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Gene variants in LZTR1 are implicated to cause Noonan syn-
drome associated with a severe and early-onset hypertrophic
cardiomyopathy. Mechanistically, LZTR1 deficiency results
in accumulation of RAS GTPases and, as a consequence, in
RAS-MAPK signaling hyperactivity, thereby causing the
Noonan syndrome-associated phenotype. Despite its epidemi-
ological relevance, pharmacological as well as invasive therapies
remain limited. Here, personalized CRISPR-Cas9 gene thera-
pies might offer a novel alternative for a curative treatment
in this patient cohort. In this study, by utilizing a patient-spe-
cific screening platform based on iPSC-derived cardiomyocytes
from two Noonan syndrome patients, we evaluated different
clinically translatable therapeutic approaches using small
Cas9 orthologs targeting a deep-intronic LZTR1 variant to
cure the disease-associated molecular pathology. Despite high
editing efficiencies in cardiomyocyte cultures transduced with
lentivirus or all-in-one adeno-associated viruses, we observed
crucial differences in editing outcomes in proliferative iPSCs
vs. non-proliferative cardiomyocytes. While editing in iPSCs
rescued the phenotype, the same editing approaches did not
robustly restore LZTR1 function in cardiomyocytes, indicating
critical differences in the activity of DNA double-strand break
repair mechanisms between proliferative and non-proliferative
cell types and highlighting the importance of cell type-specific
screens for testing CRISPR-Cas9 gene therapies.

INTRODUCTION
Noonan syndrome (NS) is a congenital multi-systemic disorder that
is defined by specific external characteristics accompanied by intel-
lectual and developmental impairment and an increased risk of
neoplasia. Further, NS typically presents with a broad variety of
heart disease, most commonly pulmonary valve stenosis with or
without severe early-onset hypertrophic cardiomyopathy (HCM).1
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With an estimated prevalence of 1 in 1,000–2,500 newborns, it is
the second most common syndromic disorder associated with
congenital heart defects after Down syndrome.2 Compared with
children with non-syndromic HCM, children with NS-associated
HCM are more likely to die from heart failure and are significantly
more likely to die at an earlier age.3,4 Besides the well-known dis-
ease-associated genes PTPN11, SOS1, RAF1, KRAS, and RIT1, auto-
somal dominant as well as autosomal recessive mutations in leucine
zipper like transcription regulator 1 (LZTR1) were recently linked to
cause NS with severe HCM.5–7 LZTR1 encodes an adapter protein of
the cullin 3 ubiquitin ligase complex by selectively targeting RAS
GTPases as substrates for degradation. In NS, LZTR1 deficiency re-
sults in accumulation of the RAS protein pool and, as a consequence,
in RAS-MAPK signaling hyperactivity.7–9 Despite its epidemiolog-
ical relevance and ongoing research on NS, pharmacological as
well as invasive therapy strategies remain limited as no curative
treatment exists.10

Recent developments in genome editing using clustered regularly in-
terspaced short palindromic repeats (CRISPR)-Cas9 systems aiming
to introduce novel mutations or correct patient-specific mutations
have brought about new perspectives on precision medicine and
treatment of genetically inherited diseases.11,12 Alongside several
promising clinical studies for potentially fatal diseases based on
ex vivo genome editing of cells derived from autologous donors,13

the first phase 1 clinical trials for an in vivo application of
herapy: Nucleic Acids Vol. 35 March 2024 ª 2024 The Author(s). 1
r the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.omtn.2024.102123
mailto:lukas.cyganek@gwdg.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2024.102123&domain=pdf
http://creativecommons.org/licenses/by/4.0/


(legend on next page)

Molecular Therapy: Nucleic Acids

2 Molecular Therapy: Nucleic Acids Vol. 35 March 2024



www.moleculartherapy.org
CRISPR-Cas9 to treat Leber congenital amaurosis and transthyretin
amyloidosis were initiated.14,15 Further, great translational progress
has beenmade for CRISPR-based treatments of other congenital dis-
eases, such as Duchenne muscular dystrophy and Progeria syn-
drome,16–20 proven to be efficient in patient-derived cells as well as
mouse and large animal models. It is of great clinical interest to
expand these innovative strategies to NS and NS-associated HCM,
as CRISPR-based gene therapy might offer curative treatments
tailored to the individual patient.

Canonical non-homologous end-joining (cNHEJ) and microhomol-
ogy-mediated end-joining (MMEJ) are considered the main repair
routes of DNA double-strand breaks in both pluripotent and post-
mitotic cells such as cardiomyocytes. These were assumed to be
inaccurate, random, and unreliable and a major concern for clinical
application of CRISPR-based therapies.21–25 However, recent find-
ings revealed reproducible and even predictable target sequence-
specific profiles of insertions and deletions (indels) with cNHEJ
and MMEJ upon CRISPR-Cas9 editing.26–29 As every CRISPR-
Cas9 approach differs regarding their genetic locus, potential off-
target activity and potential side effects, it is of utmost importance
to evaluate each clinically translatable approach in vitro and/or
in vivo for efficacy and safety, ideally in a patient-specific and tis-
sue-specific context.30 Here, human induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs) generated from patients with
inherited forms of cardiomyopathies are not only suitable to faith-
fully recapitulate the disease in vitro,31,32 these cells also offer a
unique platform to test personalized CRISPR therapies in patient-
derived and physiologically relevant cells, by providing a virtually
unlimited source of human cells.16,33

We recently identified two brothers affected by an autosomal reces-
sive form of NS and severe early-onset HCM due to biallelic LZTR1-
truncating variants.7 In a proof-of-concept approach, we demon-
strated that CRISPR-Cas9-based genome editing of one of the
causative variants was able to rescue the cardiac pathology. Building
on these data, in this studywe aimed to evaluate different Cas9 ortho-
logs and multiple mutation-specific CRISPR guide RNAs in the es-
tablished preclinical iPSC-CM models to identify an efficient and
safe strategy for a personalized CRISPR-Cas9 gene therapy. We
Figure 1. Predictability and reproducibility of CRISPR-Cas9-induced indel profi
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showed that allele-specific editing of the deep-intronic LZTR1
variant in patient-specific iPSCs resulted in efficient restoration of
LZTR1 function and normalization RAS GTPase levels. Further,
we applied different small Cas9 orthologs, which allow delivery of
the CRISPR-Cas9 components into target cells via a single adeno-
associated virus (AAV) genome. Despite high editing efficiencies
achieved in AAV-transduced iPSC-CMs, we observed different edit-
ing outcomes in iPSC-CMs compared with iPSCs. While editing in
iPSCs rescued the phenotype, the same approaches did not robustly
restore LZTR1 function in iPSC-CMs, indicating critical differences
in the activity of DNA double-strand break repair mechanisms be-
tween proliferative iPSCs and non-proliferative iPSC-CMs, thereby
highlighting the importance of cell type- and tissue-specific screens
for testing suitable CRISPR-Cas9 gene therapies.

RESULTS
CRISPR-Cas9-induced indel profiles for LZTR1 intron 16 in

patient-specific iPSCs are predictable and reproducible

We have recently identified two brothers who presented with a severe
early-onset obstructive HCM, mild facial anomalies, and short stature,
resulting in a diagnosis of autosomal recessive NS.7 A septal myectomy
was performed on these patients at the ages of 3.5 years and 6 months,
respectively. However, a progressive re-thickening of the ventricular
septum after surgery was observed in both siblings, reflecting the need
for alternative curative therapies. Whole exome sequencing detected
biallelic gene variants in LZTR1 as causative for the disease: one mater-
nally inherited 1-base pair insertion c.27dupG in the first exon resulting
in early frameshift and protein truncation, and one paternally inherited
deep-intronic base pair exchange c.1943-256C>T in intron 16 (Figures
1A and 1B). The intronic variant results in introduction of an additional
donor splice site leading to the recognition of a cryptic exon between
exon 16and exon 17, and consequently, to the productionof a truncated
non-functional protein. The LZTR1 deficiency resulted in the accumu-
lation of RAS GTPases in the patient-specific cells, whereas uni-allelic
genetic correction was sufficient to normalize the molecular disease
phenotype.7 We screened the literature for currently described LZTR1
germline variants causative for NS in either an autosomal recessive or
autosomal dominant manner, and searched the gnomAD database
for the prevalence of each of the identified NS-associated LZTR1
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variants in the entire population (Table 1). This analysis revealed that
the intronic variant c.1943-256C>T is one of themost commonly occur-
ring LZTR1 variants with a high prevalence of up to 1 in 10,000 individ-
uals. Hence, this intronic variant is a therapeutically relevant target for a
sustainable CRISPR-based gene therapy approach.

