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Abstract

Background: Cardiovascular diseases are the main cause of worldwide morbidity and mortality,
highlighting the need for new therapeutic strategies. Autophosphorylation and subsequent
overactivation of the cardiac stress-responsive enzyme Ca?*/calmodulin-dependent protein kinase
116 (CaMKI18) serves as a central driver of multiple cardiac disorders.

Methods: To develop a comprehensive therapy for heart failure, we used CRISPR-Cas9 adenine
base editing to ablate the autophosphorylation site of CaMKII8. We generated mice harboring

a phospho-resistant CaMKI16 mutation in the germline and subjected these mice to severe
transverse aortic constriction (STAC), a model for heart failure. Cardiac function, transcriptional
changes, apoptosis, and fibrosis were assessed by echocardiography, RNA sequencing, TUNEL
staining, and standard histology, respectively. Specificity toward CaMK1//5 gene editing was
assessed using deep amplicon sequencing. Cellular Ca2* homeostasis was analyzed using
epifluorescence microscopy in Fura-2-loaded cardiomyocytes.

Results: Within two weeks post-sTAC surgery, 65% of all wildtype mice died and the surviving
mice showed a dramatically impaired cardiac function. In contrast to wildtype mice, CaMKII&
phospho-resistant gene-edited mice showed a mortality of only 11% and exhibited a substantially
improved cardiac function post-sTAC. Moreover, CaMKII& phospho-resistant mice were protected
from heart failure-related aberrant changes in cardiac gene expression, myocardial apoptosis, and
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subsequent fibrosis, which were observed in wildtype mice post-sTAC. Based on identical mouse
and human genome sequences encoding the autophosphorylation site of CaMK//5, we deployed
the same editing strategy to modify this pathogenic site in human induced pluripotent stem cells.
Notably, we detected a >2,000-fold increased specificity for editing of CaMK//5 compared to
other CaMKl/isoforms, which is an important safety feature. While wildtype cardiomyocytes
showed impaired Ca2* transients and an increased frequency of arrhythmias following chronic -
adrenergic stress, CaMK//5-edited cardiomyocytes were protected from these adverse responses.

Conclusions: Ablation of CaMKII& autophosphorylation by adenine base editing may offer a
potential broad-based therapeutic concept for human cardiac disease.

Keywords

Ca%*/calmodulin-dependent protein kinase 116; CRISPR-Cas9 gene editing; mouse model;
cardioprotection; cardiac disease

Introduction

Cardiac disease represents the leading cause of worldwide morbidity and mortality with
the frequency expected to increase in the future.:2 Despite recent advances in heart failure
therapy, there remains a major need for new therapeutic strategies.3 CRISPR-Cas9 gene
editing technology is an efficient tool for human gene editing with great therapeutic
potential.#°> Whereas conventional gene editing strategies are designed to correct specific
disease-causing mutations, the frequency of specific mutations is typically very low, which
precludes broad application of individual gene editing strategies.*%

Ca?* /calmodulin-dependent protein kinase 116 (CaMKII8) is one of many CaMKII isoforms
and a key regulator of cardiac physiology and signaling.”~9 However, chronic overactivation
of CaMKII§ has been implicated in the pathophysiology of heart failure, ischemia/
reperfusion injury, arrhythmias, alcoholic cardiomyopathy, myocardial hypertrophy, and
sleep-disordered breathing.10-21 Hyperactivation of cardiac CaMKI18 has been shown to
dysregulate cellular Ca?* homeostasis and induce myocardial inflammation, apoptosis, and
fibrosis, culminating in loss of cardiac function.?-14.21-23 Even though there have been
significant efforts to design effective CaMKII6 inhibitors, they have not yet been successful
and there is no clinical drug available for patients.22:2425 Thus, further optimized strategies
to target CaMKI16 are needed. CaMKII autophosphorylation at threonine-287 confers an up
to 1,000-fold increased affinity for calmodulin and dramatically increases CaMKI|I activity
by preventing association of the autoinhibitory region with the catalytic domain.2%:27 Indeed,
CaMKII autophosphorylation is increased in numerous cardiac diseases and serves as a
measure of total CaMKII activity.19:20.22.28 However, up to now, it is as yet unproven
whether rendering CaMKI18 resistant to autophosphorylation confers cardioprotection.
Thus, we sought to ablate the autophosphorylation site of CaMKI18 as a potentially
generalizable therapeutic concept for multiple cardiac disorders.

CRISPR-Cas9 adenine base editing (ABE) allows the conversion of adenine to guanine
nucleotides. ABEs consist of a deactivated Cas9 or Cas9 nickase fused to a deoxyadenosine
deaminase. When combined with appropriate single-guide RNAs (sgRNAs), ABEs can edit
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adenine to guanine nucleotides within a specific window in relation to the protospacer
adjacent motif (PAM) of the sgRNA.4:6:9.29-32 Wjithin the CaMK//5 gene, threonine-287 is
encoded by an ACT codon that is potentially amenable to ABE, which would create a GCT
codon, thereby replacing this threonine with an alanine and consequent elimination of the
autophosphorylation site of CaMKIIS.

In the present study, we used an ABE-mediated gene editing strategy in the mouse germline
to ablate the autophosphorylation site of CaMKI18, thereby rendering the enzyme insensitive
to pathogenic hyperactivation. We show that mice with this mutation (c.A859G, p.T287A)
are protected from afterload-induced heart failure. Similarly, using human cardiomyocytes
derived from induced pluripotent stem cells (iPSCs), we show that this specific gene editing
approach confers protection against chronic B-adrenergic stress. Our findings suggest a new
strategy for maintenance of cardiac function in the settings of diverse forms of cardiac stress.

RNA-sequencing data have been uploaded and deposited at Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/, accession number GSE227720). The authors declare
that all other data are available within the article and its online supplementary files. An
expanded methods section can be found in the Supplemental Material.

