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Abstract

Abstract

Noonan syndrome (NS) is a multisystemic disorder that is known as one of the most common
monogenetic diseases associated with early-onset congenital heart defects, such as hypertrophic
cardiomyopathy (HCM). Infants diagnosed with NS and HCM have a worse late survival and are more
likely to develop heart failure than non-syndromic HCM patients harboring classical mutations in
sarcomeric genes (e.g. B-myosin heavy chain, MYH7). In recent years, many germline mutations
affecting different components of the RAS/mitogen-activated protein kinase (RAS/MAPK) pathway
(including LZTR1, which negatively regulates signalling activity) have been identified as responsible for
the development of NS and NS-associated diseases. Indeed, RASopathies result from of a signalling
hyperactivation of the RAS/MAPK signalling and further cross-linked signalling pathways. However,
based on clinical genotype-phenotype data as well as in vitro and in vivo studies, it has been suggested
that the underlying, potentially overlapping pathomechanisms might be dependent on the cell type
and the specific disease-causing variant. Patient-specific induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) from different NS patients are a powerful tool to study a genotype-
phenotype correlation by investigating their molecular and functional properties in physiological
relevant cells and tissues. In this work, a novel gene variant p.L580P in Leucine Zipper like Transcription
Regulator 1 (LZTR1) has been identified as causative for recessive NS. Patient-derived as well as CRISPR-
corrected induced pluripotent stem cells (iPSCs) were differentiated into ventricular-like iPSC-CMs and
characterized on the molecular and functional level. Upon recapitulation of the patient’s phenotype
by showing increased cell diameters as a characteristic of HCM and a hyperactivation of the RAS/MAPK
pathway, we could reveal a novel gene variant-specific pathomechanism by which mutated LZTR1
shows dysfunction in ubiquitinating active RAS proteins. We could also prove that, besides the classical
RAS GTPases (HRAS, NRAS and KRAS), MRAS was one of the main interaction partners of LZTR1 in the
heart. Importantly, CRISPR/Cas9 based correction of this specific gene variant was able to rescue the
disease phenotype in vitro. As gene variants in MRAS are also linked to NS and NS-associated HCM, the
NS-associated mutation MRAS p.G23V was introduced into wild-type (WT) iPSCs to study its impact on
cardiac physiology. Furthermore, we generated an iPSC line harboring a cancer-associated mutation
KRAS p.G12V, known to cause severe signalling hyperactivity. Future work will proceed in uncovering
the MRAS- and KRAS-specific phenotypes on the molecular and functional levels. In addition, the
established iPSC models will be used to test new personalized treatment strategies based on

pharmacological interventions and CRISPR/Cas9 gene therapy.
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To summarize, we successfully showed that the application of patient-derived iPSCs is a suitable model
system to recapitulate the patients' cardiac phenotypes in vitro and to perform deeper investigations

to understand the gene-specific molecular pathomechanisms of NS-associated HCM.




General Introduction

1 General Introduction

RASopathies are a group of pleomorphic multisystem disorders with overlapping symptoms but
variable clinical phenotypes and different severities. What they have in common is that the disease-
causing germline mutations are linked to the RAS/RAS/MAPK signalling pathway. The most prominent
disorder is Noonan syndrome (NS) followed by associated diseases such as cardiofaciocutaneous
syndrome, Legius syndrome, Costello syndrome, and NS with multiple lentigines.>? Several studies
have shown that many RAS patients diagnosed with structural heart defects, such as pulmonary valve
stenosis, have better survival than NS patients suffering from a severe form of HCM, who have even
worse survival compared to patients with idiopathic or familial HCM in childhood.®>* Upon diagnosis,
the current standard therapy approaches for NS patients with HCM are beta-blockers®, surgery
including myomectomy®, and, since very recently, off-label application of cancer-proven drugs
inhibiting RAS/MAPK signalling like MEK inhibitors (MEKi).” For most of the HCM patients, heart
transplantation, which comes with a high mortality of 33%, is inevitable.® Due to the immense
heterogeneity of RASopathy mutations resulting in different phenotypes, a better understanding of
the molecular and functional correlation between the genotypes and phenotypes is a prerequisite to

develop novel therapies tailored to the individual genotype of each patient

1.1 Noonan syndrome - a rather new kid on the block ‘LZTR1’

Noonan syndrome, first described in 1968 by Jacqueline Noonan 7 is a developmental multisystem
disorder with an approximate prevalence of 1 in 1,000 to 2,000 live births.® Commonly observed
symptoms are facial abnormalities like hypertelorism, low-set ears, short stature, and chest
deformation as pectus excavatum. Other features apart from severe heart defects are
neurodevelopmental disabilities, lymphedema, and bleeding disorders.”° NS is further known to be
the most common monogenetic disease being associated with early-onset HCM?! (Figure 1). Based on
a clinical registry, around 18% of children diagnosed with HCM are RASopathy patients. In patients
younger than 1 year, RASopathy-affected patients account for 42% of all HCM cases.'? This patient
group (<1 year) is more prone to develop heart failure compared patients with non-syndromic HCM. 13
Further, one can distinguish between Rasopathy-associated HCM (R-HCM) and sarcomeric HCM. Both
are represented by a severe phenotype. Whereas R-HCM has an increased prevalence of left
ventricular outflow tract obstruction and a higher risk for hospitalization due to a heart failure risk and

inevitable septal myectomy already during childhood.**17
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Noonan syndrome (NS)

Common symptoms

Developmental !’ "J Chest deformity
delay
Learning issues Short stature Q
Dysmorphic facial Lympathic dysplasia
features
Heart defects Bleeding disorders .

Figure 1: Noonan syndrome- (NS) associated symptoms.

Due to the large heterogeneity of NS-causing mutations, the phenotypes are quite diverse. As a result, diagnosis
is sometimes difficult or patients are not diagnosed until adulthood. Here the major symptoms are summarised
associated with NS. Not only symptoms are quite variable and depend on the underlying mutation, but also the
severity and onset vary from patient to patient. The lowest survival rate is associated with congenital heart
defects, such as hypertrophic cardiomyopathy (HCM), which is the life-limiting factor in these patients. Image
created with BioRender.com.

Similar to RASopathy-associated diseases, NS is induced by germline mutations affecting various
RAS/MAPK-candidates leading to overall enhanced signalling transduction. The most frequently
affected genes in NS are PTPN11, SOS1, SOS2, NRAS, KRAS, MRAS, RRAS2, RIT1, LZTR1, RAF1 and
MAP2K1.'¥2% Deciphering a genotype-phenotype correlation on the molecular level is still the focus of
current research, although a correlation between mutated genes and the corresponding clinical
phenotype has already been established. PTPN11 is more likely to induce pulmonary stenosis (PS)
whereas mutated RAF1, MRAS and RIT1 are highly associated with the development of HCM.?>3!
Common mutations mainly induce hyperactivity either based on increased signalling through the
upregulated activity of RAS proteins (KRAS, HRAS, NRAS, MRAS, RRAS, RRAS2, RIT1) by downstream
proteins that promote signalling transduction (SHOC2, PPP1CB) or by an elevated function of upstream
transducers and regulators controlling RAS function (SHP2, SOS1, SOS2). Additionally, mutated
proteins like NF1, CBL, LZTR1, SPRED1, and SPRED2 evoke dysregulation of the pathway by interrupting

the feed-back mechanism tightly controlling RAS.32 Due to improvements in sequencing techniques
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such as whole exome sequencing (WES), many more disease-causing mutations are uncovered. One of
these genes is LZTR1 encoding for the Leucine Zipper-like Transcriptional Regulator 1 that was first

identified in a patient with an adult-onset tumour predisposition called schwannomatosis.?*

Kelch domain (N-terminus) BTB-BACK domain (C-terminus)

Substrate binding domain Dimerization & CUL3 binding domain

Figure 2: Structural model of Leucine Zipper-like Transcriptional Regulator 1 (LZTR1).

Structural model of the adaptor protein LZTR1 showing its N-terminal Kelch domain and the C-terminal BTB-BACK
domain. Based on previous observations, Kelch motifs are responsible for proper substrate binding. Many
dominant LZTR1 mutations are located within the Kelch domain and prevent proper substrate binding resulting
in an active substrate accumulation. So far, LZTR1 substrates are known to be RAS protein family members (KRAS,
NRAS, HRAS, MRAS and RIT1). The C-terminal BTB-BACK domain is further known to be important for protein
dimerization and the binding of CUL3. Modelling was performed with AlphaFold2.3® Figure modified from Dr.
Lukas Cyganek (unpublished).

In 2018, LZTR1 was found to be mutated in a biallelic manner causing NS.>* Followed by, two
publications a year later that presented NS patients harboring an LZTR1 mutation in a dominant and
recessive form.3>3® Considering its protein structure, LZTR1 consists of six tandemly arranged Kelch
motifs at the N-terminus, and two C-terminal BR-C, ttk and bab/Pox virus and Zinc finger (BTB/P0OZ)
domains. Its cellular function was long time believed to be involved in transcriptional regulation as a
tumour suppressor. However, recent studies have shown that LZTR1 functions as an adaptor protein
that binds cullin 3 ubiquitin ligase (CUL3) via its C-terminus and ligand proteins via its N-terminal
domain®”® (Figure 2). Additionally, BTB family proteins are known to build hetero-or homodimers.*
LZTR1 has been shown to build BTB-BTB homodimers that are then able to bind their substrates.®
Several studies uncovered the role of LZTR1 within the RAS/MAPK signalling pathway acting as a

negative regulator of active RAS proteins by promoting their ubiquitination and subsequent

5
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proteasomal degradation®>™** (Figure 3). However, open questions still exist concerning the number of
LZTR1-specific substrates that are targeted for subsequent degradation processes.3 To elucidate these
open questions related to protein function, disease-specific pathomechanisms, and potential

therapeutics, the use of human iPSCs has already been shown to be a suitable and promising model.*>4

RTKs

GTP

SHC RAS*
SHP? GRBZ2  ~ o \ CcuUL3
S0S1/2 / \ -

' GDP RAF1
RAS* _, \
| g
- MEK1/2 (RAS*
Cytosolic B
targets : Ubiquitination
" ERK1/2

Nuclear
targets

RAS* = NRAS; HRAS; KRAS; MRAS; RIT1

Figure 3: Dysregulated RAS/MAPK signalling pathway upon LZTR1 missense mutations.