We postulated that cNHEJ- and MMEJ-induced indels in close prox-
imity to the deep-intronic variant would cause disruption of the cryptic
donor splice site without compromising regular splicing of the LZTR1
transcript, thereby reintroducing regular translation upon editing of
the LZTR1 allele. Patient-specific iPSCs frombothNS patientswere uti-
lized for a preclinical CRISPR screen, in order to identify a suitable
CRISPR-Cas9 system regarding efficiency and safety for clinical trans-
lation (Figure 1A). For thewidely usedCas9 ortholog Streptococcus pyo-
genes (SpCas9) with the protospacer adjacentmotif 50-NGG-30, we eval-
uated four different CRISPR guide RNAs (guide RNA A, B, C, and D),
all allowing an allele-specific targeting of the mutated LZTR1 intron 16
(Figure 1B). In addition, we included the compact Cas9 ortholog Staph-
ylococcus aureus (SaCas9) in our screen. Despite its comparativelymore
complex canonical protospacer adjacent motif 50-NNGRRT-30, one
CRISPR guide RNA (guide RNA A) met the requirements to be used
in combination with the SaCas9 for allele-specific editing. Patient-spe-
cific iPSCs were transfected with the different Cas9 and guide RNA
combinations using a ribonucleoprotein-based approach. Initial evalu-
ation of the transfected bulk 3–4 days post-transfection by Sanger
sequencing revealed efficient on-target editing by SpCas9 in combina-
tion with guide RNA A and B (Figure S1). Further, robust editing was
observed for SaCas9 with guide RNA A. In contrast, transfection of
guide RNAC andD resulted in lower overall editing efficiencies; hence,
these two guide RNAs were excluded from further analysis. Subse-
quently, amplicon sequencing was performed to quantify editing effi-
ciencies as well as to discriminate the precision of the different
CRISPR-Cas9 approaches to selectively target the mutated intron 16
allele. In agreement with the Sanger sequencing data, both guide
RNAs for SpCas9 as well as the SaCas9 application expressed high edit-
ing efficiencies with indel frequencies ranging between 21% and 30%
out of all sequenced alleles (Figure 1C). Moreover, more than 50% of
all alleles in each approach were of maternal origin (non-target allele)
and remained unedited at the intron 16 locus, indicating that both
SpCas9 and SaCas9 were highly selective for themutated allele. Consid-
ering that the targeted allele accounts for half of each diploid cell’s geno-
type, editing efficiencies of 21%–30% at the paternal allele would, in
principle, imply that 42%–60% of the cells were genetically modified.

However, high editing efficiencies at the cryptic donor splice site do
not necessarily translate to a beneficial effect on pathophysiological
splicing mechanisms. It remains crucial to prove whether the cNHEJ-
and MMEJ-induced changes at the target site reduce the likelihood to
serve as a cryptic splice site (Figures 1D and 1E). We anticipated that
every individual CRISPR-Cas9 approach would have a tendency to
induce certain indels more frequently than others. In-depth analysis
of all edited sequences revealed that dependent on the precise location
of the Cas9-induced double-strand break, which in turn is influenced
by the respective guide RNAs applied, unique indel patterns for each
4 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
CRISPR-Cas9 complex were created (Figures 1F–1N). Importantly,
the CRISPR editing repeatedly generated the same indels at almost
identical frequencies resulting in highly reproducible indel profiles.
Moreover, computational predictions of indel events by the web-
based tool inDelphi28 were consistent with the experimentally deter-
mined profiles (Figures 1F, 1I, and 1L). The top indel variants gener-
ated by each CRISPR-Cas9 approach were all predicted to reduce the
likelihood of splicing the cryptic exon,45 with most indels showing
even lower splice scores than the wild-type (WT) allele (Figures 1G,
1J, and 1M). The comparison of the indel profiles generated by the
tested guide RNA and Cas9 combinations uncovered several findings.
First, each indel pattern was dominated by a highly frequently occur-
ring top variant: a 9-base pair deletion for guide RNA A, with 49%
and 63% for SpCas9 and SaCas9, respectively, or a 1-base pair inser-
tion of an adenosine in 78% of editing outcomes for SpCas9 with
guide RNA B (Figures 1H, 1K, and 1N). Second, despite their cleavage
sites being directly adjacent to one another, indel profiles varied
greatly between guide RNA A and guide RNA B. At the same time,
SpCas9 and SaCas9 induced identical top variants when guided by
guide RNA A; indels of lower frequencies, however, differed between
the two enzymes. Importantly, based on in silico splicing predic-
tions,45 most indel variants (between 82% and 91% of indels) dis-
played a reduced probability to be recognized as splice site compared
with the pathological C to T mutation.

In addition to assessing on-target editing, we aimed to investigate the
specificity of the different CRISPR-Cas9 combinations by analyzing
potential off-target editing of the non-mutated intron 16 locus.
Here, WT iPSCs served as an instrument to evaluate editing events
on the non-targeted allele. Although we detected a few missense
and indel variants at the LZTR1 intron 16 locus for all three
CRISPR-Cas9 approaches, the overall off-target editing in WT cells
was very low (Figure S2). Further, the majority of the detected genetic
alternations (except for c.1943-256C>T) were not predicted to intro-
duce a cryptic splice site.

Collectively, our data demonstrated that genome editing with both
SpCas9 and SaCas9 in patient-specific proliferative iPSCs enables se-
lective targeting of the mutated LZTR1 intron 16 by inducing highly
reproducible indel profiles, predicted to restore regular splicing of the
LZTR1 transcript.

CRISPR-Cas9-induced indels at LZTR1 intron 16 restore LZTR1

function and normalize RAS GTPase levels

Motivated by the initial experimental and computational data, we
aimed to evaluate the molecular consequences of the most frequently
generated indels at the LZTR1 intron 16 for the splicing machinery
and for functionality of the LZTR1-cullin 3 ubiquitin ligase complex.
The transfected iPSCs from both NS patients were singularized and
individual CRISPR-edited iPSC clones harboring the top indel vari-
ants for guide RNA A (9-base pair deletion, del9) and for guide
RNA B (1-base pair insertion of adenosine, insA) were established
(Figure S3). The patient-derived and CRISPR-edited iPSCs were veri-
fied for pluripotency. Further, molecular karyotyping of the edited



Table 1. Prevalence of LZTR1 germline variants causative for NS

Variant genomic Variant protein NS form If biallelic: 2ND variant gnomAD exome v2 gnomAD genome v2 gnomAD genome v3 gnomAD mean Reference

c.1407G>A p.W469* recessive p.Y749C 0,000138 0,000223 0,0001708 0,00017727 Pagnamenta et al.34

c.1943-256C>T recessive
p.Q10Afs*, p.Y726*,
p.R688G, c.2325+G>A,
c.1943-256C>T

0,00004073 0,0001597 0,00007911 0,00009318
Johnston et al.,
Hanses et al.6,7

c.628C>T p.R210* recessive
p.D531N, p.V579M,
c.2220-17C>A

0,00007195 0,00009567 0,00009873 0,00008878
Johnston et al.,
Pagnamenta et al.6,34

c.2062C>T p.R688C recessive c.1149 + 1G>T 0,00004431 0,00009575 0,0000526 0,00006422 Pagnamenta et al.34

c.1084C>T p.R362* recessive c.1149 + 1G>T 0,00005975 0,00006378 0,00006572 0,00006308 Perin et al.35

c.27dupG p.Q10Afs* recessive c.1943-256C>T 0,0001004 0,00003187 0,000046 0,00005942 Hanses et al.7

c.27delG p.Q10Rfs* recessive c.1149+G>A 0,00006274 not detected 0,00001972 0,00002749 Johnston et al.6

c.1385T>C p.I462T recessive p.A461D 0,00001613 0,00003187 0,00001314 0,00002038 Pagnamenta et al.34

c.1591G>A p.D531N recessive p.R210* 0,00002566 not detected 0,00003285 0,00001950 Pagnamenta et al.34

c.2462T>C p.I821T recessive p.I821T not detected 0,00003187 0,00001314 0,00001500 Johnston et al.6

c.2090G>A p.R697Q recessive c.2407-2A>G 0,00002388 not detected 0,00001972 0,00001453 Johnston et al.6

c.2220-17C>A recessive p.R210* 0,000003994 0,00003189 not detected 0,00001196 Johnston et al.6