Study design and approval

The aim of the present study was to ablate the autophosphorylation site of CaMKII6 using
CRISPR-Cas9 hase editing as a new therapeutic strategy against heart failure. Several
sgRNAs were tested in mouse N2a cells to identify the most efficient editing approach. We
found a sgRNA that is identical for the mouse and human DNA sequence and used it to
generate a germline-edited ¢.A859G (p.T287A) mouse model that is resistant to CaMKII&
autophosphorylation. The therapeutic effects of this amino acid mutation were evaluated

in adult mice using severe transverse aortic constriction (STAC) as a model for afterload-
induced heart failure. We then applied the same CRISPR-Cas9 base editing system to human
induced pluripotent stem cells (iPSCs) to test whether ablation of the autophosphorylation
site of CaMKI18 could confer cardioprotection.

We performed all experiments in replicates. Male C57BL/6 wildtype (WT) and homozygous
T287A mice were randomly assigned to either sham or sTAC surgery at 10 weeks of age.
Cardiac function was evaluated in each mouse one week before and one week after the
surgery. Two weeks after the surgery, all mice were sacrificed. Five mice were dedicated

to further molecular and three mice to histological analyses. The sample size was not
predetermined by statistical tests. All samples are included in this study with no data
excluded.

Animal work described in this manuscript has been approved and conducted under the
oversight of the UT Southwestern Institutional Animal Care and Use Committee. Mice were
housed and bred at the Animal Resource Center at the UT Southwestern Medical Center, a
pathogen-free facility with a regular 12-h light/dark cycle, a temperature of 18-24° C, and

a humidity of 35-60%. A maximum of 5 mice were housed in one cage with ad libitum
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access to food and water, and they were monitored daily for potential health problems.
Human iPSCs were previously generated and used in our laboratory.52 All iPSC work
was performed in compliance with the UT Southwestern Stem Cell Research Oversight
Committee.

Statistical analysis

Results

All data are reported as mean * standard error of the mean (SEM). Shapiro-Wilk normality
test was used to test for normal distribution. If a variable was not normally distributed or

if the sample size was too small to assess normality, non-parametric tests were applied.
Student’s tor Mann-Whitney test were used for the comparison of two groups that were
either normally or not normally distributed, respectively. Two-way ANOVA with Holm-
Sidak’s post-hoc correction was applied for the comparison of two genotypes (wildtype vs.
T287A) that varied on intervention (sham/control vs. sSTAC/ISO). Repeated measures two-
way ANOVA with Holm-Sidak’s post-hoc correction was used for the comparison of two
genotypes (wildtype vs. T287A) with two timepoints (before acute 1SO vs. after acute 1SO).
We refrained from performing post-hoc multiple comparisons when the two-way ANOVA
was not significant. Log-rank (Mantel-Cox) test with Bonferroni’s post-hoc correction was
used for the comparison of survival curves. Correlations were tested by linear regression
analysis and categorial data by Fisher’s exact test. All statistical tests were performed using
GraphPad Prism 9. We considered two-sided p-values below 0.05 statistically significant.

Development of a gene editing strategy to ablate the autophosphorylation site of CaMKII§

Threonine-287, encoded by an ACT codon, is the autophosphorylation site of CaMKI16
responsible for pathogenic activation of the enzyme. The adenine c.A859 is potentially
editable to a guanine using ABE, which would convert the ACT to a GCT codon,
resulting in replacement of threonine with alanine, thus rendering CaMKIIS resistant to
autophosphorylation (Figure 1A).

To identify an optimal ABE strategy, we tested several editing strategies in mouse N2a
cells. As the optimal editing window for a specific nucleotide is often difficult to predict,
we tested seven different sgRNAs (Table S1) that place CaMK//5 c.A859 in protospacer
positions 13-19 (with the first nucleotide immediately 5’ of the PAM sequence counted as
position 1). We screened different engineered deaminases, including ABEmax, an optimized
narrow-windowed ABE7.10 variant,3! and ABE8e, a wide-windowed evolved ABE7.10
variant with a 590-fold increased activity.33 The engineered deaminase variants were fused
to the engineered SpCas9 variants SpCas9-NG (targeting NG PAMs)34 and SpRY (targeting
NRN and to a lesser extent NYN PAMs).3°

Overall, the deaminase ABES8e displayed higher c.A859G (p.T287A) editing efficiency
than ABEmax (Figure 1B and Tables S1 and S2). Three sgRNAs, sgRNA2, sgRNA3,
and sgRNADS, showed similar c.A859G (p.T287A) editing efficiency of ~35-39%. For
subsequent studies, we selected sgRNA2 combined with ABE8e fused to SpCas9-NG,
which showed a mean editing efficiency of 38.7+0.7% at adenine-16 within the targeted
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genomic region (Figure 1B,C). We chose this editing strategy since SgRNA2 has complete
sequence identity for mouse and human genomes. Plus, using the SpCas9-NG variant with
more stringent PAM requirements was expected to have less potential off-target editing.

Using this gene editing strategy, we injected zygotes of C57BL/6 wildtype (WT) mice
with sgRNA2 combined with ABES8e fused to SpCas9-NG and transferred them into the
oviducts of pseudo-pregnant female mice. Genotyping of the founder F litters (n=52
mice) revealed a mean c.A859G (p.T287A) editing efficiency of 59.8+4.6% (Figure 1D).
We also observed base editing at adenine-18, which would create a glutamic acid to
glycine substitution at residue 286 and a silent bystander edit at adenine-11. Sequencing
of CaMKlla, B, and y genes revealed no editing of these CaMK//isoforms (Figure S1IA-
C). After backcrossing with C57BL/6 wildtype mice, we obtained heterozygous c.A859G
(p.T287A) mice without bystander mutations that were used for further breeding. The
homozygous edit was successfully transcribed into cDNA (Figure 1E).

