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Materials and Methods

Study design and approval

The aim of the present study was to develop a therapeutic approach for cardiac disease by
using CRISPR-Cas9 nucleotide base editing. We designed a gene editing system to ablate the
oxidative activation sites of CaMKII5, which cause pathological enzyme activation. Different
editing approaches were first screened in HEK293 cells. The two most efficient sgRNAs were then
tested for their biologic effect in human cardiomyocytes derived from induced pluripotent stem
cells (iPSCs). We then applied the CRISPR-Cas9 base editing system with the best therapeutic in

vitro effect to adult mice that were subjected to ischemia/reperfusion (IR) injury.

All experiments were performed in replicates. For all in vivo experiments, we used eight
C57BI6 mice at 12 weeks of age per group. Mice were randomly assigned to sham surgery or to
IR with either no injection, intracardiac injection of a control virus or intracardiac injection of a
CaMCKIIo editing system. Echocardiography was performed on each mouse before IR as well as
24 hours, one week, two weeks, and three weeks after IR. Cardiac magnetic resonance imaging
was performed in five mice per group at four weeks post-IR. After five weeks, all mice were
euthanized, and five out of eight mice per group were dedicated to molecular analyses and three
mice to histological analyses. We did not use a statistical test to predetermine the sample size. All
samples are included in the study, with no data excluded. Each experimental procedure involving
animals has been reviewed and approved by the University of Texas Southwestern Medical

Center’s Institutional Animal Care and Use Committee.



Plasmids and cloning

Plasmids were ordered from Addgene. The sgRNAs (listed in table S1) were cloned into a
pmCherry_gRNA plasmid containing a U6-driven sgRNA scaffold and a cytomegalovirus
(CMV)—driven pmCherry fluorescent protein (gift from Ervin Welker, Addgene plasmid #80457,

http://n2t.net/addgene:80457; RRID: Addgene_80457).

pCMV_ABEmax_P2A_GFP (Addgene plasmid #112101, http://n2t.net/addgene:112101,
RRID:  Addgene_112101) (23), NG-ABEmax  (Addgene  plasmid  #124163,
http://n2t.net/addgene: 124163, RRID: Addgene 124163) (33), ABE8e (Addgene plasmid
#138489, http://n2t.net/addgene: 138489, RRID: Addgene_138489) (3), and NG-ABES8e (Addgene
#138491, http://n2t.net/addgene: 138491, RRID: Addgene 138491) (3) were gifts from David Liu.
pCMV-T7-ABEmax(7.10)-SpRY-P2A-EGFP (RTW5025) was a gift from Benjamin Kleinstiver
(Addgene plasmid #140003, http://n2t.net/addgene:140003, RRID: Addgene_140003) (24).
ABE8e-SpRY was obtained by adapting pCMV-T7-ABEmax(7.10)-SpRY-P2A-EGFP

(RTW5025).

For the in vivo experiments, the N- and C-terminal ABE constructs were adapted from
Cbh_v5 AAV-ABE N-terminal (gift from David Liu, Addgene plasmid #137177,
http://n2t.net/addgene: 137177, RRID: Addgene _137177) (34) and Cbh_v5 AAV-ABE C-terminal
(gift from David Liu, Addgene plasmid #137178, http://n2t.net/addgene:137178, RRID:
Addgene_137178) (34), respectively, to carry ABE8e-SpRY (driven by a cardiac troponin T
promoter) and mouse sgRNAG (driven by a U6 promoter). A split-intein trans-splicing system

enabled reassembly to a functional ABE system in vivo, as previously described (2).



Adaptions were performed using oligonucleotides (IDT) or products of PCR amplification of
appropriate template sequences with PrimeStar GXL Polymerase (Takara). Oligonucleotides and
PCR products were cloned into restriction enzyme-digested vectors using NEBuilder HiFi DNA

Assembly (NEB).

TOPO-TA (topoisomerase-based thymine adenine) cloning of cDNA PCR products
(TOPO™ TA Cloning™ Kit, Invitrogen) with subsequent sequencing was used to further confirm

successful gene editing in vivo.

Cell culture and transfection

HEK293 (ATCC) and N2a (ATCC) cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) containing 10% (v/v) fetal bovine serum (GeminiBio). For transfection,
cells were plated onto 24-well plates (Corning) with approximately 125,000 cells per well. After
24 h, cells were transfected with plasmids expressing the base editing components using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions.

Three days after the transfection, cells were harvested to assess the editing efficiency.

Human iPSC culture and nucleofection

Human iPSCs (previously generated and used in our laboratory (2)) were maintained on
Matrigel (Corning)-coated 6-well polystyrene culture plates in mTeSR™1 media (STEMCELL).

At 70-80% confluency, they were passaged using Versene (Thermo Fisher Scientific).



Approximately 8x10° iPSCs were used for nucleofection experiments and they were
subjected to 10 uM ROCK inhibitor (Y-27632, Selleckchem) one hour earlier. Single cell status
was obtained using Accutase (Innovative Cell Technologies). The iPSCs were mixed either with
1.5 pg of pmCherry gRNA plasmid carrying sgRNAT and 4.5 ng ABE8e plasmid or with 1.5 pg
of pmCherry gRNA plasmid carrying sgRNA6 and 4.5 ug ABE8e-SpRY plasmid. P3 Primary
Cell 4D-Nucleofector X Kit (Lonza) was used according to the manufacturer’s protocol to
nucleofect iPSCs. ROCK inhibitor (10 pM) and Primocin (100 pg/mL) (InvivoGen) were then
added to the culture media and incubated for one day. Two days after the nucleofection, pmCherry
and green fluorescent protein (GFP) double-positive cells were collected by fluorescence-activated
cell sorting and clonally expanded to establish the M281V (sgRNA1) and MMH281/282/283VVR

(sgRNA®G) iPSC lines.