c.1735G>A p.V579M recessive p.R210*, c.2070-2A>G 0,00001998 not detected 0,00001314 0,00001104
Pagnamenta et al.,
Perin et al.34,35

c.508C>T p.R170W recessive p.I205T 0,00001195 not detected 0,00001972 0,00001056 Johnston et al.6

c.1964T>C p.M655T recessive p.M655T 0,00001194 not detected 0,00001972 0,00001055 our clinic

c.-38T>A recessive p.W437* 0,000008025 not detected 0,00001315 0,00000706 Pagnamenta et al.34

c.2246A>G p.Y749C recessive p.W469* 0,000003981 not detected 0,00001318 0,00000572 Pagnamenta et al.34

c.1149 + 1G>A recessive p.Q10fs* 0,000008114 not detected 0,000006571 0,00000490 Johnston et al.6

c.2407-2A>G recessive p.R697Q not detected not detected 0,00001315 0,00000438 Johnston et al.6

c.2325 + 1G>A recessive c.1943-256C>T not detected not detected 0,00001314 0,00000438 Johnston et al.6

c.2074T>A p.F692L recessive p.F692L 0,00000398 not detected 0,000006571 0,00000352 Güemes et al.36

c.1430C>T p.A477V dominant 0,000008276 not detected not detected 0,00000276 Ferrari et al.37

c.614T>C p.I205T recessive p.R170W 0,000007978 not detected not detected 0,00000266 Johnston et al.6

c.850C>T p.R284C dominant not detected not detected 0,000006572 0,00000219
Yamamoto et al.,
Jacquinet et al.38,39

c.848G>A p.R283Q dominant not detected not detected 0,000006571 0,00000219 Umeki et al.40

c.2102C>A p.P701H recessive c.2069 + 2T>C not detected not detected 0,000006571 0,00000219 Umeki et al.40

c.1311G>A p.W437* recessive c.-38T>A not detected not detected 0,000006569 0,00000219 Pagnamenta et al.34

c.1149 + 1G>T recessive p.R362*, p.R688C 0,000004057 not detected not detected 0,00000135
Pagnamenta et al.,
Perin et al.34,35

c.1687G>C p.E563Q recessive p.E563Q 0,000004 not detected not detected 0,00000133 Johnston et al.6

c.2178C>A p.Y726* recessive c.1943-256C>T 0,000003986 not detected not detected 0,00000133 Johnston et al.6

c.2264G>A p.R755Q recessive p.H121D 0,000003982 not detected not detected 0,00000133 Johnston et al.6

(Continued on next page)
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Table 1. Continued

Variant genomic Variant protein NS form If biallelic: 2ND variant gnomAD exome v2 gnomAD genome v2 gnomAD genome v3 gnomAD mean Reference

c.2070-2A>G recessive p.V579M 0,000003981 not detected not detected 0,00000133 Perin et al.35

c.290G>T p.R97L dominant not detected not detected not detected – Pagnamenta et al.34

c.347C>T p.A116V dominant not detected not detected not detected – Ghedira et al..41

c.355T>C p.Y119H dominant not detected not detected not detected – Ferrari et al.37

c.356A>G p.Y119C dominant not detected not detected not detected – Yamamoto et al.38

c.361C>G p.H121D recessive p.R755Q not detected not detected not detected – Johnston et al.6

c.406T>C p.Y136H dominant not detected not detected not detected – Pagnamenta et al.34

c.407A>G p.Y136C dominant not detected not detected not detected – Pagnamenta et al.34

c.428A>G p.N143S dominant not detected not detected not detected – Umeki et al.40

c.434A>T p.N145I dominant not detected not detected not detected – Pagnamenta et al.34

c.509G>C p.R170P recessive p.C792G not detected not detected not detected – Chen et al.42

c.606_650del p.M202fs* dominant not detected not detected not detected – Umeki et al.40

c.650A>C p.E217A recessive p.E217A not detected not detected not detected – Johnston et al.6

c.730T>C p.S244P dominant not detected not detected not detected – Güemes et al.36

c.731C>G p.S244C dominant not detected not detected not detected – Pagnamenta et al.34

c.740G>A p.S247N dominant not detected not detected not detected – Yamamoto et al.38

c.742G>A p.G248R dominant not detected not detected not detected –

Pagnamenta et al.,
Güemes et al.,
Yamamoto et al.,
Umeki et al.34,36,38,40

c.743G>A p.G248E dominant not detected not detected not detected – Farncombe et al.43

c.756_758del p.N253del dominant not detected not detected not detected – Umeki et al.40

c.859C>T p.H287Y dominant not detected not detected not detected – Yamamoto et al.38

c.1382C>A p.A461D recessive p.I462T not detected not detected not detected – Pagnamenta et al.34

c.1660G>C p.A554P dominant not detected not detected not detected – Umeki et al.40

c.1739T>C p.L580P recessive p.L580P not detected not detected not detected – Busley et al.44

c.2062C>G p.R688G recessive c.1943-256C>T not detected not detected not detected – Johnston et al.6

c.2069 + 2T>C recessive p.P701H not detected not detected not detected – Umeki et al.40

c.2374T>G p.C792G recessive p.R170P not detected not detected not detected – Chen et al.42

For gnomAD exome v2: around 250,000 alleles in total; for gnomAD genome v2: around 31,000 alleles in total; for gnomAD genome v3: around 152,000 alleles in total; for calculation of gnomADmean frequencies: not
detected = 0
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Figure 2. Restoration of LZTR1 function and normalization of RAS GTPase levels upon CRISPR-Cas9 editing of LZTR1 intron 16 in patient-specific iPSCs

(A) CRISPR-edited iPSCs and unedited patient-specific iPSCs were differentiated into ventricular iPSC-CMs and analyzed for LZTR1 restoration and accumulation of RAS

levels as indicator of LZTR1 function at day 30 of differentiation. (B) Representative images of iPSC-CMs stained for a-actinin and ventricular-specific MLC2V indicated a

regular and well-organized sarcomeric assembly across all iPSC lines; scale bar, 20 mm. (C) Evaluation of regular splicing of the LZTR1 transcript, assessed by reverse-

transcriptase PCR, revealed exclusion of the cryptic exon between exons 16 and 17 in CRISPR-edited iPSC-CMs in comparison with unedited iPSC-CMs from the patients.

Analysis of GAPDH expression served as control. (D) Quantification of ratios for abundance of the cryptic exon vs. the non-cryptic variant revealed significant reduction of the

cryptic variant in CRISPR-edited iPSC lines; n = 3 individual differentiations per iPSC line. (E) Evaluation of maternal and paternal mRNA transcript expression, assessed by

amplicon sequencing, showed escape of the paternal transcript from nonsense-mediated mRNA decay in CRISPR-corrected iPSC-CMs compared with patient-specific

iPSC-CMs at day 30 of differentiation. (F) Representative blots of LZTR1, MRAS, RIT1, and pan-RAS (recognizing HRAS, KRAS, and NRAS), assessed by western blot,

revealed normalization of RAS GTPase levels in CRISPR-edited iPSC-CMs in comparison with unedited iPSC-CMs from the patients; Vinculin served as loading control. (G)

(legend continued on next page)
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iPSC clones confirmed chromosomal stability after genome editing
and passaging. No potential off-target modifications were detected
in the established iPSC lines in the 10 most likely off-target sites
(Figure S4).

Recent findings by our group and others demonstrated that LZTR1
deficiency resulted in strong accumulation of the RASGTPase protein
pool in cardiomyocytes.7,44,46 Accordingly, patient-specific, CRISPR-
edited, as well as WT iPSC lines were differentiated into functional
ventricular-like iPSC-CMs in feeder-free culture conditions,47 and
were subjected to molecular phenotyping on day 30 of differentiation
(Figure 2A). Immunocytochemical staining of myocardium-specific
proteins revealed a well-organized sarcomeric structure in the pa-
tient-specific iPSC-CMs as well as the edited iPSC-CMs with a pro-
nounced striated expression of a-actinin and ventricular-specific
MLC2V (Figure 2B). To explore the impact of the top indel variants
del9 and insA on splicing, iPSC-CMs were analyzed at the transcrip-
tional level (Figures 2C and 2D). Although the LZTR1 transcript from
the paternal allele is targeted for nonsense-mediated decay, incorpo-
ration of the cryptic exon between exons 16 and 17 was robustly de-
tected in both patient-specific iPSC-CMs. In contrast, and in line with
a reduced splice site probability, a loss of the cryptic exon was
observed in all CRISPR-edited cell lines, suggesting restoration of
the physiological LZTR1 transcript splicing upon CRISPR-Cas9 edit-
ing (Figures 2C and 2D). Amplicon sequencing of the LZTR1 tran-
script flanking exon 1, which allows allele-specific discrimination of
the maternal and paternal transcripts, revealed that the paternal tran-
script harboring the del9 and insA indel variants is no longer targeted
for nonsense-mediated mRNA decay (Figure 2E).

