterility and
isotonicity {e.g. antimicrobial preservatives, antioxidants, chelating agents and buffers), for
preventing the action of microorganisms {e.g. antimicrobial and antifungal agents, such as
parabens, chlorobutanol, sorbic acid and the like} or for providing the formulation with an
cdible flavor efc. In some mstances, the carier is an agent that facilitates the delivery of a
modified cell to a target cell or tissue. One of skill in the art will recognize that other

pharmaccutical carriers are usefl in the present disclosure,
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Dilated Cardiomvopathy

[3654] The present disclosare provides methods and compositions for treating or preventing
dilated cardiomyopathy (DCM). DOCM 15 a heterogencous discase with multiple causes and a
non-spectfic phenotype that vltimately leads to the dilation of the left ventricle and aystolic
dysfunction. Approximately 30% of DICM is due to inhented mutations of several structural
components of the heart, and 19 geunes are classified for a strong connection to DCM: RBMZ0
{encoding RNA binding motif protein 203, BAG3 (BLC2-associated athanogene 3), DES
(desminy, FLNC (Alamin-C), LMNA ({lavun A/C), MYH7 (myosin heavy chain 7), PLN
(phospholamban}, SCNSA {sodium channel g-subumt), TNNCI (tropomin ), TNNTZ
(tropomn T}, TIN (titin), DSP (desmoplakin), ACTCI (cardiac g-actin}, ACTNZ {g-actinin-
23, IPH2 {(Junciophilin 2}, NEXN (nexilin}, TNNI3 {groponm [, TPM1 (a~tropomyosin), and
VCL {vincalin}.  Ag disclosed herein, the methods and compositions can be used to correct
potnt mutations in any of these genes. In some embodiments, the method disclosed herein 15
used to correct one or moTe point mutations 1 a gene sclected from the group consisting of
RBM20, BAG3, DES, FLNC, LMNA, MYH7, PLN, SCN3A, TNNC1, TNNT2, TTN, DSP,
ACTCL, ACTN2, JPH2, NEXN, TNNI3, TPMI, and VL.

REM20

[B855]  In paricular embodiments, the methods and compositions disclosed herein can be
used to correct point mutations at the RBM20 locus. The RBM20 gene encodes RNA-binding
motif protein 20 that regulates RNA splicing of genes coritical for the fimction of
cardiomyvocvtes. The human RBMZ20 gene is located on the long arm of chromosome 10 and

=
I
i

carries 14 ¢xons. it encodes a 1227 amine acid proicin containing two zing finger domains, a
glutamate-rich region, a leucine-rich region, an RNA-Recognition Motif (RRM)-tvpe RNA
binding domain and an arginine-/serine-rich region (RS-domamn). Human RBM20 protein

comprises a sequence of SEQ 103 NO: 10

10656} Pathogenic variants in RBMZ20 account for approxumately 2-6% of the cases of
farulial DCM with voticcably carly discase onset and chinmcally severe expression. Three
proten regions were identified with high confidence for carrving pathogenic variants. These
are located at positions ¢.1601-1640 {exon 7, encoding the RRM-domain}, ¢ 1881-1920 {exon
9, encoding the highly conserved RS-domain} and ¢.2721-2760 {exon 11}. Table 1 prosents
reported varants with corresponding domains. In particular, the BM20 mutations enniched in

a small stretch of six amino acids: Prolime-Arginine-Scrine—Argimne—Serine—-Proling
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{(PRSRSP) within the RS-domam result in aberrant formation of cytoplasmic granules and

amplify DCM-specific disease phenotype.

68871 As disclosed herein, the methods and compositions for treating or preventing DUM
can be wsed to correct any point mutation on the RBM20 gene. In some embodiments, the
RBMZ20 point mutation comprises a substitution at an amino acid position comprising 83, 453,
535, 633, 634, 635, 636, 637, 638, 703, 716, 783, 831, 88§, 913, 914, 1031, 1081, 1182, 1206,
or a combination thercof, and wherein the substitutions and the positions are determined with
reference fo SEQ 1D NO: 10, In some embodiments, the point muiation at the RBM20 locus
comprises a substitution at an anuno acid position within the six amino acid stretch (PRSRSP)
comprising 633, 634, 635, 636, 637, 638, or a combination thereof. In particular embodiments,
the point mutation at the RBM?20 locus comprises a substitution at aming acid position 633,

634, or a combmation thereof.

[3658]  In some embodiments, the RBM20 point mutation to be corrected is selected from
the group consisting of LE3E, 84551, V5351, P6331L, R634Q), RA34W, S635A, RA36C, RO36H,
R6368, S637G, P638L, R703S, R7164, R783G, LE31L DREEN, E913K, VOl4A, GI031X,
PIOBIR, R1I8ZH, E1206K, or a combination thereof. In some embodiments, the RBM20 point
mutations of inferest are enniched in the six amino acid stretch (PRSRSP) within the RS-
domain, mchuding P633L, R634Q, Ro34W, 86354, Re36C, R636H, Ro36S8, 86376 and
P638L. In particular embodiments, the RBM20 pont mutation comprises P33L, R634Q, ora

combination thereof

Table 1. RBM20 variants with corresponding exons and protein domains.

Domain Mutation Exon
Leu-rich-region L&31 2
Other S455L 4
REM-domain V3351 &
RS-domain PO33L g
RS-domain R634Q G
RS-domain R634W g
RS-domain S635A O
RS~domain R636C O
R&-domain R&36H 9
RS-domain R&368 G
RS-domain S$637G 9
RS-domain P638L G
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Bomain Mutation Exon
Other R7038 S
Other R7160Q 9
Other R783G g
Other 1.8311 i1
Glu-rich-region [F8EEN 1
Glu-rich-region E913K 11
Glu-nch-region VOi4A 11
Other GlO31X* 11
Other PIOSIR i1
ZnF-2 R1182H i3
ZnF-2 E1206K i3

* pon-~-sense mutation; all others are missense mutations,

Base Editor (BE)
08891  As disclosed herein, the present methods and composttions for correcting point
mutations involve CRISPR-associated base editing. Base cditing is a CRISPR-based genome
editing technology that allows the mtroduction or correction of pomt mutations in the DNA
without generating double-strand breaks (DSBs). Base editors (BEs) can be cviidine base
editors {CBEs) allowing C>T conversions or ademine base editors (ABEs) allowing A>G

CONVErsIons.

{6068 BEs used for correcting point mutations can be any kinds of BEs known inthe ant. In
some instances, the BE is an ademine base editor (ABE). In other instances, the BE is a cyvtidine
base editor (CBE}. In some embodiments, the BE is selected from the group consisting of BEL,
BEZ, BE3, BF4, BE4max, AncBE4max, ABE6.3, ABE78, ABE7 9, ABE7.10, ABEmax,
ABESRe, ABE-SpRY, CBE-SpRY, ABE-CP-1041, and CBE-CP-1041.

Cviosine base editor (CBE)

[G061] The carly generations of BEs, including BEL, BE2, BE3, and BE4, arc all CBEs
converting aG:C bpto T:A bp. BE! 1sthe first-generation BE comprising a catalytically dCas®
from Strepiococcus pyogenes {(Sp} fused with a rat deaminase (rAPOBEC1}). The dCasY
contains the D10A and HS840A amino acid substitutions of {as® that abolish the nuclease
activity avoiding DSB generation without interfering with tts DNA binding capacity. BEZ 15

based on BE] further fused with an uract! glveosylase inhibitor (UGH to the dCas9 to protect

newly formed U from excision. BE3 13 the third generation of BE replacing the dCas% of BE2
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with a Cas® nickase {CasYn containing the D10A amino acid substitution) that nicks the non-
edited G-contaiming DNA strand without generating DSBs. BE4 differs from BE3 as it carries

a second UGH conferring a hugher editing efficiency and tmproved product punty.

[6062] CBEs can be further optimized by modifving the codon usage and the nuclear
localization sequences to cnhance basc editing in mammalian cells (e.g, BEdmax, and
AncBEdmax). For mstance, BE4 can be improved by the addition of a bipartite NLS at both
N-and C-termini and by codon optimization to generate BE4max. Replacement of rAPOBECH
with an optimized ancestor tAPOBEC] homolog - Anc689 that contains 36 amino acid
substitutions compared to rAPOBECH - resulted 1 the generation of AncBE4max. Both

BE4max and AncBE4max exhibit a higher editing efficiency compared 1o BE4.

Adenine base editor {ABE)

106637  As disclosed herein, an ABE allows an AT bp to a G:C bp conversion at a target
locus {e.g., RBMZ0). In some embodiments, the ABE comprises a catalytically impaired
nuclease and an ademne deamunase. In some mstances, the adenosine deaminase is a dunernic
adenine deaminase. In some embodiments, the dimeric adenine deaminase is a heterodimer
comprising a wild-type tRNA adenosine deaminase (TadA) and a genetically modificd TadA¥.
As disclosed heren, the genetically modified TadA* comprnises one ormore {e.g, 1,2, 3,4, 5,
6,7, 8,9, 10, or more) substitutions of the wild-type TadA amino acid sequence. As disclosed
herein, the genctically modified TadA® can deaminates an adenine in a DNA sequence. In
some embodiments, the dimeric adenine deaminase 18 a homodimer comprising two genetically
modified TadAs*. In some embodiments, the adenosine deammase 15 a2 monomer adenine
deaminase comprising one genctically modified TadA¥ ABE6.3, ABE78, ABE79, and
ABE7.10, and ABESe are examples of ABEs with different mutations in the TadA” domain.
In some embodiments, the ABE is sclected from the group consisting of ABE6.3, ABET S,

ABE7.9, ABE7.10, ABEmax, ABESe, ABE-SpRY, and ABE-CP-1041.

i6064] ABEs can be optimiized by using orthologous or engineered Cas9n to broaden the
range of ademine base editing targets. For instances, Cas% variants can be introduced in ABEs
to generate A>( conversions at genomic sites contamning non-NGG PAMs. In some tnstances,
SpCas9n is replaced by SaKKHn or $plasSn-VOR in ABE7 10 and gencrates SakKKH-ABE
and VQR-ABE, respectively. To some instances, xCas9 1s wdroduced in ABE7 10 to geverate
xCaz9-ABE. ABEmax versions contain Cas® variants recognizing NG (xCas% in xABEmax

or 5pCas9n-NG in NG-ABE max} or NR PAMs (SpCastn-NRCH, SpCasPn-NRTH, and
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SpCas9n-NRRH). ABEmax can be further improved by replacing SpCas®n with SaCasYn or
with the engineered SaKKHn, SpCasOn-VRER and SpCas®n-VRQR allowing the targeting of
loci containing non-NGG PAMs.  SpCasbo-VRER and SplasYn-VROR mduce A-to-G
COnVErsions in many target sites containing PA Ms other than NGG. Sa-ABEmax and SaKKH-
ABEmax present a large editing window {position 4-14 of the protospacer). CP-ABHEmax can

target bases located outside the canonical editing window.

100665] In addition, ABEs can be optimized by modifying TadA” to enhance adenine base
editing in cells. ABESe contains eight additional mutations in the TadA” deaminase domain
that confer a higher processing activity. ABES8¢ further mncreases editing officiency when
combined with 5pCastn or different Cas¥ variants (¢ g., SaCas%, SaKKHn, SpCasin-NG, and
LbCaslZa) compared to the corresponding ABEmax-based enzymes. Furthennore, removal of
the wild type TadA did not affect ABESe editing activity, indicating that the optimized TadA"

can efficientlv work as a monomer.

106667  As disclosed herein, a base editor (BE) typically comprises two components: a
nucieobase deaminase enzyme and an RNA-~guided catalytically impaired nuclease. The two
components can be inked covalently {¢.g., as a fusion protein) or non-covalently {e.g., through
an RNA aptamer). The catalvtically impaired nuclease, guided by a single guide RNA
{(sgRMA), recognizes a specific sequence named protospacer adjacent mouf (PAM) and
unwinds the DNA sequence upstream of the PAM (“protospacer™). Thus, the deaminase
enzyvme converts the bases located m a specific DNA stretch of the protospacer “gditing

window”.

Nucleobase Deaminase Enzvme

[3867] The nucleobase deaminase enzyme can chemically modify a specific DNA base. It
can convert one nacleotide into another by catalyzing the removal of an amino group from the
base. For example, cytosing can be converted mto wracil, which can ultimately lead o a base
pair change trom C-G to T-A. In some embodiments, the nucicobase deaminase enzyme is a
single-stranded DNA (ssDNAY-specific nucleobase deaminase enzyme. In some instances, the
deaminase enzyme is an adenine deaminase. In other instances, the deaminase enzyme 18 a

cviidine deaminase.

{3668} The cviosine deaminase used in the CBEs can be a rat deaminase fAPOBECH), a

rAPOBECT vanant {evoAPOBECT), an ancestor of rAPOBECT (EvoFERNY), an optimized
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ancestor rAPOBECT homolog (Anc689), a P, marinus activation-induced cviidine deaminase
(AID or PmCDAL), a PmCDA1 variant (evoCDAY), a human APOBEC3A (hA3A), or any

variant thereof

[0869] The adenine deaminase used in the ABEs comprises a genctically modified TadA*,
As disclosed herein, the genetically modified TadA* can deaminates an adenine 1n a DNA
sequence. As disclosed herein, the genctically modified TadA* comprises one or more {e. g,
1,2,3,4, 5 6,7 8,9, 10, or more) substitutions of the wild-type TadA amine acid sequence.
In some instances, the adenosine deaminase is a dimernic adenine deaminase. In some
embodiments, the dumeric adenine deaminase 18 a heterodimer comprising a wild-type tRNA
adenosine deaminase {(TadA) and a genetically modified TadA¥. In some embodiments, the
dimeric adenine deaminase 15 a homodimer comprising two genctically modified TadAs*. In
some embodiments, the adenosine deaminase is a monomer adenine deaminase comprising one

genetically moodified TadA¥.