Sanger sequencing analysis

DirectPCR cell lysis reagent (Viagen) with proteinase K (1 pg/pL) was used according to the
manufacturer’s recommendations to isolate genomic DNA of human HEK293 cells, human iPSCs,
and mouse N2a cells. DNA was amplified using PrimeSTAR GXL DNA polymerase (Takara)
with the primers listed in table S2 and the PCR product was cleaned using ExoSap-IT Express
(Thermo Fisher Scientific). The editing efficiency was determined by analyzing the Sanger

chromatograms with EditR (35).



Deep amplicon sequencing analysis

Deep amplicon sequencing was used to measure the on-target editing efficiency for CaMKIIo
in human iPSCs and in cardiac tissue from mice treated with AAV-ABE-sgRNAG6. DNeasy Blood
& Tissue Kit (Qiagen) was used to isolate genomic DNA. TRIzol (Thermo Fisher Scientific) and
RNeasy Mini Kit (Qiagen) were used to isolate total RNA from whole hearts that was reverse
transcribed using iScript Reverse Transcription Supermix (Bio-Rad) with random primers. On-
target sites for human CaMKIl6 DNA, mouse CaMKII6 DNA, and mouse CaMKII3 cDNA were
PCR amplified using PrimeStar GXL Polymerase (Takara) with the primers listed in table S3. In
a second PCR round, Illumina flow cell binding sequences and barcodes were added. AMPure XP
Beads (Beckman Coulter) were used to purify PCR products that were then tested for integrity on
a 2200 TapeStation System (Agilent). After quantification of DNA concentration by QuBit dsSDNA
high-sensitivity assay (Invitrogen), samples were pooled and loaded onto an Illumina MiSeq. After

demultiplexing, amplicon reads were analyzed for editing efficiency using CRISPResso02 (26).

Off-target analyses

Deep amplicon sequencing (described above) was used to measure several important genes
for potential off-target editing of ABE8e-SpRY and sgRNAG. First, potential editing of other
CaMKII isoforms (a, £, and y) was measured in human iPSCs after nucleofection of ABE
components using the primers listed in table S3. Using the cutting frequency determination (CFD)
score of CRISPOR, we identified the next top eight candidate off-target sites in the human genome

(table S4) and evaluated them in human iPSCs with the primers listed in table S5 (25).



Besides CaMKIIo, we also measured potential editing of other CaMKII isoforms («, £, and y)
in mouse hearts injected with AAV-ABE-sgRNAG. Since targeting CaMKII in organs other than
heart may have potentially severe adverse side effects, we tested for off-organ editing in the brain,
which expresses all CaMKII isoforms, the tibialis anterior muscle (for CaMKIIo), and the liver
(for CaMK115). Editing of CaMKIIo was also analyzed in mice that were injected with a control
virus encoding either half of the split adenine base editor (double N- or C-term AAV9) to test

whether this was a true control and did not edit CaMKIIJ.

We reported the formal adenine to guanine editing for each adenine along the DNA sequences
corresponding to sgRNAG. An allele frequency of 0.2% has previously been used as a cut-off to
distinguish from unspecific background guanine signal (26). This cut-off is displayed in the graphs

and adenines with a guanine level below this threshold are considered as not edited.

Quantitative real-time PCR analysis

TRIzol (Thermo Fisher Scientific) and RNeasy Mini Kit (Qiagen) were used to isolate total
RNA. Following reverse transcription with iScript Reverse Transcription Supermix (Bio-Rad),
quantitative polymerase chain reaction (QPCR) was performed using KAPA PROBE FAST gPCR
Kit - ROX Low (Roche). TagMan Gene Expression Assays (all from Thermo Fisher Scientific)
for CaMKIIB (assay ID Hs00365799 ml), CaMKIId (assay ID Hs00943547 m1), and GAPDH
(assay ID Hs99999905 ml) were performed using a QuantStudio™ 5 Real-Time PCR System
(Applied Biosystems). Expression of CaMKIIf and CaMKII5 are reported as percentage of

GAPDH.



Differentiation of human iPSC into cardiomyocytes

At 70-80% confluency, iPSCs were differentiated into cardiomyocytes by subjecting them to
CHIR99021 (Selleckchem) in RPMI supplemented with ascorbic acid (50 pg/mL) and B27
without insulin (RPMI/B27-) for 24 hours (day 0). After that, medium was replaced with
RPMI/B27- for 2 days, before replacing it again with RPMI/B27- supplemented with WNT-C59
(Selleckchem). After another 2 days, medium was refreshed with RPMI/B27-. From day 7
onwards, iPSC-cardiomyocytes were cultured in RPMI with ascorbic acid (50 pg/mL) and B27
(RPMI/B27). Beginning on day 10, cells were maintained in RPMI without glucose and
supplemented with 5 mM sodium DL-lactate and CDM3 supplement to metabolically select for
cardiomyocytes. After 5 days, medium was replaced with RPMI/B27 and refreshed every 3 days.
CMs were analyzed after day 30. For all experiments involving iPSC-derived cardiomyocytes,

data were collected from at least three independent differentiations.

Simulated ischemia/reperfusion in vitro

Simulated ischemia/reperfusion (IR) with a hypoxia chamber was used to challenge human
IPSC-derived cardiomyocytes in vitro, as previously described (36). Regular cardiomyocyte
culture medium (RPMI/B27) was replaced by freshly made ischemia Esumi buffer (117 mM NacCl,
12 mM KCl, 0.9 mM CacClz, 0.49 mM MgClz, 4 mM HEPES, 20 mM sodium lactate, and 5.6 mM
2-deoxyglucose at pH 6.2) and cardiomyocytes were placed in a MIC-101 Modular Incubator
Chamber at 37° C (Billups-Rothenberg). Cardiomyocytes were subjected to simulated ischemia
(95% N2 and 5% CO,) for five hours. Meanwhile, control cardiomyocytes were exposed to

normoxia control medium (137 mM NacCl, 3.8 mM KCI, 0.9 mM CacCl,, 0.49 mM MgClz, 4 mM



HEPES, and 5.6 mM D-glucose at pH 7.4). After five hours, ischemia and normoxia buffers were
replaced with fresh culture medium (RPMI/B27). Cells were placed in a regular cell culture

incubator for 14 hours reperfusion and were then analyzed.