At baseline, cardiac contractility, chamber size, and left ventricular mass were similar in WT
and T287A mice with no significant differences between the groups (Figure S2). In addition,
T287A mice showed ECGs similar to WT mice at baseline (Figure S3). Following acute
[B-adrenergic stimulation, they showed an increase in heart rate comparable to WT mice
(Figure S3). When exercise capacity was evaluated by a treadmill exhaustion test, we found
no significant differences between WT and T287A mice with respect to maximal velocity
(p=6.9x1071) or total distance (p=6.9x1071) achieved on the treadmill (Figure S4A-C). All
mice were subjected to transthoracic echocardiography immediately after exhaustion on the
treadmill, which revealed no significant differences in cardiac function or geometry between
both genotypes (Figure S4D-H). We further analyzed 1-year-old WT and T287A mice and
found a similar cardiac function and geometry in both groups (Figure S5).

T287A mice are protected from afterload-induced heart failure

Male WT and phospho-resistant T287A mice at 10 weeks of age were subjected to

severe transverse aortic constriction (STAC) surgery to test whether ablation of CaMKI18
autophosphorylation protects mice from afterload-induced heart failure (Figure 2A and
Figure S6). This severe heart failure model has a high mortality rate in WT mice, which
enabled subsequent survival analysis of our mice. WT mice subjected to STAC (WT-sTAC)
showed a dramatically increased mortality compared to WT-Sham mice (Figure 2B). Within
the first and second week post-sTAC, 13 of 26 (50.0%) and 4 of 13 (30.8%) WT-sTAC

mice died, respectively (Figure 2B). In contrast, T287A-sTAC mice were protected from
heart failure-induced mortality as only one of 9 mice (11.1%) died within the two-week
follow-up period (Figure 2B). Accordingly, echocardiography one-week post-sTAC showed
an ~75% decrease in fractional shortening from 60.1+0.7% in WT-Sham mice to 14.3+1.5%
in WT-sTAC mice (p=8.0x10712) (Figure 2C,D). Importantly, T287A-sTAC mice showed
improved fractional shortening of 33.9+6.5% (p=8.7x107° vs. WT-sTAC) (Figure 2D). We
also observed other key features of heart failure in WT-sTAC mice, including increased left
ventricular end-diastolic diameter and volume and increased left ventricular mass (Figure
2E-G). These pathological responses were significantly attenuated in T287A-sTAC mice in
which CaMKI16 was rendered phospho-resistant.
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As expected, we observed a >2-fold increase in CaMKII autophosphorylation in hearts
of WT-sTAC mice compared to WT-Sham mice (p=8.6x1074) (Figure 2H-J). Because we
ablated the autophosphorylation site of CaMKII§, we only detected a residual signal of
autophosphorylated CaMKII in T287A mice. This low signal might either be attributable
to other isoforms (e.g., CaMKIly) or unspecific background. Accordingly, we found
substantially increased CaMKII activity in WT-sTAC mice compared to WT-Sham mice,
which was reduced by 5.8-fold in T287A-sTAC mice (p=5.6x10~* vs. WT-sTAC) (Figure
2K).

Mechanisms of cardioprotection conferred by CaMKIIé editing

Two weeks after STAC/sham surgery, mice were euthanized, and the hearts were harvested
for histological and molecular analyses. As frequently observed in patients with critical
illness, WT mice showed a significant reduction in body weight two weeks post-sTAC,
which was not observed in T287A mice (Figure S7A). Macroscopically and microscopically,
we observed cardiac dilation and hypertrophy in WT-sTAC mice, which was less
pronounced in T287A mice following sTAC (Figure 3A-C). Accordingly, WT-sTAC mice
showed significantly increased heart and lung weights compared to WT-Sham mice, further
indicative of cardiac hypertrophy and heart failure (Figure S7B,C). Notably, T287A-sTAC
mice were protected from both pathological alterations and their heart and lung weights
were comparable to sham control mice. Additionally, we found cardiac fibrosis and
myocardial infiltration of inflammatory cells in WT but not in T287A mice post-sTAC
(Figure 3C and Figure S8). Quantification revealed a 1.8-fold increased area of fibrotic
tissue in WT-sTAC compared to WT-Sham mice (p=2.3x1074), while T287A-sTAC mice
showed low levels of fibrosis (p=1.9x10~% vs. WT-sTAC) (Figure S8B). In accordance

with myocardial fibrosis, we detected substantially increased apoptosis in WT but not in
T287A mice post-sTAC (Figure 3D,E). Compared to WT-Sham mice, we found a 15.7-fold
increased percentage of apoptotic cells in WT-sTAC mice (p=2.6x107°) (Figure 3E). In
contrast, T287A-sTAC mice showed only a slight and non-significant increase in apoptotic
cells compared to T287A-Sham mice (Figure 3E).

We then performed RNA sequencing of whole hearts to investigate transcriptomic changes.
Principal component analysis (PCA) revealed three distinct transcriptomic profiles. While
both WT and T287A sham-treated mice were similar, WT mice subjected to sTAC
showed a substantially different cardiac transcriptome (Figure 4A). Importantly, T287A
mice subjected to STAC formed a third transcriptomic cluster that was closer to the
healthy sham control mice than to WT-sTAC mice (Figure 4A). In WT mice, we found

a total of 5,994 genes differentially expressed two weeks after STAC (3,171 genes up-

and 2,823 genes downregulated in WT-sTAC vs. WT-Sham). Compared to WT-sTAC,
there were 3,787 differentially expressed genes in T287A-sTAC hearts (1,787 genes

up- and 2,000 genes downregulated in T287A-sTAC). For the subsequent analysis of
highly enriched gene sets, we only considered at least 2-fold differentially expressed
genes (Figure 4B). Gene Ontology analysis of the 1,381 highly upregulated genes in WT-
STAC compared to WT-Sham hearts revealed pathways related to pathological remodeling
and inflammation (Figure 4C,D). Additionally, the 601 substantially (fold-change >2)
downregulated genes in WT-sTAC hearts were mainly linked to cardiac performance and
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metabolism (Figure 4C,E). Importantly, rendering CaMKI18 phospho-resistant protected
hearts from these pathological transcriptomic changes. Compared to WT-sTAC mice, the
264 highly upregulated (fold-change >2) genes in T287A-sTAC hearts were mainly linked

to cardiac function, performance, and metabolism (Figure 4F,G). In contrast, the 496 genes
that were substantially (fold-change >2) downregulated in T287A-sTAC vs. WT-sTAC hearts
were mainly related to cardiac remodeling and inflammation (Figure 4F,H).