To further clarify whether the splicing-corrected LZTR1 mRNA
translates to a functional protein in the CRISPR-edited iPSC-CMs,
we analyzed endogenous LZTR1 and RAS GTPase protein levels as
a direct indicator of LZTR1 function (Figures 2F and 2G). While
no LZTR1 was detected in the samples from both NS patients, uni-
allelic editing of the paternal allele was sufficient to restore LZTR1
protein levels to WT levels (Figures 2F and 2H). As anticipated, west-
ern blot analyses showed strong accumulation of the muscle RAS ho-
molog MRAS, RIT1, and, to a lower extent, the classical RAS proteins
(HRAS, KRAS, and NRAS; detected by pan-RAS) in the patient-spe-
cific LZTR1-deficient iPSC-CM cultures (Figures 2F–2K). In contrast,
similar mRNA expression levels of LZTR1 and the different RAS pro-
teins in the patient-specific and CRISPR-edited iPSC-CMs were
observed, indicating a post-translational cause for the high RAS pro-
tein levels (Figure S5). Strikingly, CRISPR-edited iPSC-CMs
harboring the most frequently occurring indel variants upon
CRISPR editing with guide RNA A and guide RNA B, del9 and
insA, respectively, normalized the abundance of RAS GTPases to
WT levels, confirming that correction of one LZTR1 allele is sufficient
Model of LZTR1-mediated regulation of RAS-MAPK signaling: LZTR1 deficiency causes

Cas9-based gene therapy targeting LZTR1 intron 16 restores LZTR1 function, thereby

LZTR1 (H), MRAS (I), RIT1 (J), and pan-RAS (K); data were normalized to total protein

ferentiations per iPSC line. Data were analyzed by nonparametric Kruskal-Wallis test w
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to regulate the protein pool of RAS GTPases in cardiomyocytes
(Figures 2F–2K). iPSC-CM cultures from both parents, each with
only one functional copy of LZTR1, confirmed that mono-allelic
expression of LZTR1 is able to adequately regulate the abundance
of RAS proteins in cells (Figure S6).

Although the monoclonal analysis for the top indel variants might
represent around 50%–80% of edited cells upon CRISPR-based treat-
ment, application of CRISPR-Cas9 generates a mixture of indel vari-
ants, including non-transfected, unedited cells. For this reason, we
decided to omit the selection process and generated iPSC-CMs
from transfected bulk containing all indel variants at the respective
frequencies as well as unedited cells, thereby more closely mimicking
a translational scenario. Here, the CRISPR-treated iPSC-CMs with
both SpCas9 and SaCas9 showed a substantial reduction of MRAS
and RIT1 protein levels compared with the untreated patient-specific
iPSC-CMs, verifying the translational potential of the CRISPR-based
therapeutic approach (Figure S7).

Taken together, these data revealed that allele-specific editing of the
mutated LZTR1 intron 16 with both SpCas9 and SaCas9 in prolifer-
ative iPSCs is able to correct physiological splicing, to restore LZTR1
function, and to normalize the pool of RAS GTPases.

CRISPR-Cas9 genome editing in non-proliferative iPSC-CMs

generates distinct indel profiles compared with proliferative

iPSCs

Considering that CRISPR-based gene therapies for NS-associated
HCM require robust editing in cardiac tissue, we evaluated
CRISPR-Cas9 genome editing in differentiated patient-specific
iPSC-CMs. To recapitulate the editing approaches successfully
applied at the iPSC level, SpCas9 in combination with guide RNA
A or B and SaCas9 in combination with guide RNA A were delivered
to patient-specific iPSC-CMs via lentiviral transduction (Figures 3A
and 3B). To monitor Cas9 expression in transduced iPSC-CMs, a
GFP reporter was co-expressed via a 2A self-cleaving peptide in the
lentiviral vectors. After 28 days of lentiviral treatment, robust GFP
expression was detected in iPSC-CM cultures transduced with the
different Cas9 orthologs without obvious variations in transduction
rates (Figure 3C). In contrast, deep amplicon sequencing revealed
major differences in editing efficiency between the different lentiviral
vectors, ranging from 4% for SpCas9 with guide RNA A to 29% for
SaCas9 with guide RNAA (Figures 3D, 3F, and 3H). Furthermore, ed-
iting using guide RNA A with either SpCas9 or SaCas9 in iPSC-CMs
resulted in a distinct indel profile compared with iPSCs: while a 9-base
pair deletion was the most common variant in iPSCs for both Cas9
orthologs, editing at the iPSC-CM level was dominated by a 1-base
pair insertion of a thymidine (insT), particularly for SaCas9 with
29% insT vs. 8% del9 (Figures 3E and 3I). Based on in silico
accumulation of RAS GTPases and hyperactivity of the signaling pathway; CRISPR-

normalizing RAS-MAPK signaling. (H–K) Quantitative analysis of western blots for

and to the corresponding WT samples on each membrane; n = 4 independent dif-

ith Dunn’s correction and are presented as mean ± SEM (D, H, I, J, K).



Figure 3. Distinct indel profiles upon CRISPR-Cas9 editing of LZTR1

intron 16 in patient-specific iPSC-CMs compared with iPSCs

(A) Patient-specific iPSC-CMs at day 30 of differentiation were transduced with

lentivirus encoding SpCas9 and SaCas9 for evaluation CRISPR-Cas9 gene

editing in differentiated iPSC-CMs 4 weeks post-transduction; n = 3

independent transductions per lentiviral construct. (B) Schematic presentation

of lentiviral vectors encoding Cas9 and EGFP under control of the EF-1a

promoter together with a guide RNA expression cassette. (C) Representative

images of iPSC-CMs 4 weeks post-transduction showing robust expression of

delivered genes across all lentiviral vectors; scale bar, 200 mm. (D) Analysis of

editing efficiency, assessed by amplicon sequencing, in patient-specific iPSC-

CMs transduced with SpCas9 and guide RNA A. (E) Analysis of indel variant

probabilities generated by SpCas9 and guide RNA A and computational

prediction of splice site motifs in transduced iPSC-CMs. (F) Analysis of editing

efficiency, assessed by amplicon sequencing, in patient-specific iPSC-CMs

transduced with SpCas9 and guide RNA B. (G) Analysis of indel variant

probabilities generated by SpCas9 and guide RNA B and computational

prediction of splice site motifs in transduced iPSC-CMs. (H) Analysis of editing

efficiency, assessed by amplicon sequencing, in patient-specific iPSC-CMs

transduced with SaCas9 and guide RNA A. (I) Analysis of indel variant

probabilities generated by SaCas9 and guide RNA A and computational

prediction of splice site motifs in transduced iPSC-CMs. (J) Representative

blots of SpCas9, LZTR1, and MRAS levels, assessed by western blot, showed

no apparent restoration of LZTR1 function in patient-specific iPSC-CMs

4 weeks post-transduction in comparison with unedited iPSC-CMs from the

patient; b-actin served as loading control.
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Figure 4. No restoration of LZTR1 function in patient-specific iPSCs with indel variant insT

(A) Generation of monoclonal CRISPR-edited iPSCs harboring the frequent indel variant insT by singularization of patient-specific iPSCs transfected with SpCas9 and guide

RNA A. (B) In silico-based splice site prediction of the mutated paternal locus harboring the frequent indel variant insT. (C) Evaluation of regular splicing of the LZTR1

transcript, assessed by reverse-transcriptase PCR, revealed no differences between iPSC-CMs harboring the indel variant insT and the unedited iPSC-CMs from the patient.

Analysis of GAPDH expression served as control. (D) Representative blots of LZTR1, MRAS, and RIT1, assessed by western blot, revealed no restoration of LZTR1 function in

iPSC-CMs harboring the indel variant insT in comparison with unedited iPSC-CMs from the patient; Vinculin served as loading control.
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predictions, the insT indel displayed a similar probability of being de-
tected as a cryptic splice site compared with the pathological c.1943-
256C>T variant. In contrary, SpCas9 editing with guide RNA B
confirmed insA as the predominant indel variant in iPSC-CMs with
83% of editing outcomes, consistent with the experiments in pa-
tient-specific iPSCs (Figure 3G).