Western blot analysis

Western blot analysis was performed using either iPSC-derived cardiomyocytes or snap-
frozen hearts that were pulverized with a tissue crusher. Proteins were isolated using RIPA buffer
(Sigma-Aldrich) supplemented with protease- and phosphatase-inhibitors (Roche). Sonication
with a Bioruptor Pico (Diagenode, 10 cycles of 30 s sonication on and 30 s off) was used to break
genomic DNA. Samples were then centrifuged for 15 min at 10,000 x g at 4° C and supernatant
was stored at -80° C. Protein concentration was measured with a BCA assay (Thermo Fisher
Scientific) and equal amounts of protein were loaded on a Mini-PROTEAN® TGX™ gel (Bio-
Rad). Proteins were transferred on a polyvinylidene fluoride membrane (Millipore), blocked in 5%
milk in TBS-Tween 0.1% and incubated at 4° C overnight with the primary antibody: rabbit
polyclonal anti-oxCaMKII (1:1,000, Sigma-Aldrich, catalog number 07-1387), rabbit polyclonal
anti-pCaMKI1 (1:1,000, Invitrogen, catalog number PA5-37833), mouse monoclonal anti-CaMKI|
(1:1,000, BD Biosciences, catalog number 611293), rabbit polyclonal anti-pRyR2 (at serine 2814,
1:1,000, Badrilla, catalog number A010-31AP), rabbit polyclonal anti-RyR2 (1:1,000, Sigma-
Aldrich, catalog number HPA020028), and mouse monoclonal anti-GAPDH (1:1,000, Sigma-
Aldrich, catalog number MAB374). Secondary antibodies were HRP-conjugated goat anti-rabbit
(1:10,000, Bio-Rad, catalog number 1706515) and HRP-conjugated goat anti-mouse (1:10,000,

Bio-Rad, catalog number 1706516) and were incubated for one hour at room temperature.



Immunodetection was done on a ChemiDoc MP Imaging System (Bio-Rad) using Western
Blotting Luminol Reagent (Santa Cruz Biotechnology). Mean densitometric analysis was

performed using ImageJ.

Measurement of CaMKI|I activity

CaMKII activity assays were performed with iPSC-derived cardiomyocytes and with snap-
frozen hearts that were pulverized with a tissue crusher. Proteins were isolated in 1% (v/v) Triton
X-100, 20 mM Tris, 100 mM NaCl supplemented with protease- and phosphatase-inhibitors
(Roche) at a pH of 7.4. After centrifugation for 15 min at 10,000 x g at 4° C, the supernatant was
collected. Equal volumes were loaded to the CycLex® CaM-kinase 11 assay kit (MBL International
Corporation) that was performed according to the manufacturer’s recommendations and
absorbance at 450 nm was measured with a CLARIOstar microplate reader (BMG LABTECH).
Some experiments were performed in presence of 1 uM of the CaMKI|I inhibitor myristoylated
autocamtide-2 related inhibitory peptide (AIP, Sigma-Aldrich, diluted in Kinase Buffer of the
CycLex® CaM-kinase Il assay kit). A standard curve was generated using the CaM-kinase Il
Positive Control (MBL International Corporation). The measured CaMKI| activity of each sample
was then normalized to the protein concentration of the lysate (BCA assay, Thermo Fisher

Scientific).



Measurements of cellular Ca®* characteristics

Cellular Ca?* characteristics were assessed using epifluorescence microscopy. Human iPSC-
derived cardiomyocytes were replated on a glass bottom microwell dish (MatTek Corporation) to
a single cell density and were cultured for one week in RPMI/B27 to acclimate and reach a steady-
state status. On the day of the experiment, cardiomyocytes were loaded with 5 uM Fura-2 AM (20
min at 37° C, Invitrogen) and were mounted on an inverted microscope (Motic AE31E). Ca®
dynamics was measured using a fluorescence detection system (lonOptix) and Fura-2 fluorescence
emission ratio was obtained by alternating excitation at 340 nm and 380 nm (switching rate 1,000

Hz).

Before the measurement was started, cardiomyocytes were incubated for 15 min with
Tyrode’s solution (140 mmol/l NaCl, 4 mmol/l KCI, 1 mmol/l MgCl,, 10 mmol/l HEPES, 10
mmol/l Glucose, 1.25 mmol/l CaCl,, pH=7.4) to ensure de-esterification of intracellular Fura-2
AM. Regular Ca®' transients were measured at a steady-state status under electrical field
stimulation (1 Hz with a 5 ms pulse of 30 V). Ca?* transient characteristics and the occurrence of

arrhythmias were analyzed using lonWizard 6.0 analysis software (lonOptix).

Ischemia/reperfusion injury in adult mice

Male C57BI6 wildtype mice (Charles River) were housed in a standard mouse facility with a
regular 12-hour light/dark cycle and received standard chow (2916 Teklad Global). At 12 weeks
of age, ischemia/reperfusion (IR) surgery was performed in mice anesthetized with
Ketamine/Xylazine complex, intubated, and ventilated with a MiniVent mouse ventilator (Hugo

Sachs Elektronik, 105 breaths per minute, 250 pL stroke volume). Using a rectal probe, mouse



body temperature was monitored and kept close to 37.0° C. All surgeries were performed by the
same experienced surgeon in a standardized manner. Thoracotomy was performed between the
left fourth and fifth ribs, a 7-0 nylon suture was set under the left anterior descending coronary
artery, and a non-traumatic occluder was put on the artery for 45 min of ischemia. The ligature
was then released and the CRISPR-Cas9 components were injected straight to the heart into the
area of injury. While eight mice were injected with a functional (N- and C-term) CRISPR-Cas9
editing system (IR+Edit), another eight mice received a non-functional control virus injection,
containing either the double amount of the C- or N-term of the AAV9 (IR+Control Virus). All
mice were injected with 7.5x10*! vg/kg bodyweight of each N- and C-term AAV9, resulting in a
total virus amount of 1.5x10'? vg/kg bodyweight. The intracardiac injections (single bolus of 30
uL volume) were performed by the mouse surgeon, who was blinded to the content of liquid. Eight
more mice were subjected to IR injury without any injection and another eight mice were subjected
to 45 min open chest without IR and without injection (sham). After that, the chest was carefully

closed in layers and the mice were allowed to recover.