RNA-Guided Catalvuically Impaired Nuclease

{0878} The RNA-guided catalvtically impaired nuclease guides the base editor to the specific
location in the DNA where the desired base change should occur. In some embodiments, the
RNA-guided catalytically impaired muclease 15 a catalvtically impaired CRISPR associate

{Cas} nuclease, such as a dead Cas9 (dCas9), a dead Casi2 (dCas12}, a Cas? nickase {Cas9n),

or a derivative thereof.

[6071] The CasOn or other catalytically impaired nuclease used in the present methods can
be from any source, so long that it is capable of binding to an sgRNA of the mvention and
being gmded to the specific sequence (e 2., RBM20 locus) targeted by the targeting sequence
of'the seRNA In some embodiments, the catalvtically impaired Cas nuclease 1s denived from
Strepiococcus pyogenes (8p), Staphylococeus aureus (Sa), Staphylococcus auricularis (Saurij,
Acidaminococcus sp. {As), Streptococcus macacae {Spy mac), or other bacteria. In particular
cmbodiments, the CasYn or other catalytically impaured nuclease s from Strepiococcus

pvogenes.

G072 In some embodiments, the catalvtically nopaired Cas vuclease recognizes non-NGG
PAMs. In some embodiments, the catalvtically wnpaired Cas nuclease is selected from the
group consisting of SpCasOn-NRNH (NRNH PAM), 5pCas9n-NRTH (NRTH FAM},
Splas9n-NRCH (NRCH PAM), SpRY(NRN and NYN PAM), CP-1041, S$plasOn-VOR
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(NGA PAM), SpCasn-VROR (NGA PAM), 5pCastn-EQR (NGAG PAM), Splas9n-VRER
(NGCL} PAM]}, Salasbn (\’\I(;RRT PAM), SaCas%n-KKH (SakKHn) (NNNRRT PAM),
SauriCasbn (NNGG PAM), Spy-macCasOn (TAAA PAM), xCas9 (NG, GAA, and GATY
n-NG NG PAMY, dEbCast2a (dlbCpfh)y (TTTV PAM), and enAsCasiZa
(TTYN, VITY, TRTV, or TTTV PAM).

{38731 In particular embodiments, the catalviically wmpaived Cas nuclease 15 a CasYn or a
derivative thereof. In some embodiments, the Cas9n is an engiveered CasSn.  In some
embodiments, the engincered Cas%n is selected from the group consisting of Cas9n-NRNH,
CasOn-NRTH, Cas9n-NRCH. SpRY, CB-i041, Cas9n-VQR, Cas®-VRQR, Cagin-EQR,
CasUn-VRER, SaCas%, 5aCas9n-KKH (SakKKHn), SaunCas¥n, Spyv-macCas9n, xCas?9, and
CasOn-NG. In particular embodiments, the engineered CasOn 15 Cag9n-NRNH, Cas9n-NRTH,
CasSOn-NRCH, CP-1041, or SpRY.

sgRNA
13674] The single guide RNAs (sgRNAs) can target the RBM20 gence or any other genes
associated to DCM. sgRNAs mteract with a catalvtically trapaired nuclease such as Castn,
and specifically bind 1o or hvbridize to a farget nucleic acid within the genome of a cell, such
that the sgRNA and the site-directed catalvtically impaired nuclease co-localize to the target
oucleic acid in the genome of the cell. The sgRNAs as used herein comprise a targeting
sequence comprising homology {or complementarity} to a target DNA seguence, and a constant

region that mediates binding to the RNA-guided catalytically impaired nuclease.

[6673]  In onc aspect, the sgRNA targets at the RBMZ20 locus. In some embodiments, the
sgRNA targets within exon 7, exon Y, or exon 11 of RBM20. In some embodiments, the
sgRMNA targets within the RS domain at exon 9 of RBMZ0. In some embodiments, the sgRNA
targets the six amino acid stretch (PRSESP) within the RS domain. In some embodiments, the
sgRNA specifically targets the RBM20 gene comprising a sequence having about 80% or
greater wdentity to any one of SEQ ID NOs: 1-9. In some embodiments, the sgRNA comprises
asequence having, ¢.g., at least 80%, B1%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, G0%,

G1%, 929, 93%, 94%, 95%, 96%, 979%, 98%, 99%, or more idemity to any one of SEQ ID
NOs: 1-9, or compnising, e.g., 1, 2, 3 or more nuclecotide substitutions in any one of SEQ ID
NQGs: 1-9. In particolar embodiments, the sgRNA comprises a sequence of any one of SEQ ID

NOs: 1-9.

o
(V8]
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[30876]  The targeting sequence of the sgRNAsmay be,e.g, 10, 11,12, 13, 14,15, 16,17, 18,
19,20, 21,22, 23, 24, 25,26, 27,28, 29,30, 31, 32, 33, 34, 35, 36, 37,38, 39, 40, 41, 42, 43,
44, 45, 46, 47, 48, 49, or 50 nucleotides n length, or 15-25, 18-22, or 19-21 nucleotides
length, and shares homology with a targeted genomie sequence, m particular at a posttion
adjacent to a CRISPR PAM sequence. The sgDNA targeting sequence is designed to be
homologous to the target DNA| i.e., 0 share the same sequence with the non-bound strand of
the DNA temaplate o1 to be complementary to the strand ot the teraplate DNA that is bound by
the sgRNA . The homology or complementanty of the targeting sequence can be perfect {i.e.,
sharing 100% homology or 100% complementarity to the target DNA sequence} or the
targeting sequence can be substantially homologous {i.¢., having less than 100% homology or

complementarity, e.g., with 1-4 nusmatches with the target DNA seguence).

{68777 Fach sgRNA also includes a constant region that interacts with or binds to the site-
directed nuclease, e.g, Cas9n. In the nucleic acid constructs provided hercin, the constant
region of an sgRNA can be from about 70 to 250 nucleotides in length, or about 73-100
nucieotides in length, 75-85 mucleotides 1n length, or about 80-90 mucleotides in length, or 70,
71, 72.73,74, 75, 76,77, 78, 79, 80, 81, 82, 83, 84, 85, &5, 87, 88, 89, 00, 91, 92, 93, 94, 95,
86, 97,95, 99, 100 or more nucleotides n length. The overall fength of the sgRNA canbe, e.g.,
from about 80-300 nucleotides in length, or about 80-150 nuclectides i length, or about 80-
120 mucleotides 1n length, or about 90-110 nucleotides in length, or, ¢.g, 90, 91, 92,93, 94, 95,

06, 97,98, 99, 100, 101, 102, 103, 104, 165, 106, 107, 108, 109, or 110 nucleotides o length.

10678] It will be appreciated that it is also possible 10 use two-piece gRNAg {critracrRNAs)
10 the present methods, L., with separate ctRNA and tracrRNA molecules in which the target
sequence 18 defined by the crispr RNA {(crRNA3}, and the tracrRNA provides a binding scaffold

for the Cas nuclease.

{38791  The sgRNAs can be obtained 1n any of a number of ways. For sgRNAs, primers can
be synthesized in the laboratory using an oligo synthesizer, ¢.g., as sold by Apphied Biosysiems,
Biolytic Lab Performance, Sierra Biosystems, or others. Altematively, primers and probes with
any desired sequence and/or rodification can be readily ordered from any of a large sumber

of suppliers, e.g., ThermoFisher, Biolytic, IDT, Sigma-Aldnitch, GeneSenipt, ete.
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Intein-Mediated Trans-Splicing
[3680] As disclosed heremn, the sgRNA and the BE can be introduced into a cell in one or
More expression cassettes. In some embodiments, the sgRNA and the BE are present together
m one expression cassetic. In some embodiments, the sgRNA and the BE are present
separately, m two expression cassettes. In some embodiments, the BE is present n one
expression cassetie. In some cmbodiments, the BE is present in two or more expression

cassetics, wherein an active BE 1s packaged i the cell through mtein-mediated trans-splicing.

106811  The term “mtein-mediated trans-splicing” refers to an autocatalytic process where
two protemn fragments are joined together to create a functional protein using a natwurally
occurring or engineered intein. The term “intern”™ or “profem ntron” refers (o a segment of a
protein that 1s able to excise itself and join the remaining portions (the exteins} with a peptide
bond during protein splicing.  In some embodiments, the BE is present in two or more
expression cassetics, and packaged through intein-mediated trans-splicing.  For example, the
N- terminal half of the BE proiein is fused to the N- terminal halves of an intem in one
expression cassette, and C- terminal half of the BE protein is fused to the C- terminal halves of
the mitein in the other expression cassettes.  After intein-mediated trans-splicing, the N-
terminal half of the BE is linked with the C- terminal half of the BE resulting a functional BE
usefud for the present invention. The expression cassettes disclosed berein are typically driven
by a promoter. In some nstances, the promoter is a constitutive promoter, such as a CAG
promoter. In other instances, the promoter s a muscle-specific promoter, such as a human

cardiac troponin T (hTNNT2) promoter or a 8PcS-12 promoter.

Belivery Methods
(6682} The sgRNA and BE can be introduced into a cell using anv suitable method, ¢.g., by
mtroducing one or more polynuclestides encoding the sgRNA and the BE into the cell, eg.,
asing a vector such as a viral vector or delivered as naked DNA or RNA, such that the sgRNA
and BE arc expressed inthe cell. To some instances, the sgRNA and/or the BE arc imtroduced
mio the cell using a recombinant adeno-associated virus (tAAV) vector. In other instances, the

sgRNA and/or the BE are introduced toto the cell as a ribonucleoprotein {(RNP),
rAAY
[B883] The rAAV can be from serotvpe 1 (e.g., an rAAV I vector), 2 {e.g., an rAAVZ vector),

3 {e.g., an rtAAV3 vector), 4 {e.g., an rAAV4 vector), 3 {e.g., an rAAVS vector), 6 (e.g., an

rAAVE vectory, 7 {e.g., an TAAVT vector), 8 {cg., an rAAVS vector), 9 (¢.g. an rAAVS
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vector), 10 (e g., an rAAV10 vector), or 11 {e.g., an rAAV 1] vector). In some embodiments,
the vector is an rAAVY vector or a denvative thereof. In particular embodiments, the vector is

an AAVMYQ, an rAAVY mutant specifically targeting muscle cells such as cardiomyocyies.

Ribonacleoprotein (RNP)

3684} In some embodiments, the sgRNA and BE are assembled inte nbonucleoproteins
{(RNPs} prior to delivery to the cells, and the RNPs are introduced into the cell by, e g,
clectroporation. RNPs arc complexes of RNA and RNA-bmding protemns. fn the context of the
present methods, the RNPs comprise the BE (e.g., ABE) assembled with the guide RNA (e.g.,
sgRNA}, such that the RNPs are capable of binding to the target BDNA (through the sgRNA
component of the RNP) and modifying it (via the BE component of the RNP). As used herein,
an RNP for use in the present methods can comprise any of the hercin-described guide RNAs

and anv of the herein-described base editors.

Cells
[6085]  Animal cells, mammalian cells, preferably human cells, modified ex vive, i vitro, or
in vive are contemplated in the present disclosure. Also mchuded are cells of other primates;
mammals, mcluding comamercially relevant mammals, such as cattle, pigs, horses, sheep, cats,
dogs, mice, rats; birds, including commercially relevant birds such as poultry, chickens, ducks,

geese, and/or turkeys.

16086]  Io some embodiments, the cell is an embryvonic stem cell, a stem cell, a progenttor
cell, a plunpotent stem cell, an induced pluripotent stem (iP5} cell, a somatic stem cell, a
differcntiated cell, a mesenchymal stem cell or a mesenchymal stromal cell, a neural stem cell,
a hematopoietic stem cell or a hematopoictic progenutor cell, an adipose stem cell, a
keratinocyte, a skeletal stem cell, a muscle stem cell, a fibroblast, an NK cell, a B-cell, a T cell,
a peripheral blood mononuclear ccll (FBMC), or any derivative thereof. In some embodiments,
the cell 1s an iPSC. In some embodiments, the cell is a cardiomyocyie derived from the 1PSC

(CM-PSC).

[B0R7] Dhisclosed herein, in some emboduments, further includes a modified cell comprising
an sgRNA and a base cditor (BE) comprising an RNA-guwided catalytically impatred nuclease
fused to a nucleobase deaminase enzyme. In some embodiments, the modified cell is an 1PSC.

In some embodiments, the modified cell s a cardiomyocyte derived from an 1PSC.

o
joa



WO 2024/102811 PCT/US2023/079074

Method of treating or preventing DCM
13688] Foliowing the delivering the sgRNA and BE mto the cell, e.g., iPSC, and confinning
correct modification of the target gene n the cell, a plurality of modified cclls can be
reintroduced into the subject, such that they can repopulate and differentiate mto, e g,
cardiomyocytes, and due fo the correction of the target point mutation(s}, can treat or prevent
one or more abnormalitics or symptoms 1o the subject having dilated cardiomyopathy (DCM]}.
In some embodiments, the cells are cultured, expanded, sclecied, or induced to undergo

differentiation in vitro prior to reintrodaction info the subject.

1608%]  Disclosed herein, in some embodiments, are methods of treating or preventing an
DCM 10 an individual m need thereof, the method comprising correcting one or more point
mutations (PMs) cavsing the DCM 1n the individual using the genome modification methods
disciosed herein. In some instances, the method comprises reintroducing the modified cell,
comprising an BE and a sgRNA specifically targeting a sequence comprisimg the pound
mutation{s}, i.e., at the RBM20 locus, wherein said modified cell comprises correct nucleotide

and aming acid sequence, thereby treating or presenting the DCM in the individual.