Receptor tyrosine kinases (RTKs) bind various growth factors and dimerize upon binding. Phosphorylated RTKs
bind GBR2, SHC, and SHP2 which form a complex and recruit SOS1/2. This protein then acts as a guanine
nucleotide exchange factor and induce a RAS-GDP switch to its active RAS-GTP form. Active RAS transmits an
activating signal through RAF1, MEK1/2, and ERK1/2 based on a fine-tuned phosphorylation cascade. Activated
ERK1/2 translocates into the nucleus to initiate the transcription of nuclear targets but to also further activate
cytosolic substrates. GTPase activating proteins (GAPs) catalyze the switch from GTP to GDP via hydrolysis to
terminate RAS activity. Leucine transcriptional regulator 1 (LZTR1) was known to be a tumor suppressor being
responsible for the ubiquitination and subsequent degradation of active RAS proteins, by serving as an adaptor
that binds active RAS and cullin 3 ubiquitin ligase. Missense variants within the LZTR1 protein (red) can cause an
accumulation of active RAS proteins (red) due to absent ubiquitination causing a pathological signalling
hyperactivation indicated by red arrows. Image created with BioRender.com.
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1.2 Human induced pluripotent stem cells as a disease model for Noonan Syndrome

The goal of studying diseases in human-like models was finally achieved with the revolutionary
innovation of Yamanaka et al. who obtained iPSCs by transducing human fibroblasts with four defined
factors. (Oct3/4, Sox2, KIf4, and c-Myc).*’ Since then, researchers apply this reprogramming technology
to robustly generate iPSC from somatic cells isolated from e.g., (patient) skin biopsies or blood samples.
As most current research is based on animal models, one of the biggest advantages of iPSCs is that
they are derived from human cell material meaning they have the identical genome to the donor,
including all single nucleotide variants (SNVs) and genetic defects.*® Human iPSCs possess the ability
to differentiate into almost any kind of cell type like cardiomyocytes or cardiac fibroblasts ending up
with large amount of homogenous populations of disease-relevant cells.***° Studying human-derived
cells provide a solid basis for extensive in vitro studies to better understand molecular human cell
physiology in healthy and diseased state. However, it should be noted that iPSC-CMs are more similar
to fetal cardiomyocytes in terms of their molecular, functional and structural properties.>! Therefore,
several developments have been made to promote the maturation of these cells. One option is to use
iPSC-derived engineered heart muscles (iPSC-EHM) as a complementary three-dimensional model,
consisting of iPSC-CMs in combination with fibroblasts embedded in a collagen matrix. Upon deeper
phenotyping, they resemble a more native state of the human heart muscle similar to an infant’s

myocardium compared to two-dimensional iPSC-CM cultures®'*? (Figure 4).
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Figure 4: Human induced pluripotent stem cells (iPSCs) are a versatile disease model.

Noonan syndrome (NS) patients’ biopsies derived mainly from skin fibroblasts are reprogrammed into patient-
specific iPSCs and differentiated into iPSC-derived cardiomyocytes to study cardiac pathologies and the
underlying molecular pathomechanism in detail. To obtain more mature cells and to study mutation effects in a
more complex tissue-like environment, iPSC-CMs can be used to generate engineered heart muscles (EHM). Both
iPSC-CM and EHM can be further used for functional studies, high-throughput drug screening approaches or to
obtain a more global overview about disease signatures using omics-based approaches. Image created with
BioRender.com.

Several studies could prove that iPSC-CMs are a powerful tool to model diseases including RASopathies
and sarcomeric cardiomyopathies by recapitulating the patient’s phenotype and by enabling further
investigation of the cellular pathology in a dish.***453 Upon identification of key pathomechanism, new
therapeutic strategies can be tested, due to an unlimited source of cells that were previously limited
by the number of heart biopsies available. Therefore iPSC-CM, iPSC-cardiac fibroblasts and other cells
can be applied for in vitro preclinical testing, before performing safety, efficacy and toxicity tests in a
high-throughput manner in small and large animal models. It is further considered that they might
allow a more precise prediction of drug responses and cardiotoxicity in patients’ cardiac tissue based

on their human origin.>*>>

The current standards for RASopathy-related therapies are limited and not adapted to specific genetic
variants. Standard treatments upon NS-related HCM diagnosis are common beta- or calcium channel
blockers. In patients with elevated risk for developing heart failure, surgical interventions such as
septal myectomy are necessary.*® In order to improve the patients’ lives and to prevent surgical

interventions, a more personalized therapeutic strategy would be highly beneficial in tailoring
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individual genotypes, especially for the heterogeneous group of RASopathy patients.>” Understanding
each NS-causing mutation and the associated pathophysiological changes is a prerequisite for
establishing more personalized medicine,in order to ultimately treat HCM as the life-limiting factor in

these patients.

1.3 Genotype-phenotype correlation of Noonan syndrome patients

The development of more precise and personalized therapies should be based on an accurate
genotype-phenotype correlation study that reveals the molecular pathomechanisms behind individual
mutations. One recent study correlated 116 RASopathy patients and the respective genotypes to their
clinical presentation while focusing on the cardiac defects and the course of the treatments.>® They
could observe that patients harboring a PTPN11 mutation are more affected by pulmonary valve
stenosis and pulmonary valve dysplasia whereas SOS1 mutations more often induce valvular defects.
While other mutations such as RIT1 caused HCM, SOS2 was associated with septal defects and SHOC2
caused septal and valve abnormalities. This study and others have shown that there is a specific
correlation between cardiac defects and the disease-causing mutation, but the molecular mechanism
behind many of them remains unknown.>®*® However, for some NS-causing mutations, there were
studies in which the mechanism of how a single mutation caused a severe heart defect have been
uncovered in an iPSC-CMs model. One of these, published in 2019 by Jaffré et al., utilized patient-
derived iPSCs from a RAF1 patient. 73% of RAF1-NS patients present a severe and lethal form of HCM.®°
By differentiating patient-derived iPSC into cardiomyocytes and applying CRISPR/Cas9 genome editing
strategies, they could uncover a novel RAF1-induced pathomechanism. On the one hand, deeper
phenotyping of the diseased iPSC-CM and their isogenic control showed hyperactive MEK1/2 and
ERK1/2 signalling causing myofibrillar disarray. On the other hand, cardiomyocyte enlargement was
induced by an elevated ERKS5 signalling. A pathway previously not associated with NS or HCM
development.*® Another example uncovering the pathomechanism behind LZTR1 mutation, a so far
rare NS-causing variant, was published by our group in 2020.%° Here, iPSC-CMs from two patients with
truncating LZTR1 variants have been successfully applied to recapitulate the patient’s phenotype in 2D
by showing RAS/MAPK signalling dysfunction and cellular hypertrophy. This was by then the first
description of a causal connection between induced RAS/MAPK hyperactivation due to a LZTR1
dysfunction in autosomal recessive NS patients with a severe form of HCM. Furthermore, in this study,
the standard therapeutic options such as calcium channel blockers and MEKis were tested and did not
reveal significant effects on cellular hypertrophy indicating a low beneficial effect for NS patients at
least on a cellular basis. In addition to the drug treatment, preclinical testing of translatable intronic
CRISPR repair was conducted and revealed a beneficial rescue of cellular hypertrophy.* Due to the

immense heterogeneity of RASopathies and NS patients in particular, clustering of patients would
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facilitate the development of novel treatments for patients with similar pathologies and disease
outcomes. One promising approach is to repurpose already existing drugs depending on common

disease signatures of NS patients.

In conclusion, a genotype-phenotype study focusing on the molecular level is needed to uncover the
pathologies of different NS patients. Once these pathomechanisms are identified, drug repurposing
might be a fast and efficient way to improve patients' lives. However, long-term use of drugs is
associated with unknown side effects, as patients with severe phenotypes need to be treated within
the first few months and over years. A future treatment option would be to use precise gene therapy
approaches, such as CRISPR-based therapies, to target the affected heart and - to improve the lives of

patients with NS.

1.4 Current therapeutic strategies for the treatment of Noonan syndrome

Little progress has been made in the development of optimized and adapted treatment options for
RASopathies and for NS patients in particular, whereas significant progress has been made in the
treatment of cancer patients who suffer from gain-of-function mutations within the RAS/MAPK
pathway.! RAS genes are one of the most frequently mutated genes in cancer patients, accounting for
approximately 19% of cases, with others having a mutation in the BRAF gene (8%) or mutations
affecting the further canonical RAS/MAPK pathway-associated proteins.6>®2 To prevent or inhibit RAS
hyperactivation, several components of this well-studied pathway may serve as potential therapeutic
targets. Novel compounds can be clustered into three classes: direct RAS inhibitors, inhibitors of RAS
activation, or MAPK inhibitors.%® One of the most commonly tested RAS/MAPK compounds targets
MEK1/2, as it is the mediating protein within the phosphorylation cascade and thus transmits the
activating signal. As a result, many MEKis have been developed and are currently on the market for
oncological indications, but some have shown limited beneficial effects and have had to be used in
combination with other anti-cancer therapies.®*®® Studies showing the effect of MEKis suggest that
their limited efficacy is due to disruption of the negative feedback loop of RAF proteins. However, as
MEK inhibition has been successfully used as a prenatal preventive therapy in several animal models,
further research is essential to understand their pharmacological mode of action as well as their
patient-specific effects. In two NS mouse models harboring Sos1%4¢%, Kras'!*" and a CFC (Brafa%4®)
mutation, prenatal or postnatal treatment could prevent the development of a RASopathy
phenotype.®*’® MEKis could also rescue the phenotype of PTPN11 and NRAS-associated NS in
zebrafish.”*72 In some studies, MEK inhibition was not efficient, as shown in a heterozygous Lztrl
mouse model, in spite of the treatment being started prenatally.*! As several examples have shown,
the timing of the treatment, but more importantly the genetic background of the patient, is essential

to reverse the phenotype upon efficient MEKi treatment. One promising example is the use of the MEK
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inhibitor trametinib, which showed significant clinical improvement by reducing HCM-associated heart
failure in NS patients having a pathogenic variant in the RIT1 gene.”® In addition to the study by
Andelfinger et al., another MEK inhibitor, selumetinib, has been approved by the US Food and Drug
Administration for the use in Neurofibromatose Typ 1 (NF1) patients.”® In general, before repurposing
therapeutic strategies, some differences between cancer and RASopathy patients should be
considered. First, while cancer patients show somatic gain-of-function mutations, RASopathy patients
are presented with germline gain-of-function mutations causing different levels of RAS/MAPK activity
in a tissue-and cell-dependent manner. Second, MEKi treatment in cancer patients would be typically
administered during adulthood while RASopathy patients have to be treated during the early months
of life and for the long term in lower doses. Consequently, not only the predicted and observed side-
effects but also the efficacy might vary in RASopathy patients.! In addition to the already complex
genetic variability, RAS/MAPK hyperactivity can also further affect other signalling pathways such as
PI3K/AKT signalling. Hence, some studies also suggest inhibitors for mTOR to alleviate cardiac
symptoms in patients suffering from HCM.”® Active RAS/MAPK has also been shown to communicate
with other pathways such as the Hippo pathway, the hypertrophy-related calcineurin-NFAT, and NFkB
pathway, and these pathways could consequently become promising targets for pharmacological
interventions based on individual genetic backgrounds.”®’® Based on this highly interconnected
pathway network, blocking one pathway might cause an adaptation or resistance due to a
compensatory mechanism. Studies showed that metastatic melanoma caused by MAP2K1 and
MAP2K2 mutations, were resistant to RAF and MEK inhibition.” According to more studies claiming a
resistance development, a dual-inhibition might be necessary, especially considering the required
long-term treatment in NS patients. Dual-inhibition was successful in KRAS colon and pancreatic cancer

patients, by blocking RAS/MAPK and PI3K/AKT via trametinib and borussertib application.®