Virus production

Adeno-associated virus serotype-9 (AAV9) was produced by the Boston Children’s Hospital
Viral Core. Using discontinuous iodixanol gradients (Cosmo Bio, AXS-1114542-5) AAV9 vectors
were purified and then concentrated with a Millipore Amicon filter unit (UFC910008, 100 kDa).

Quantitative real-time PCR assays were used to measure AAVO titers.



Transthoracic echocardiography

Cardiac function was assessed in conscious mice using two-dimensional transthoracic
echocardiography (VisualSonics Vevo2100 imaging system). M-mode traces were acquired, and
analysis is based on the average of three consecutive heart beats. Left ventricular end-diastolic
(LVIDd) and end-systolic (LVIDs) internal diameter were measured in M-mode tracings.
Fractional shortening (%) was calculated by [(LVIDd — LVIDs) / LVIDd] % 100. Heart rate was
calculated based on the interval of three consecutive heart beats. Echocardiography was performed
one week before the IR injury as well as 24 hours, one week, two weeks, and three weeks after the
IR. Each echocardiography was performed and analyzed by the same experienced operator blinded

to the study.

Magnetic resonance imaging

Cardiac magnetic resonance imaging (MRI) was performed in mice by the University of
Texas Southwestern Medical Center’s Advanced Imaging Research Center on a 7-tesla pre-clinical
scanner (Bruker Biospec, Germany) using a 72 mm volume transmitter coil with a 2x2 phased
array surface receiver coil. Mice were anesthetized by inhalation of 1.5-2.5% isoflurane. The
animal’s ambient temperature was maintained at 28° C using a Small Rodent Air Heater System
(SA Instruments, Stony Brook, NY). A self-gated gradient echo (IntraGate, Bruker Biospin)
sequence was used to obtain cine images in the short axis plane. The following imaging parameters
were used: TE/TR=3.9/10 ms; number of k-space lines per R-R=1; slice thickness=1 mm, number
of averages=3; flip=15°; FOV=30x30 mm?; matrix=192x192; in-plane resolution=0.15x0.15

mm?. Five to six contiguous slices were acquired. Segment version 3.0 (http://segment.heiberg.se)



was used to analyze cardiac cine images and left ventricular volumes as well as ejection fraction
were calculated (37). Each MRI was performed and analyzed by the same experienced operator

blinded to the study.

RNA sequencing

Snap-frozen cardiac mouse samples were homogenized in TRIzol (Thermo Fisher Scientific)
using a Precellys Evolution homogenizer (Bertin Instruments, 3 cycles x 20 s at 6,800 rpm).
RNeasy Micro Kit (Qiagen) was used to isolate RNA, according to manufacturer’s
recommendations. KAPA mRNA HyperPrep kit (Kapa Biosystems) was used according to the
manufacturer's instructions to prepare the RNA sequencing libraries. Using an Illumina
NextSeq500 sequencer, high output 75 cycles single-ended sequencing was performed by the

University of Texas Southwestern Medical Center CRI Sequencing Facility.

Analysis of RNA sequencing data

The FastQC tool (version 0.11.8) was used for quality control to determine low quality and
adaptor portion of the reads for trimming. Trimmomatic (version 0.39) was used for read-trimming
and trimmed reads were aligned to the mouse reference genome (mm210) using HiSAT2 (version
2.1.0, default settings). Count matrix for each sample was produced by counting aligned reads
using featureCounts (version 1.6.2) and raw count matrix was used for differential gene expression
analysis using DESeq package (version 1.38.0) in R (version 3.5.1). For the principal component

analysis (PCA), the raw counts of all samples were normalized using the rlog function in R. The



normalized values were then used as input for the prcomp function. The calculated PC1 and PC2
scores were visualized in a scatter plot using the ggplot2 package. Analysis of enriched gene sets
(gene ontology terms) was performed using Metascape (https://metascape.org/) with the

upregulated or downregulated genes as input (38).

The average percentage of adenine (A) to inosine (I) editing among adenosines in the
transcriptome-wide sequencing analysis was obtained by using a previously described strategy (6).
The percentage of editing in each sample was quantified using REDItools2. We removed all
nucleotides except adenosines and filtered the remaining adenosines with a read coverage of less
than 10 or a read quality score below 25 to avoid errors due to a low sampling or sequencing
quality. The percentage of the transcriptome-wide A-to-I editing was calculated by dividing the
number of A-to-1 conversions in each sample by the total number of adenosines in our dataset after

filtering.

Histology and Immunohistochemistry

For routine histology, TUNEL, and immunohistochemistry, mouse hearts were dissected out
and cleaned in phosphate-buffered saline (PBS) containing cardioplegic 0.2 M KCI for 5 minutes
before fixating in 10% neutral-buffered formalin (Sigma-Aldrich) overnight at room temperature.
Then, samples were dehydrated in 70% ethanol and embedded in paraffin. Transverse cross-
sections 1,500 um below the expected normoxic myocardium were used for analyses. Sections
were mounted on slides and subjected to trichrome and picrosirius red staining and images were
captured at 10x magnification on a BZ-X700 microscope (Keyence). The fibrotic tissue was

quantified in ImageJ by dividing the collagen positive area by the total area of the cross-section.