[68%8]  In some embodiments, the subject has g point mutation af the RBM20 locus. In some
mstances, the point matation at the RBM20 locas comprises a substitution at an amino acid
position comprising 83, 455, 335, 633, 634, 635, 636, 637, 638, 703, 716, 783, 831, 888, 913,
914, 1031, 1081, 1182, 1206, or a combination thereof, and wherein the substitutions and the
positions are determined with reference to SEQ 1D NO: 16, In some instances, the point
mutation at the RBM?20 locus comprises a substitution at an amino acid position comprising
633, 634, 635, 636, 637, 638, or a combimation thereof. In some instances, the point mutation
at the RBM20 locus comprises g substitution at amino acid position 633, 634, or a combination
thereof. In particular mstances, the substitution comprises P633L, R6340, or a combination

thereof

36911  The modified cells of the present disclosure may be administered by any debivery
route, svstemic delivery or local delivery. These include, but are not Hmiied to, enteral,
gastroenteral, epidural, oral, transdermal, idracercbral, intracercbroventricular, epicutancous,
mtradermal, subcutancous, nasal, intravenous, infra-arterial, intramuscular, mtracardiac,
miragsseous, intrathecal, infraparenchyvmal, intraperitoneal, intravesical, ntravitreal,
infracavernous), inderstitial, intra-abdominal, intralymphatic, intramedullary, intrapulmonary,

intraspinal, intrasynovial, intrathecal, intratubular, parentoral, percutancous. penarticular,
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penidural, perneural, periodontal, rectal, soft fissue, and topical. In some instances, the
modified cells are remntroduced into the subject by svstemic delivery. In other instances, the
modified cells are reitroduced into the subject by local delivery. In some embodiments, the

local delivery is intrafemoral or mirahepatic.

Pharmaceutical Compositions
{38921 Disclosed herein, in some embodiments, are pharmaccutical compositions

comprising a plurality of genetically modified cells through base editing.

I6093]  In some emboduwvenis, a phammaccutical composition comprises a phurality of
genctically modified IPSCs or CM-PSCs disclosed hercin. The pharmaceutical composition
can further comprise a pharmaceutically acceptable carrier.  In some embodiments, the
modified cells may be formulated using one or more excipients to, e.g.: {1} increase stability;

(2) alter the bicdistribution {e.g., target the cell line to specific tissues or cell types);

B

{3} alter

the release profile of an encoded therapestic factor.

[0694] Formulations of the present disclosure can include, without binutation, sahne,
hiposomes, hipid nanoparticles, polymers, pepuides, proteins, and combinations thereof,
Formulations of the pharmaceutical compositions described herein may be prepared by any
method known or hereafter developed in the art of pharmacology. As used herein the tomm
“pharmaceutical composition” refers to compositions includimg at least one active ingredient
(e.&r., a modified cell} and optionally one or more pharmaceuatically acceptable excipients.

Pharmaceutical compostitions of the present disclosure may be sterile.

{08957 Relative amounts of the active ingredient {e. 2., the modified cell), a pharmaceutically
acceptable excipicnt, and/or any additional mgredients in a pharmaceutical composition in
accordance with the present disclosure may vary, depending upon the ideuntity, size, and/or
condition of the subject bemg treated and further depending upon the route by which the
composition is to be administered. For example, the composition may include between 0.1%
and 99% (w/w) of the active ingredient. By way of example, the composition may include
between 0.1% and 100%, e g., between 0.5 and 50%, between 1-30%, between 5-809%, or at

least 80% (w/iw) active ingredient.

[B096] Excipients, as used herewn, melude, but are not imited to, any and all solvents,
dispersion media, diluents, or other hiquid vehicles, dispersion or suspension aids, surface
active agents, wsotonig agenis, thickening or emulsifving agents, preservatives, and the like, as

suited o the particular dosage form desired. Various excipionts for formulating pharmaceutical
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compositions and techniques for prepanng the composition are known in the art (sec
Remington: The Science and Practice of Pharmacy, 21st Edition, A. R Gennaroe, Lippmcott,
Wiliams & Willans, Balumore, MD, 2006, meorporated herein by reference n its entirety).
The use of a conventional excipient medinm may be contemplated within the scope of the
present disclosure, except insofar as any conventional excipient medinm may be mcompatible
with a substance or its derivatives, such as by producing any undesirable biological effect or
otherwise interacting i a delcterious manner with any other compouent(s} of the

pharmaceutical composition.

{6697 Excowplary diluents mcelude, but are not bnsted to, calcmim carbonate, sodium
carbonate, calcium phosphate, dicalcium phosphate, calcium sulfate, calcium hyvdrogen
phosphate, sodium phosphate lactose, sacrose, cellulose, microcrystailine cellulose, kaolin,
manmnitol, sorbitol, inositol, sodium chlonde, dry starch, comstarch, powdered sugar, otc.,

and/or combinations thereof.

[3098]  Injectable formulations may be stenbized, for example, by filtration through a
hacterial-retaming fter, and/ot by incorporating sterilizing agents in the form of steriie sohd
compositions which can be dissolved or dispersed in stenile water or other stenile mjectable

medium prior to use.

EXAMPLES

13699]  The following example 1s offered to iHostrate, but not to hmit, the claimed invention.

Example 1: Striated muscle-specific base edifing enables correction of mutations causing

dilated cardiomyopathy
Abstract

13108] Dilated cardiomyopathy is the second most common cause for heart failore with no
cure except a high-risk heart transplantation. Approximately 30% of patients harbor herttable
mutations which are amenable to CRISPR-based gene therapy. However, challenges related to
delivery of the editing complex and off-target concems hamper the broad applicability of
CRISPR agents in the heart. We employ a combination of the viral vector AAVMYO with
superior targeting specificity of heart muscle tissue and CRISPR base editors to repair patient
mutations in the cardiac splice factor Rbm 20, which cause aggressive dilated cardiomyopathy.
Using optimized conditions, we repair >70% of cardiomyooytes in two Rém 20 knock-in mouse

modcls that we have generated to serve as an i vive platform of our editing strategy. Treatment

o
O
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of juvenile mice restores the localization defect of RBM20 10 73% of cells and splicing of
RBM20 targets mcloding TTN. Three months afier injection, cardiae dilation and ejection
fraction reach wild-type levels. Single-nuclel RNA sequencing uncovers restoration of the
transcriptional profile across all major cardiac cell types and whole-genome sequencing reveals
no evidence for aberrant off-target editing. Our study lighlights the potential of base editors

combined with AAVMY O to achicve gene repair for treatment of hereditary cardiac discases.
Introduction

16101]  Next-generation CRISPR tools enable gene repair of disease-associated nutations n
situ, in the organ of mterest, thereby achieving complete prevention or cure of the disease’. To
date, a foew climcal trials have been imtiated applving CRISPR in vivo o treat mutations
causing blindness, high cholesterol, or protein aggregation™ . Hundreds of pathogenic single-
nucleotide vanants {SNVs) have been associated with cardiac diseases, making the heart an
attractive target for gene therapy®. However, fow attempts have been made to correct heritable
cardiac disorders in vivo. Several studies have corrected pathogenic cardiac muiations in
mouse™®’ and human embryos®, which has major ethical considerations, and also requires prior
knowledge of the mherited mutation. Others have disrupted exons by CasY-mediated non-
homologous end joining in mice”, dogs'” and pigs'! entailing the danger for erronecus DNA

repair, which could impair gene expression.

[3182]  Cardiomvocyies are non-proliferating cells that are impervious to homology-directed
gene repair, the method of choice for mstalling precise genome cdits. Recently, CRISPR base
cditors have been developed to allow efticicnt nucleotide conversions i vivo i post-mitotic
cells!. Thus, we evaluated the use of base editors for the treatment of familial dilated
cardiomyopathy (BUM)}, a severe form of heart discase and the second most common cause of
heart failure'?. Treatment options for DCM patients include drugs to reduce blood pressure or
block the neurchormonal system. However, with a 15-year survival rate of only 34%", the
mortality of DCM patients receiving this treatment is very high'*. We focused on mutations i
RBM20, found in 3% of patients with aggressive, carly onset DCM®. Patients with familial
RBM20-DCM normally barbor a single-nucleotide discase-causing variant'® making it a prime
target for base editors to mmstall single-nucleotide conversions. 8BA 20 encodes a cardiac splice
factor that regulates alternative splicing of genes critical for the function of cardiomvocytes'®,

REM 20 mutations are enriched in a small stretch of six amino acids within the RS-domain and

30
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were recently shown to result i aberrant formation of cytoplasmic granules, which bikely

amplify the disease phenotype! ™89

[6103] Besides correcting the mutation, the major goal for any CRISPR-related gene therapy
is to atiain organ-specific gene dehivery o reduce the chance of potentially deleterious off-
target editing. Due to their low tisk of immunogenicity™ and integration™, as well as their high
amenabilify fo genetic retargeting to desired organs, adeno-associated viruses {AAVs) present
one of the safest and most versatile options for gene dehvery. Previous cardiac gene transfer
has been performed with the serotype AAVY despite its predominant targeting of the liver upon
intravenous injection’. We have recently identified a synthetic variant of AAVY, named
AAVMY O, which exhibits high target athinity for muscle cells including cardiomyocyvies and
low affinity for other organs such as the liver’. Here, we leverage AAVMYO for systemic
delivery of base editors to cardiomyocytes, the matn cell tvpe expressimg Rém 20, We optimize
the strategy to selectively repair two pathogenic mutations in Rom207s RS-domain resulting in
near-complete prevention of the disease phenotvpe in mice, with no evidence for guide RNA

{eRNA)-dependent off-target activity.
Results

P6351 and R6360 Rbm20 knock-1n mice extubit a DCM phenotvpe

{3184} Adenine base editors {ABEs) convert adenmes (A) to guanines (G} and have been
used successfully in emerging clinical trials™ . Since none of the existing Rbm 20 animal models
are amenable to ABE-moediated nucleotide conversion, we gencrated two mouse models
harboring G > A mutations. Specifically, we established two Rbm 2 knock-in moase models
with the amine acid substitutions P6351, and R6364, respectively, orthologous to the RBAZ0

Ny

mutations P633L and R634Q m humans previously identified in DCM patients (Fig. 6a)™*. No
significant changes were observed in Rom20 mRNA expression n these mice (Fig. 6b). We
performed deep phenotyping to identify aberrant molecular signatures and physiological traits
that could be rescued upon base editing. We focused on RBM20 localization, genc cxpression
and heart function since these parameters are dysregulated in mice, bumans and pigs with

REM20 RS-domain mutations 1519

[3105] Bomunostaming of isolated cardiorvocytes showed that homozygous {HOM) P635L
and R636Q mutant mice have cytoplasmic RBM20 granules, indicating misiocalization of the
mutant RBM20 protein from its nommal nuclear locahization (Fig, 1a). The heterozygous (HET)

mutants diverged strongly in the degree of RBM20 mislocalization. While RBM20 was
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predominantly nuclear in P635L HET, it formed small cytoplasmic granules m Ro36(} HET
mice (Fig. la-¢). RNA-sequencing (RNA-seq) revealed that the nomber of differentially
expressed genes (DEGs) compared to wid-type {(WT) was sixfold higher in R6360Q HET
compared to PO35L HET but lower than in P635L and Ro364) HOM mice (Fig. 1d). DEGs
conmnon for both P6335L and R636Q} exthibited dose-dependency between HET and HOM (Fig.
7y, Gene ontology (GO} analysis of the common DEGs revealed dysrogulation of genes
mvolved in muscle function and metabolic genes (Fig, 1e). The expression of natrivnretic
peptide precursors A and B (Nppa and Nppb), which are biomarkers of heart failure®, was
substantially elevated in HOM mice (Fig, 6¢). We identified 58 differentially spliced genes
(D8Gs) common for both PA33L and R6360 HOM mice with the predominant splice event
being exon skipping (Fig. 1f). These DSGs were associated with muscle and cvioskeletal
functions (Fig. 6d). Notably, approximately half of all DEGs and DSGs did not overlap
between PO33L and RE36Q HOM (Fig. de). While these specific genes could suggest the
presence of mutation-specific downstream processes, their F values were bigher on average
than for overlapping genes (Fig. 6f). This 15 consistent with the detection of subtle changes in
transertpt abundance arising due to biological vanation, such as between mice, or other
confounding factors that were detected by our degp RNA-seq with 100 Mio. reads on average
per genotype. While no difference in the abundance of splice events between P635L and
R6360 HET was observed (Fig. 1f), a subset of cracial RBM2G6 targets including 7in, Camkld
and Ypm2 were more dysregulated m R636(3 HET compared to P633L HET (Fig. 1g) We
performed RT-PCR and gPCR to validate the isoforms of T, Camkld, Ryr2 and 1463, which
were differentially expressed in mutant muce, and observed stronger dysregulation of 7 and
Ldb3 in RE36Q HET compared to P635L HET mice (Fig. 1k and Fig. 6g). P635L and R636(
HOM exhibited similar levels of aberrant splicing and stronger than the HET mice (Fig. ig, h

and Fig. 6g).

[B186] Next, we mvestigated whether these molecular differences in both mouse models
affected the cardiac phenotype. Survival curves indicated that both PG35L. and R6360 HOM
mice died prematurely in the first 120 days albeit o a lesser extent than other Rbm20 RS-
domain mutations (survival rate: 78% P635L, 81% R636(Q, 66% S637AX, 51% S$639G) (Fig.
13}, Notably, we backcrossed our mutant mice to C57BL/G) where others have used
C37BL/6N™, which could explain the differences in the survival as CS7BL/GN s more
sasceptible to cardiac deterioration upon pressure overload” . Both histological analysis and

gene expression did not uncover major signs of fibrosis in 16-week-old mutant mice except
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upregulation of the fibrosis marker CollaZ and Mnp2 i R636Q HOM nuce (Fig. 6h~j). The
chinical definition of BCM 1s based on an ejection fraction of <45% and left ventricular
dilation’?. We performed narcosis echocardiography, which confirmed that both mouse models
exhibit a DCM phenotype with significantly reduced ejection fraction (Fig. 1§). However, they
displaved only minor increase in cardiae volame {except in P6335L HOM) and no significant
change in the left ventricular internal diameter (LVID) (Fig, 6k, 1), Corroborating the RNA-
seq results, and correlating with cyvtoplasmic granule formation, the gjection fraction was more
reduced in R636Q HET compared to P635SL HET mice. After 1 vear, no significant worsening
of the BCM-associated phenotype was observed in ejection fraction and cardiac volume for
P635L HET and HOM mice whercas LVID and cardiac volume significantly mcreased n
R6360Q HET and HOM mice (Fig. Sm-p). All mutant mice exhibited consistently higher LVID
and cardiac volume compared to WT. We conclude that P635L and R636Q RémI0 mutant
mice exhibit DUM characteristics found in animals and patients with other RS-domain
mutations' %, For subsequent rescue strategies, we focused on P635L and R636Q HOM
mice since they showed a more pronounced molecular and physiological defect enabling better

quantification of the efficacy of the base editor treatment.