In summary, the current treatment options for NS are symptomatic and none of them are curative.
Novel and personalized treatments are therefore needed, especially for patients with monogenetic
diseases such as NS, in which it is evident that genetic correction will reverse the disease phenotype in
most cases. One promising approach is CRISPR/Cas9-mediated gene therapy. With this target-specific
editing of the genome, it has become possible to modify or precisely correct disease-relevant loci.®!
Similar to zinc finger nucleases and Transcription activator-like effector nucleases, a double-strand
break (DSB) is induced by the Cas9 protein, which is guided to a specific genomic target site by a pre-
designed CRISPR-RNA (crRNA) that is hybridized to a Cas9-specific trans-activating RNA (tracrRNA).
Two major repair mechanisms are activated upon DNA damage due to the DSB: non-homologous end
joining (NHEJ) and homology-directed repair (HDR). In the absence of a suitable repair template, NHEJ

repairs the break by error-prone re-ligation, mainly producing insertions or deletions that can be useful
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for generating gene knockouts.®? Because HDR uses a repair template to repair the DSB, a precise
editing can occur at the specific target site. Repair templates can be single-stranded oligonucleotides
or double-stranded DNA with homology arms (Figure 5). These editing strategies have been shown to
be sufficient to correct specific genetic variants in proliferating cells.®3However, as HDR is only active
in dividing cells, this CRISPR approach will hardly find application in mature terminally differentiated

cells such as cardiomyocytes.

tracrRNA Cas9
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Figure 5: CRISPR/Cas9 mode of action and the cell’s internal repair mechanisms.

CRISPR/Cas9 was discovered as a defence mechanism of bacteria against invading viruses. Nowadays researchers
apply the same method by using Cas9 proteins purified from bacteria (e.g. SpyCas9 = Streptococcus pyogenes).
Upon hybridizing Cas-specific tracrRNA with the target-specific crRNA, the complex is mixed with Cas9 protein in
a defined ratio and introduced into the cell via nucleofection. The guideRNA complex (tracrRNA and crRNA)
guides Cas9 to the target-site and the protein induces a DNA double-strand break. Subsequently, the two main
DNA repair mechanism are activated at least in dividing cells. Non-homologous end joining repairs the two
strands via relegation that finally results in a high number of insertion/deletions (INDELs), which is in contrast to
homology-directed repair where the DSB is repaired by integration of the repair template. Image created with
Biorender.com.
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During the last years, several promising studies were published, proving the successful application of
modified CRISPR/Cas9 in vivo, and were further translated to clinical trials. For instance, targeting the
genetic variant that causes a rare disease called Leber Congenital Amaurosis10 is already in phase Il of
clinical trials. The whole editing complexes are hereby packed into an Adeno-associated virus 5 vector
that is subretinally delivered, thus only targeting the photoreceptor cells and giving rise to vision loss
restoration.®* Another study has been already translated to clinical trials treating a disease called
Transthyretin-amyloidosis (ATTR). This disease is caused by an accumulation of the misfolded protein
transthyretin in tissues such as nerves and the heart. Hereby, NTLA-2001 describes an in vivo gene-
editing strategy, based on a messenger RNA CRISPR-based system packed into lipid-nanoparticles
targeting TTR gene. Currently there is an ongoing clinical trial treating six patients with inherited
ATTR.®> Furthermore, Amoasii et al. proved great progress in translational preclinical testing by
applying CRISPR/Cas9 to treat Duchenne Muscular Dystrophy in a canine model resulting in a robust

Dystrophin restoration upon editing.®

Although, several CRISPR editing strategies hold promise for developing personalized therapeutic

alternatives, delivery and safety will be the biggest obstacles in the coming years.
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2 Aims of the thesis

The overall aim of this work was to investigate the molecular and functional pathological effects of NS-
specific mutations on cardiac function using patient-derived iPSC-CMs. First, the cardiac pathological
role of a recessive LZTR1 p.L580P mutation was investigated at the molecular, cellular and functional
level and compared with other LZTR1 mutations. Secondly, as MRAS is one of the major interaction
partners of LZTR1, a NS-associated gene variant in MRAS p.G23V was introduced into healthy WT iPSC
to elucidate its role in HCM development. Furthermore, as RASopathies are strongly associated with
increased RAS/MAPK signalling, a common cancer-associated KRAS p.G12V was introduced into WT
iPSCs to study the gain of function effect of a constitutively active RAS pathway on cellular physiology.
During the PhD, all the above cell lines were generated, characterised and differentiated, and
CRISPR/Cas9 strategies were used to obtain LZTR1-corrected isogenic control lines. Furthermore, these

iPSC models were successfully used to identify gene variant specific pathomechanisms in NS.

2.1 Chapter 1: LZTR1 polymerization provokes cardiac pathology in recessive Noonan
syndrome

Mutations affecting the LZTR1 gene are highly associated with the development of severe HCM in NS
patients. To elucidate the cardiac pathology in a patient harboring a recessive LZTR1 mutation
(LZTR1'®P) in vitro, patient-derived iPSCs were differentiated into ventricular cardiomyocytes.
CRISPR/Cas9 technology was applied to correct the respective mutation to generate isogenic control
lines. Both cell populations, as well as WT cells, were analyzed on a molecular and cellular level.
Patients’ iPSC-derived cardiomyocytes displayed an increased cell size that was normalized upon
genetic correction. Proteomic analysis revealed increased levels of RAS/MAPK- and HCM-associated
candidates, such as accumulation of LZTR1-associated interaction partners RIT1 and MRAS, indicating
a non-functional degradation of these RAS isoforms by the LZTR1-CUL3 ubiquitin ligase complex.
Overexpression studies of mutated LZTR1 in WT iPSC-CMs showed severe protein oligomerization,
likely resulting in protein complex dysfunction and, thereby, in manifestation of disease symptoms. In
summary, we could demonstrate that our Noonan syndrome patient-derived iPSC-CM model is
suitable to recapitulate the patient’s phenotype and can be used to uncover patient-specific disease

pathomechanisms.
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2.2 Chapter 2: Generation of a genetically-modified induced pluripotent stem cell line
harboring a Noonan syndrome-associated gene variant MRAS p.G23V

MRAS has been identified as one of the key LZTR1 substrates for degradation. Further, gene variants
in MRAS are linked to a severe NS-associated cardiac hypertrophy. In order to study the pathological
effect of mutated MRAS in cardiac cells, we introduced a previously described NS-causing mutation
MRAS p.G23V into a WTiPSC line. This cell line complements our iPSC panel of NS patients in which we
aim to correlate NS mutations with the corresponding RAS/MAPK activity and the disease severity.

2.3 Chapter 3: Generation of a genetically-modified induced pluripotent stem cell line
harboring an oncogenic gene variant KRAS p.G12V

Since RASopathies are mainly caused by elevated RAS/MAPK signalling activity, we were interested in
an iPSC line showing a constant and aberrant RAS/MAPK hyperactivity. Therefore, we introduced the
common cancer-associated mutation KRAS p.G12V into a WT iPSC line. This variant is known to induce
a strong pathway hyperactivation in cancer cells. The newly generated iPSC line was characterized and
revealed higher proliferative capacity and RAS/MAPK activity under basal conditions. This cell line will
be used to serve as a positive control in comparison to the different NS patient cells to study the effect

of constant hyperactivation of this pathway on cardiac physiology.
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4.1 Abstract

Noonan syndrome patients harboring causative variants in LZTR1 are particularly at risk to develop
severe and early-onset hypertrophic cardiomyopathy. However, the underling disease mechanisms of
LZTR1 missense variants driving the cardiac pathology are poorly understood. Hence, therapeutic
options for Noonan syndrome patients are limited. In this study, we investigated the mechanistic
consequences of a novel homozygous causative variant LZTR1%®" by using patient-specific and
CRISPR/Cas9-corrected iPSC-cardiomyocytes. Molecular, cellular, and functional phenotyping in
combination with in silico prediction of protein complexes uncovered a unique LZTR1“8%®-specific
disease mechanism provoking the cardiac hypertrophy. The homozygous variant was predicted to alter
the binding affinity of the dimerization domains facilitating the formation of linear LZTR1 polymer
chains. The altered polymerization resulted in dysfunction of the LZTR1-cullin 3 ubiquitin ligase
complexes and subsequently, in accumulation of RAS GTPases, thereby provoking global pathological
changes of the proteomic landscape ultimately leading to cellular hypertrophy. Importantly, uni- or
biallelic genetic correction of the LZTR1“®" missense variant rescued the molecular and cellular

disease-associated phenotype, providing proof-of-concept for CRISPR-based gene therapies.
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4.2 Introduction

Noonan syndrome (NS) is a multi-systemic developmental disorder with a broad spectrum of
symptoms and varying degrees of disease severity. Common clinical symptoms range from intellectual
disability, facial dysmorphisms, webbed neck, skeletal deformities, short stature, and in many cases
congenital heart disease.’® With a prevalence of approximately 1 in 1,000 — 2,500 live births, NS is
considered the most common monogenic disease associated with congenital heart defects and early-
onset hypertrophic cardiomyopathy (HCM).? Young NS patients diagnosed with HCM are more prone
to develop heart failure accompanied by a poor late survival in contrast to patients suffering from non-
syndromic HCM.3# Like other phenotypically overlapping syndromes classified as RASopathies, NS is
caused by variants in RAS-mitogen-activated protein kinase (MAPK)-associated genes, all typically
leading to an increase in signalling transduction.®” Within the RASopathy spectrum, patients harboring
causative gene variants in RAF1, HRAS, RIT1 and LZTR1 are particularly at risk to develop severe and

early-onset HCM 348

Recent studies from others and our group revealed the functional role of LZTR1 within the RAS/MAPK
signalling cascade as a negative regulator of signalling activity. LZTR1 encodes an adapter protein of
the cullin 3 ubiquitin ligase complex by selectively targeting RAS proteins as substrates for degradation.
LZTR1 deficiency — caused by truncating or missense variants — results in an accumulation of the RAS
protein pool and, as a consequence, in RAS/MAPK signalling hyperactivity.*>**%> Whereas dominant
LZTR1 variants generally cluster in the Kelch motif perturbing RAS binding to the ubiquitination
complex,*® the mechanistic consequences of recessive LZTR1 missense variants, which are distributed

over the entire protein, are not understood.