Editing efficiency and analysis of potential off-target DNA editing in human iPSCs

We next tested whether our editing approach was also feasible in the human genome

and could thus potentially be therapeutically applicable. Therefore, human iPSCs were
nucleofected with sgRNA2 and ABES8e fused to SpCas9-NG. This revealed a similar
editing pattern as observed in the mouse genome with a mean ¢.A859G (p.T287A) editing
efficiency of 48.4+1.0% (Figure 5A). Since other CaMKII isoforms are highly expressed
in several organs other than the heart, where they are involved in important processes
such as brain and skeletal muscle function, specificity of the gene editing approach for the
CaMKI15 isoform is important.16:17:36 Notably, we observed no significant editing of any
other CaMK]//isoforms, as determined by deep amplicon sequencing (Figure 5B-E). We
found a ~2306-, ~3267-, ~2254-fold increased c.A859G (p.T287A) editing efficiency for
CaMKI15 compared to CaMKlla, B, and y, respectively (Figure 5F).

Furthermore, we analyzed the top 8 predicted genomic sites for potential off-target editing,
as predicted by the bioinformatic tool CRISPOR (Figure 5B and Tables S3 and S4).37 We
detected minimal to no off-target editing (less than 1.2%) at any adenines within the top 8
predicted off-target sites (Figure 5G). None of these sites represents a coding region in the
genome, making even minimal off-target editing of these sites less likely to be detrimental.

ABE-treated iPSC-CMs are protected from chronic p-adrenergic stress

To test whether treatment with sgRNA2 and ABE8e fused to SpCas9-NG confers
cardioprotection in human cardiomyocytes, we established an iPSC-line using the same
ABE strategy as in mice (Figure 5A) and differentiated them into cardiomyocytes (iPSC-
CMs). Sequencing of the cDNA revealed successful transcription of the editing pattern
of sgRNA2 (homozygous for c.A859G (p.T287A) and heterozygous for both c.A857G
(p.E286G) and c.A864G (p.V288V)) (Figure 6A). Notably, T287A iPSC-CMs were still
responsive to acute B-adrenergic stimulation (Figure S9).

To test for potential cardioprotection, WT and T287A iPSC-CMs were treated with

either normal control medium or with 100 nM isoproterenol for 10 days (ISO) to mimic
chronic B-adrenergic stress as it occurs in heart failure. As anticipated, Western blot
analyses revealed a 2.9-fold increase in autophosphorylated CaMKIl in WT iPSC-CMs
upon chronic treatment with 1SO (0.60+0.18) compared to control (0.21+0.05, p=8.9x1073)
(Figure 6B-D). In T287A-edited iPSC-CMs, ISO treatment did not increase the level of
CaMKII autophosphorylation and only minimal autophosphorylation signal was detected.
This residual signal may result from non-edited CaMKIly (which is also expressed in
cardiomyocytes) or unspecific background. In accordance with an expected increase in
CaMKII autophosphorylation with 1SO treatment, CaMKI|I activity increased from (in
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nmol/min/mg) 4.8+0.5 in WT-Control iPSC-CMs to 12.5+3.8 upon treatment with 1SO
(p=1.2x1072, Figure 6E). Compared to WT iPSC-CMs, the T287A iPSC-CMs showed a
4.3-fold lower CaMKI| activity upon 1SO stimulation (p=5.5x1073) (Figure 6E).

Stimulated Ca2* transients were measured to assess cellular Ca2* homeostasis in WT and
T287A iPSC-CMs upon control and chronic ISO treatment (Figure 6F). We detected no
differences in diastolic Ca2* levels (Figure 6G). However, chronic 1SO treatment decreased
Ca?* transient amplitude from (in AF340/F3g0) 0.55+0.03 to 0.37+0.03 in WT iPSC-CMs
(p=2.0x107°) (Figure 6H). Compared to WT iPSC-CMs, the T287A iPSC-CMs showed an
increased Ca2* transient amplitude of 0.75+0.03 upon control conditions (p=1.4x1075 vs.
WT-Control) and were resistant to 1SO-induced deterioration of cellular Ca?* homeostasis.
Similarly, relaxation times to both 50% and 80% of diastolic Ca2* levels were decreased in
WT-1SO iPSC-CMs but not in T287A-ISO iPSC-CMs (Figure 61,J). ISO treatment of WT
iPSC-CMs increased the risk for arrhythmias by ~7.2-fold, resulting in 68.4% of iPSC-CMs
showing arrhythmias (p=2.0x1074) (Figure 6K). The proarrhythmic risk upon 1SO treatment
was reduced by ~6.5-fold when CaMKI16 was rendered phospho-resistant (p=6.3x104 for
T287A-I1SO vs. WT-1S0O).