Base editors repaur pathogenic Rbm20 mufations in vitro and in nice

[G1847] To test the feasibility of base edifor treatment for repairing pathogenic P635L and
R6364 mutations, we first transfected ABEs combined with compatible gRNAs i
proliferating human iPSCs and non-proliferating cardiomyocytes derived from induced
plunipotent stem cells (iIPSC-CMs) with the orthologous REA20 mutations P633E and R634(
(Fig. 2a). Duc to sequence restrictions, we used ABEs containing Cas® that recognize non-
canonical PAMs such as “NRN” used in conjunction with the ABE SpRY™, or the ABEs
NRTH / NRCH named after their PAM preference’’. Moreover, we tested circular permuted
ABE (CP-1041) exhibiting a broader editing window’” for targeting of cancnical PAMs in
P6331L. We observed comparable editing efficiencies of RBM 20 vurtations between 1PSCs and
WPSC-CMs of up to 30% on average (Fig, 2b, ¢}. No base edifor clearly outperformed others.
indel formation, a byproduct of base editors™", was below 2.5% with no significant bias
between different ABEs (Fig. 8a). Likewise, bystander edits {i.c., unwanted A > G conversions
within the gRNA window) were generally below 1% with no significant trend between
different base editors except for circular permated editors, which led to more bystander edits
for Po33L likely due to their broader editing window (Fig. 8b, ¢} Next, we analyzed whether

editing of iPSC-CMs restored RBMZ0-mediated sphicing. We generated R634Q 1PSCs with
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stable expression of the base editor SpRY together with a targeting gRNA using lentiviral
transduction leading to a repair efficiency of 34% (Fig. 2d}. After differentiation to 1IPST-CMs,
the expression levels of sphiced soforms of TTN and IMMT, prominent RNA targets of
RBM20%, were increased in expression whereas the unspliced isoforms were decreased in

base-cdited cells suggesting that base editing restored RBMZ0-related splice defects (Fig. Ze).

[3188] Encouraged by these results, we tested the performance of base editors in editing of
the heart in vivo. We utilized a split-intein strategy™ to package both parts of the ABE
{controlied by the constitutive CAG promuoter) together with a gRNA expression cassette into
the synthetic AAVY vanant AAVMYO (referred to as AAVMYO-ABE) (Fig. 20 To
determine optirnal virus concentration for systemie delivery, we used a YFP reporter transgene
and observed that el vector genomes (vg) (corresponds to &33¢13 ve/ke total virus
concentration} ensures high viral targeting of the heart without overt expression of the
transgene in the liver (¥Fig. 84, ¢). To identify the optimal base editor-gRNA combination, we
tested the m vivo editing performance of the ABEs NRTH, NRCH and SpRY. We performed
tait vein injections of AAVMYO-ABEs combined with two different gRNAs i P635L HOM
mice and analyzed editing of the mutation 1 the heart, diaphragm, quadriceps and liver after 6
weeks. Experniments were performed in juvenile 4-week-old mice resembling voung DCM
patients with the possibility to prevent disgase progression. We found clear performance
differences between both tested gRNAs. gRNAZ displayed higher on-target editing efficiency
than gRNAI1, and fewer bystander edits (Fig. 2g). The base cditors NRCH and NRTH
outperformed SpRY with regards to editing efficiency (Fig. 2g), 1 contrast to in vitro editing
where no clear differences between different ABEs were observed. We also tested NRCH
conjugated with the latest and most efficient version of adenine deaminase, namely Abe#e™
(reterred to as 8¢~-NRCH]), and obscrved the highest editing with 21.4% on average (Fig. 2¢).
This editor, however, also showed bystander edits of 2.7%, the most common bystander edit
of which {12; 2.64%) mtroduces a synonymous codon change and is likely inconsequential, Of
note, due to different positioning of the base editor, a second non-synonymous bystander edit
{11} was observed for gRNAT in up to 1.31% of reads leading to a codon change from TCT
(serine} to CCT (probine}. Therefore, the use of gRNAT was discontinued for subsequent long-
term editing and phenotyping. T was also detected in 3¢-NRCH combined with gRNAT but
only 1 0.09% of reads on average. No indels were observed in any condition, For NRTH, we
also generated AAVO vectors, which exdubited less than half of the editing efficacy of the

AAVMYQG-ABE counterpart supporting the superionty of AAVMYO for cardiac gene
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delivery (Fig. 2g). Notably, no signaficant editing was observed in the liver. Highest editing
occurred in the heart followed by diaphragm and quadriceps suggesting that the liver and likely
other non~muscle tissue arc protecied from on-target but also off-target base editing activity
(Fig. 2h). Viral DNA copy number and relative RNA expression correlated broadly with
editing efficiency (Fig. 8f). Since AAVMY(Q predominantly infocts cardiomyocytes, which
constitute only 30-50% of ali cardiac cells™", the viral expression measured in the heart is

likely an underestimate.

10169 We also generated an ABE version driven by the promoter of human cardiac troponm
T (hTNNT2), which led to highly specific editing in the heart and absence of oditing in other
fissues (Fig. 8g). However, ATNNT2-dniven ABEs were only comparable in edifing efficacy
with constitetive CAG promoter-driven ABEs when doubling the viras concentration. Since
we sought to exclude potential side effects from high viral loads in the mouse model, we
continued maindy with CAG-driven ABEs. To evaluate the potential of long-term base~-editing,
we collected the heart 12 weeks instead of 6 weeks after injection. Whereas 8¢-NRCH
outperformed SpRY after 6 weeks, both exhibited sinular levels of editing after 12 weeks (Fig,

8h). BEditing of the hiver did not exceed 2% even 12 weeks afier injection (Fig. 8h).

[611¢] Finally, we quantified the extent of Rém20 mRNA that was edited, since this allows
cstimating the editing efficacy n cardioravocytes, 1e., the cell type that predominantly
expresses Rbm20 (Fig. 817 Sequencing of heart cDBNA after 6 weeks of editing revealed that
on average 35% of mRNA molecules were edited with 5pRY compared to 8% on the DNA
fevel (Fig. 2g, ©). Stnkingly. 12 weeks after editing, 71% of Rbm20 mRNA were edited on
average compared to 18% of DNA (Fig. 2g, 1). Sinular to the copy number measurements, the
discrepancy between the extent of DNA and RNA editing is bikely due to the fact that
AAVMYO only infects cardiomyocytes, which overall represent a smaller fraction of the BDNA
exiracted from the heart. We conclude that base editors delivered with AAVMY O enable

highly efficient muscle~specific repair of Rhm 20 mmtations m mice.

Base editors repau Rbin20-DCM phenotvpes in mige

i6111] To measure long-term effects, we performed tail vein injections of AAVMYO-ABE,
asing owr best performing edifor-gRNA combmations 8¢-NRCH and SpRY, the latter
exhibiting less bystander edits. These imections were performed 18 4-week-old P6335L and
R6360 HOM mice. Long-term base-editing and physiological effects were analvzed 12 weeks

after injection. Amplicon-seq of whole heart gDNA revealed an average repawr efficiency of
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18-20% 1n the heart and below 2% mn the biver across the two tested Rom20 mutations (Fig.
9a}. As observed before with gRNAZ, bystander edits were detected in mice treated with 8e-
NRCH but not in mice mnjected with SpRY (Fig. 9b). Compared to editing afier 6 weeks,
overall, more bystander edits were detected m PO35L mice treated with 8e-NRCH. The main
synonymous bystander edit Tz occurred in 4.09% of reads on average followed by a missense
mutation 11 (6.33%). Two other synonymous mustations T {0.20%) and Ti7 (0.42%) were
observed (Fig., 9b). R6360 mice treated with 8¢-NRCH cexhibiicd one bystander edit Az
{0.699%;). Notably, we observed bystander edits onlyv in reads that have also received the correct
edit indicating that only repaired alleles were prone to bystander edits, which effectively lowers
the editing efficacy (Fig. 9¢). Indels surrounding the gRNA window were not detectable. Also,
levels of Rom20 mRNA editing were substantially higher, vamely 68% for SpRY and >83%

for 8¢-NRCH (Fig. 3a).

[G112] To cvaluate the exterd of phenotype rescue upon base editing, we performed RBM20
localization and gene expression assavs, as well as analysis of heart pump fimetion. RBM20
mmmunostaining in heart tissue sections revealed cradication of the cyvtoplasmic RBM20
granules and restoration of the charactenistic nuclear RBM20 foct in 75% of cells m
AAVMYO-ABE-treated mice compared to control mice imjected with saline (Fig. 3b, ¢}. Next,
we analvzed splicing of 7in and observed increased expression of the spliced, as well as
decreased expression of the unspliced isoforms. Morcover, the splicing profife of other RBEMZ0
targets Camk2d, 1463 and RyrZ approached levels of the WT control (Fig. 3d and Fig. 94d).
Stnce 1 mus-splicing hikely contributes to aberrant cardiomyocyte function in RBM20-
DCM™ we validated TTN expression at the protein level. AAVMYO-ABE-treated mice
showed reduced expression of the gigantic TTN isoform {G-TTN) from 83 to 17%, with levels
of constitutive N2A and N2ZBA isoforms approaching levels of WT (Fig. 3e, f and Fig. 9e).
RNA-seq of PBS or ABE-treated P635L and R636(3 HOM mice revealed that about 50% of
the mis-spliced exons in PBS~treated mice were rescued after base editing; especially Tim exons

were amongst the most strongly reverted splice events (Fig. 3g).

10113} Fmally, we performed narcosis echocardiography 8 and 12 weeks after injection.
After 8 weeks, there was a clear but not sigruficant treed toward an increase m the ejection
fraction (Fig. 9f). However, after 12 weeks, the ejection fraction was reveried almost to WT
levels (Fig. 3h). In line with the restoration of cardiac function, LVID and cardiac volume
decreased upon base eoditing albeit without reaching statistical significance (Fig. 34, §).

Moreover, expression of the hear failure biomarkers Nppa and Nppb was reduced after base
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editing compared to PBSanjected samples (Fig. 9g). Notably, we also performe

echocardiography  afler mjoction of hTNNTZ2-driven ABE and observed significant
mmproveraent of the ¢jection fraction after 12 weeks (Fig, 9h). We conclude that AAVMYO-
ABE delivery significantly improves the molecular and physiological defects associated with

Rbm 20 mutations in mice.

Rescue of cell type-specific sene expression upon base editing

10114}  Tommvestigate whether base editing restores the transcriptional landscape of the heart,
we performed single-nuciei RNA sequencmg (saRNA-seq) of 40,233 nuclei isolated from
hearts of 16-week-old mice in the absence and with base editor treatment. We analyzed nucler

from WT (n=T867}, P635L HOM (= 156,218}, and P635SL HOM mouse hearts 12 weeks after

18a—c). UMAP projection based on transceriptional similanty and clustering identified 11 major
cell types that express known cell type markers found in previous studies’” (Fig. 4a, b). Sub-
chistering within the ventricular cardiomyocytes revealed that cells from base-edited mice have
transcriptional profiles between those of W and P635E HOM mice (Fig. 4¢). The fraction of
mmune cells (fvmphoid and myeloid) increased only slightly upon AAVMYO treatment (2.4~
4% in WT and P635L HOM, 3.6--5.6% 1n base-edited mice) indicating the absence of an overt
imuune response {Fig, 16d). In our snRNA-seq data, we also analyzed the expression of the
base editor complex iself and confirmed predomunant targeting of cardiomyocyies by
AAVMYO (Fig. 18e, ). Next, we compared transcriptome similarities between WT, PA35L
HOM and P6335L HOM afier base editor treatment. In ventricular cardiomyocyies, cells after
hase editor treatmeent shifted closer to WT in their transcriptional profile whereas no overt trend
was observed for the other major cell types (Fig, 4d and Fig. 10g). Since transcriptome etfects
could be masked by genes unrelated to the Rbm20 mutation, we analyzed the transcniptomic
profile for genes that were sigraficanily dysregulated 1o P633L HOM mice (based on snRNA-
seq, sec 'Methods' section snRNA-soq analysis). Ventricular cardiomyocyics from basc-edited
mice exhibited a gene expression profile that is between WT and P635L HOM, indicating that
gene expression was at least partially restored (Fig. 4e—-g). Strikingly, we also observed major
gene expression changes 1o other cell types with levels reaching WU levels for atral
cardiomyocyies, pericyies, endothelial cells, myeloid cells and fibroblasts (Fig. 4g and Fig.
16k This indicates that downstream effects associated with RBM20-DUM such as changing
the gene exprossion profile of non-cardiomyocyies were repaired even though the AAVMYO-

ABE treatment specifically targets cardiomyocytes.
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No evidence for AAVMYO-ABE-induced offtarect editings

{6118}  Fally, we sought to identify offtarget mutations induced by the base editor. We
performed whole-genome sequencing (WGS) in three P635L HOM muce treated with
AAVMYQ and the base editor SpRY for 12 weeks. For cach mouse, we sequenced tail
(harvested before the ingection), liver and heoart tissue with an average genome coverage of 47x.
WGS confirmed a high viral load in the heart, low levels n the hiver and background signal in
the tail {Fig. 11a), with an average on-target allele editing frequency of 27% in the heart and
absence of editing in the other tissues (Fig. 1ib). We adapted a previous strategy™ {see
‘Methods' section whole-genome sequencing and analysis) to wdentify novel varants for cach
fissue by overlapping three variant callers that identity SNVs and mdels (Fig. Ile, d). We
focused on variants that were detected by at least two variant callers. Afler applying additional
filter steps, we found on average 208650 tissue-specific variants 1n the heart, liver, tail (Fig.
Za). The relative contribution of A > G/T > C nucleotide conversions was not increased in the
heart compared to other tissue-specific variants or varants that overlap in all three tissues (Fig.
5h). Moreover, the allele frequency of A > G/T > C mutations was similar in all three tissues
(Fig. 5¢}, indicating the absence of systematic off-target moutations mstalled by this ABE. The
genomic distnbution of tissuc-specific varants was similar to common vananis with only a
small fraction of SNVs in exonic regions (Fig. 1e). None of the heart-specific vanants were
shared between the three replicates and seven were identified in two mice. Ouly one SNV was
found to change the ammo acid sequence of a coding gene. No sequence homology was
detected in the genomic region surrounding the novel varants compared to the gRNA
sequence, which suggests the absence of gRNA-dependent editing (Fig. 5d). We further
analyzed 16 selected sites by amplicon-seq: 7 loci with highest sequence similarity to the gRNA
used and 9 candidate A/T>G/C vanants determined by WGS with the highest sequencing
coverage {(Fig, 11§). No SNVs were detected n the in silico predicted off-target sites. In
addition, 4 out of 9 candidate loct from WGS were >90% mutated 1n both PBS and AAVMYO-
ABE-treated mice and therefore are likely gormline vanants. For the remaining 5 SNVs, no
difference in the percentage of editing was observed afier AAVMYO-ABE injection compare

to PBS. Overall, this data does not indicate the presence of ABE-induced DNA off-target edits.