Human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) generated from patients
with inherited forms of cardiomyopathies offer a unique platform to study the disease mechanisms in
physiologically relevant cells and tissues.>*® A few RASopathy-linked iPSC-CM models had been
described, including for variants in PTPN11, RAF1, BRAF, and MRAS.*>389%0 |n line, we had recently
added novel information as to the role of LZTRI-truncating variants in NS pathophysiology.* In the
present study, we aimed to investigate the molecular, cellular, and functional consequences of a
specific recessive missense variant LZTR1%% by utilizing patient-derived and CRISPR-corrected iPSC-
CMs. We could show that LZTR1*8% in homozygous state results in aberrant polymerization causing
LZTR1 dysfunction, marked increase of RAS GTPase levels, and cellular hypertrophy. Further, uni- and
bi-allelic genetic correction of the missense variant by CRISPR/Cas9 technology rescued the cellular
phenotype, indicating that correction of one allele is sufficient to restore the cardiac pathophysiology,

thereby providing proof-of-concept for future personalized CRISPR-based gene therapies.

20



Results

4.3 Results

LZTR1"8%" js cqusative for recessive Noonan syndrome

A 17-year old male patient presenting a HCM, stress-induced cardiac arrhythmias, pectus excavatum
and facial anomalies was referred to our clinic and based on the combination of symptoms the clinical
diagnosis of Noonan syndrome was given (Figure 6A). The patient was born to a consanguineous
couple and both parents showed neither apparent clinical symptoms nor distinctive NS-specific
features. Whole exome sequencing followed by detailed variant analysis detected one highly
interesting, homozygous variant in LZTR1. Both parents were heterozygous carriers and the variant
was not present in any current database of human genetic variations including the >250,000 alleles of
gnomAD database. The homozygous missense variant, ¢.1739T>C, was located in exon 15 of the LZTR1
gene and leads to the substitution of an evolutionary conserved leucine at the amino acid position 580
by proline (p. Leu580Pro, p.8"). The variant was predicted as likely causative by computational

predictions.

To elucidate the molecular and functional consequences of the LZTR1%%0F

missense variant, we
generated iPSCs from the patient’s skin fibroblasts using integration-free reprograming methods and
subsequently utilized CRISPR/Cas9 genome editing to engineer gene variant-corrected iPSC lines
(Figure 6B). For genetic correction of the patient-specific iPSCs, the CRISPR guide RNA was designed to
specifically target the mutated sequence in exon 15 of the LZTR1 gene. Further, the ribonucleoprotein-
based CRISPR/Cas9 complex was combined with a single-stranded oligonucleotide serving as template
for homology-directed repair (Figure 6C). Upon transfection, cells were singularized and individual
clones were screened for successful editing to identify heterozygously corrected as well as
homozygously corrected iPSC clones, LZTR1™ et and LZTR1%™°™ respectively (Figure 6D). Molecular
karyotyping of the edited iPSC clones confirmed chromosomal stability after genome editing and
passaging (Figure 6E). As expected for individuals born to consanguineous parents, patient-specific as
well as CRISPR-corrected iPSCs demonstrated a noticeable reduction of the overall heterozygosity
using SNP-based genome-wide arrays, with around 30% of segments of the genome being assigned to
regions of heterozygosity. Further, sequencing revealed no obvious off-target modifications by
genome editing (Figure 12 in the supplement). Subsequently, patient-derived and CRISPR-corrected
iPSCs were verified for pluripotency (Figure 6F-H). In addition to the patient-derived iPSC lines, iPSC
lines from two unrelated healthy male donors, namely WT1 and WT11, were used as wild type (WT)

controls in this study.
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1 L580P

Homozygous LZTR causes accumulation of RAS GTPases

1589 missense variant

At first, we aimed to investigate the impact of the identified homozygous LZTR
on the molecular mechanisms contributing to left ventricular hypertrophy in the patient. Patient-
specific, heterozygously and homozygously corrected, as well as two individual WT iPSC lines were
differentiated into functional ventricular-like iPSC-CMs in feeder-free culture conditions,*® and on day
60 of differentiation subjected to unbiased proteome analyses (Figure 7A). We identified more than
4,700 proteins in the samples from the individual groups. All samples showed a comparably high
abundance of prominent cardiac markers including myosin heavy chain § (MHY?7), cardiac troponin T
(TNNT2), a-actinin (ACTN2), titin (TTN), and ventricular-specific myosin light chain 2 (MYL2), indicating
equal cardiomyocyte content in the different cultures (Figure 7B). By comparing the proteome profiles
of LZTR1“%%® and WT iPSC-CMs, we identified enhanced abundance of the RAS isoforms muscle RAS
oncogene homolog (MRAS) and RIT1 in the patient’s iPSC-CMs (Figure 7C). This finding is in agreement
with our previous observation in LZTRI-truncating variant carriers® and confirms the pivotal role of
LZTR1 in targeting various RAS isoforms for LZTR1-cullin 3 ubiquitin ligase complex-mediated
ubiquitination, and degradation.*>*® Further, it highlights that LZTR1"%" results in protein loss-of-
function, causing an accumulation of RAS proteins in the cells, providing molecular evidence for the
causative nature of the missense variant. Strikingly, protein levels of the different RAS isoforms were
normalized in both the heterozygously as well as the homozygously corrected iPSC-CMs, confirming
that only one functional LZTR1 allele is sufficient to regulate the protein pool of RAS GTPases in
cardiomyocytes (Figure 7D-E). As anticipated, transcriptome analyses showed similar mRNA
expression levels of the different RAS isoforms in the patient’s and CRISPR-corrected iPSC lines,
indicating a post-translational cause for the higher abundance of RAS proteins in LZTR1"%% cultures
(Figure S2 in the supplement). In contrast, the significantly elevated protein levels of the protein quality
control-associated heat shock-related 70 kDa protein 2 (HSPA2) in the patient’s cells in comparison to
the WT and CRISPR-corrected cells were related to upregulation of gene expression, suggesting that

HSPA2 is not directly targeted by LZTR1 for degradation.

To assess the correlation of the different proteomic profiles with respect to the disease-specific
proteome signatures upon LZTR1 deficiency, we performed a comparison analysis of the data sets from
(1) LZTR18% versus WT, (2) LZTRI® ™"t versus LZTR1"%® and (3) LZTRI®™°™ versus LZTR1"%%. We
found 78 proteins being differentially regulated in all three data sets (Figure 7F). Here, a profound
subset of proteins of the overlapping profile that was significantly higher abundant in the patient’s
cells, such as the MAPK-activated protein kinase RPS6KA3, was normalized after heterozygous and
homozygous CRISPR-correction of the pathological LZTR1 variant. Vice versa, numerous

downregulated proteins in the patient samples were found to be elevated in the gene-edited iPSC-
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CMs. Further, we performed a Reactome pathway enrichment analysis to uncover dysregulated
pathways and/or biological processes associated to LZTR1°%%, The analysis indicated that differentially
abundant proteins in patient-derived samples were enriched in critical cardiac-related biological
processes, such as muscle contraction and extracellular matrix organization, as well as in cellular routes

associated to metabolism (Figure 7G).

In agreement with the proteomic data, Western blot analysis confirmed the strong accumulation of
MRAS, RIT1, and the classical RAS isoforms (HRAS, KRAS, and NRAS; detected by pan-RAS) in the
LZTR18% cultures, and further confirmed a normalization of RAS levels in the CRISPR-corrected

isogenic iPSC-CMs to WT control levels (Figure 7H-K).

Collectively, these data demonstrate that the missense variant LZTR1"%" in homozygosity resulted in
protein loss-of-function causing an accumulation of RAS GTPases as the critical underlying disease
mechanism in cardiomyocytes from the NS patient. In line, correction of the homozygous missense

variant on at least one allele normalized the molecular pathology.

Homozygous LZTR1*8% provokes cardiomyocyte hypertrophy

To elucidate the consequences of dysregulated RAS/MAPK signalling on the cellular characteristics of
cardiomyocytes, we investigated the sarcomere homogeneity, the overall myofibril organization, and
the cell size of the patient-derived iPSC-CMs, the CRISPR-corrected cells, as well as the WT controls at
day 60 of differentiation (Figure 8A). Immunocytochemical staining of cardiac subtype-specific proteins
revealed that all iPSC lines exhibit a well-organized sarcomeric organization with a pronounced striated
expression of a-actinin and ventricular-specific MLC2V (Figure 8B). In order to analyze the
homogeneity of sarcomeres in detail, we measured the distances between the sarcomeric Z-disks
along individual myofibrils (Figure 8C). In agreement with the sarcomere length previously observed in
neonatal and adult human hearts,®* LZTR1-deficient as well as corrected and WT cells revealed a typical
sarcomere length ranging from 1.7 to 2.2 um with an average of approximately 1.9 um across all iPSC
lines (Figure 8D). As sarcomeric disarray has been frequently reported in other iPSC-CM models of both
NS-associated and non-syndromic HCM,**°2 we examined the myofibril organization in the individual
iPSC-CMs stained for a-actinin by Fast Fourier Transform. The quantitative analysis did neither reveal
any decrease of sarcomere regularity nor any pathological myofibril organization in LZTR1"8%P cultures
(Figure 8E). On the contrary, LZTR1"8" and CRISPR-corrected iPSC-CMs even demonstrated a slightly
higher myofibril regularity compared to unrelated controls, indicating that the pathological gene

variant has no severe impact on sarcomere structures.
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As cardiomyocyte hypertrophy is a major hallmark of HCM, we further investigated the medium cell
size of iPSC-CMs from all cell lines by utilizing our previously established assay to determine the cell
size of iPSC-CMs in suspension.” Here, the patient’s iPSC-CMs displayed a significant cellular
enlargement compared to WT iPSC-CMs (Figure 8F). Strikingly, the hypertrophic phenotype was
normalized in the CRISPR-corrected cells from both the LZTR1®™" gnd the LZTRI®™"°™ isogenic
cultures. Moreover, and in line with the molecular observations, heterozygous correction of the

pathological variant was sufficient to significantly reduce cellular hypertrophy.