To prove whether editing after lentiviral treatment leads to a rescue of
protein function, endogenous LZTR1 and RAS GTPase levels were
analyzed by western blot in transduced iPSC-CMs. First, as expected
from the low editing rate of the SpCas9 with guide RNA A, no LZTR1
protein and no reduction in MRAS or RIT1 levels were detected in
treated iPSC-CMcultures (Figure 3J). Second, althoughmost of the cells
edited by SpCas9 with guide RNA B were corrected by the beneficial
insA indel, the presence of LZTR1was abundant in only one out of three
transduced cultures. Consistent with this, no apparent reduction in RAS
GTPase levelswas observed (Figure3J). Third, thehigh editing efficiency
for SaCas9 with guide RNAA did not correlate with LZTR1 expression,
suggesting that the top indel variant insT may not be able to correct
intron 16 splicing of the mutated LZTR1 intron 16 allele (Figure 3J).

To further investigate these results, we aimed to evaluate the influence
of the most frequent indel variant insT induced by guide RNA A in
iPSC-CMs on splicing and LZTR1 function. To this end, we generated
isogenic iPSC clones harboring the insT variant at the paternal allele
of LZTR1 intron 16 (Figure 4A). In accordance with the high splice
10 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
site probability for insT based on in silico predictions (Figure 4B),
no loss of the cryptic exon was observed in the CRISPR-edited
iPSC-CMs harboring the thymidine insertion (Figure 4C). Western
blot analyses showed no restoration of LZTR1 proteins and conse-
quently a similarly high accumulation of MRAS and RIT1 in the
CRISPR-edited iPSC-CMs harboring the insT indel compared with
the pathological c.1943-256C>T variant (Figure 4D).

In summary, these data revealed that allele-specific editing of the
mutated LZTR1 intron 16 in non-proliferative iPSC-CMs does not
necessarily generate similar indel profiles compared with proliferative
iPSCs. While editing in combination with guide RNA B generated the
same top indel variant in iPSC-CMs compared with iPSCs, editing in
combination with guide RNAA generated a distinct indel profile with
the top variant insT being unable to restore LZTR1 function and to
normalize the pool of RAS GTPases in non-proliferative iPSC-CMs.

All-in-one AAVs enable efficient CRISPR-Cas9 genome editing

in non-proliferative iPSC-CMs

AAV-based gene therapies allow selective targeting of defined cell types
and organs (based on the AAV serotype and promoter applied) and
have been proven to be efficient in targeting cardiac tissue with an
acceptable safety profile.48,49 Here, the limited capacity of AAVs (typi-
cally below 5 kb) precludes the design of vectors harboring both the
common SpCas9 and the locus-specific guide RNA cassette in a single
all-in-one AAV construct. We designed an all-in-one AAV vector



Figure 5. All-in-one AAVs for efficient CRISPR-Cas9 editing of LZTR1 intron 16 in patient-specific iPSC-CMs

(A) Patient-specific iPSC-CMs at day 30 of differentiation were transduced with all-in-one AAVs serotype 6 encoding small Cas9 orthologs for evaluation CRISPR-Cas9 gene

editing in differentiated iPSC-CMs at different time points post-transduction; n = 2–3 independent transductions per AAV construct. (B) Schematic presentation of all-in-one

(legend continued on next page)
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harboring distinct small Cas9 orthologs (all less than 3.3 kb in size,
comparedwith4.1 kb for SpCas9) under the control of a cardiac-specific
troponin T promoter (TNNT2)50 followed by a single guide RNA
expression cassette (Figures 5A–5C). In addition to the previously
used SaCas9, we included in our CRISPR screen the compact Cas9
orthologs derived from Staphylococcus auricularis (SauriCas9) and
Staphylococcus lugdunensis (SlugCas9),51,52which recognize the simpler
canonical protospacer adjacent motif 50-NNGG-30, allowing for allele-
specific editing with either guide RNA A or guide RNA B. To verify
the all-in-one AAVs, patient-specific iPSC-CMs were transduced with
AAV6-SaCas9-gRNAA or with an AAV6-GFP control vector and cul-
tures were analyzed over time for transduction efficiency and editing ef-
ficiency (Figures 5D–5F). GFP expression increased steadily from day 3
to day 28 post-transduction with AAV6-GFP, with virtually >90% of
cells showing a robust GFP signal by day 21 (Figure 5D). SaCas9 was
detected in iPSC-CMs transducedwith theAAV6-SaCas9-gRNAAvec-
tor at all time points measured from day 3 to day 28 (Figure 5E). Deep
amplicon sequencing revealed increasing editing efficiencies over time
from 3% indels at day 3 to more than 30% indels at day 28, confirming
the functionality of the all-in-one AAVs (Figure 5F).

Based on these initial results, we screened the five different all-in-one
AAV constructs for allele-specific editing of the mutated LZTR1 intron
16 in patient-specific iPSC-CMs. Here, SaCas9 showed a substantially
higher editing efficiency compared with SauriCas9 and SlugCas9
(Figures 5G–5L). However, as previously observed for SpCas9 with
guide RNA A, all three Cas9 orthologs in combination with guide
RNAA predominantly resulted in the disadvantageous insT variant af-
ter editing. Consistent with our previous data on inadequate splicing
restoration as a consequence of the insT indel, no apparent LZTR1 pro-
tein expression andno reduction inRASGTPase levels were observed in
transduced iPSC-CMcultures for anyof theCas9orthologs (Figure5M).
In contrast, editing with SauriCas9 and SlugCas9 in combination with
guide RNA B in patient-specific iPSC-CMs replicated the beneficial
insA as the top indel variant (Figures 5N–5Q). However, due to the
low overall editing efficiency of these AAVs—at least 3 weeks after
AAVs encoding small Cas9 orthologs under control of the cardiomyocyte-specific TNN

genome editing approach for allele-specific targeting of the deep-intronic variant in LZT

Representative images of patient-specific iPSC-CMs transduced with AAV6-EGFP at ind

SaCas9 levels, assessed by western blot, in patient-specific iPSC-CMs transduced w

served as loading control. (F) Analysis of editing efficiency, assessed by amplicon seque

indicated time points post-transduction. (G) Analysis of editing efficiency, assessed by a

guide RNA A 4weeks post-transduction. (H) Analysis of indel variant probabilities genera

AAV-transduced iPSC-CMs. (I) Analysis of editing efficiency, assessed by amplicon sequ

A 4 weeks post-transduction. (J) Analysis of indel variant probabilities generated by Sau

transduced iPSC-CMs. (K) Analysis of editing efficiency, assessed by amplicon sequen

4 weeks post-transduction. (L) Analysis of indel variant probabilities generated by Slug

transduced iPSC-CMs. (M) Representative blots of LZTR1, MRAS, and RIT1 levels, asse

specific iPSC-CMs transduced with small Cas9 orthologs with guide RNA A 2 and 4 we

Vinculin served as loading control. (N) Analysis of editing efficiency, assessed by amplicon

RNA B 3 weeks post-transduction. (O) Analysis of indel variant probabilities generated b

AAV-transduced iPSC-CMs. (P) Analysis of editing efficiency, assessed by amplicon seq

B 3 weeks post-transduction. (Q) Analysis of indel variant probabilities generated by Slu

transduced iPSC-CMs. (R) Representative blots of LZTR1, MRAS, and RIT1 levels, asse

specific iPSC-CMs transduced with small Cas9 orthologs with guide RNA B 3 weeks p

12 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
transduction—we were not able to visualize LZTR1 re-expression or a
normalization of MRAS or RIT1 protein levels (Figure 5R).

Taken together, the all-in-one AAVs with the different Cas9 ortho-
logs showed variable editing efficiencies in non-proliferative iPSC-
CMs. As previously observed with the lentiviral vectors, editing in
combination with guide RNA A was unable to generate therapeuti-
cally relevant indel motifs for all three small Cas9 variants.
Conversely, SauriCas9 and SlugCas9 together with guide RNA B
induced indel profiles that were shown to correct pathological
splicing and restore LZTR1 function, thereby providing a rationale
for applying these constructs as a personalized CRISPR-based gene
therapy in NS patients with the pathological c.1943-256C>T variant.