Terminal deoxynucleotidyltransferase-mediated UTP end label (TUNEL) staining for
apoptotic cells and immunohistochemical staining for troponin | were done on the same section.
Sections were deparaffinized in xylene, run to water through graded ethanol, and antigen retrieval
was conducted for 20 min heating in 1 mM EDTA (pH 8.0). Sections were further treated with
0.3% Triton X-100 and interceding PBS washes were performed throughout the protocol, before
blocking with 3% normal goat serum. Primary antibody was rabbit polyclonal anti-troponin I
(1:100, Santa Cruz Biotechnology, catalog number H-170) and was incubated overnight at 4° C.
Sections were subsequently incubated with the secondary Cy3-conjugated goat anti-rabbit
antibody (1:50, Jackson ImmunoResearch, catalog number 111-165-144) for 30 min at room
temperature. To conclude the troponin-1 immunohistochemistry, linked antigen, primary, and
secondary antibodies in the sections were crosslinked with 4% paraformaldehyde before being
subjected to the DeadEnd™ Fluorometric TUNEL System (Promega) according to the
manufacturer's recommendations. Sections were further incubated with Hoechst 33342 (1:5,000,
Invitrogen, catalog number H3570) for 5 min at room temperature. A LSM 800 confocal
microscope (Zeiss) was used to capture images. Apoptotic cells are reported as percentage of the

total number of cells.

Treadmill exhaustion test

Exercise performance was evaluated by using the Exer-3/6 rodent treadmill, as previously
described (Columbus Instrument) (28). To test for potential long-term adverse effects of CaMKI1o
editing, we analyzed mice 260 days after intraperitoneal injection of AAV9 (1.5x10** vg/kg

bodyweight of each N- and C-term) at P5 as well as non-injected littermates. Before the exhaustion



test, all mice were acclimated to the treadmill by three 10 min sessions with a velocity set to 0, 5,
and 10 m/min for the first, second, and third day, respectively. The treadmill was inclined to 10°
and the electric shock grid at the rear end was turned on (frequency of 3 Hz, stimulation intensity
of 10). For the treadmill exhaustion test, mice were first subjected to a warm-up of 10 m/min for
2 min. We then set the velocity to 15 m/min that was accelerated at a rate of 0.6 m/min per minute
until the mouse was exhausted. Exhaustion was defined by continuous standing for 5 s on the
shock grid, which was evaluated by the same observer for all experiments. Each mouse was

subjected to transthoracic echocardiography immediately after exhaustion.

Statistics

Data are presented as mean * standard error of the mean (SEM). Normal distribution was
tested using Shapiro-Wilk normality test. Unpaired Student’s t test was used for variables that were
normally distributed. For variables that were not normally distributed, the Mann-Whitney test was
applied. For the comparison of more than two groups that were normally distributed, one-way
ANOVA with Holm-Sidak’s post-hoc correction was used. Kruskal-Wallis test with Dunn’s post-
hoc correction was applied for the comparison of more than two groups that were not normally
distributed. Two-way ANOVA with Holm-Sidak’s post-hoc correction was used for the
comparison of more than two groups and two different factors. Categorial data were analyzed
using Fisher’s exact test. Statistical tests were performed in GraphPad Prism 9. Two-sided p-values
below 0.05 were considered statistically significant (*p<0.05, **p<0.01, ***p<0.001,

*xxxn<0,0001).
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Fig. S1. Screening of various genomic editing strategies of CaMKIIé in HEK293 cells using
transfection. (A) Percentage of adenine (A) to guanine (G) editing in human HEK293 cells at
c.A841 (p.M281) for sgRNASs 1 to 6 combined with either ABEmax or ABE8e that were fused to
either SpCas9 or SpRY. (B) Percentage of A to G editing in human HEK293 cells at c.A844
(p.M282) for all tested editing strategies. (C) Percentage of A to G editing in HEK293 cells for
each adenine in sgRNAL following base editing with ABE8e fused to SpCas9. (D) Percentage of
A to G editing in HEK293 cells for each adenine in sgRNAG6 following base editing with ABE8e
fused to SpRY. Percentage of editing is based on Sanger sequencing. Adenines along the sequence



of either sgRNA1 (C) or sgRNAG6 (D) are numbered starting from the PAM. Data are presented as
individual data points with means + SEM.
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Fig. S2. Analysis of potential genomic off-target editing in human iPSC using deep amplicon
sequencing. (A) Percentage of iPSC clones (n=12) that are either wildtype, heterozygous or
homozygous for c.A841G (p.M281V), c.A844G (p.M282V), and c.A848G (p.H283R), as
determined by Sanger sequencing. (B) Sequence of sgRNAG6 and the corresponding DNA
sequences and PAMs of other CaMKII isoforms (a, f, and y) and of the top eight potential off-
target sites predicted by CRISPOR. Bases that are different from sgRNAG6 are highlighted in