Analyses of CaZ* characteristics after paused electrical stimulation have previously been
used to estimate diastolic sarcoplasmic reticulum Ca2* leak, a key feature of cardiac
dysfunction.12:22 After 10 s of paused stimulation, we found increased cytosolic Ca2*
overload in WT iPSC-CMs upon chronic 1SO (p=5.3x1076 vs. WT-Control), but not
when the CaMKI18 autophosphorylation site was ablated (Figure S10A,B). This cytosolic
Ca?* overload indicates that there might be less Ca2* in the sarcoplasmic reticulum and
thus less Ca2* available for the next contraction.10:12.19.22 |ndeed, the gain of post-pause
Ca?* transient amplitude was impaired by ~1.9-fold in WT iPSC-CMs upon chronic 1SO
compared to control iPSC-CMs (p=8.6x1075) (Figure S10C). Upon control conditions,
T287A iPSC-CMs showed an increased gain of post-pause Ca2* transient amplitude
compared to WT (p=8.4x1073), which was resistant to 1SO-induced impairment (Figure
S10C). The post-pause cytosolic Ca2* overload correlated significantly negative with the
gain of post-pause Ca2* transient amplitude (Figure S10D,E). Moreover, we also found

a negative correlation between the post-pause cytosolic Ca2* overload and the stimulated
steady-state Ca* transient amplitude (Figure S10F,G), further validating our experimental
approach. Interestingly, there was a clear separation between control- and chronic ISO-
treatment only in WT but not in T287A iPSC-CMs, further indicating that ablating
CaMKI16 autophosphorylation renders cardiomyocytes resistant to chronic p-adrenergic
stress.

Discussion

In the present study, we screened several sgRNAs and ABEs to identify an optimal

base editing strategy capable of rendering mouse and human CaMKI18 resistant to
autophosphorylation. Using this cross-species editing strategy, we created a mouse model
lacking the autophosphorylation site of CaMKII6, which conferred cardioprotection against
afterload-induced heart failure following sSTAC, resulting in improved survival. Additionally,
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we showed that CaMK//5-edited human iPSC-CMs were protected against chronic -
adrenergic stress.

CRISPR-Cas9 hase editing can precisely convert one nucleotide to another without

inducing DNA double-stranded breaks.#6:29-31.38 To date, most gene editing strategies have
been designed to correct monogenic disease-causing mutations.*:32:33.39-42 However, the
frequency of these mutations is typically low, which prevents broad application of this
strategy. The autophosphorylation site of CaMKI18 represents a promising therapeutic target
for a wide range of cardiovascular disorders and base editing can be used to ablate this
critical site. The concept of blocking pathogenic signaling by CRISPR-Cas9 gene editing
could also be extended to other human diseases with other pathomechanisms.

CaMKI1$ is a key regulator of cardiac function and signaling, while chronic overactivation
promotes cardiac disease and dysfunction.”:8:10-20 The enzyme consists of three domains,
namely the catalytic, regulatory, and association domains.” Ca2*/calmodulin binding to
the regulatory domain induces a conformational change, which exposes the catalytic
domain and activates the enzyme.” Besides CaZ*/calmodulin binding, CaMKIIS is

also subject to posttranslational modification of several amino acids in the regulatory
domain. Autophosphorylation of threonine-287,26:27 oxidation of methionine-281 and
methionine-282 by reactive oxygen species,*3 O-linked N-acetylglucosaminylation of
serine-280 during hyperglycemia,**4® and nitrosylation of cysteine-290 through nitric
oxide-dependent signaling*® have been identified. Posttranslational modification of these
amino acid residues prevents re-association of the autoinhibitory region with the

catalytic domain resulting in sustained CaMKII hyperactivation and cardiac disease. The
functional relevance and importance of each individual posttranslational modification site
compared with the other sites remains to be determined. CaMKII autophosphorylation

of threonine-287 has been linked to several cardiac diseases and has been used as a
measure of total CaMKII activity.19:20.22.26-28 However, the impact of genetic ablation of
the autophosphorylation site of CaMKI18 on cardiac function has not yet been explored.
Analyzing a phospho-resistant CaMKI11& mouse model allows deeper insights into the
mechanisms of CaMKI118-dependent signaling in cardiac disease. Previous studies showed a
correlative association between CaMKI18 autophosphorylation and cardiac disorders. Here,
we analyzed a phospho-resistant CaMKI16 mouse model and provide direct evidence for
the role of CaMKI16-dependent signaling in heart disease.19:20:2228 Qur findings show
that mice harboring a phospho-resistant CaMKI18 display improved survival and cardiac
function in heart failure.

It has previously been shown that autophosphorylation increases the binding affinity of
CaMKI18 for calmodulin and slows calmodulin dissociation from CaMKI18 in isolated
rabbit cardiomyocytes following adenoviral transduction of either WT, phospho-mimetic
(T287D) or phospho-resistant (T287A) CaMKI15.27 Intracardiac injection of adeno-
associated virus serotype 9 expressing the CaMKI16 T287A mutant was found to attenuate
myocardial injury after ischemia/reperfusion in rats.4” However, viral overexpression only
resulted in ~60—125% expression over the endogenous CaMK118.2747 This indicates

the existence of a mixed population retaining ~31-63% WT CaMKI1&. Additionally,
CaMKII overexpression itself promotes cardiac disease, making these studies difficult to
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interpret.#8:49 We show that complete ablation of the CaMKI18 autophosphorylation site
in mice prevents pathogenic activation of the enzyme, but does not affect overall CaMKI|I
expression nor does this mutation have adverse consequences.