DISCUSSION
Autosomal dominant as well as autosomal recessive mutations in
LZTR1 had been recently implicated as novel causes for NS. Although
all NS-associated gene mutations in components or regulators of the
RAS-MAPK signaling cascade are believed to provoke signaling hy-
peractivity, patients harboring causative gene variants in RAF1,
HRAS, RIT1, and LZTR1 are particularly at risk to develop severe
and early-onset HCM.5,6 However, both pharmacological as well as
invasive therapeutic options for this patient cohort are limited.10

Off-label applications of MEK inhibitors have achieved promising re-
sults by reducing cardiac hypertrophy in first clinical case studies.53

However, the unknown effects and potential side effects of long-
term administration of these cancer drugs to infants raise serious
safety concerns. Therefore, there is a need for the development of
personalized targeted therapies in NS.

Although dominant LZTR1 variants generally cluster in the Kelch
motif perturbing RAS binding to the ubiquitination complex,54 reces-
sive LZTR1 truncating or missense variants are distributed over the
entire protein. The deep-intronic variant c.1943-256C>T discussed
here appeared to occur more frequently, as several case studies re-
ported the detection of this intronic variant combined with a second
T2 promoter together with a guide RNA expression cassette. (C) Depiction of the

R1 intron 16 in patient-specific iPSC-CMs using different small Cas9 orthologs. (D)

icated time points post-transduction; scale bar, 500 mm. (E) Representative blots of

ith AAV6-SaCas9-guide RNA A at indicated time points post-transduction; b-actin
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ted by SaCas9 and guide RNA A and computational prediction of splice site motifs in
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Cas9 and guide RNA A and computational prediction of splice site motifs in AAV-

ssed by western blot, revealed no apparent restoration of LZTR1 function in patient-

eks post-transduction in comparison with iPSC-CMs transduced with AAV6-EGFP;

sequencing, in patient-specific iPSC-CMs transduced with AAV6-SauriCas9-guide

y SauriCas9 and guide RNA B and computational prediction of splice site motifs in
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truncating or missense variant (such as p.Q10Afs*24, p.R688G,
p.Y726*, or c.2325+G>A).6,7 This observation was supported by gno-
mAD population database, since the intronic mutation was listed as
the second most common NS-associated LZTR1 variant. Considering
its relatively high prevalence of 1 in 10,000 individuals in the general
population, genetic therapies specifically targeting the intronic
variant are of particular interest.

In this study, we utilized a preclinical disease model based on patient-
specific iPSC-CMs from two NS patients to evaluate the efficacy and
specificity of a CRISPR-based gene therapy targeting the intronic
LZTR1 variant c.1943-256C>T.We found that (1) both SpCas9 and Sa-
Cas9 are equally efficient and comparably selective to edit the mutated
LZTR1 intron 16 allele in proliferative iPSCs; (2) CRISPR-Cas9 editing
in iPSCs corrects physiological splicing, restores LZTR1 function, and
normalizes the protein levels of RAS GTPases; (3) generation of all-in-
one AAVs harboring different small Cas9 orthologs allows efficient
CRISPR-Cas9 genome editing in iPSC-CMs; (4) editing in non-prolif-
erative iPSC-CMs generates distinct indel profiles compared with pro-
liferative iPSCs; and (5) only SauriCas9 and SlugCas9 with guide RNA
B reproduced therapeutically relevant indel motifs at the iPSC-CM
level. Depending on the time point of CRISPR gene therapy—whether
proliferative cells (e.g., stem cells in blastocysts during in vitro fertiliza-
tion treatment) or non-proliferative cells (e.g., cardiomyocytes after
postnatal diagnosis) are the primary target cell type for editing—
different combinations of Cas9 and guide RNA have to be applied.

In the recent past, the clinical translation of CRISPR-Cas9-based gene
therapy approaches has been initiated and it is expected that several
novel therapeutics for inherited diseases will be translated clinically in
the near future.55 Two notable trials for an in vivo application of
CRISPR-Cas9 entered clinical phase. The first aims to treat Leber
congenital amaurosis—a rare condition causing early childhood blind-
ness—by local subretinal injection of an AAV-based CRISPR-Cas9
vector targeting a cryptic exon in the CEP290 gene (EDIT-101,
NCT03872479).14 The second example refers to a therapy for transthyr-
etin amyloidosis, in which CRISPR-Cas9 complexes packaged in lipid
nanoparticles (which mainly condense in the liver) contribute to the
reduction of a misfolded protein (NTLA-2001, NCT04601051).15 For
EDIT-101, the smaller SaCas9 ortholog in combination with two guide
RNAs was utilized to restore physiological splicing of the CEP290 gene
by excision of a larger intronic region flanking the cryptic exon. In
contrast, forNTLA-2001 a single cut approachwith SpCas9was applied
aiming to induce frameshifting indels at the CRISPR-Cas9 cleavage site
in exon 2 of the transthyretin gene, thereby inducing early protein trun-
cation and preventing further protein production.

By testing four Cas9 orthologs (SpCas9, SaCas9, SauriCas9, SlugCas9)
with different guide RNA combinations, we could demonstrate that a
single cut strategy was effective to genetically modify the mutated
LZTR1 intron 16. Here, both SpCas9 and SaCas9 were able to induce
genetic alterations at the target site without significant differences in
editing efficiency in both proliferative iPSCs and non-proliferative
iPSC-CMs. In contrast to the findings of others,51,52 SauriCa9 and
SlugCas9 displayed reduced editing efficiencies compared with Sa-
Cas9. For editing at the iPSC level, SpCas9 and SaCas9 were compa-
rably selective in predominantly binding and cleaving the mutated
intron 16 allele. Despite the close similarities between the targeted
and non-targeted alleles, only very low percentages of genetically
altered sequences were detected on the maternal allele or in trans-
fected WT cells, demonstrating the high degree of specificity when
the CRISPR-Cas9 components were delivered as a ribonucleoprotein
complex. On the contrary, editing of the maternal non-target allele
was significantly increased in patient-specific iPSC-CMs for all small
Cas9 orthologs (up to 19% for SlugCas9 with guide RNA B), most
likely due to the constant long-term exposure of the cultures to the
Cas9 system by the AAVs. However, since in clinical cases with bial-
lelic LZTR1 variants, the second allele is generally non-functional (in
our case by carrying a truncating variant in exon 1), its potential edit-
ing would have no functional consequences. In addition to the low
off-target activity on the non-targeted allele, we observed no off-target
editing on the 10 most likely off-target sites outside of LZTR1 intron
16 for both guide RNAs after editing with SpCas9 or SaCas9.

Importantly for clinical translation, the indel profiles and indel fre-
quencies upon CRISPR-Cas9 editing were robustly reproducible in
both patient-specific iPSCs and iPSC-CMs. Of note, we observed pro-
found differences between the indel profiles generated by guide RNA
A and guide RNA B (regardless of the Cas9 ortholog used), even
though their cut sites were separated by just 1 base pair, suggesting
that the exact Cas9 cleavage site is the major determinant factor
over the indel profile rather than the Cas9 enzyme itself.56 Although
the indel profiles were dominated by a highly frequent top indel
variant in both cell types, the top indel variants were not consistently
identical between iPSCs and iPSC-CMs. While editing with SpCas9,
SauriCas9, and SlugCas9 in combination with guide RNA B resulted
in the identical top indel variant (insA) in both iPSCs and iPSC-CMs,
editing with all four Cas9 orthologs in combination with guide RNA
A generated critically distinct top indel variants in patient-specific
iPSCs (del9) vs. iPSC-CMs (insT), indicating the activity of different
DNA repair mechanisms in proliferative and non-proliferative cells,
respectively. While top indel insT in iPSC-CMs was a consequence
of cNHEJ (active in both proliferative and non-proliferative cells),
del9 in iPSCs most likely resulted from MMEJ, a DNA double-strand
break repair mechanism known to be predominantly active in prolif-
erating cells during S and G2 phase.57,58

Using monoclonal iPSC-CMs harboring the top indel variants,
correction of pathological splicing, restoration of LZTR1 function,
and normalization of RAS protein accumulation to WT levels were
observed for the del9 and insA indel variants. Importantly, and in
line with previous reports by our group and others,7,44,46 one func-
tional LZTR1 allele was sufficient to regulate the pool of RAS
GTPases. In contrast, analysis of the indel variant insT (the top
variant induced by guide RNA A in iPSC-CMs) failed to disrupt
the cryptic donor splice site and to rescue LZTR1 function, high-
lighting the significance of cell type-specific screens for CRISPR-
based gene therapies. Using lentiviral vectors and all-in-one AAVs,
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robust editing of the intronic LZTR1 locus was achieved in transduced
iPSC-CMs cultures. Although editing in combination with guide
RNA B generated the same beneficial top indel variant (insA) in
iPSC-CMs, editing efficiencies in virally transduced iPSC-CMs may
be too low to detect efficient restoration of LZTR1 proteins. Thus,
higher editing efficiencies are needed to effectively rehabilitate the
core pathological mechanism of a hyperactivated RAS-MAPK
signaling pathway in cardiomyocytes.