In summary, the patient’s iPSC-CMs harboring the homozygous missense variant LZTR1'%80P
recapitulated the cardiomyocyte hypertrophy in vitro. Importantly, CRISPR-correction of the

pathological variant was able to normalize the hypertrophic phenotype.

Homozygous LZTR1*%% does not compromise contractile function

NS-associated HCM as well as inherited forms of non-syndromic HCM are frequently associated with
contractile dysfunction and these patients are at risk for developing arrhythmias.’*% Hence, we
generated engineered heart muscles (EHMs) from diseased, CRISPR-corrected, and WT iPSC-CMs
enabling us to investigate the functional characteristics in a three-dimensional environment closer
resembling the native conditions of the human heart muscle (Figure 9A).5%*> Microscopically, all iPSC
lines formed homogenous cardiac tissues without showing apparent cell line-dependent differences
after six weeks of cultivation and maturation (Figure 9B). Optical measurements were performed to
study beating rate, force of contraction, and contraction kinetics in spontaneously contracting EHMs
(Figure 9C). In comparison to WT EHMs, a slightly increased spontaneous beat frequency was detected
in the LZTR1%8® EHMs (Figure 9D). Interestingly, all tissues reflected a robust beat rhythm and a very
low beat-to-beat variability over the entire recording time, indicating that the diseased tissues do not
provoke development of arrhythmic events (Figure 9E). Furthermore, no significant differences in force
of contraction were identified (Figure 9F). In accordance with higher beat frequencies, significantly
shorter contraction times, and relaxation times were observed in LZTR1“%%- [ZTR1™et and the
LZTRI®™M°m_derived EHMs (Figure 9G,H). However, since the altered kinetics were noticed in both

diseased and CRISPR-corrected tissues, this rather suggested a mutation-independent effect.

Taken together, this functional data indicates that the missense variant LZTR1%% does not significantly

impact the contractile function and rhythmogenesis of cardiomyocytes.
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Homozygous LZTR1%% induces polymerization of LZTR1-cullin 3 ubiquitin ligase complexes

11589 on the molecular and cellular pathophysiology in

Considering the severe consequence of LZTR
cardiomyocytes, we aimed to determine the specific effect of this variant on protein structure,
complex formation, as well as its subcellular localization. We were not able to visualize endogenous
LZTR1 in our cell model, neither by testing of multiple commercial antibodies nor by n-terminal or c-
terminal genetic tagging of the LZTR1 gene locus. In order to circumvent these obstacles, we
established ectopic expression of tagged LZTR1 in WT iPSC-CMs at around day 60 of differentiation by
lipofectamine-based plasmid transfection (Figure 10A). Besides LZTR1"" and LZTR1%%, we screened
the NS patient database® for additional missense variants classified as likely pathogenic or variant of
uncertain significance and located in close proximity to LZTR1% (within the BACK1 domain), and
included these in our screening panel (Figure 10B). Of note, except for LZTR13% and LZTR15°%32,34 hone
of the other variants had been reported to be present in homozygosity in LZTR1-associated NS. In

addition, we also included a truncating variant LZTR148782-BAK2 |5cking the entire BTB2-BACK2 domain,

that mimicked the genotype of the two siblings described in our previous study.*

As previously observed in other cell types (such as HeLa*? and HEK293%), LZTR1"" presented as dotted
pattern equally distributed throughout the cell (Figure 10C, Figure 14A in the supplement). A similar
dotted appearance was observed for the variants LZTR1%63Q, [ZTR1"7T, [ ZTR1VS°M, | ZTR1%8%, and
LZTRIR®™M A expected, the truncating variant LZTR128T82BACK2 showed a mislocalized homogeneous
cytoplasmic distribution. Surprisingly, missense variant LZTR1"®" formed large filaments within the
cytoplasm (Figure 10C, Figure 14A in the supplement). To verify this initial finding, we co-expressed
two differentially tagged LZTR1 constructs and evaluated their overlap within the cells. In accordance,
LZTR1"8% appeared as large protein polymers, whereas LZTR1"" remained speckle-like (Figure 10D).
As LZTR18% in heterozygous state did not induce a disease phenotype based on our clinical and our
experimental evidence, we hypothesized that co-expression of LZTR1%8%® and LZTRIW™ might resolve

18%_induced filaments dispersed when co-expressed with the

the polymer chains. Strikingly, the LZTR
WT variant, implicating that the LZTR1 complexes exclusively assembled to large protein polymers
when the specific LZTR18P missense variant is present on both alleles (Figure 10E). To quantitatively
analyze these observations, we established an automated image-based speckle/filament recognition
and computation (Figure 14B in the supplement). Whereas LZTR1" displayed a mean speckle size of
0.9 um, the mean filament length per cell in LZTR1"*¥%" amounted to 7.9 um (Figure 10F). In line, co-

expression of mutant and WT constructs, and vice versa, normalized the speckle size to 1.2 um and

1.3 um, respectively.
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Next, we asked whether LZTR1 polymerization might potentially interfere with proper targeting of
degradation substrate MRAS or binding of ubiquitin ligase cullin 3. Thus, we evaluated co-localization
of WT and mutant LZTR1 with MRAS and cullin 3 in WT iPSC-CMs after co-transfection (Figure 10G).
Whereas, MRAS and cullin 3 displayed a homogeneous cytoplasmic distribution when expressed alone,
both LZTRIVT and LZTR1%" |ed to recruitment of MRAS and cullin 3 to the speckles and protein

polymers, respectively (Figure 10H,1).

In summary, our data provides evidence that the missense variant LZTR1*®%" induces a unique
polymerization of the LZTR1-cullin 3 ubiquitin ligase complexes. Furthermore, although binding of
cullin 3 and degradation targets is not severely impaired by the mutation, it indicates that

polymerization compromises the proper function of the LZTR1 ubiquitination complexes.

Homozygous LZTR1"8% alters binding affinities of dimerization domains

Based on previous studies, proteins from the BTB-BACK-Kelch domain family including LZTR1 are
predicted to assemble in homo-dimers.34*%7 However, our current knowledge regarding the exact
domains responsible for LZTR1 dimerization is limited. In order to identify a plausible explanation for
the LZTR1®"-induced polymerization, we utilized ColabFold — an AlphaFold-based platform for the
prediction of protein structures and homo- and heteromer complexes.®® We used a homo-trimer
configuration of the experimentally employed LZTR1 variants (all within the BACK1 domain) and
AlphaFold-multimer predicted five high-quality models each with an average predicted local distance
difference test (a per-residue confidence metric) between 64.1 and 76.0. For all variants, we inspected
the interaction between the chains through the predicted alignment error (PAE) generated by
AlphaFold-multimer (Figure 15 in the supplement). Here, a low PAE indicates that the relative position
and orientation of the positions x and y was correctly predicted — a measure indicating if interfacing
residues were correctly predicted across chains. Based on these predictions, we compared the top-
ranked models of each variant according to the predicted template modeling score, which
corresponded to overall topological accuracy (Figure 11A). The top-ranked model for LZTRIWT showed
interaction as a homo-dimer via the BACK2-BACK2 domain, whereas the third LZTR1 protein remained
monomeric (Figure 11A,B). We also observed the identical dimerization via the BACK2 domains for all
other variants, except for LZTR1°®%, In contrast, the top-ranked model for LZTR1"®" predicted an
interaction between all three chains, on the one hand via the BACK2-BACK2 domain and on the other
hand via the BACK1-BACK1 domain (Figure 11A,B).Collectively, these in silico predictions suggest that
LZTR1 typically forms homo-dimers via the BACK2 domains, and that the missense variant LZTR1%%%°

alters the binding affinities of the BACK1 domain enabling formation of linear LZTR1 polymer chains
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via both dimerization domains, thereby providing a rationale for the molecular and cellular

impairments in NS (Figure 11C).

4.4 Discussion

Both autosomal dominant and autosomal recessive forms of LZTR1-associated NS have been described
presenting with a broad clinical spectrum and various phenotypic expression of symptoms. However,
the mechanistic consequences of numerous of these mutations, mostly classified as variants of
uncertain significance, are still under debate. In previous studies, we and others elucidated the role of
LZTR1 as a critical negative regulator of the RAS/MAPK pathway by controlling the pool of RAS
GTPases.3®42% By using patient-derived iPSC-CMs from NS patients with biallelic truncating LZTR1
variants, we could show that LZTR1 deficiency results in accumulation of RAS levels, signalling
hyperactivity, and cardiomyocyte hypertrophy.* Further, by genetically correcting one of the two
affected alleles, we could show that one functional LZTR1 allele is sufficient to maintain normal
RAS/MAPK activity in cardiac cells. In contrast to the truncating variants, dominant LZTR1 missense
variants generally cluster in the Kelch motif. Based on heterologous expression systems, these
dominant variants are considered to perturb recognition or binding of RAS substrates to the LZTR1
ubiquitination complex.*>#2* Much less is known about the functional relevance of recessive LZTR1
missense variants, which are distributed over the entire protein. Detailed insights in the underlying
molecular and functional mechanisms of selective variants causing the severe cardiac phenotype in NS
enable to gain insights into specific structure-function relations of LZTR1 and are crucial to facilitate

the development of patient-specific therapies.