yellow. Adenines along the sequence are numbered starting from the PAM. (C) Percentage of
adenine (A) to guanine (G) editing for each adenine in the CaMKIlo. DNA sequence corresponding
to SygRNAG. (D) Percentage of A to G editing for each adenine in the CaMKIly DNA sequence
corresponding to sgRNAG. (E) Percentage of A to G editing for each adenine in the CaMKIIS
DNA sequence corresponding to sgRNAG6. (F) Quantification of CaMKIIB and CaMKII6 mRNA
expression in human iPSC-CMs. (G) Percentage of A to G editing for each adenine (ordered from
5’ to 3”) in the DNA sequences of the top eight potential off-target sites, starting with #1.
Replicates are either human iPSCs (C, D, E, G) from three independent nucleofections with
SgRNA6 and ABES8e fused to SpRY, or human cardiomyocytes from three independent
differentiations (F). One wildtype iPSC sample was included as a negative control. The red line at
0.2% represents the threshold that has previously been used to distinguish from unspecific
background guanine signal (26). Statistical comparison is based on an unpaired Student’s t test
(F). Data are presented as individual data points with means £ SEM or as individual data points
with means, as appropriate.
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Fig. S3. Western blot analyses of human iPSC-cardiomyocytes post-IR. (A) Mean
densitometric analysis of oxidized CaMKII normalized to GAPDH in human wildtype (WT),
SsgRNAZL, and sgRNAG6 iPSC-CMs for control group and following simulated ischemia/reperfusion
(IR). (B) Mean densitometric analysis for autophosphorylated CaMKII normalized to GAPDH.
(C) Mean densitometric analysis for total CaMKII normalized to GAPDH. (D) Mean densitometric
analysis for ryanodine receptor type 2 (RyR2) phosphorylation at the CaMKII site (serine 2814)
normalized to GAPDH. (E) Mean densitometric analysis for total RyR2 normalized to GAPDH.
These data represent further densitometric analyses related to the Western blots presented in the
main manuscript. Representative Western blots can be found in Fig. 1E (for A, B, and C) and Fig.
11 (for D and E). Statistical comparisons are based on five independent iPSC-CM differentiations
per group and were performed with one-way ANOVA post-hoc corrected by Holm-Sidak. Data
are presented as individual data points with means = SEM.
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Fig. S4. CaMKII5 editing preserves cellular Ca?* homeostasis in human iPSC-
cardiomyocytes post-1R. (A) Representative Ca* transients for human wildtype (WT), sgRNAL,
and sgRNAG6 iPSC-CMs for control group and following simulated ischemia/reperfusion (IR), as
measured by epifluorescence microscopy. (B) Mean diastolic Ca?* levels. (C) Mean relaxation
time to 50% baseline. (D) Mean relaxation time to 80% baseline. Statistical comparisons are based
on the number of cardiomyocytes and were performed with one-way ANOVA post-hoc corrected
by Holm-Sidak. Data are presented as individual data points with means + SEM.
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Fig. S5. Testing of mouse-sgRNAG in mouse N2a cells. (A) Sequence of mouse CaMKIIo gene
encoding part of the regulatory domain and alignment of mouse-sgRNA6 (PAM sequence in
green). Both ATGs encoding methionines are highlighted in yellow. Adenines along the sequence
of sgRNAG6 are numbered (starting from the PAM). Bases that are different from the human
sequence are marked with an asterisk. Mouse-sgRNAG6 sequence has 95% homology with the
human-sgRNAG sequence. (B) Percentage of adenine (A) to guanine (G) editing in mouse N2a
cells for each adenine in sgRNA6 following base editing with ABE8e and mouse-sgRNAG6, as
determined by Sanger sequencing. (C) Representative Sanger sequencing chromatogram for
editing the mouse genome with sgRNAG. Data are presented as individual data points with means.
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Fig. S6. Evaluation of cardiac function with echocardiography one week before
ischemia/reperfusion injury. (A) Mean fractional shortening for sham-treated mice and mice
subjected to ischemia/reperfusion (IR) injury with either no injection, injection of a control virus
or intracardiac injection of AAV-ABE-sgRNAG (IR+Edit). (B) Mean left ventricular end-diastolic
posterior wall thickness for all groups. (C) Mean left ventricular end-diastolic diameter for all
groups. (D) Mean left ventricular end-diastolic volume for all groups. (E) Mean heart rate for all
groups. Statistical comparisons are based on eight mice per group and were performed with one-
way ANOVA post-hoc corrected by Holm-Sidak. Data are presented as individual data points with
means + SEM.



A ns B C ns D E ns, ns
— =
£ ke ng B _stex g o ,L\ _ ns s
= = = kkkk o = . [
f'_ ° =E QE4_ ° ‘9380— ok k g 800+ B?
S 60 oee S SE SE $ e 83 o £ Wk
> le o< D Q e T | e o < 600- ® o :
® SEX 2y 37,00 *f o 25607 ® o0 N
o 40 z2N YN les o o - % ¢ .
£ san, 232 58, |% 58 o o o i
£ F e £8% S< 2 5L40 | B3R & 400
£ oL w O Qo { e [® - o) 1
S 204 \ 52 £ EE -/ ®
& §3¢8 521 §520|% £ 2007
- 1 \ Seg SE g3 =
[ U.L_’ © = E © 4
5 o- = S p- g £ o0
kel & 3 o o X
8 ({b@ \Q‘A\,\o”@b\ S \Q“\,\o’“@\ S \Q‘A\@%@b\ ({b@ (3‘4.\@"@&
o X 2 X 2 X 2) X
i > & > & > & > ¥
N ) $ )
& & & &
X XO xc) XC)
& N & &