[6116] Since RNA editing has been reported as byproducts of ABEs**! we also analyzed
bulk RNA-seq data obtamed 12 weeks after AAVMYG-ABE treatment of P635L and R636Q
HOM mice. We confirmed high expression of the base editor in the heart and its absence in the

biver (Fig, 12a) leadimg to high on-target and minor bystander editing for 8e~-NRCH in P6335L
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HOM (Fig. 12b). Unbiased vanant detection was performed on the RNA-Seq data (Fig. 12¢;
details m the method) and a small but significant wcrease {(from 17% to 19%) in the fraction
of A > (5 mutations was ocbserved only in the 8e~-NRCH compared to PBS-reated R6360Q HOM
mice (Fig. 12d). No significant differences were observed in the other AAVMYO-ABE-treated
samples. Sipular to WGS, we could not detect major sequence homology between the region
surrounding the variants and the gRNA (Fig. 12e) indicating that the increased frequency of
A > mutations is not due gRNA-dependent effects. In summary, while our analysis prohibits
the detection of random SNVs arising in a subsct of cells, we do not find evidence that the base

editing strategy induces systemic off-target editing.
Biscussion

[3117] Chances of success of any gene repair strategy depend on the degree of editing
reached m the target cell type. Thus efficiency is contingent on the extent of editor delivery m
the target cell type and its gene editing efficacy within each cell. Since Rbm20 is mamly
expressed in cardiomyocytes, we could infer overall editing efficiency by analyzing #bm20
mRNA . Strikangly, 70-87% of cardiomyocyics were repaired, demonstrating both the superior
fargeting capability of AAVMYQ and the efficacy of base editors, specifically ABEs. In a
recent study, Nishivama and collcagues emploved base editors debivered by AAVY in 5-day-
old mice and achieved an Rbm20 mRNA editing efficiency of 66% on average™. However,
with a total concentration of 2 3¢ 14 va/kg, 34ttmes more virus was used than i our study where
we treated larger, juvenile 4-week old mice. The differences in AAY amount can be attributed
to promoter choice and AAV serotype. Nishivama et al. employed a TNNTZ {¢TuT) promoter
to confer cardiac-specific base oditor expression, which in our hands required twice the AAY
amount to reach editing efficiencies similar to expression controlled by the constitutive CAG
promoter. Using a similar strategy but combined with thoracic inmjections, another study
recently achieved 81% editing efficiency of cDNA in the left ventricle™. Notably, since
AAVMYO selectively targets cardiomyocyies and not the liver, less virus is reguired for
cardiac delivery compared to AAVY. In our hands, base editors delivered by AAVY were only
half as efficient 10 correcting RoémZ8 mutations compared 1o AAVMYG-ABE when injected
i the same concentrations. The advantages of thus higher targeting specificity are two-fold.
First, high AAV concentrations are associated with toxicity due {o AAV-induced adaptive
immune response®. Second, AAV production is a time-consuming and costly process.
Especially for human therapics. up to 1.5¢17 v of virus have been applied* and using a more

cfficient AAV helps to reduce the required virus concentration. Moreover, it allows the
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treatment of older (and heavier} specimen, thereby enabling therapies in adults which is usunally

the stage when sabjects develop first symptoms or genetic tests are inthiated®.

(6118} Offtargets represent a major concem for in vivoe gene therapy in patients. To uncover
potential off-target editing associated with CRISPR-treatment, WS 18 the method of choice
because it offers an unbiased analysis of SNVs across the genome in vivo’ . We showed that
after treatment, A > G/T>C nucleotide conversions were not enriched m the hearts that
received a high dose of AAVMYQO-ABE. This argues against rogue base editing of DNA
clsewhere 1n the genome as it was observed in carlier base editor versions, especially for
cytosine base editors®. In addition, we did not identify sequences siniilar to the gRNA near
heart-specific SNVs, which indicates that detected SNVs are not related to guide durected
activity. Notably, we observed only one missense mutation out of 768 heart-specific SNVs.
However, since WGS suffers from sensitivity, it remains unkanown whether base editors
mnstalied random mutations of low frequency in a subset of celis. Uncovering such edits would
require clonal amplification of the target cell type prior to WGS. While such a strategy has
been performed for hepatocytes’, it would not work for cardiomyocytes due to their inability
to proliferate. At RNA level, we showed a sigoificant increase from 17 to 19% of A> (G edis
m one mouse stramn treated with 8e-NRCH, which could indicate rogue off-target editing of the
base editor. Since we observed this effect only for R636Q HOM mice treated with 8e-NRCH
without overt gRNA-dependent effects, the risk for wtroducing permanent changes in gene
expression is low. Besides off-target edits, base editors are prone to bystander edits in the
vicinity of the targeting window!. The percentage of bystander edits varied dependent on the
deaminase. SpRY and NRCH conjugated to Abemax did not lead to bystander edits whereas
NRCH conjugated to hyperactive Abefe deaminase led to substantial bystander edits of >4%
even outside of the putative editing window. Dependent on the target mutation it might make
sense to atilize the less active Abemax-ABE version {o reduce the danger of bystander edits.
In sooumary, due to the low abundance of random DNA and RNA off-target edits and the
reduction of bystander edits by choosing the best ABE, one could argue that the benefit of
dramatically decreasing the risk of heart fatlure outweighs the danger of detrimental off-target
editing.

[3119]  We showed that the extent of R6m20 mRNA correction matched well with the number
of cardiomyocyte miclel exhibiting re-localization of RBM20 protein {75%) and the percentage
of G-TFN reduction {from %3 to 17%) demonstrating molecular restoration of cardiomyocyies.

In addition, we also observed a transcriptional shift towards wild-type in other cardiac celi
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types such as fibroblasts and epithelial cells upon base editing. SnRNA-seq in RBAT2G patients
showed major changes in gene expression and abuondance of other cell types besides
cardiomyocytes®, therefore it is encouraging that non-cardiornyocytes also benefitted from the
freatment. Overall, our data suggest that base editors prevent the permanent deteroration of
heart function. Therefore, we speculate that the positive effect on all cell types s due to lack
of structural changes of the heart cocurring throughout the live span of the amimal. Besides
constituting a preventative action for genetically predisposed carriers that have not vet
developed DCM, the AAVMYQO-ABE treatment may be emploved as a curative strategy of

adult patients with BCM symptoms.
Methods

Mouse line zencration

{31208 Rbm20-P635L and RAm20-R636() knock-in mice were generated by zygotic
microinjection of recombinant Cas9 (IDT), 1n vitro roconstituted crRNAtrerRNA {(IDT)
targeted to Kbml0), and single~stranded donor BNA as a template. The hybrid mouse stramn

B6C3¥F was used and backcrossed to CSTBL/GT for expenments.

Cell culture and differentiation

13121 Parental iPSCs and 1P5Cs harboring the homozygous P633L or R634¢ mutation in
RBM20 were previously generated and characterized®. Cells were mamtained on vitronectin
{A31804, ThermoFisher) coated plates with Essential 8™ Flex {A2858501, ThermoFisher)
medium and passaged with Versene (15040066, ThermoFisher). Cardiomyocyte differentiation
was initiated by addition of 8 pM CHIR99021 (72054, STEMCELL Technologies) im RPMI-
1640 medmm  supplemented with B27  without Insulin  (RPMi-fosulin, A1895601,
ThermoFisher). After 24 h, 1 volume of RPMI-Insulin was added and afier 72 b, medium was
changed to RPMi-Insulin with 2 uM Wnt-C359 (5148, Tocrisy. At day 5 and 7. medium was
changed to RPMi-Tusulin and at day 9 to RPMI with full B27 supploment (RPMi+usulin,
17504044, ThermoFisher). At day 11, medium was changed to RPMI+nsulin without glucose
and addition of 3 mM DL-lactate. At day 14, RPMi+Insulin was added and at day 16, cells
were passaged with TrypLETOx (A1217701, ThermoFishery and RPMi+Insulin supplemented
with 10% knock-out serum replacement (10828028, ThemmoFisher) and 1.66 uM Thiazovivin
(72252, StemCell Technologies). One day afier passaging, the medium was changed to
RPMi+insulin with subsequent medium exchange every 3 days. Passaging was done every 2-

3 weeks.
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ABE olasmid clomng

{6122} For the transient transfoction of base editors 1 human 1P5Cs and 1PSC-CMs, the
following plasmids were used: ABEmax-NRTH (Addgene 1D 136922}, ABEmax-NRCH
{Addgenc 1D 136923}, ABEmax-5pRY (Addgence [D: 140003}, ABEmax-CP-1041 (Addgene
T 119808} and ABERe-CP-1041 (Addgene 1B 138493} Forward and reverse complementary
gRNA sequences with compatible overhangs were anncaled and ligated with a gRNA
expression plasmid (Addgene I 53188}, which was digested with Bbs/ (RO53985, NEB) prior
to ligation. For stable base edifor expression, the coding region of {as9 from the
lertitCRISPRVY plasmid (Addgene: 52961) was replaced with SpRY following a sumiar
strategy as described before®. The resulting plasmid was digested with BsmBI (R0O5808, NEB)
and ligated with the annealed gRNA. For the generation of split-intein ABE plasmids, we used
Chbh v AAV-ABE N-torminal (Addgene: 137177) and Cbh v3 AAV-ABE C-erminal
{Addgene: 137178) and replaced the coding sequence of $pCasY with the N- or C-ternunal
parts of Cas9-NRTH, Cas?-NRCH or Cas9-SpRY using the plasmids from above as template.
Maorcover, we created a Abe8e-NRCH version by replacing ABEmax on the N-terminal part
{commeon for Cas9-NRTH and Cas¥-NRCH) with Abe8e using Addgene plasoud 138489 as
template. The C-terminal AAV plasmids were digested with BemBI and hgated with the
annealed oligonuclestides encoding the gRNA. Gibson assembly (E2611L, NEB) was used for
all cloning assembly steps except for gRNA oligos, which were figated with the backbone using
T4-DNA ligase (MOZ02L, NEB). Sanger scquencing was performed to validate plasoud

assembly and Smal (RO141S, NEB) digestion to monitor the mtegrity of the I'TRs.

Lenttvirus production

(3123} The lentivirus (generation 3} was produced in Lenti-X 2937 cells (632180, Takara)
by transfecting the four plasmids with hincar PEI {polycthvlenuume, 25kD). Virus was
collected after 72 h (stored at 4 °C), fresh medium was added and virus was collected again
48 h later. All harvested viras was filtered with 0.45 pm low protein binding/fast flow filter
unit. Virus was precipitated using Lenti-X-concentraior (631232, Takara) following the
manufacturer’s recomendations. Virus was further concentrated by uliracentrifugation with
a 20% sucrose cushion at 30,000xg for 2 h at 4 °C, and was resuspended in sterile 1~ HBSS.

Titers were estumated with Lenti-X GoStix Plas (631280, Takara).

1PSC and 1PSC-CM base editing
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[3124]  IPSCs and iPSC-CMs were dissociated one day prior fo plasmid transfection as single
cells with StemPro™ Accutase™ cell dissociation reagent {A1110501, ThermoFisher) and ro-
seeded together with RevitaCell™ Supplement (A2644501, TherraoFisher) in 24-well plates
coated with vitronectin, After 24 h, cells were transfected with 375 ng base editor plasmid,
125ng U gRNA plasmid and 100ng pmax-GFP (Lonzay. Lipofectamme™ 3000 or
Lipotectanune™ Stem transfection reagent (L3000008 or STEMO0008, ThermoFisher) were
used for transfection according to the manufacturer’s instructions. Medium was changed 1 and
3 davs afler transtection, and GFP-positive cells were sorted by flow cviometry and analyzed
by amplicon sequencing after 25-35 days. Generation of stable SpRY -expressing R636(}
iP5Cs was achieved by transducing the cells with Lentivirus expressing SpRY and R636(
gRNAZ. Cells underwent Puromyein (A 1113802, ThermoFisher) selection with 2 pg/ml for 14
davs before expansion and differentiation to cardiomyocyics. Amplicon sequencing (o measure
RBMZ0 editing efficacy was performed before start of the cardiomyocyte differentiation in

three independent replicates.