As enhanced CaMKI18 signaling is an established driver of cardiac disease, CaMKI18&
inhibition has been identified as a promising therapeutic target.16:17:22.50.51 However, to
date, there are no clinically available enzyme inhibitors.16 KN93, a small-molecule allosteric
inhibitor, has been extensively studied and shown to improve cardiac function in different
disease models.16:17 However, the usefulness of KN93 is limited by relatively low potency
and off-target effects on a number of ion channels, such as potassium channels.52 Other
compounds, like autocamtide-2 related inhibitory peptide, have poor bioavailability and
ATP-competitive inhibitors also inhibit other kinases.16:17 Hesperadin, an ATP-competitive
CaMKI|I inhibitor, targets both CaMKI118 and Aurora B kinase, conferring cardioprotection
and antitumor effects.>3 Two other ATP-competitive CaMKII inhibitors, RA608 and RA306,
have recently been demonstrated to improve cardiac function /n vivo upon afterload-induced
heart failure and in a mouse model of dilated cardiomyopathy, respectively.24:25 However,
the 1Cgq of both compounds for CaMKI118 was only 4-6-fold lower than for CaMKlla,
~0.5-fold compared to CaMKIIy, and RAG608 showed 70% inhibition of CaMKIIB.2425 The
lack of CaMKI18 isoform specificity represents a major challenge in the development of
CaMKII inhibitors.16:17 While CaMKlla and B are highly expressed in the brain, where
they are critically involved in learning and memory, CaMKIll+y has been linked to exercise
performance in skeletal muscle.18:17:36 This highlights the necessity of specifically targeting
CaMKI18, which is the main CaMKII isoform involved cardiac pathology.10-21

We recently developed a CRISPR-Cas9 gene editing strategy to ablate the oxidative
activation sites of CaMK116.% We found that rendering CaMKII8 resistant to oxidative
activation represents a promising therapeutic strategy to ameliorate direct consequences

of oxidative stress (as in ischemia/reperfusion injury).? In addition to oxidation,
autophosphorylation is a major activator of CaMKI18 and has been shown to promote
various cardiac disorders. Future work that compares targeting the different posttranslational
modification sites of CaMKI18 will help to identify the most comprehensive and beneficial
therapeutic approach. Therefore, in the present study, we have developed a new ABE
strategy to genetically ablate the autophosphorylation site of CaMKII8. The optimal sgRNA
identified in this study showed ~2306-, ~3267-, and ~2254-fold specificity for c.A859G
(p.T287A) editing of CaMK/15 compared to CaMKlla, B, and y, respectively. This SgRNA
specificity is higher than our previously reported gene editing strategy for the oxidative
activation sites of CaMKI18, which represents an important safety feature.® Moreover, here
we present a concept that improves survival in heart failure. Rendering CaMKI18 resistant to
autophosphorylation might be applicable to a broader range of cardiac diseases than ablating
the oxidative activation sites, but this remains to be tested. Notably, using CRISPR-Cas9
gene editing to ablate the autophosphorylation site of CaMKI18 only prevents pathological
overactivation and does not block basal enzyme activity. Since the Ca2*/calmodulin binding
site is not targeted, CaMKI18 can still exert its physiological function as a cellular Ca*
sensor. Moreover, we detected no off-target editing within a coding region of the top 8
predicted genomic sites for potential off-target editing, reducing the risk of potential adverse
side effects.
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Permanent modification of an otherwise normal gene also raises questions from an ethical
perspective. One may argue that this approach can be justified when traditional and currently
available therapeutic strategies are ineffective or not well-tolerated. Permanent modification
of a specific pathogenic signaling cascade may be justified especially for chronic disorders
(e.g., chronic heart failure), where permanent perturbation of a pathomechanism is sustained
for many years causing organ failure. It will be imperative to carefully assess safety to
understand the long-term consequences of the editing strategy, as such a modification would
be permanent. In our study, we did not detect overt adverse effects in the basal phenotype

of mice harboring the T287A mutation. In the context of personalized medicine, it will

be critical to identify the optimal gene to edit for each group of patients, which depends

on the predominant pathomechanism of each disease, the editability of the respective

genes, and their other functions that might not necessarily be related to pathology. For
multimorbid patients, simultaneous approaches targeting different pathomechanisms could
also be considered.

A significant limitation of our study is that we performed gene editing in the germling,
which is not acceptable clinically or ethically. Thus, it will be important to test whether
ablating CaMKI118 autophosphorylation is also feasible postnatally and whether it could
also reverse or prevent disease progression after its onset (e.g., in human iPSC-CMs after
chronic B-adrenergic stress or in mice when early heart failure has already been developed).
Delivery of the CRISPR-Cas9 base editing components into heart cells could be achieved
with methods used in gene therapy approaches (e.g., using cardiotropic adeno-associated
viruses), which have been shown to enable high editing efficiency /in vivo.5° Efficiency

of delivery is another important factor, as the number of cells expressing the gene editing
components would limit the overall treatment success. These aspects are the next steps of
investigation required to further develop elimination of CaMKI18 autophosphorylation as a
potential broad-based therapeutic concept for human cardiac disease.
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Non-standard Abbreviations and Acronyms

ABE adenine base editing

CaMKI118 Ca?*/calmodulin-dependent protein kinase 118
Cas9 CRISPR-associated protein 9

CRISPR clustered regularly interspaced short palindromic repeats
iPSC induced pluripotent stem cell

iPSC-CM iPSC-derived cardiomyocyte

ISO isoproterenol

PAM protospacer adjacent motif

sgRNA single-guide RNA

SpCas9 Streptococcus pyogenes Cas9

STAC severe transverse aortic constriction

T287A phospho-resistant CaMKI18

WT wildtype
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Clinical Perspective
What is new?

. The autophosphorylation site of CaMKI16 can be ablated by CRISPR-Cas9
adenine base editing.

. Rendering CaMKI18 phospho-resistant improves cardiac function and confers
protection from heart failure-related mortality and pathological remodeling.

What are the clinical implications?

. We identified an adenine base editing strategy with a sgRNA that is applicable
for the human and mouse genome.

. Base editing has a specificity of >2,000-fold toward CaMK//S, which is an
important safety feature.