In this study, we diagnosed a patient with NS, who presented typical clinical features of NS including
an early-onset HCM and confirmed this diagnosis on genetic level by the identification of the
homozygous, causative variant c.1739T>C/p.L580P in LZTR1 by whole exome sequencing. The variant
is novel and was not described before in patients with NS and we classified LZTR18% as likely causative
based on its absence in gnomAD and our computational prediction. Besides this LZTR1 variant, no
additional variants were detected in other NS-associated genes or novel RAS-associated candidate
genes. By combining in vitro disease modeling using patient-specific and CRISPR/Cas9-corrected iPSC-
CMs, with molecular and cellular phenotyping, as well as in silico structural modeling, we uncovered a
unique LZTR1Y8%-specific disease mechanism provoking the cardiac pathology of NS. In detail, we
found that a) LZTR1"%% is predicted to alter the binding affinity of the BACK1 dimerization domain
facilitating the formation of linear LZTR1 protein chains; b) homozygous LZTR18% fosters the assembly
of large polymers of LZTR1-cullin 3 ubiquitin ligase complexes; c) pathological polymerization results

in LZTR1 complex dysfunction, accumulation of RAS GTPases and RAS/MAPK signalling hyperactivity;
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and d) increased signalling activity induces global changes of the proteomic landscape ultimately
causing cellular hypertrophy.Importantly, correction of one allele — in line with co-expression of WT
and mutant LZTR1 transcripts — is sufficient to normalize the cardiac disease phenotype both on

molecular and cellular level.

Based on recent publications, there is a broad consensus about the role of LZTR1 as an adaptor protein
for the cullin 3 ubiquitin ligase complex targeting RAS proteins for ubiquitination and subsequent
protein degradation.?>4%427% |n |ine with observations in other NS-associated genes and mutations,
LZTR1 dysfunction and concomitant accumulation of RAS GTPases results in hyperactivation of
RAS/MAPK signalling. However, it remains controversial, whether LZTR1 is able to recognize all
members of the RAS GTPase family for degradation or whether there is a selective affinity towards
particular isoforms. By using heterologous expression systems, LZTR1 interaction with the main highly
conserved RAS isoforms HRAS, KRAS and NRAS was observed.3®4%4 On the contrary, Castel and
colleagues observed a selective binding of LZTR1 with RIT1 and MRAS, but not with HRAS, KRAS or
NRAS.* Moreover, in homozygous Lztrl knockout mice elevated RIT1 protein levels were detected
across different organs including brain, liver, and heart, whereas HRAS, KRAS, and NRAS levels
(recognized by pan-RAS) remained unchanged.® By using global proteomics, we now provide further
evidence that LZTR1 dysfunction in cardiomyocytes in particular causes severe accumulation of MRAS
and RIT1 and, to a lower extent, upregulation of the other isoforms HRAS, KRAS and NRAS, although
all isoforms are robustly expressed in this cell type. We conclude that based on gene expression data
and overall protein levels, MRAS seems to be the most prominent RAS candidate in cardiomyocytes
driving the signalling hyperactivity in these cells. These observations suggest that under endogenous
expression levels, LZTR1 possesses a certain selectivity towards MRAS and RIT1, and a lower affinity to
the main isoforms HRAS, KRAS and NRAS. However, we cannot exclude that there might be potential

cell type-specific differences in LZTR1-RAS binding affinities.

Besides accumulation of RAS members, HSPA2 was strongly upregulated in LZTR1-deficient iPSC-CMs
both on transcriptional as well as on protein level, suggesting that HSPA2 is not a direct substrate of
LZTR1. In line, severely increased HSPA2 levels had been observed by us in NS iPSC-CMs with LZTR1-
truncating variants,* in a RAF1-related NS iPSC-CM model,*® as well as in iPSC-CMs from Fabry disease
patients, a lysosomal storage disorder associated with cardiac involvement such as HCM and
arrhythmias.’® Moreover, a significant cardiomyocyte-specific elevation of HSPA2 was also observed
in HCM tissue from patients.?°%102 A heat shock protein 70-based therapy has been shown to reverse

lysosomal pathology,®

whereas deletion of these gene members was assumed to induce cardiac
dysfunction and development of cardiac hypertrophy.’® As a member of the large group of

chaperones, HSPA2 is known to have a dual function in cells: to mediate disaggregation and refolding
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of misfolded proteins as well as to assist in protein degradation via the ubiquitin-proteasome system
or the lysosome-mediated autophagy.1%% This suggests that HSPA2 upregulation might be a cardio-
protective adaptive response of the hypertrophic cardiomyocytes to cope with LZTR1*8%-induced RAS
accumulation (and potentially also with LZTR1 polymerization), by regulating the quality control

mechanisms for protein degradation.

Major hallmarks of pathological cardiac hypertrophy include impaired cardiac function, changes in
extracellular matrix composition, and fibrosis, as well as metabolic reprogramming and mitochondrial
dysfunction.'®” In accordance, the proteomic disease signature of patient-derived iPSC-CM cultures
revealed impairments in muscle contraction, extracellular matrix organization, and metabolism, all
crucial for proper cardiomyocyte function. Furthermore, LZTR1"%%-derived iPSC-CMs recapitulated
the patient’s hypertrophic phenotype reflected by cellular enlargement. Strikingly, both the molecular
profile as well as cellular hypertrophy were resolved upon CRISPR-correction of the missense variant.
Interestingly, no myofibrillar disarray was observed in our cell model. However, the presence of
myofibril disarray in NS remains controversial: whereas structural defects were described in RAF1-

46,108 \we and others did not observe any impact on sarcomere structures or

associated iPSC models,
myofibril organization in LZTR1-related, PTPN11-related, and BRAF-related iPSC-CMs,*8%%0 implying

potential genotype-dependent differences in the manifestation of myofibril disassembly in NS.

Missense variants in LZTR1 located within the Kelch domain are predicted to affect substrate
recognition, whereas missense variants in the BTB-BACK domain are assumed to impair either binding
of cullin 3, proper homo-dimerization, or correct subcellular localization. Several studies could provide
proof that dominantly acting Kelch domain variants perturb recognition of RAS substrates, but do not
affect LZTR1 complex stability or subcellular localization.?%4274410% vice versa, BTB-BACK missense
variants showed no influence on RIT1 binding.**'% However, variants located in the BTB1 or the BTB2
domain, such as LZTR14°%6, | ZTR1R46¢Q | 7TR1P>?% and LZTR17%%¢, caused a subcellular mislocalization
from defined speckles to a diffuse cytoplasmic distribution, similar to the findings obtained from
truncating LZTR1 variants.*>** In addition to these distinct pathological consequences from different
variants analyzed so far, we now provide evidence for an alternative disease mechanism unique to
BACK1 domain-located LZTR1"8: ectopic expression of LZTR1:8% in iPSC-CMs caused a pathological
polymerization of LZTR1 ubiquitination complexes. Moreover, it triggered a re-localization of MRAS
and cullin 3 to the polymer chains, hence, binding probabilities to substrates and interaction partners
were not significantly affected by the mutation. This remarkable phenotype was not observed for any
other variant within the BACK1 domain. Notably, ectopic co-expression of LZTR1°8" and LZTRIV™
alleviated the polymerization, indicating that the assembly of LZTR1 polymer chains exclusively occurs

if the mutated proteins are present at homozygous state. Strikingly, an oligomerization of another BTB-
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BACK family member had been reported previously: Marzahn and colleagues revealed that dimers
from the cullin 3 ubiquitin ligase substrate adaptor SPOP (harboring only one BTB-BACK domain) self-
associate into linear higher-order oligomers via BACK domain dimerization.'*® These SPOP oligomers
assembled in membrane-less cellular bodies, visualized as nuclear speckles, and it was proposed that
the speckles might be important hotspots of ubiquitination. Based on these findings and our data, we
propose that LZTR1 complexes concentrate in cellular speckles (either as dimers or as oligomers) to
form subcellular clusters for efficient ubiquitination and degradation of RAS proteins. However,
LZTR1Y%%-induced polymerization of these complexes compromises regular function, leading to

accumulation of substrates.

Our knowledge about the particular domains responsible for LZTR1 homo-dimerization is still
incomplete. Whereas Castel and colleagues proposed that the BTB1 and the BACK1 domain are
required for dimerization,® Steklov et al. observed impaired assembly in a BACK2 domain mutated
LZTR1 variant.** Based on in silico modeling, we now propose that LZTR1 can dimerize either via the
BACK2-BACK2 domains or via the BACK1-BACK1 domains. Although in LZTR1YT the BACK2-BACK2
dimerization might be primarily utilized, changes in binding affinities of the BACK1 domain as a
consequence of LZTR1"8% facilitated tandem self-association of dimers to linear multimers. Strikingly,
the in silico models for complex assembly of the different variants were consistent with the
experimental data. However, this analysis must be taken with caution as the PAE signal across chains
is overall weak and AlphaFold-multimer was not trained with single point variants in mind. Of note,
dimer + monomer as well as trimer interactions (in diverse combinations, such as via BACK2-BACK2
and BACK1-BACK1 or via BACK2-BACK2-BACK2) had also been predicted for the other BACK1 variants
as well as for WT in the lower-ranked models (Figure S4 in the supplement). As a next step, it would
be interesting to see, if the trend stays consistent for complexes with more chains. However, due to

technical prerequisites, we were currently not able to predict more than three chains.

So far, the relevance of certain LZTR1 missense variants on the molecular and cellular processes had
been investigated in heterologous expression systems, failing to faithfully represent human cardiac
physiology. Our study demonstrates the potential of patient-specific iPSCs to model human diseases
and to uncover variant-specific pathomechanisms, which might facilitate the development for early
and more precise therapies. Despite the great advantages of this model system over other cellular
models, iPSC-CMs possess certain limitations. As summarized by several reports, iPSC-CMs are
considered to be developmentally immature characterized by molecular and functional properties
similar to fetal CMs.>% 111112 Although we complemented our study by utilizing three-dimensional
EHMs, these in vitro models are currently not able to entirely resemble the disease phenotype at organ

level. Nevertheless, our investigations at single cell and tissue level proofed to be a valuable platform
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for uncovering disease-relevant signalling pathways, identifying novel therapeutic targets and studying

the disease progression during cardiogenesis.

Taken together, this study uncovered a novel mechanism causing recessive NS, which is initiated by
LZTR1"8%"-driven polymerization of LZTR1 ubiquitination complexes, provoking molecular and cellular
impairments associated with cardiac hypertrophy. Moreover, CRISPR-correction of the missense
variant on one allele was sufficient to rescue the phenotype, thereby providing proof-of-concept for a

sustainable therapeutic approach.