Recombinant AAV production. purification. and quantification

[6125] Recombinant AAVMYO was produced as previously described™. Briefly, HEK-
2937 cells (Stratagene/Agilent} plated on 150 mm dishes were transfected asing the 3-plaspud
system {(pAdH-—adenoviral helper function, pRep2capSmyo™ encoding rep and cap genes, and
transgene plasmid) and PEL Cells were harvested 3 days later, and viruses were extracted from
the cells by four rounds of frecze-thawing. The cell lysates were treated for 1 h with Benzonase
to remove non-encapsidated DNA. To remove cell debris, the samples were centrifuged at
4000xg and the supernatant was collected. The supematant was loaded over four layers of
iodixano! gradient solation (15, 25, 40 and 609%), followed by a centrifugation for 2.5h at
183,400=g (in average) in a 70T rotor. Fractions were collecied and those corresponding to
the interface of 40 and 60% were pooled, buffer exchanged and concentrated. The viral genome
concentration (including it mouse fissuc) was determined by ddPCR 1 a QX200 Droplet
Dhgital PCR Systemn (BioRad), usmg Tagman primers/probe against the CMV enhancer, and
the purity by silver staining of SDS-PAGE gels.

[6126] Recombinant AAVYS was produced in HEK-293T/17 cells (ATCC, CRL-11268)
using the tnple-transfection method {with linear PEI 25 kDa) in a Coming CellSTACK 3
{C85). After 72 h, supernatant (600 ml) was collected and stored at 4 °C and 600 mi of fresh

medium was added. After an additional 48 b, the first collection was added back to the CS5,
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and cells were lysed and DNA was degraded by adding Triton X-100 (final concentration of

%) and 94 pl Benzonase (25-335 UAd) for th at 37°C with 100 rpm shaking. The cell
debris/virus mix was removed and the CS5 was washed with 200 ml PBS. The washing solution
and the cell suspension was centntuged at 4000 ~ g for 20 min. The supernatant was filtered
with a 0.45 um PES filter and then concentrated to 30 ml using tangential fow fitration. The
concentrated viras was then purified by an 1odixano! gradient and the titer was determined by

gPCR using primers within the CMV promoter.

Mouse AAV miections

161271 Mice were injected with a mux of AAVs expressing the N-terminal and C-erminal
base editor or a YFP reporier. Unless otherwise specified, 3¢1l vg per AAV were injected 1n
the tail vein of 4~week-old nmice. Mice weighted on average 12 g, therefore the total virus
concentration mjected was 8.33e13 vg/kg. Mice were sacrificed after 6 or 12 wecks and organs

collected for subsequent analysis.

DNA 1solation and amplicon segucnging

(6128} DMNA from human cells was isolated using the Monarch® Genomic DNA Purification
Kat (T3010L, NEB) following the manufacturer’s instructions and including the recommended
RNascA digestion step. For DNA isolation from mice, the tissue was immersed in 600 pl PBS
i tubes contaning metallic beads and then processed with a Fastprep homogenizer with two
30 s runs with maximum velocity. Oue-third of the homogenized tissuc was used for DNA
isolation with the Monarch® Genomic DNA Purification Kit. No additional Tissue Lysis buffer

was added and samples were incubated with 10 ul of Proteinase K for T h.

[3129]  Punficd DNA was amplified with human- or mouse-specific primers covering the
RBM20 RS-domain mutation hotspot with Nextera-compatible adapters using Q5S® Hot Stast
High-Fidelity 2x Master Mix (M04941L, NEB). One microliter of a 1:100 dilution was used for
a second PCR attaching sample-~specific index barcodes (Nextera X1 Index Kit v2 Set A, FC-
131-2001, Hlununa). Libraries were pooled and cleaned up with Ix AMPure XP beads
{A538381, Beckman Coulter) before sequencing with a2 MiSeq instnument using a 130 bp paired-

end run {Hhomina}.

[0136] Demultiplexed amplicons were analyzed using Crispresso2®! to obtain the frequency

of on-target editing and indels and bystander edits with the extended gRNA binding sequence.

RNA 1solation, RT-PCR. gPCR
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{31317 RNA from human cells was 1solated using the Monarch® Total RNA Mimiprep Kit
(T20108, NEB) followmg the manufacturer’s mstractions and including the on-column Dnasel
digestion. For RNA isolation from mice, 1 md of TRizol™ (15596026, ThermoFisher) was
added to 200 pl of homogenized tissue {see DNA extraction) and processed using the Direct-
zol RNA Mmiprep Kit (R2052, Zymo Research) with on-column Dnasel digestion. For the
heart, RNA was isolated from the left ventricle. 200-500 ng RNA was used as nput for the
reverse transeription with SuperScript™ [V (18090010, ThermoFisher). For amphcon-seq,
RNA was additionally treated with ezDNaseTM (117660531, ThemmoFisher) prior to reverse
transeription. RT-PCR or gPCR was performed with 1l of 1.2 diluted ¢DNA using the Q5®
Hot Start High-Fidelity 2X Master Mix (M04941., NEB) or the SYBR™ Green PCR Master
Mix (4309155, ThermoFisher), respectively, with gene-specific primers. Delta Ct method
asing Gapdh was used for sample normahization after gPCR. To calculate the fold change, an
additional normalization relative to the averaged wild-type RNA expression was performed.
RNA copy numbers were determined by ddPCR (sec AAY virus quastification) using Tagman
primers for the WPRE clement and Rpp30 (Biorad, assay ID: dMmuaCPES097825) as

housekeeping gene.

Bulk RNA sequencing and analvsis

[6132] 500 ng of RNA isclated from left ventricles was processed using the NEBNext® Ultra
IF Directional RNA Library Prep Kit for Ulumnina® (E77601, NER) with prior ennchment of
mRNA by using Oligo dT beads from the NEBNext Poly(A) mRNA Magnetic Isclation
Muodule (E74901, NEB). After hibrary preparation, the samples were multiplexed {five samples
per lang) and sequenced with Blumina NexiSeg 2000, For bulk RENA-seq 1o Fig. 3, samples

were processed aceording to the Smart-seq? library preparation protocol™

[6133] Subseguent analysis was performed using a pipeline assembled with Snakemake®
available at: https:/github.com/FerreiraAM/dem_igreads mouse bulkRNA. The alignment of
the different samples was performed using STAR . The GENCODE mouse annotation version
vMZ29 with the pamary assembly GRCm39 genome was used. We created the indexes and then
aligoed the reads for cach sample using the default options of the STAR ahgner. Differential
expression analysis was performed with DESeq2™. P values in Fig. 14, ¢, Fig. 6e, f, Fig. 7
contaimng differential gene expression analysis were derived from a ong-sided Wald test with
adjustments for multiple comparisons. We performed comparsons for each mutation

associated with each experiment in R using the count matrices that were created from the
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BAM files with the Rsubread R package”™ Log2 fold change (log2FC) per mndividual was
computed for each mutation, using the average per gene from all WT samples of one
experiment’s nutation: log?FC for gene A = logZ(value of gene A/W'T average for gene A).

Metascape™ was used for Gene Ontology analysis.

[6134] We used TMATSY 1o detect differential alternative splicing cvents. Pair-wise
comparisons were performed and results from the hnctions Counts (JC) files were analyzed in
R. We identified splice junction events that were overlapping between different conditions and
filtered for significant cvents. £ valucs in Fig, 11, g, Fig. 6d, ¢ containing differential splice
analysis were derived from a likely-hood ratio test. An event was considered significant if the
False Dnscovery Rate (FDR) was below 0.01 and the average delta PSI-value (relative to WT)
was higher than 0.1 or smaller than ~0.1. In Fig. 3g, significant splice events were classified in
three categories: rescued, mis-spliced or unchanged. We computed the average APSI difference
{relative to WT) between PBS- and ABE-treated nuce and considered the absolute difference
{AAPSI). Events were classified as unchanged if the AAPSI was smaller than 0.1, The
remaining cvents were cither classified as rescued or muis-sphiced. In addition, we defined the
P51 values of PBS-treated samples as the original value APSI origingl, the PSI values of base-

cdited samples as the edited value APSI edited and used the following criteria:
Rescued:

APSIE origmnal > 0 and APSE edited >= U or 0.2 <t APSE edited <= 0.2 and APS onginal >
APSE edited.

APSE original <0 and APST edijed <= @ or 1.2 <= APST edited <&= (.2 and APSI original

<APSE edited.

Mis-spliced:
APSE original > 0 and APSL edited = {0 and APSE ongieal <x_edited.

APST orginal < and APST edited <= 0 and AFST ovigmal > x_edited.

~

APSE origroal <0 and APSE edited >= 0.2,
APST original > G and APSE edied <= -0 2.

Mouse cardiomyocvie 1solation
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[3135] For immunostainings of RBM20 granules (Fig. 1a-c¢}, we performed a Langendorff-
free isolation of cardiomvocytes as described before®. Briefly, the mouse was sacrificed, and
the right ventricle was wmmediately flushed with 7ml of EDTA-contating buffer. Afier
clamping the ascending aoria, the heart was transferred to a petn dish contamming EDTA butfer,
Another 10 mi of EDTA buffer was mjected in the left ventricle. After injecting 3 ml Perfusion
buffer, the heart was transferred to a Petri dish containing collagenase. Subsequently, the left
ventnicle was njected with 50mi Collagenase buffer, transferred to a plate with 3o
Collagenase buffer and cut m small pieces. Overall, 5 ml of stop solution was added and cells
were filter through a 100 wm cell stramer and then settled by gravity to ennch for
cardiomyocytes. Two rounds of gravity setthing were performed bhefore plating the cells on
faminin (5 pg/mlin PBS, 23017015, ThermoFisher) coated plates with addition of DMEM/F12
with GlotaMAXTM (10565018, ThermoFisher) and 10% FBS. After 2 b, cells were fixed with
4% paraformaldehyde (PFA, methanol-free, 28906, ThemmoFisher) for 10 min at RT and store

in PBS for subscquent imaging.

RBM20 imumunostaiung and granule guantification

[6136] Immunostaimings were performed either in 1solated adult mouse cardiomyocvies or
in fissue sections. Isolated and fixed cardiomyocytes were incubated with 8.3% Triton X-100
in PBS for 5 nun before washing with PBS and adding blocking solution (2% BSA diluted in
PBS) for 1 hat RT. Cells were incubated overnight it blocking solution containing anti-Rbm20
(PAS-58068, Invitrogen) and anti-sarcomernic alpha-actinin {(ab9465, Abcam) both diuted
1:250. Subsequently, cells were washed three times with blocking solution before staining with
secondary astibodics Alexa Fluor 488 goat anti-mouse IgG (A11001, Tovitrogen) and Alexa
Fhiuor 568 goat anti-rabbit IgG (A110011, Invitrogen) both diluted 1:1000. Incubation was
performed for 1 h at RT before washing three times with blocking solotion and mounting the
shdes in ProbLong Gold antifade reagent with DAPE(D1306, lnvitrogen). Images were obtamed
by the LSM 980 ATRY confocal microscope {(£eiss). RBM20 granule quantification in isolated
cardiomyocytes was performed by using the Imagel plugin AggreCount (vl 13)%, according
to the published mstructions. The mumber and the average size of granules per whole cell were

used for the figures. At least 10 cells were analvzed for cach of three muice per genotvpe.
[6137] For tissue staining, transverse & um scctions of heart samples were deparaffimzed
with xvlene and rehydrated to water through decreasing cthanol concentrations. Slide sections

were subjected to heat-induced antigen retrieval for 20 min i 10 oM Tas-EDTA pH 9 buffer.
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Thereatier, these sections were permeabilized with 0.3% Triton X-100, blocked in 5% donkey
serum and incubated ovemight at 4 °C with a rabbit ant-Rbm?20 antibody (PAS-53068,
Invitrogen) at 0.5 pg/od. Bmmunofluorescent detection was done with a tyramide signal
amplification using an anti~rabbit-HRP (12-348, Sigma), Biotinvl-tvramide (SML2133,
Sigma} and streptavidin-Alexa 488 (811223, Molecudar Probes), Images were acquired by
widefield microscopy with an auwtomated whole slide scanner. Nuclear versus cytoplasmic
RBM20 localization was quantified manually in 34 slices per mouse heart for two mice per

condition and a total of 250-300 cells.

PicoSuius Red stainne

[0138] Hearts were processed for standard paraffin embedding. Sagittal sections were
collected around the mid portion of each sample at 8 um onto Superfrost Plus shides. Following
deparaffinization and hydration with alcohols {o water, the sections were stained with a solution
of picrosirius red (0.5 o/500 mi saterated picric acid; Sigma) for 1 h at RT. Sections were then
washed i two changes of acidified water {5 mi Glacial acetic acid/1 later distilled water),
dehvdrated in 100% cthanol and mounted m Peonount. Images were acguired with an

automated whole shide scanner.

Echocardiogranhy

3139 Mice were anesthetized using 2--2.5% wsoflurane (HDG2623V, Baxter Deutschiand
GmbH, Germany), while heart and respiratory rate were continually monitored. Cardiac
echocardiography was performed using a Vevo 2100 Imaging Svstere with a MS400
Transducer (both FUJIFILM VisualSonics, Inc., Canada), and B-mode and M-mode images of
short axis and long axis were faken. During echocardiography, mice were placed on a heating
pad to avoid a decrease n body temperature. Echocardiographic parameters were then analyzed

uaing the VisualSonics Vevolab software.