In summary, by utilizing a patient-specific iPSC-CM screening plat-
form to test CRISPR-based therapeutic approaches targeting a deep-in-
tronic LZTR1 variant c.1943-256C>T, this study demonstrated crucial
differences between CRISPR-Cas9 gene editing in proliferative iPSCs
vs. non-proliferative iPSC-CMs. Editing outcomes appeared to depend
not only on the particular Cas9 cleavage site, but also on the target cell
type. Although editing was highly reproducible for each approach, the
most frequent indel variants were not necessarily identical across cell
types, highlighting the importance of cell type-specific screens for pre-
clinical testing of CRISPR therapeutics.

MATERIALS AND METHODS
Ethical approval

The study was approved by the Ethics Committee of the University
Medical Center Göttingen (approval number: 10/9/15) and carried
out in accordance with the approved guidelines. Written informed
consent was obtained from all participants or their legal representa-
tives prior to the participation in the study.

Generation and culture of human iPSCs

Human iPSC lines from a healthy donor and from two NS patients
with pathological biallelic truncating variants in LZTR1, as well as
CRISPR-Cas9-edited iPSC lines were used in this study. WT iPSC
line UMGi014-C clone 14 (isWT1.14, here abbreviated as WT) was
generated from dermal fibroblasts from a male donor using the inte-
gration-free Sendai virus and was described previously.59 Patient-spe-
cific iPSC lines UMGi030-A clone 14 (isHOCMx1.14, here abbrevi-
ated as NS1), UMGi031-A clone 8 (isHOCMx2.8, here abbreviated
as NS2), UMGi032-A clone 17 (isHOCMx-R1.17, here abbreviated
as NS-R1), and UMGi033-A clone 9 (isHOCMx-R2.9, here abbrevi-
ated as NS-R2) were generated from patient dermal fibroblasts using
the integration-free Sendai virus according to the manufacturer’s
instructions with modifications and were described previously.7 Hu-
man iPSCs were cultured in feeder-free and serum-free culture con-
ditions in StemMACS iPS-Brew XF medium (Miltenyi Biotec) or
StemFlex medium (Thermo Fisher Scientific) on Matrigel-coated
(growth factor reduced, BD Biosciences) plates in a humidified incu-
bator at 37�C and 5% CO2.

CRISPR-Cas9 genome editing of human iPSCs

Therapeutic genome editing in patient-specific iPSCs was performed
by targeting the paternal variant c.1943-256C>T in intron 16 of the
LZTR1 gene using ribonucleoprotein (RNP)-based CRISPR-Cas9.
The iPSCs were cultured in StemFlex medium on Matrigel-coated
plates and transfected between passage 12 and 20. The CRISPR-
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Cas9 RNP complex was assembled either by mixing of the individual
Alt-R CRISPR-Cas9 crRNA and the Alt-R CRISPR-Cas9 tracrRNA
(preassembled in a 1:1 ratio) with the Alt-R SpCas9 Nuclease 3NLS
(IDT DNA Technologies) or by mixing of the individual single guide
RNA (sgRNA) with Alt-R SpCas9 nuclease (IDT DNA Technologies)
or EnGen SaCas9 Nuclease (New England Biolabs) at 1:3 M ratio,
incubated for 10 min at room temperature (RT) and diluted in nucle-
ofector solution. Twenty minutes before nucleofection, iPSCs at a
confluence of 70%–80% were pretreated with 2 mM Thiazovivin
(Merck Millipore) and dissociated using Versene solution (Thermo
Fisher Scientific). Nucleofection was performed with 2 � 106 iPSCs
using the 4D Amaxa Nucleofector system (Lonza; program CA-
137) and the P3 Primary Cell 4D-Nucleofector X Kit (Lonza) accord-
ing to manufacturer’s instructions. Following nucleofection, iPSCs
were replated into aMatrigel-coated well of a six-well plate containing
StemFlex medium supplemented with 2 mM Thiazovivin and 100 U/
mL penicillin and 100 mg/mL streptomycin (Thermo Fisher Scienti-
fic). After 3–4 days, genome editing events and efficiencies of trans-
fected bulks were analyzed by Sanger sequencing or amplicon
sequencing. Guide RNA target sequences are listed in Table S1.

To establish clonal iPSC lines with specific indel variants, transfected
iPSCs were singularized using the single cell dispenser CellenOne
(Cellenion/Scienion) in StemFlex medium on Matrigel-coated
96-well plates. Successful genome editing was identified by Sanger
sequencing and CRISPR-edited isogenic iPSC lines UMGi030-A-1
clone 34 (isHOCMx1-corr.34, here abbreviated as NS1-del9),
UMGi030-A-2 clone 12 (isHOCMx1-corr2.12, here abbreviated as
NS1-insA), UMGi030-A-3 clone 2 and clone 3 (isHOCMx1-
LZTR1-In16-Tins.2/3, here abbreviated as NS1-insT), UMGi031-A-
1 clone 17 (isHOCMx2-corr.17, here abbreviated as NS2-del9),
UMGi031-A-2 clone 13 (isHOCMx2-corr2.13, here abbreviated as
NS2-insA) were expanded and maintained in StemMACS iPS-Brew
XF medium on Matrigel-coated plates for at least 10 passages prior
to molecular karyotyping, pluripotency characterization, and differ-
entiation experiments.

Pluripotency characterization of human iPSCs

Pluripotency analysis was performed via immunocytochemistry and
flow cytometry, as previously described with modifications.7 For
molecular karyotyping, genomic DNA of iPSC clones was sent for
genome-wide analysis via Illumina BeadArray (Life&Brain,
Germany). Digital karyotypes were analyzed in GenomeStudio v2.0
software (Illumina). For off-target screening, the top 10 predicted
off-target regions for the respective guide RNA ranked by the CFD
off-target score using CRISPOR60 were analyzed by Sanger
sequencing. Primer sequences are listed in Table S2. Antibodies
used for immunofluorescence and flow cytometry are listed in
Table S3.

Cardiomyocyte differentiation of iPSCs

Human iPSC lines were differentiated into ventricular iPSC-CMs via
WNT signaling modulation and subsequent metabolic selection, as
previously described,47 and cultivated in feeder-free and serum-free



www.moleculartherapy.org
culture conditions at least until day 30 post-differentiation before be-
ing used for molecular experiments.

Lentiviral transduction of iPSC-CMs

LentiCRISPRv2GFP was a gift from David Feldser (Addgene plasmid
#82416; RRID:Addgene_82416), Lenti_SaCRISPR_GFP was a gift
from Christopher Vakoc (Addgene plasmid #118636; RRID:Addg-
ene_118636), pMD2.Gwas a gift fromDidier Trono (Addgene plasmid
#12259; RRID:Addgene_12259), and psPAX2 was a gift from Didier
Trono (Addgene plasmid #12260; RRID:Addgene_12260). Guide
RNA oligonucleotides were cloned into lentiviral plasmids using
BsmBI (Thermo Fisher Scientific). Guide RNA sequences are listed in
Table S1 and plasmids are listed in Table S4. Lentiviral particles were
produced in HEK293T cells transfected with transfer and helper plas-
mids using Lipofectamine 3000 (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Virus was harvested from day 2 to
day 5 post-transfection by medium collection and centrifugation at
500 � g at 4�C for 5 min. Collected virus was filtered using a 0.45-mm
filter and a syringe. Lentiviral transduction of iPSC-CM cultures was
performed in culture medium supplemented with 100 U/mL penicillin,
100mg/mL streptomycin (ThermoFisher Scientific), and 10mg/mLPol-
ybrene Transfection Reagent (Merck) and cells were transduced with
1.5 mL of the respective lentivirus. After 24 h of incubation, medium
was replaced with cardio culture medium and cells were maintained
for an additional 4 weeks post-infection.