4.5 Materials and methods
Ethical approval

The study was approved by the Ethics Committee of the University Medical Center Géttingen (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 representatives prior to the participation in

the study.

Whole exome sequencing

Whole exome sequencing on genomic DNA of the patient was performed using the SureSelect Human
All Exon V6 kit (Agilent) on an lllumina HiSeq 4000 sequencer. The “Varbank 2.0” pipeline of the
Cologne Center for Genomics (CCG) was used to analyze and interpret the exome data, as previously
described.* Co-segregation analysis was performed in the family. Computational predictions for the
pathogenicity of the variant were performed using MutationTaster
(https://www.mutationtaster.org/),  SIFT  (https://sift.bii.a-star.edu.sg/), and  PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/).

Generation and culture of human iPSCs

Human iPSC lines from two healthy donors, from an NS patient with a pathological missense variant in
LZTR1 (NM_006767.4: ¢.1739T>C/p.8%; Clinvar: RCV000677201.1), as well as heterozygous and
homozygous CRISPR/Cas9-corrected iPSC lines were used in this study. Wild type iPSC lines UMGi014-
C clone 14 (isWT1.14, here abbreviated as WT1) and UMGIi130-A clone 8 (isWT11.8, here abbreviated
as WT11) were generated from dermal fibroblasts and peripheral blood mononuclear cells from two
113,114

male donors, respectively, using the integration-free Sendai virus and described previously.

Patient-specific iPSC line UMGIi137-A clone 2 (isNoonSf1.2, here abbreviated as [ZTR1“%%) was
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generated from patient’s dermal fibroblasts using the integration-free Sendai virus according
manufacturer’s instructions with modifications, as previously described.* Genetic correction of the
pathological gene variant in the patient-derived iPSC line UMGIi137-A clone 2 was performed using
ribonucleoprotein-based CRISPR/Cas9 using crRNA/tracrRNA and Hifi SpCas9 (IDT DNA technologies)
by targeting exon 15 of the LZTR1 gene, as previously described.® The guide RNA target sequence was
(PAM in bold): 5'-GCGGCACTCTCGCACACAAC CGG-3'. For homology-directed repair, a single-stranded
oligonucleotide with 45-bp homology arms was used. After automated clonal singularization using the
single cell dispenser CellenOne (Cellenion/Scienion) in StemFlex medium (Thermo Fisher Scientific),
successful genome editing was identified by Sanger sequencing and the CRISPR-corrected isogenic iPSC
lines UMGIi137-A-1 clone D8 (isNoonSfl-corr.D8, here abbreviated as ©8P«mhet) and UMGi137-A-1
clone D1 (isNoonSfl-corr.D1, here abbreviated as °8P<™h°m) were established. Newly generated iPSC
lines were maintained on Matrigel-coated (growth factor reduced, BD Biosciences) plates, passaged
every 4-6 days with Versene solution (Thermo Fisher Scientific) and cultured in StemMACS iPS-Brew
XF medium (Miltenyi Biotec) supplemented with 2 uM Thiazovivin (Merck Millipore) on the first day
after passaging with daily medium change for at least ten passages before being used for molecular
karyotyping, pluripotency characterization, and differentiation experiments. Pluripotency analysis via
immunocytochemistry and flow cytometry was performed, as previously described.*® For molecular
karyotyping, genomic DNA of iPSC clones was sent for genome-wide analysis via lllumina BeadArray
(Life&Brain, Germany). Digital karyotypes were analyzed in GenomeStudio v2.0 software (lllumina).
For off-target screening, the top five predicted off-target regions for the respective guide RNA ranked
by the CFD off-target score using CRISPOR?® were analyzed by Sanger sequencing. Human iPSCs and
iPSC-derivatives were cultured in feeder-free and serum-free culture conditions in a humidified
incubator at 37°C and 5% CO.. All antibodies used for immunofluorescence and flow cytometry are

listed in Table S1 in the supplement.

Cardiomyocyte differentiation of iPSCs and generation of engineered heart muscle

Human iPSC lines were differentiated into ventricular iPSC-CMs via WNT signalling modulation and
subsequent metabolic selection, as previously described,* and cultivated in feeder-free and serum-
free culture conditions until day 60 post-differentiation before being used for molecular and cellular
experiments. Defined, serum-free EHMs were generated from iPSC-CMs around day 30 of
differentiation and human foreskin fibroblasts (ATCC) at a 70:30 ratio according to previously
published protocols.® Optical analysis of contractility and rhythm of spontaneously beating EHMs in a

48 well plate was performed between day 34 and day 42 of culture using a custom-built setup with a
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high-speed camera by recording the movement of the two UV light-absorbing flexible poles.
Contractility parameters of EHM recordings of at least 1 min recording time were analyzed via a
custom-build script in MatLab (MathWorks). For each iPSC line, three individual differentiations were

used for EHM casting.
Proteomics and Western blot analysis of iPSC-CMs

For proteomic analysis, iPSC-CMs were pelleted at day 60 of differentiation by scratching in RIPA buffer
(Thermo Fisher Scientific) containing phosphatase and protease inhibitor (Thermo Fisher Scientific)
and snap-frozen in liquid nitrogen. Cell pellets were reconstituted in 8 M urea/ 2 M thiourea solution
(Sigma-Aldrich) and lysed by five freeze-thaw cycles at 30°C and 1.600 rpm. Protein containing
supernatant was collected by centrifugation. Nucleic acid was degraded enzymatically with 0.125 U/ug
benzonase (Sigma-Aldrich), and protein concentration was determined by Bradford assay (Bio-Rad).
Five ug protein was processed for LC-MS/MS analysis, as previously described.*® Briefly, protein was
reduced (2.5 mM dithiothreitol, Sigma-Aldrich; 30 min at 37°C) and alkylated (10 mM iodacetamide,
Sigma-Aldrich; 15 min at 37°C) before proteolytic digestion with LysC (enzyme to protein ratio 1:100,
Promega) for 3 h and with trypsin (1:25, Promega) for 16 h both at 37°C. The reaction was stopped
with 1% acetic acid (Sigma-Aldrich), and the peptide mixtures were desalted on C-18 reverse phase
material (ZipTip u-C18, Millipore). Eluted peptides were concentrated by evaporation under vacuum
and subsequently resolved in 0.1% acetic acid / 2% acetonitrile containing HRM/iRT peptides
(Biognosys) according to manufacturer’s recommendation. LC-MS/MS analysis was performed in data-
independent acquisition (DIA) mode using an Ultimate 3000 UPLC system coupled to an Exploris 480
mass spectrometer (Thermo Scientific). Peptides were separated on a 25 cm Accucore column (75 um
inner diameter, 2.6 um, 150 A, C18) at a flow rate of 300 nl/min in a linear gradient for 60 min.
Spectronaut software (Biognosys) was used for the analysis of mass spectrometric raw data. For
peptide and protein identification, the Direct DIA approach based on UniProt database limited to
human entries was applied. Carbamidomethylation at cysteine was set as static modification, oxidation
at methionine and protein N-terminal acetylation were defined as variable modifications, and up to
two missed cleavages were allowed. lon values were parsed when at least 20% of the samples
contained high quality measured values. Peptides were assigned to protein groups and protein
inference was resolved by the automatic workflow implemented in Spectronaut. Statistical data
analysis was conducted using an in-house developed R tool and based on median-normalized ion peak
area intensities. Methionine oxidized peptides were removed before quantification. Differential
abundant proteins (p-value < 0.05) were identified by the algorithm ROPECA! and application of the
reproducibility-optimized peptide change averaging approach?'® applied on peptide level. Only

proteins quantified by at least two peptides were considered for further analysis. Reactome pathway
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enrichment analysis was performed using the ClueGo plugin in Cytoscape. For each iPSC line, at least
three individual differentiations were analyzed. For Western blot analysis, protein containing
supernatant was collected by centrifugation. Protein concentration was determined by BCA assay
(Thermo Fisher Scientific). Samples were denatured at 95°C for 5 min. 15 pg protein were loaded onto
a 4-15% Mini-PROTEAN TGX Stain-Free precast gel (Bio-Rad). The protein was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (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 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), membranes
were incubated in primary antibody solution (1% milk in TBS-T) overnight. Membrane was washed trice
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
Substrat (Thermo Fisher Scientific). Image acquisition was performed with the ChemiDoc XRS+ (Bio-
Rad) at the high-resolution mode. For protein quantification, Imagelab (Bio-Rad) was used and protein
levels were first normalized to total protein and second to the corresponding WT samples on each blot.
For each iPSC line, 8 individual differentiations were analyzed. All antibodies used for Western blot are

listed in Table S1 in the supplement.

Real-time PCR analysis of iPSC-CMs

Pellets of iPSC-CMs at day 60 of differentiation were snap-frozen in liquid nitrogen and stored at -80°C.
Total RNA was isolated using the NucleoSpin RNA Mini kit (Macherey-Nagel) according to
manufacturer’s instructions. 200 ng RNA was used for the first-strand cDNA synthesis by using the
MULV Reverse Transcriptase and Oligo d(T)16 (Thermo Fisher Scientific). For real-time PCR, cDNA was
diluted 1:1 with nuclease-free water (Promega). Quantitative real-time PCR reactions 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 AACT method and values were
normalized to GAPDH gene expression and to WT controls. Primer sequences are listed in Table S2 in

the supplement.
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Analysis of sarcomere length and myofibril organization of iPSC-CMs

To analyze the sarcomere length and myofibril organization, iPSC-CMs were cultured on Matrigel-
coated coverslips and fixed at day 60 of differentiation in 4% Roti-Histofix (Carl Roth) at RT for 10 min
and blocked with 1% Bovine Serum Albumin (BSA; Sigma-Aldrich) in PBS (Thermo Fisher Scientific)
overnight at 4°C. Primary antibodies were applied in 1% BSA and 0.1% Triton-X100 (Carl Roth) in PBS
at 37°C for 1h or at 4°C overnight. Secondary antibodies with minimal cross reactivity were
administered in 1% BSA in PBS (Thermo Fisher Scientific) at RT for 1 h. Nuclei were stained with 8.1 uM
Hoechst 33342 (Thermo Fisher Scientific) at RT for 10 min. Samples were mounted in Fluoromount-G
(Thermo Fisher Scientific). Images were collected using the Axio Imager M2 microscopy system (Carl
Zeiss) and Zen 2.3 software. For analysis of the sarcomere length, images with a-actinin staining of
iPSC-CMs were evaluated using the SarcOptiM plugin in Imagel) (National Institutes of Health).!'° Here,
three independent lines along different myofibrils within one cell were selected to calculate the mean
sarcomere length per cell. For each iPSC line, three individual differentiations with 9-13 images per
differentiation and two cells per image were analyzed. To analyze the myofibril organization, images
with a-actinin staining of iPSC-CMs were processed using the Tubeness and Fast Fourier Transform
plugins in Imagel. Processed images were radially integrated using the Radial Profile Plot plugin in
Imagel and the relative amplitude of the first-order peak in the intensity profile as a measure of
sarcomere and myofibril regularity was automatically analyzed using LabChart (ADInstruments). For
each iPSC line, three individual differentiations with 7-11 images per differentiation were analyzed. All

antibodies used for immunofluorescence are listed in Table S1 in the supplement.