Fig. S7. Evaluation of cardiac function with echocardiography 24 hours after
ischemia/reperfusion injury. (A) Mean fractional shortening for sham-treated mice and mice
subjected to ischemia/reperfusion (IR) injury with either no injection, injection of a control virus
or intracardiac injection of AAV-ABE-sgRNAG (IR+Edit). (B) Mean left ventricular end-diastolic
posterior wall thickness for all groups. (C) Mean left ventricular end-diastolic diameter for all
groups. (D) Mean left ventricular end-diastolic volume for all groups. (E) Mean heart rate for all
groups. Statistical comparisons are based on eight mice per group and were performed with one-
way ANOVA post-hoc corrected by Holm-Sidak. Data are presented as individual data points with
means + SEM.
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Fig. S8. Evaluation of cardiac function with echocardiography one week after
ischemia/reperfusion injury. (A) Mean fractional shortening for sham-treated mice and mice
subjected to ischemia/reperfusion (IR) injury with either no injection, injection of a control virus
or intracardiac injection of AAV-ABE-sgRNAG (IR+Edit). (B) Mean left ventricular end-diastolic
posterior wall thickness for all groups. (C) Mean left ventricular end-diastolic diameter for all
groups. (D) Mean left ventricular end-diastolic volume for all groups. (E) Mean heart rate for all
groups. Statistical comparisons are based on eight mice per group and were performed with one-
way ANOVA post-hoc corrected by Holm-Sidak. Data are presented as individual data points with
means + SEM.
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Fig. S9. Evaluation of cardiac function with echocardiography two weeks after
ischemia/reperfusion injury. (A) Mean fractional shortening for sham-treated mice and mice
subjected to ischemia/reperfusion (IR) injury with either no injection, injection of a control virus
or intracardiac injection of AAV-ABE-sgRNAG (IR+Edit). (B) Mean left ventricular end-diastolic
posterior wall thickness for all groups. (C) Mean left ventricular end-diastolic diameter for all
groups. (D) Mean left ventricular end-diastolic volume for all groups. (E) Mean heart rate for all
groups. Statistical comparisons are based on eight mice per group and were performed with one-
way ANOVA post-hoc corrected by Holm-Sidak (A-C and E) and with Kruskal-Wallis test post-
hoc corrected by Dunn (D). Data are presented as individual data points with means + SEM.
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Fig. S10. Evaluation of cardiac function with echocardiography three weeks after
ischemia/reperfusion injury. (A) Mean fractional shortening for sham-treated mice and mice
subjected to ischemia/reperfusion (IR) injury with either no injection, injection of a control virus
or intracardiac injection of AAV-ABE-sgRNAG6 (IR+Edit). (B) Mean left ventricular end-diastolic
posterior wall thickness for all groups. (C) Mean left ventricular end-diastolic volume for all
groups. (D) Mean heart rate for all groups. Statistical comparisons are based on eight mice per
group and were performed with one-way ANOVA post-hoc corrected by Holm-Sidak. Data are
presented as individual data points with means £ SEM.
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Fig. S11. Evaluation of cardiac function with cardiac magnetic resonance imaging four weeks
after ischemia/reperfusion injury. (A) Mean left ventricular mass for sham-treated mice and
mice subjected to ischemia/reperfusion (IR) injury with either no injection, injection of a control
virus or intracardiac injection of AAV-ABE-sgRNAG6 (IR+Edit). (B) Mean left ventricular end-
diastolic volume for all groups. Statistical comparisons are based on five mice per group and were
performed with Kruskal-Wallis test post-hoc corrected by Dunn (A) and one-way ANOVA post-
hoc corrected by Holm-Sidak (B). Data are presented as individual data points with means £ SEM.
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Fig. S12. Analysis of potential genomic off-targets in mouse tissue using deep amplicon
sequencing. (A) Mouse sequence of sgRNAG6 and the corresponding DNA sequences and PAMs
of other CaMKII isoforms (e, £, and y) in the mouse genome. Bases that are different from sgRNA6
are highlighted in yellow. Adenines along the sequence are numbered starting from the PAM. (B)
Percentage of cardiac adenine (A) to guanine (G) editing for each adenine in the DNA sequence
corresponding to sgRNAG in different CaMKII isoforms. Mice were either injected with AAV-
ABE-sgRNAG6 (IR+Edit; for analyses of CaMKlIla, /5, and y) or with a control virus (for analysis
of CaMKIIo). (C) Percentage of A to G editing for each adenine in the DNA sequence
corresponding to sgRNAG in the brain (for all CaMKII isoforms), the tibialis anterior muscle (for
CaMKI16), and the liver (for CaMKI19) of mice injected with AAV-ABE-sgRNAG6 (IR+Edit). (D)
Percentage of A to G editing for each adenine in the DNA sequence corresponding to SgRNAG in
all CaMKII isoforms, measured in wildtype control mice. The red line at 0.2% represents the
threshold that has previously been used to distinguish from unspecific background guanine signal
(26). Data are presented as individual data points with means £ SEM (B+C) or as individual data

points with means (D).
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Fig. S13. Western blot analyses in mouse myocardium post-IR. (A) Mean densitometric
analysis for oxidized CaMKII normalized to GAPDH for sham-treated mice and mice subjected
to ischemia/reperfusion (IR) injury with either no injection, injection of a control virus or
intracardiac injection of AAV-ABE-sgRNAG6 (IR+Edit). (B) Mean densitometric analysis for
autophosphorylated CaMKII normalized to GAPDH. (C) Mean densitometric analysis for total
CaMKII normalized to GAPDH. (D) Mean densitometric analysis for ryanodine receptor type 2
(RyR2) phosphorylation at the CaMKII site (serine 2814) normalized to GAPDH. (E) Mean
densitometric analysis for total RyR2 normalized to GAPDH. These data represent further
densitometric analyses related to the Western blots presented in the main manuscript.
Representative Western blots can be found in Fig. 3E (for A, B, and C) and Fig. 3l (for D and E).
Statistical comparisons are based on five mice per group and were performed with one-way
ANOVA post-hoc corrected by Holm-Sidak. Data are presented as individual data points with
means + SEM.
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Fig. S14. Analysis of the cardiac transcriptome post-IR using RNA sequencing. (A) Principal
component analysis (PCA) of the cardiac transcriptome of sham-treated mice (n=3) and mice
subjected to ischemia/reperfusion (IR) injury with either no injection (n=3), injection of a control
virus (n=3) or intracardiac injection of AAV-ABE-sgRNAG (IR+Edit; n=4). (B) Heat map of the
211 differentially expressed genes between sham-treated mice and mice subjected to IR with
injection of a control virus. (C) Gene ontology terms associated with the 163 genes upregulated in
mice subjected to IR and a control virus. (D) Gene ontology terms associated with the 48 genes
downregulated in mice subjected to IR and a control virus. Data are presented as individual data

points.
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Fig. S15. Genomic editing of CaMKII6 gene prevents myocardial fibrosis and infiltration of
inflammatory cells post-1R. Transverse cross-sections of trichrome stained hearts for one sham-
treated mouse and mice subjected to ischemia/reperfusion (IR) injury with either no injection,
injection of a control virus or injection of AAV-ABE-sgRNAG6 (IR+Edit; 10x magnification, scale
bar 50 pm).
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Fig. S16. Decreased fibrosis in CaMKIIo edited mice post-IR. (A) Whole transverse cross-
sections of picrosirius red stained hearts for one sham-treated mouse and mice subjected to
ischemia/reperfusion (IR) injury with either no injection, injection of a control virus or injection
of AAV-ABE-sgRNAG (IR+Edit; scale bar 500 um). (B) Mean percentage of fibrotic cardiac tissue
in each group. Replicates are individual mice. Statistical comparisons are based on one-way
ANOVA post-hoc corrected by Holm-Sidak. Data are presented as individual data points with
means = SEM.
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Fig. S17. Preserved exercise performance 260 days after systemic administration of AAV-
ABE-sgRNAG. (A) Experimental design to investigate potential long-term adverse effects of
CaMKIIo gene editing. Mice were subjected to a treadmill exhaustion test 260 days after
intraperitoneal administration of AAV-ABE-sgRNAG6. After exhaustion, cardiac function was
immediately assessed using echocardiography. (B) Mean bodyweight of CaMKII5 edited mice
(Edit) and their non-injected littermates (WT). (C) Mean maximal velocity achieved on the
treadmill for both groups. (D) Mean distance attained on the treadmill prior to exhaustion for both
groups. (E) Mean fractional shortening immediately after exhaustion. (F) Mean left ventricular
end-diastolic posterior wall thickness. (G) Mean left ventricular end-diastolic diameter. (H) Mean
left ventricular end-diastolic volume. (I) Mean heart rate. Replicates are five individual mice per
group. Statistical comparisons are based on unpaired Student’s t tests. Data are presented as
individual data points with means + SEM.