Vertical SDS asarose gel electrophoresis {(VAGE)

[61408] VAGE for detection of TTN protein isoforms was performed as described before®
with minor modifications. A piece of 510 myg heast tissue was lysed in 40 volumes {w/v} of
VAGE sample buffer (8 M urea, 2 M thiourea, 3% SDS, 0.03% bromphenol blue, 0.05 M Tris-
HCL 75 mM DTT, pH 6.8} with a pistel in a microtube at 60 °C for 2-3 nun. Subsequently,
50% glveerod buffer (50 mb HoO, 536 md Ultrapure Glveerol, T Tablet protease inhibitor cocktail

(11697498001, Roche)) was added {final concentration 12%j) and the samples were processed
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for another 3-5 min at RT. After a cooling period of 5 min on ice, a centrifugation for S min at
16,000x g occurred. The supernatant was taken and stored at 80 °C. The samples were thawed
by heating to 60 °C for 2 mun and analyvzed ustng VAGE. After the gel run, the gel was fixed
for 1h i 50% methanol, 12% acetic acid 3% glveerol in ddH20 and dried overnight. The gel
was rehydrated n H:0, stamed with Coomassie and scanned for quaniification. Analysis and

quantification was performed with the ATDA software,

Whole-genome sequencing and analvsis

{6141} DNA for WGS was prepared by PCR-free library preparation according to the
NEBNext Ultra it DNA PCR-free Library Prep kit {E7410L, NEB). Sequencing was performed
by Homina NextSeq 2000 P3 150PE.

{31421  Analysis of the scquencing data was performed using a customized Snakemake
workflow. Raw FASTQ files were mitially processed for 37 adapter trinuming from raw FASTQ
files using cutadapt v.3.5%°. The trimmed reads were subsequently aligned by bwa-mem
v.0.7.17% 1o a hybnd reference sequence of mouse genome mm 10 concatenated with AAV
vector backbone sequences comprising the N- and C-terminal components of 5pRY-Cas9-
ABE. The BAM files were sorted, marked for PCR duplicates and recalibrated for base quality
scores using GATK v4.1.9.0 Three vanant callers were apphied for SNP (GATK Mutect?
v.4.1.9.0 (MUY GATK HaplotypeCaller v.4.1.9.0 (HO®, Lofreg v.2.1.5 (LF¥*%) and Indel
(MU, HC, Scalpel v.0.5.4 (8CY*') calling, respectively. For MU and HC, variant calling was
performed in cohort mode using BAM files of all three tissue samples from the same individual,
Therefore, allelic depth and frequency (AF) of refercnce and alternative alleles were recorded
even for variants not present across all tissue types. For LF and 5C, the default parameters were
used to call vanams from a single sample at a time. Al varnanés were lefi-aligned and
normalized using beftools (v.1.9)% to aliow a comparison between variant callers. For further
analysis, the allelic depth called by MU was used if present, and was otherwise replaced by
values determined by HC. ANNOVAR (v.2020-06-08)" was used to add functional
annotations 1o the detected variants. To wlentifv vanants with high confidence. we required a
variant to {1} be called by at least two vanant callers, (2) be covered by at least five reads per
fissue type, and (3} have at least two alternative allele reads across all tissucs. Afier this quality
filterimg step, tissue-overlapping variants were defined as variants present in all three tissues.
To identify novel mutations with high confidence, variants overlapping with any known variant

annotated by the mouse genome project’” or dbSNP'! were excluded. From this pool of
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variants, tssuc-specific variants were defined as vanants with an AF >0 1n the tissue in
question and an AF =0 or non-measured vanants in the other tissues. To further characterize
tissue-specific variants, they were examined for a potential causation by the CRISPR base-
cditor treatment. For each vanant, a section of £30 bases around ifs start sife was investigated
for sequence homology to the gRNA and PAM scquence. A custom script was developed for
the sequence alignment and calenlation of muntmum odit distance, while only allowing 1bp

indels or mismaiches in the seed region but not in the PAM site.

RNA-seg vanant analysis

(0143}  Analvsis of the sequencing data was performed using a customized Snakemake
workflow. Raw FAST( files were aligned by STAR v2.7.9a in 2-pass mode™ to the same
hybrid reference sequence used m the WGS analvsis. The BAM files were sorted and marked
for PCR duplicates using GATK v4.1.9.064. Three vanant callers were apphied for variant
calling: (GATK HaplotvpeCaller v.4.1.9.0 (HOY®, Strelka v.2.9.10 (ST)Y? and Platypus v.0.8.1
(PLY)Y. For HC, the sorted and marked reads were pre-processed as described in the GATK
Best Practices for RNA-seq varant calling’”. For PL., sorted and marked reads were
progessed with Opossum v.0.27 and 8T used sorted and marked reads as their mput and was
nim in RNA mode. All algorithms called vanants in cohort mode using BAM files of all three
tissue samples from the same individual. Al variants were normalized, left-aligned, and
annotated as described in the WGS analysis section. For further analysis, the allchic depth called
by PL was used if present, and was otherwise replaced by values determined by HC. To identify
variants with high confidence, we required a vartant to (1) be called by at least two out of three
variant callers, (2) be covered by at least five reads (fissue were investigated individually), (3)
have at least two alternative allele reads across all tigsues, and 4} be located in exons, introns,
or UTR3/5 regions. Known vanants annotated by dbSNP or MGP were exchided, and the
remaining variants were grouped info tissug-specific or tissuc-overlapping variants.

[0144] For Fig. 12b, REDItools2” was utilized to extract all reads from the target region.
Triplicate reads were summed up, and the fraction per base and posttion was calcolated.
Investigation of sequence similamty between gRNA regions surrounding the SNVs was

performed as described m the WGS analysis.

Nuclei isolation and snRNA-seg

[3145] Nocki from mouse hearts were isolated wsing previcus protocols with some

adaptations. Briefly, hearts were washed throe times with PBS, minced and incubated with 5 ml
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Ix Red Blood Cell Lysis Buffer (Z3141, Promega) for 5 min with manual shaking. In total,
Sml PBS was added, followed by centrifugation at 500> g/2 min and an additional washing
step with 10 m! PBS. The pellet was resuspended in | ml homogenization buffer’®, and dounced
8x with pestle "A” and 20x with pestle ‘B on ice. Nuclei were filtered through a 70 pM stramer,
followed by a 40 pM strainer and a 20 uM strainer. Nuclet were centrifuged at 1000+ /5 miun
and pellet resuspended 1n 2 mi homogenization buffer. Nuclet solution was layered on 10 mi
sucrose buffer’” and contrifuged 1000x g/5 min. The pellet was washed with 2 ml
homogemization butfer and resuspended in 0.2 ml PBS {calcium and magnesiumfree} with 2%
BSA and 0.2 U/l RNasin® Plus RNase inhibitor (N2615, Promega). Nucler stained with Dapt
were sorted by flow cytometry in FACS buffer. The gating strategy is depicted in the source
data. Sequencing libraries were prepared with the Single Cell 3” Reagent Kit v2 Dual Index

(1000265, 10xGenomics) and sequencing was performed by NextSeq350 Mid 75 PE.

SuRNMNA-seq analvsis

i3146] SoRNA-seq data was aligned to the mouse reference mmll0 (GENCODE
vM23/Ensembl 98) using 10x Genomics” Cell Ranger 7.0, Downstream analysis on the gene
count matrix was performed i R v4.2.1 and Seurat v4. At the pre-processing stage, the cells
were filtered such that each cell has between 100 and 2500 active genes with non-zero coants,
Cells exhibiting more than 1% counts belonging to mitochondrial genes were not included. The
counts of cach cell were log-nommalized, and the 2000 most vanable features were identified
m each run separately. Pre-processed data from different nims were harmonized using the
FindlntegrationAnchors method in Seurat. Prncipal Componend Aunalysis (PCA} was
performed on the integrated data to identify the 30 largest coutributors to gene expression
profile variation. Clusters were identified using the Louvain algorithm®® with resolution
parameter 4.5, For visualization of the cell clusters, Uniform Manifold Approximation and
Projection {UMAP) reduction™ was performed on the 30 PCs. Each cluster was mapped to a
specific cell type using markers provided by the Heart Cell Atlas’. Within cach cluster, an
addional PCA was performed on the pre-integration gene expression data to identify sub-
chister variation. UMARP visualization was obtained from the 5 largest PCs, while pairwise cell
distances were calculated from the first two PCs using the Euclidean meinic.

0147} For cell type-specific comparison of mter-genotyvpe variations, differential expression
analysis was performed between the WT and P635L HOM cells within cach cluster using the

Wilcoxon Rank Sum test, with maximum £ value 0.05. Per cell tvpe, up to 15 up- and
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downregulated genes were identified. Their expression values were rescaled across cells such
that their values were between 0 and 1, where 1 indicates maximum activation of the gene ina
cell, and O ndicates non-expression. An overall activation score was then caleulated for cach
cell by averaging tis rescaled expression values across the list of up-/downregulated genes. By
scanning a threshold value between 0 and 1, the percentage of cells with activity scores above
threshold was then used as a proxy for that population’s expression of a set of genes. The
critical threshold for comparison was chosen as the value where the genotvpe with

downregulated activity drops below 50% active cells.

Statistics & reproducibility

{0148} GraphPad Prism software (v9.3.1}) was used for statistical analysis except RNA-seq
data which was analyzed in R. Data were analyzed with unpaired / tests, one-way or two-way
ANOVA with Tukey’s multiple comparison posttest or log-rank test. Name of the test, P value
and nomber of biological replicates are indicated in gach figure legend. Bata are displayed as
means + SEM. No statistical method was used to predetermine sample size. No data were
excluded from the analyses. The experiments were not randomized, and the investigators were

m most cases not blinded to allocation duning experiments and outcome assessment.
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EXEMPLARY EMBODIMENTS
[314%] Exemplary erobodiments provided 1 accordance with the presently disclosed subject

matter include, but are not hmited to, the claims and the following embodiments:

[3158¢] Embodiment 1. A method for correcting a point mutation at the RBMZ0 locus in a
cell, the method comprising: mtroducing into the cell (1) a single guide RNA (sgRNA) targeting
a sequence comprising the point mutation and (31} a base editor {BE), wherein the sgRNA binds
to the base editor and directs it to the target sequence, whereapon the base editor corrects the

point mutation at the RBM20 locus m the cell.

{3151} Embodiment 2. The method of embodiment 1, wherein the method fusther comprises

isolating the cell from the subject prior to the introducing of the sgRNA and the BE.

[0182}] Embodiment 3. The method of embodiment 1 or 2, wherein the point mutation at the
RBMZ{ locus comprises a substitution at an aming acid position comprising 83, 453, 535, 633,
634, 635, 636, 637, 638, 703, 716, 783, 831, 488, 913, 914, 1031, 1081, 1182, 1206, or a
combination thereof, and wherein the substitutions and the positions are determined with

reference to SEQ ID NO: 10

(31831 Embodiment 4. The method of embodiment 3, wherein the pomt mutation at the

RBMZ{ locus comprises 3 substitution at an amino acid posifion comprising 633, 634, 635,

636, 637, 638, or a combination thereof.

[#154] Embodiment 5. The method of embodiment 4, wherein the pomnt mutation at the
RBM20 locus comprises a substitution af aming acid position 633, 634, or a combination

thereof

(31557 Embodiment 6. The method of embodiment 3, wherein the substitution comprises

P6331L, R6340, or a combmation theroof.

i3156] Embodiment 7. The method of any one of crabodiments 1 to 6, whercin the sgRNA

comprises a sequence having about 80% or greater identity to any one of SEQ 13 NOs: 1-9,

[6187] Embodiment 8. The method of any one of embodiments 1 to 7, whergin the sgRNA

comprises a sequence of any one of SEQ 1D NQOs: 1-9.
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{31588 Embodiment 9. The method of any one of embodiments 1 to 8, wheremn the BE s an

adening base editor {ABE) or a ¢vtiding base editor {CBE},

(6189}  Embodiment 10. The method of any one of embodiments 1 to 9, wherein the BE
comprises an RNA-guided catalytically mpaired nuclease fused to a nucleobase deaminase

SNZVINE.

{3160} Embodiment 11 The method of embodiment 10, wherein the RNA-gwded
catalytically tmpaired nuclease is a dead Cas® {dCas%), dCasl?, or Cas9 nickase {(Cas9n}, or a

denvative thereof.

(3161} Embodiment 12, The method of embodiment 10 or 11, whercin the RNA-guided

catalytically mmpaired nuclease is an engineered CasOn.

10162} Embodiment 13, The method of embodiment 12, wherein the engincered Cag9n is

CasYn-NRNH, Casn-NRTH, Cas9n-NRCH, CP-1041, or SpRY.

{0163} Embodiment 14, The method of embodiment 10, wherein the nucleobase deaminase

enzyme s a single-stranded DNA (ssDINA)Y-specific deaminase enzyme.

{3164} Embodiment 15 The method of embodiment 14, wherein the deaminase enzyme is

an adening deaminase or a cytidine deanminase.

[0165] Embodiment 16, The method of any one of embodiments | to 15, wherein the BE 18
BE1, BEZ, BE3 BE4, ABE63, ABE7S8, ABE79 ABE710, BE4max, AncBHdmax,
ABEmax, ABEZc, ABE-5pRY, CBE-SpRY., ABE-CP-1041, and CBE-CP-1041.

10166] Embodiment 17, The method of any ong of embodiments 1 to 16, wheorein the sgRNA

and the BE are mtroduced 1uto the cell in one or more expression casseties.

(31677 Embodiment 18. The method of embodiment 17, wherein the BE is present in ong

CXPICSSIon cassetic.

{3168 Embodiment 19. The method of embodiment 17, wherein the BE 1s present in two
oxpression cassettes, wherein an active BE s packaged in the cell through intein-mediated
trans-splicing.

(3169 Embodiment 20, The method of any one of embodiments 17 to 19, wherin the

(iXi)l'@SSiOll cassette compn'ses a promoier.
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[3170] Embodiment 21, The method of embodiment 20, wherein the promoter 18 a CAG

promofer.

(6171} Embodiment 22, The method of embodiment 20, wheren the promoter is a human

cardiac troponin T (hTNNT2) promoter.