. The autophosphorylation site of CaMKI1$6 is a promising therapeutic target
for cardiac disorders.
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Figure 1. Adenine base editing to ablate the autophosphorylation site of CaMKI186.
A, Overview of CaMKII6 with its three domains. Autophosphorylation occurs at

threonine-287 in the regulatory domain. Several cardiac stressors have been shown to
promote CaMKI18 autophosphorylation and hyperactivation, subsequently leading to cardiac
disease. Using CRISPR-Cas9 adenine base editing, we discovered a strategy to edit ¢.A859G
(p.T287A), thereby ablating the autophosphorylation site of CaMKI18. B, Percentage of
adenine (A) to guanine (G) editing in mouse N2a cells at c.A859 (p.T287) for sgRNAs 1-7
combined with either ABEmax or ABES8e that were fused to either SpCas9-NG or SpRY
(n=3 transfections). C, DNA sequence showing a segment of the mouse CaMK//é gene
encoding part of the regulatory domain with alignment of sgRNAZ2 that has 100% homology
to that region. The PAM sequence is in green and the ACT nucleotide triplet encoding the
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critical threonine-287 is highlighted in yellow. Each adenine along the sequence of sgRNA2
is numbered (counting from the PAM). D, Percentage of adenine (A) to guanine (G) editing
in Fg mice (n=52) for each adenine in sgRNAZ2 following injection of sRNA2 and ABES8e
fused to SpCas9-NG in zygotes and subsequent transfer into the oviducts of pseudo-pregnant
female mice. E, Sequencing of cDNA of a homozygous T287A mouse showing the single
nucleotide edit c.A859G that makes CaMKII6 phospho-resistant. Data are presented as
individual data points with mean + SEM and replicates are either independent transfections
(B) or individual mice (D).
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Figure 2. Ablation of CaMKI16 autophosphorylation improves survival and cardiac function

post-sTAC.

A, Experimental design for subjecting male mice at 10 weeks of age to STAC

surgery as a model for afterload-induced heart failure. Cardiac function was assessed

by echocardiography one week before and one week after STAC. Two weeks after

STAC, mice were sacrificed, and hearts harvested for further histological and molecular
analyses (1 — brachiocephalic artery, 2 — left common carotid artery, 3 — left subclavian
artery). B, Survival curves of WT-Sham, WT-sTAC, T287A-Sham, and T287A-sTAC mice
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(p=8.2x1073 for WT-STAC vs. WT-Sham, p=2.5x1072 for T287A-STAC vs. WT-sTAC).

C, Representative M-mode recordings of mouse hearts from all groups 1-week post-sTAC/
Sham surgery, as acquired by echocardiography. D, Mean fractional shortening. E, Mean left
ventricular end-diastolic diameter. F, Mean left ventricular end-diastolic volume. G, Mean
left ventricular mass. H, Western blot analysis of autophosphorylated CaMKII and total
CaMKII (each with GAPDH as housekeeper protein) for all groups. 1, Mean densitometric
analyses for autophosphorylated CaMKII normalized to GAPDH for all groups. J, Mean
densitometric analyses for total CaMKII normalized to GAPDH for all groups. K, Mean
CaMKI|I activity for all groups. Data are presented as individual data points with mean +
SEM and all replicates are individual mice. Statistical comparisons are based on log-rank
(Mantel-Cox) test with Bonferroni’s post-hoc correction (B) and on two-way ANOVA
post-hoc corrected by Holm-Sidak (D-G,I-K).
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Figure 3. Rendering CaMKI18 phospho-resistant prevents myocardial fibrosis and apoptosis.
A, Macroscopic images of hearts from WT-Sham, WT-sTAC, T287A-Sham, and T287A-

STAC mice (scale bar 1 mm). B, H&E staining of cardiac sections for each group (scale bar
1 mm). C, Trichrome staining of cardiac sections for each group (scale bar 1 mm for whole
hearts and 100 um for close-ups). D, Representative heart sections for all groups showing
immunohistochemistry of TUNEL (green, arrows), Hoechst 33342 (blue, for nuclei), and
cardiac troponin (red; scale bar 20 pm). E, Mean percentage of apoptotic cells for each
group. Data are presented as individual data points with mean + SEM and all replicates are
individual mice. Statistical comparisons are based on two-way ANOVA post-hoc corrected
by Holm-Sidak.

Circulation. Author manuscript; available in PMC 2024 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lebek et al. Page 23
A B wr-  wr  T287A- T287A-
WT-Sham Sham sTAC Sham sTAC
5 WT-sTAC = —
= ® T287A-Sham —
,§ 04 o | ® T287A-sTAC 601
= o,
N (]
O -5+
a
-10- ¢ 7
L
-15 T T T T T
-30 20 10 0 10 20
PC1 (65%)
1,381
z score -
-4 -2 0 2 4
C WT-sTAC vs. WT-Sham F T287A-STAC vs. WT-STAC
n=601 | || Leooitet n=q 381 1009 =406 conaz: n=264
2001 Colta2 2
Coltale
Col3at 754 Coldzte
1501 o .
= *Dio2 e
5.'“ Ceny 1’ Sparc &N piod,
& 100 Retot| | & Phape | | Pt
o H o S Adratb
S Kend2_ | 3 Fitm2
; Clont—, 2 A\ 002
Scara5-—7, Gm36495 254 2 bor° -
50 Cacng6 Rspo2 N A ° Tenm2
2310015K22Rik ) ’ Seg2 Ma|‘"3 FOf23 g % 5 Tla'Snap25
Tenm2, \ i Gm12602 \ | 2310015K22Rik
N . ! o
oY e R E X -——"-ﬂ-é%—mwz 04 -l st % canamr -2V
-10 -5 0 5 10 -10 -5 0 5 10
Log, fold change Log, fold change
GO pathways of upregulated genes in WT-sTAC vs. WT-Sham  -Log;o(p) GO pathways of upregulated genes in T287A-sTAC vs. WT-sTAC -Log;¢(p)
Extracellular matrix organization 38.9 Monoatomic ion transmembrane transport 8.5
Mitotic cell cycle process 274 Fatty acid metabolic process 7.0
Positive regulation of response to external stimulus 249 Lipid localization 55
Inflammatory response 24.2 Acyl-CoA metabolic process 5.3
Leukocyte migration 18.1 Muscle system process 5.0
Leukocyte activation 17.8 Regulation of muscle contraction 5.0
Supramolecular fiber organization 727 Cellular carbohydrate metabolic process 4.5
Regulation of vasculature development 15.9 Calcium ion transmembrane transport 2.4
GO pathways of downregulated genes in WT-sTAC vs. WT-Sham -Log(p) GO pathways of downregulated genes in T287A-sTAC vs. WT-sTAC -Logq(p)
Fatty acid metabolic process 141 Extracellular matrix organization 285
Monoatomic ion transmembrane transport 121 Mitotic cell cycle process 149
Regulation of heart contraction 9.3 Vasculature development 126
Acyl-CoA metabolic process 8.1 Positive regulation of response to external stimulus 12.0
Muscle system process 7.9 Inflammatory response 10.7
Lipid localization 6.2 Leukocyte migration 9.1
Regulation of cardiac muscle contraction by calcium ion signaling [ 2.6 Collagen metabolic process 8.4
Calcium ion transport 2.0 Tissue remodeling 8.3