AAV transduction of iPSC-CMs

For generation of all-in-one AAV plasmids, the CMV promoter of
pAAV-CMV-SauriCas9 (a gift from Yongming Wang; Addgene
plasmid #135964; RRID: Addgene_135964) was exchanged by the car-
diomyocyte-specific TNNT2 promoter region50 using XbaI and BshTI
(Thermo Fisher Scientific). The SaCas9 and SlugCas9 open reading
frames were amplified from pX601-miniCMV-SaCas9-U6-LacZvsSa-
Cas9 (a gift fromAlexHewitt; Addgene plasmid #107049; RRID:Addg-
ene_107049) and pAAV-CMV-SlugCas9 (a gift fromYongmingWang;
Addgene plasmid #163796; RRID: Addgene_163796) by infusion clon-
ing (Takara) and BshTI and BamHI (Thermo Fisher Scientific) in
pAAV-TNNT2-SauriCas9. Guide RNA oligonucleotides were cloned
into AAV plasmids using Eco31I (Thermo Fisher Scientific). ITRs
were verified by XmaI and KpnI (New England Biolabs) restriction di-
gests prior to AAV production. Guide RNA sequences are listed in
Table S1 and plasmids are listed in Table S4. Recombinant AAV parti-
cles of serotype 6 (AAV-6) were produced in transiently transfected
HEK293T cells and were purified from the cell lysate by iodixanol
step gradient ultracentrifugation followed by heparin affinity chroma-
tography on an Äkta FPLC. The peak eluate was dialyzed against PBS
overnight and frozen in single-use aliquots at�80�C.Purityof viral par-
ticleswas confirmed to be >98%by SDS-PAGE, and vector genome titer
was assessed by qPCR.AAV transduction of iPSC-CMcultureswas per-
formed in culturemedium supplementedwith 100U/mLpenicillin and
100 mg/mL streptomycin (Thermo Fisher Scientific) and cells were
transduced at a multiplicity of infection of 1� 105. After 24 h of incu-
bation,mediumwas replacedwith cardio culturemediumandcellswere
maintained for up to 4 weeks post-infection.
Amplicon sequencing of genome-edited iPSCs and iPSC-CMs

Amplicon sequencing was performed on genomic DNA of iPSCs ac-
quired 3–4 days post-transfection with the CRISPR-Cas9 complexes
and at various indicated time points after lentiviral or AAV transduc-
tion of iPSC-CMs. Diluted genomic DNA was used as PCR template
and LZTR1 intron 16 was amplified using the GoTaq G2 DNA poly-
merase (Promega) according to the manufacturer’s instructions and
amplicons were subjected to Illumina-based amplicon sequencing
(Genewiz/Azenta Life Sciences). Obtained sequences were aligned
to the patients’ target allele including 40 base pairs upstream and
40 base pairs downstream flanking the disease-causing variant
c.1943-256C>T by using the online tool Cas-analyzer.61 Filtered se-
quences containing both indicator sequences (at least 10,000
paired-end reads per sample) were manually categorized according
to their allele of origin (target vs. non-target allele) and type of intro-
duced mutation (WT, base pair exchange, deletion, insertion or dele-
tion plus insertion). Genetic changes (indels and base pair exchange)
within an editing window of 5 base pairs up- or downstream of the
cleavage site were considered a result of CRISPR-Cas9-induced
editing, whereas base pair exchanges detected outside of the editing
windowwere considered sequencing artifacts. For computational pre-
dictions of indel events, the web-based tool inDelphi28 was utilized.
For computational prediction of splice site motifs, the SpliceAI online
tool45,62 was utilized.

Immunocytochemistry of iPSC-CMs

For immunofluorescence studies, iPSC-CMs cultured on glass cover-
slips were fixed in Roti-Histofix 4% (Carl Roth) at RT for 10 min and
blocked with 1% bovine serum albumin (BSA; Sigma-Aldrich) in PBS
(Thermo Fisher Scientific) at 4�C overnight. Primary antibodies were
applied in 1% BSA in PBS at 4�C overnight. Secondary antibodies
with minimal cross reactivity were administered in 1% BSA in PBS
at RT for 1 h. Cells were permeabilized with 0.1% Triton X-100
(Carl Roth) in staining solution. Nuclei were counter-stained with
8.1 mM Hoechst 33342 (Thermo Fisher Scientific) at RT for 10 min.
Samples were mounted in Fluoromount-G (Thermo Fisher Scienti-
fic). Images were collected using the Axio Imager M2 microscopy
system (Carl Zeiss) and Zen 2.3 software. Antibodies used for immu-
nocytochemistry are listed in Table S3.

Western blot analysis of iPSC-CMs

For western blot analysis, iPSC-CMs were pelleted by scratching at
indicated time points of differentiation and collected in RIPA buffer
(Thermo Fisher Scientific) containing phosphatase and protease in-
hibitor (Thermo Fisher Scientific) and snap-frozen in liquid nitrogen.
Protein containing supernatant was collected by centrifugation at
15,000 � g for 10 min. Protein concentration was determined by
BCA assay (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Samples were denatured at 95�C for 5 min.
Fifteen micrograms of protein was loaded onto a 4%–15% Mini-
PROTEAN TGX Stain-Free precast gel (Bio-Rad). Protein was sepa-
rated by SDS-PAGE by applying 200 V for 30 min. Post-running,
TGX gels were activated via UV light application using the Trans-
Blot Turbo transfer system (Bio-Rad). While blotting, proteins were
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transferred to a nitrocellulose membrane (25 V constant, 1.3 A for
7 min). Total protein amount was detected via the ChemiDoc
XRS+ (Bio-Rad) system and used for protein normalization. After
1 h in blocking solution (5% milk in TBS-T, Sigma-Aldrich), mem-
branes were incubated in primary antibody solution (1% milk in
TBS-T) overnight. Membrane was washed thrice with TBS-T before
applying the secondary antibody (1:10,000 in 1% milk in TBS-T) at
RT for 1 h. After washing, signals were detected upon application
of SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific). Image acquisition was performed with the
ChemiDoc XRS+ (Bio-Rad) using the high-resolution mode. For pro-
tein quantification, ImageLab (Bio-Rad) was used and protein levels
were normalized to total protein and second to the corresponding
WT samples on each blot. For each iPSC line, four individual differ-
entiations were analyzed, and corresponding samples were pooled for
quantitative analysis. All antibodies used for western blot are listed in
Table S3.

Reverse-transcriptase PCR and real-time PCR analysis of iPSC-

CMs

Pellets of iPSC-CMs collected at day 30 of differentiation were snap-
frozen in liquid nitrogen and stored at �80�C. Total RNA was iso-
lated using the NucleoSpin RNA Mini kit (Macherey-Nagel) accord-
ing to the manufacturer’s instructions; 200 ng RNA was used for the
first-strand cDNA synthesis by using the MULV Reverse Transcrip-
tase and Oligo d(T)16 (Thermo Fisher Scientific). For reverse-tran-
scriptase PCR, one-tenth of cDNA was used as PCR template and
amplified using the GoTaq G2 DNA polymerase (Promega) accord-
ing to the manufacturer’s instructions. For quantification of splicing,
the ratio between signal intensity of the cryptic exon and the non-
cryptic variant of the corresponding sample was calculated using
ImageLab (Bio-Rad). For real-time PCR, cDNA was diluted 1:1
with nuclease-free water (Promega). Quantitative real-time PCR reac-
tions were carried out using the SYBR Green PCR master mix and
ROX Passive Reference Dye (Bio-Rad) with Micro-Amp Optical
384-well plates, and the 7900HT fast real-time PCR system (Applied
Biosystems) according to the manufacturer’s instructions with the
following parameters: 95�C for 10 min, followed by 40 cycles at
95�C for 15 s and 60�C for 1 min. Analysis was conducted using
the DDCT method and values were normalized to GAPDH, TUBB5,
and RPL37A gene expression and to WT controls. For each iPSC
line, three individual differentiations were analyzed, and correspond-
ing samples were pooled for quantitative analysis. For evaluation of
nonsense-mediated decay, the expression of the maternal and the
paternal transcript (distinguished by the mutation in exon 1) was
analyzed using amplicon sequencing. Primer sequences are listed in
Table S2.

Statistics

Data are presented as the mean ± standard error of the mean. Statis-
tical comparisons were performed using the D’Agostino-Pearson
normality test and the nonparametric Kruskal-Wallis test followed
by Dunn’s multiple comparisons test in Prism 10 (GraphPad). Results
were considered statistically significant when the p value was %0.05.
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DATA AND CODE AVAILABILITY
All human iPSC lines used in this study are deposited in the stem cell
biobank of the University Medical Center Göttingen and are available
for research use upon request. Sequencing data are available upon
request.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2024.102123.
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