{31721  Embodiment 23, The method of any one of embodiments 1 to 22, wherein the sgRNA
and the BE are introduced into the cell using a recombinant adenc-associated virus (rAAVY)

vector.

{0173} Embodiment 24, The method of embodiment 23, wherein the rAAY vector is an

AAVMY O vector.

i3174] Embodiment 25. The method of any one of embodiments 1 to 22, wherein the sgRNA

and the BE are introduced into the cell as a ribonucleoprotem (RNP).

(6173}  Embodiment 26. The method of embodiment 27, wheremn the RNP 1s introduced mto

the ccll by electroporation.

[3176] Embodiment 27. The method of any one of embodiments 1 to 26, wherein the cell 1s

an induced plunpotent stem cell (IFSC) or a cardiomyvocyte derived from the 1PSC (CMAPSC).

(61777 Embodiment 28. A method for treating or preventing a subject having dilated
cardiomyopathy (BCM), comprising (1) genetically modifying a cell from the sabject using the
method of any one of embodiments 1 to 27, and (i1} reintroducing the cell into the subject,

wheren the remntroducing is effective to treat or prevend the subjoct having DUM.

10178 Embodiment 29 The method of embodiment 2%, wherein the subject has a point

mutation at the RBM20 locus.

(3179 Embodiment 30 The method of embodiment 29, wherein the point sustation at the
RBM20 locus comprises a substitution at an amino acid position comprising 83, 455, 535, 633,
634, 635, 636, 637, 638, 703, 716, 783, 831, 888, 913, 914, 1031, 1081, 1182, 1206, or a
combination thereof, and wherein the substitutions and the positions are determined with

reference to SEQ ID NO: 10

{01808} Embodiment 31 The method of embodiment 29 or 30, wherein the point nnutation at
the RBM?20 locus comprises a substitution at an amine acid position comprising 633, 634, 635,

636, 637, 638, or a combination thereof
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[3181] Embodiment 32. The method of embodiment 31, wherein the point mutation at the
RBM20 locus comprises a sabstibution at amino acid position 633, 634, or a combination

thereof

{0182} Embodiment 33, The method of embodiment 32, wherein the substitution comprises

P6331L, R6340, or a combmation theroof.

{31831 Embodiment 34, The method of any one of embodiments 28 to 33, wheremn the cell

is remmtroduced into the subject by systemic delivery.

[0184] Embodiment 35, The method of any one of embodiments 28 to 33, wherein the cell

is reintroduced into the subject by local delivery.

{31851 Embodiment 36, The method of embodiment 35, wherein the local debivery 1

mtrafemoral or mtrahepatic.

[6186] Embodiment 37, The method of any one of embodiments 28 to 36, wherem the cell
is cultured, expanded, selecied, and/or induced to underge differentiation in vitro prior to being

reintroduced mito the subject.

{31877 Embodiment 38 An sgRNA that specifically targets the RBM20 gene comprising a

sequence having about 80% or greater identity to any one of SE(Q 1D NQs: 1-9.

[6188] Embodiment 39 AmiPSC comprising the sgRNA of embodiment 38 and a base editor
(BE) compuasing an RNA-guided catalvtically impaired nuclease fused to a nucleobase

deaminase chzyme.
1318%] Embodiment 40. A cardiomyocyte derived from the iPSC of embodiment 39,

[619¢] Embodiment 41. A pharmaceutical corposition comprising a plarality of iPSCs of

ecmbodiment 39, or a plurality of cardiomyocytes of embodiment 40,

[3191] |t s understood that the examples and embodiments described herein are for
ittustrative purposes only and that varions modifications or changes i light thereof will be
suggested to persons skilled in the art and are to be included within the spint and purview of
this application and scope of the appended claims.  All publications, patents, and patent

apphications cited herein are hereby meorporated by reference in their entirety for all purposes.
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INFORMAL SEQUENCE LISTING

SEQIDNG: Name Seguence

SEGQ ID NG: 1P633L gRNA ACCGCAGCCTTTCTGGGCCA

SEQ ID NO: 2P633L gRNA 2 AGACCGCAGCCTTTCTGGOC

SEQID NG: 3P633L ¢RNA 3 TACGAGACCGCAGCOTTICT

SEQ ID NG 4Ps33L oRNA 4 CTACGAGACCGUAGCCTTIC

SEQID NO: 5R634Q gRNA 1 GAGGCCGCAGTCTCGTAGTCC

SEQ 1D NO: 6R6340Q gRNA 2 GGCCGCAGTCTCGTAGTOCG

SEQ D NG: TR6340 gRNA 3 GUCGCAGTCTCGTAGTCCGE

SEGQ 1D NG: 8RA34G oRNA 4 CCGCAGTUTCOTAGTCCGAT

SEQ ID NO: 9R634( gRNA 3 CGCAGTCTCGTAGTCCGOGTG

SEQIDNG: 10 WT human RBM20 amino acid sequence
MVLAAAMSQDADPSGPEQPDRVACSVPGARASPAPSGPRGMQQPPPPPOPPP

PPOAGLPOHONAAKLLDENPFSVSNPNPLLPSPASLOQLAQLOAQLUTLHRLKLAQTAY

TNNTAAATVINGVLSKVAMSQPLFNGLRHPSVITGPHGHAGVPQHAAAIPSTRFPSN

AIAFSPPSQTRGPGPSMNLPNQPPSAMYMHPFTGVMPOQTPGRPAVILGIGKTGPAPAT

AGFYEYGKASSGOTYGPETDGQPGFLPSSASTSGSVTYEGHY SHTGGDGQAAFSKDY

YGPNSQGSHVASGFPAEQAGGLKSEVGPLLOGTNSQWESPHGERSGOSKPDLTAGPM

WPPPHNOPYELYDPEEPTSDRTPPSFGGRLNNSKOQGFIGAGRRAKEDQALLSVRPLE

AHELNDFHGVAPLHLPHICSICDKRKVFDLKDWELHVKGKLHAQKCLVFSENAGIR(Y

LGSAEGTLCASPNSTAVYNPAGNEDY ASNLGTSY VPIPARSFTQSSPTFPLASYGTTF

AQREGAGRVVHICNLPEGSCTENDVINLGLPFGRVINYILMKSTNQAFLEMAYTEA

AQAMVQYYQEKSAVINGEKLLIRMSKRYKELQLKKPGKAVAAQDIHSORERDME

READRYGPERPRSRSPVSRSL SPRSHTPSFISCSSSHSPRGPSRADWGNGRDSWEHSP

YARREEERDPAPWRDNGDDERDRMDPWAHDRKHHPRGLDEKAELDERPEGGRPHR

EKYPRSGSPNLPHSVSSYKSREDGYYRKEPKAKSDRYLKGQODAPGRSRRKDEARL

RESRHPHPDDSGKEDGLGPKVTRAPEGAKAKOQNEKNKTKRTDRDGEGADDRKENT

MAENEAGKEEQEGMEESPOSVGROERKEAFFSDPENTRTRKEKEQDWESESEAEGESWY

PINMEELVTVDEVGEEEDFIVEPDIPELEEIVPIDQEDKICPETCLOVTTTLDLDLAQD

FPRKEGVKAVGNGAAEISLKSPRELPSASTSCPSDMDVEMPGLNLDAERKPAESETGLS

LEDSDCYEKEAKGVESSDVHPAPTYVQOMSSPKPAEERARQPSPFVDDCKTRGTPEDG

ACEGSPLEEKASPPIETDLONQACQOEVLTPENSRYVEMKSLEVRSPEYTEVELKQPLS

LPESWEPEDVFSELSIPLGVERVVPRTGRYCKLOGLFYTSEETAKMSHCRSAVHYRNL(

KYLSQLAEEGLKETEGADSPRPEDSGIVPRFERKKL
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WHAT IS CLAIMED IS:

I. A method for correcting a point mutation at the RBM20 locus m a cell,

the method comprising:

mtroducing mnto the cell (1) a single guide RNA (sgRNA) targeting a sequence

comprising the point mutation and (1) a base editor (BE},

wherein the sgRNA binds to the base editor and directs it to the target sequence,

whereupon the base editor corrects the point muation at the RBM20 locus in the cell.

~

2. The method of claim 1, wherein the method further comprises isolating

the cell from the subject prioy io the introducing of the sgRNA and the BE.

3 The method of claim 1 or 2, whercin the point mutation at the RBM20
locus comprises a substitution at an amino acid position comprising 83, 435, 535, 633, 634,
635, 636, 637, 638, 703, 716, 783, 831, 888, G913, 914, 1031, 1081, 1182, 1206, or a
combination thercof, and wheremn the substitutions and the positions are determined with

reference to SEQ D NG 10,

4. The method of claim 3, wherein the point mutation at the RBMZ{ locus
comprises a substitution at an amino acid position comprising 633, 634, 635, 636, 637, 638, or

a combination thereof

5. The method of claim 4, wherein the point mutation at the RBM20 locus

comprises a substitution at amino acid position 633, 634, or a combination thereof,

6. The method of claim 5, wherein the substitution comprises P6331L,

R63443, or a combination thereof.

7. The method of claim 1, wheremn the sgRNA comprises a sequence

having about 80% or greater identity to any one of SEQ 1D NGs: 1-9.

g The method of ciaim 1, wheremn the sgRNA comprises a seqaence of

any one of SEQ 1D NOs: 1-9.

9. The method of claim 1, wherein the BE is an adenine base editor (ABE}

or a cytidine base editor (CBE}.
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0. The method of claim 1, wherein the BE comprises an RNA-guided

catadytically impaired nuclease fused to a nucleobase deaminase enzyme.

It The method of claim 10, wherein the RNA-guided catalytically impaired

nuclease 1s a dead CasY (dCas9), dCasi2, or Cas9 nickase (CasOn), or a derivative thereof.

12. The method of claim 10, wherein the RNA-guided catalytically impaired

nuciease is an engineered Casbn,

13, 'The method of claim 12, whercin the enginecred Cas% is {as9n-

NRNH, CasOn-NRTH, Cason-NRCH, CP-1041, or SpRY.

14. The method of claim 10, wherein the nucleobase deaminase enzyme is

a single-stranded DNA {ssDNA}-specific deanunase enzyme.

5. The method of claim 14, wherein the deanunase enzyme is an adenine

deaminase or a cvtidine deaminase.

16. The method of claim 1, wherein the BE 1s BE!L, BE2, BE3, BE4,
ABEG3, ABE7 8, ABE7 9, ABE7.10, BEdmax, AncBE4max, ABEmax, ABESe, ABE-SpRY,
UBE-SpRY, ABE-CP-1041, and CBE-CP-1041.

17. The method of claim 1, wherein the sgRNA and the BE are introduced

into the cell in one or more expression cassettes.

3. The method of claim 17, wherein the BE is present in one expression

cassctte.

19, The method of claim 17, wherein the BE is present in two expression

cassetics, wheretn an active BE is packaged in the cell through intein-mediated trans-splicing.

20, The method of claim 17, wherein the expression cassette comprises a
promoter.

21 The method of claim 20, wherein the promoter s a CAG promaoter.

22, The method of claim 20, wherein the promoter is a human cardiac

tropomin T (hTNNT2) promaoter,

jop
(4]
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23. The method of claim 1, wherein the sgRNA and the BE are mtroduced

mto the cell using a recombinant adenc-associated virus (rAAV) veotor.

24, The method of claim 23, wherein the rAAV vector 18 an AAVMY(O

vector.

25. The method of claim 1, wherein the sgRNA and the BE are introduced

into the cell as a ribonucleoprotein (RNP).

26. The method of claim 27, wherein the RNP is introduced 1nto the cell by

clectroporation.

27.  The method of claim 1, wherein the cell is an induced ploripotent stem

cell (PSC) or a cardiomvaocyte derved from the 1PSC (CM~APSC).

28, A wmethod for treating or preventing a subject bhaving dilated
cardiomyopathy (DCM), comprising (i) genetically modifying a cell from the sabject using the
method of claim 1, and (11} reintroducing the cell mito the subject, wherein the reintroducing is

cffective to treat or prevent the subject having DCM.

29, The method of claim 28, wherein the subject has a point mutation at the

RBM2( locus.

30. The method of claim 29, wherein the point outation at the RBM20 locus
comprises a substitution at an amino acid position comprising 83, 455, 535, 633, 634, 6335, 636,
637, 638,703,716, 783, 831, 888, 913, 914, 1031, 1081, 1182, 1206, or a combination thereof,
and wherein the substititions and the positions are determined with reference to SEQ 1D NO:

19.

3L The method of claim 29 or 30, wherein the point mutation at the RBMZ20
locus comprises a substitution at an amino acid position comprising 633, 634, 635, 636, 637,
@ 5 > *

638, or g combination thereof,

32 The method of claim 31, wherein the point mutation at the RBM20 locus

comprises a substitution at amine actd position 633, 634, or a combination thersof,

33, The method of claim 32, wherein the substitution comprises P633L,

R634Q) or a combination thereof.

66
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34, The method of claim 28, wherem the cell is reintroduced into the subject

by systemic delivery.

)

35 The method of claim 28, wherem the cell is reintroduced nto the subject

7

by local delivery,

36, The method of claim 35, wherem the local delivery i1s mtrafemoral or

intrahepatic.

37, The method of claim 28, wherein the cell is cultured, expanded, selected,

and/or induced to undergo differentiation in vifre prior to being reintroduced nto the subject.

38, An sgRNA that specifically targets the RBM20 gene comprising a

sequence having about 80% or greater identity to any one of SEQ 1D NOs: -9,

39, An iPSC comprising the sgRNA of claim 38 and a base editor (BE)
comprnsing an RNA-guided catalytically impaired muclease fused to a nucleobase deaminase

CNZVmE.
40, A cardiomyocyie derved from the 1PSC of claim 39,

41, A pharmaceutical composition comprising a plurality of iPSCs of claim

39, or a plurality of cardiomyocyies of claim 40
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