Figure 4. Ablation of CaMKI116 autophosphorylation protects mice from dysregulation of the

cardiac transcriptome.

A, Principal component analysis (PCA) of the cardiac transcriptome of WT and T287A
mice, both subjected to sham and sSTAC surgery (n=3 per group). B, Heat map of 1,982
genes that were differentially expressed between WT-sTAC compared to WT-Sham by more
than 2-fold. Additionally, we are reporting the same genes for T287A-Sham and T287A-
STAC. C, Wolcano plot showing 1,381 and 601 genes that were up- and downregulated,
respectively, by at least 2-fold in WT-sTAC compared to WT-Sham mice. The top 5 up- and
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downregulated genes are labeled, based on both p-value and fold change. D, Gene Ontology
terms associated with upregulated genes in WT-sTAC compared to WT-Sham mice. E,
Gene Ontology terms associated with downregulated genes in WT-sTAC compared to WT-
Sham mice. F, Volcano plot showing 264 and 496 genes that were up- and downregulated,
respectively, by at least 2-fold in T287A-sTAC compared to WT-sTAC mice. The top 5

up- and downregulated genes are labeled, based on both p-value and fold change. G,

Gene Ontology terms associated with upregulated genes in T287A-sTAC compared to WT-
STAC mice. H, Gene Ontology terms associated with downregulated genes in T287A-sTAC
compared to WT-sTAC mice. Data are presented as individual data points and all replicates
are individual mice.
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Figure 5. Analysis of CaMKIl1 §editing and potential off-targets in human iPSCs using deep
amplicon sequencing.

A, Percentage of adenine (A) to guanine (G) editing for each adenine in sgRNA2
(CaMK116) following base editing with sgRNA2 and ABE8e. B, Sequence of sgRNA2
(CaMK1/6) and the corresponding DNA and PAM sequences of CaMKlla, B, and y as well
as the sequences of the top 8 potential off-target loci, as predicted by CRISPOR. Yellow
highlighting indicates bases different from sgRNA2. Each nucleotide within the sequence
is numbered (counting from the PAM). C, Percentage of adenine (A) to guanine (G)

editing for all adenines within the DNA sequence of CaMKl//a corresponding to SgRNA2,
either following base editing with sgRNA2 and ABES8e or for an untreated human WT
sample (WT control). D, Percentage of adenine (A) to guanine (G) editing for all adenines
within the DNA sequence of CaMKI/Ig corresponding to SgRNAZ2, either following base
editing with sgRNA2 and ABESe or for an untreated human WT sample (WT control). E,
Percentage of adenine (A) to guanine (G) editing for all adenines within the DNA sequence
of CaMKi|Iy corresponding to sgRNAZ2, either following base editing with SgRNA2 and
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ABES8e or for an untreated human WT sample (WT control). F, Fold change of percentage
of adenine (A) to guanine (G) editing at c.A859G (p.T287A) for CaMK//5 compared to
CaMKlla, B, and y. G, Percentage of adenine (A) to guanine (G) editing for all adenines
(ordered from 5 to 3”) within the DNA sequences of the top 8 predicted off-target loci,
beginning with the potential off-target #1. Data are presented as individual data points with
mean + SEM and all replicates are human iPSCs following three independent nucleofections
with sgRNA2 and ABEBSe fused to SpCas9-NG. As a negative control, we analyzed one
human WT iPSC sample that was not treated with sgRNA2 and ABES8e fused to SpCas9-NG
(WT control).
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Figure 6. ABE with sgRNA2 protects human iPSC-CMs from 1SO-induced dysregulation of
cellular Ca* homeostasis.

A, Sequencing of cDNA of human iPSC-CMs showing the editing pattern of SgRNA2.

B, Western blot analysis of autophosphorylated CaMKII and total CaMKII (each with
GAPDH as housekeeper protein) in human wildtype (WT) and T287A iPSC-CMs for both
control and 10 days of exposure to isoproterenol (ISO). C, Mean densitometric analysis

for autophosphorylated CaMKII normalized to GAPDH. D, Mean densitometric analysis
for total CaMKII normalized to GAPDH. E, Mean CaMKII activity in WT and T287A
iPSC-CMs both upon control and 1SO. F, Representative Ca2* transients for WT and T287A
human iPSC-CMs upon control and 10 days of chronic 1SO, measured by epifluorescence
microscopy. G, Mean diastolic Ca%* levels for all groups. H, Mean Ca2* transient amplitude
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for each group. I, Mean relaxation time to 50% baseline. J, Mean relaxation time to 80%
baseline. K, Percentage of iPSC-CMs showing arrhythmias. Data are presented as individual
data points with mean + SEM and all replicates are either 5 independent differentiations into
iPSC-CMs (C-E) or individual iPSC-CMs (G-K). Statistical comparisons were performed
with two-way ANOVA post-hoc corrected by Holm-Sidak (C-E,G-J) and with Fisher’s exact
test (K).
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