Supplementary Tables

Table S1. Sequences of sgRNAs tested in this study.

SgRNA Sequence PAM
Human-sgRNAL TGCTTCCATGATGCACAGAC AGG
Human-sgRNA2 GCTTCCATGATGCACAGACA GG
Human-sgRNA3 TTCCATGATGCACAGACAGG AG
Human-sgRNA4 ATGATGCACAGACAGGAGAC TG
Human-sgRNAS CTTCCATGATGCACAGACAG GAG
Human-sgRNAG6 TCCATGATGCACAGACAGGA GAC
Mouse-sgRNAG TCCATGATGCACAGGCAGGA GAC




Table S2. Primers used for Sanger sequencing analyses.

Target Primer Sequence
Forward GCTAAGGTGATAAATGTGGCACT
Human CaMKI16 DNA
Reverse CTAGTGTGCGGGCCAGATTC
Forward TGGCTGCAGTAGTGTGACTG
Mouse CaMKI1lo DNA
Reverse CAGGTAGCAAGGGCTCACAA




Table S3. Primers for deep amplicon sequencing of CaMKlle, 8, y and 6.

On-target | Primer Sequence
Human Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTCCACTCACAGCCCTCTC
CaMKlla
DNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAGCAAGGGCTCAGTCATTC
Human Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCCATATGACCACCCATTTC
CaMKIIp
DNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCAACTAGGAGGAGCCACACC
Human Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTTGAGTTTCGGGTAGTGC
CaMKIIy
DNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTGGCTAGAGCCTGAAGA
Human Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCGTCAGTGTTGCATCTTGGT
CaMKIIo
DNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCAAGAGCCCCAAAAAGAAT
Mouse Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTCCAGGTCTTGTTCCGTGT
CaMKlla
DNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACATGCATGAAACCGATGAA
Mouse Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGATGATCCTCACTGCCCTGT
CaMKIIpB
DNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAAGCGACCAGCTCTGTACC
Mouse Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTATCCTGGCTCAGTGCTC
CaMKIly
DNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGTCCCGTGAGTTCAGATGG
Mouse Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCCCTAAGGAAAAACCAAGG
CaMKIIo
DNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCTCCCACAACAATGTCAAA
Mouse Forward | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGGCACACCTGGGTATCTT
CaMKIId
cDNA Reverse | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCGTAGCCAGCATAGTTGTCA




Table S4. Analysis of potential off-target editing sites in the human genome, as predicted by
CRISPOR.

# Gene Locus Sequence PAM S0
Score
Intron RP11-707M1.1 | Chrll 49743055 | ACCATAATGCACAAACATGA | AGG 0.5
2 Intron GRM5 Chrll 88634755 | ACCATAATGCACAAACATGA | AGG 0.5
Intergenic
3 URGCP/URGCP- Chr7_43937791 | TCCATAATGCAAAGAAATGA | TGG 0.47
MRPS24|URGCP
4 Intergenic Chr8 59615439 | GTCATGATGCACAAACAGAA | GGG | 0.46
snoU13|TOX - '
Intergenic
5 FTH1P22|AL157904.1 Chrl 117361285 | TTAATGATGCAAAGACAGAA | GGG 0.4
Intergenic
6 sn0Z247|LDHAP3 Chr2_41988088 | ACCATGAACAACAGACAGGA | GGG 0.37
Intergenic
7 FAM155A|SNORD31 Chr13 107879509 | TGCATGATGCACAAACAGAA | TGG 0.37
8 Intron DAZL Chr3 16638794 TTCATGAACTACAGACAGGA | AGG 0.36




Table S5. Primers for deep amplicon sequencing of potential off-target editing sites in the human
genome.

Off- .
Primer Sequence
target

1 Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATTCAGAATAGGCGGCTTCA
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTCGTTTCCAGCCTTCATGT

5 Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGATGGCAACACAGCAGAG
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGGAAAAACCTCGCTCAACT

3 Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGAGGTCTGTGGGTAAAGCA
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTATGTCCCCGGCTTACTGA

4 Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACCATTGCCATTCACCTCAT
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGCCTGCTTCCTGATTCATA

5 Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACTTCAAAGTGGGGCAAGTG
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGCAGCATTTGGAAACCATA

5 Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAAGGGGAACCAAAGGAAAG
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGCAGGTACTCTGGCAGTTG

7 Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCCAGAGTTCATCTCCCAGA
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATGCGGGTATCATGAAATGG

3 Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAATCAGTGTCAAGAGGCATCAA
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAATGACGTGGATGTGCAGAA




Captions for Supplementary Movies

Movie S1. MRI cine data in four-chamber view for one representative sham-treated mouse.

Movie S2. MRI cine data in four-chamber view for one representative mouse subjected to IR.

Movie S3. MRI cine data in four-chamber view for one representative mouse subjected to IR with
intracardiac injection of a control virus.

Movie S4. MRI cine data in four-chamber view for one representative mouse subjected to IR with
intracardiac injection of AAV-ABE-sgRNAG6 (IR+Edit).
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