Analysis of cell size of iPSC-CMs

To study cellular hypertrophy, iPSC-CMs at day 60 of differentiation were analyzed for cell size in
suspension, as previously described.? In brief, iPSC-CMs at day 50 of differentiation were plated at a
density of 2.5x10° cells per well on Matrigel-coated 12-well plates. At day 60 of differentiation, cells
were singularized with StemPro Accutase Cell Dissociation Reagent (Thermo Fisher Scientific) and
measured for cell diameter using the CASY cell counter system (OMNI Life Science). Each value
represents a mean of 5x10% to 1.5x10* cells per measurement. To exclude cell debris and cell clusters,
only values within a diameter range of 15-40 um were selected. For each iPSC line, at least three

individual differentiations with 3-5 replicates per differentiation were analyzed.
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Ectopic expression of LZTR1 variants in iPSC-CMs

For ectopic expression studies, the human WT LZTR1 coding sequence was synthesized
(Genewiz/Azenta Life Sciences) and subcloned in pcDNA3-HA-humanNEMO (gift from Kunliang Guan,
Addgene plasmid #13512) by exchanging the NEMO coding sequence. Additionally, the HA-tag was
exchanged by a FLAG-tag by synthesis of the fragment and subcloning in pcDNA3-HA-LZTR1-WT
(Genewiz/Azenta Life Sciences). Patient-specific mutations were introduced into pcDNA3-HA-LZTR1-
WT and pcDNA3-FLAG-LZTRI-WT using mutagenesis PCR. The plasmids pCMV6-MRAS-Myc-DDK
(Origene, #RC212259) and pcDNA3-Myc-CUL3 (gift from Yue Xiong, Addgene plasmid #19893) were
used for co-expression experiments. Plasmid DNA was isolated via the endotoxin-free NucleoBond Xtra
Midi Plus EF kit (Macherey-Nagel). For transfection, WT1 iPSC-CMs cultured on Matrigel-coated 4-well
chamber slides at a density of 7x10* cells per well were transfected at day 60 of differentiation with
the respective plasmids using Lipofectamine Stem Transfection Reagent (Thermo Fisher Scientific)
according to manufacturer’s instructions with 700 ng per plasmid. After 24 h post-transfection, cells
were fixed, stained, and imaged as described above. To quantitatively analyze speckle size and filament
length, a custom-build pipeline in CellProfiler (BROAD institute) was applied. For each LZTR1 variant,
plasmid transfections were performed in at least three replicates. All antibodies used for
immunofluorescence are listed in Table S1 in the supplement. All plasmids used are listed in Table S3

in the supplement.

In silico prediction of protein structures and multimer complexes

Homo-trimer configurations of the different LZTR1 variants were predicted using ColabFold (version
02c53)%® and AlphaFold-multimer v232 with 6 recycles and no templates on an A5000 GPU with 24 GBs
of RAM and repeated twice. The five predicted models for each variant were ranked according to the
predicted template modeling score and interactions between the chains were inspected through the

predicted alignment error generated by AlphaFold-multimer.

Statistics

Data are presented as the mean * standard error of the mean, unless otherwise specified. Statistical
comparisons were performed using the D’Agostino-Pearson normality test and the nonparametric
Kruskal-Wallis test followed by Dunn correction in Prism 8 (GraphPad). Results were considered

statistically significant when the p-value was < 0.05.
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Figure 6: Generation of patient-specific and CRISPR-corrected iPSCs for disease modeling of recessive NS.

(A) Pedigree of the consanguineous family with healthy parents and the son affected by recessive NS harboring
the LZTR1 variant (c.1739T>C/p.L580P) in homozygosity. (B) Generation of patient-specific iPSCs by
reprogramming of patient’s skin fibroblasts via integration-free Sendai virus and genetic correction of the
missense variant by CRISPR/Cas9. (C) Depiction of the genome editing approach for correction of the missense
variant in LZTR1 exon 15 by CRISPR/Cas9 and single-stranded oligonucleotide (ssODN) for homology-directed
repair. (D) Sanger sequencing of the patient-derived iPSCs (LZTR1"%%) with the LZTR1 missense variant in
homozygosity and the CRISPR/Cas9-edited heterozygously corrected (LZTR1%°™"et) and homozygously corrected
(LZTR1c™hom) ipSCs. (E) Molecular karyotyping using a genome-wide microarray demonstrated a high percentage
of loss of heterozygosity (LOH) because of consanguinity as well as chromosomal stability of iPSCs after genome
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editing. (F) Patient-specific and CRISPR-corrected iPSCs showed a typical human stem cell-like morphology; scale
bar: 100 um. (G) Expression of key pluripotency markers OCT3/4, NANOG, and TRA-1-60 in the generated iPSC
lines was assessed by immunocytochemistry; nuclei were counter-stained with Hoechst 33342 (blue); scale bar:
100 um. (H) Flow cytometry analysis of pluripotency marker TRA-1-60 revealed homogeneous populations of
pluripotent cells in generated iPSC lines. Gray peaks represent the negative controls.
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Figure 7: Homozygous LZTR1'8% causes accumulation of RAS GTPases.

(A) Depiction of the experimental design: two individual WT, the patient-specific, and the two CRISPR-corrected
iPSC lines were differentiated into ventricular iPSC-CMs and analyzed by quantitative global proteomics via LC-
MS/MS at day 60 of differentiation; n=3-4 individual differentiations per iPSC line. (B) Over 4,700 proteins were
present in the individual proteomic samples, all showing comparable high abundance of cardiac markers myosin
heavy chain B (MHY?7), cardiac troponin T (TNNT2), a-actinin (ACTN2), titin (TTN), and ventricular-specific MLC2V
(MYL2). (C-E) Volcano plots representing relative protein abundances comparing patient’s versus WT iPSC-CMs
(C; LZTR18% ys WT), heterozygously corrected versus non-corrected iPSC-CMs (D; LZTR1® et ys [ ZTR1">%%), and
homozygously corrected versus non-corrected iPSC-CMs (E; LZTRI%™hom ys [ ZTR1'58%) revealed high abundance
of RAS GTPases in patient samples. (F) Comparison of differentially abundant proteins between the three
datasets revealed an overlap of 78 proteins, many of which showed opposite abundance in patient’s versus
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CRISPR-corrected iPSC-CMs. (G) Reactome pathway enrichment analysis of differentially abundant proteins in
LZTR1%8% vs WT displayed dysregulation of cardiac-related pathways and biological processes. (H)
Representative blots of RAS GTPase levels in WT, patient’s, and CRISPR-corrected iPSC-CMs at day 60 of
differentiation, assessed by Western blot; Vinculin served as loading control; n=3 individual differentiations per
iPSC line. (I-K) Quantitative analysis of Western blots for MRAS (1), RIT1 (J), and pan-RAS recognizing HRAS, KRAS,
and NRAS (K); data were normalized to total protein and to the corresponding WT samples on each membrane;
n=8 independent differentiations per iPSC line. Data were analyzed by nonparametric Kruskal-Wallis test with
Dunn correction and are presented as mean = SEM (I-K).
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Figure 8: Homozygous LZTR1">8% provokes cardiomyocyte hypertrophy.

(A) Depiction of the experimental design: two individual WT, the patient-specific, and the two CRISPR-corrected
iPSC lines were differentiated into ventricular iPSC-CMs and analyzed for sarcomere length, myofibril
organization, and cell size at day 60 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 um. (C) Analysis of the mean sarcomere length per cell was based on measurement of multiple
a-actinin-stained individual myofibrils; representative myofibrils and corresponding intensity plots are shown;
scale bar: 2 um. (D) Quantitative analysis displayed a typical sarcomere length in iPSC-CMs ranging from 1.7 to
2.2 um across all iPSC lines; n=75-135 cells from 3 individual differentiations per iPSC line. (E) Quantitative
analysis of the myofibril organization in a-actinin-stained iPSC-CMs, assessed by Fast Fourier Transform
algorithm, demonstrated a high myofibril regularity across all iPSC lines; data were normalized to WT; n=27-58
images from 3 individual differentiations per iPSC line. (F) Quantitative analysis of the cell diameter in suspension
in singularized iPSC-CMs, assessed by CASY cell counter, revealed a hypertrophic cell diameter in patient’s cells,
compared with WT and CRISPR-corrected iPSC-CMs; n=12-25 samples from 3-6 individual differentiations per
iPSC line. Data were analyzed by nonparametric Kruskal-Wallis test with Dunn correction and are presented as
mean = SEM (D-F).
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Figure 9: Homozygous LZTR1'5%% does not compromise contractile function.

(A) Depiction of the experimental design: the WT, the patient-specific, and the two CRISPR-corrected iPSC lines
were differentiated into ventricular iPSC-CMs and casted at day 30 of differentiation together with fibroblasts in
a collagen matrix for generation of EHMs. Tissues were analyzed for rhythmogenicity and contractile parameters
by optical recordings at 5-6 weeks post-casting; n=20-22 EHMs from 3 individual differentiations per iPSC line.
(B) Representative microscopic images of generated EHMs 6 weeks post-casting showing comparable tissue
morphologies; scale bar: 1 mm. (C) Exemplary contraction traces from optical recordings of EHMs 6 weeks post-
casting; peak amplitudes were normalized. (D) Quantitative analysis of the beating frequency of spontaneously
contracting EHMs displayed minor differences in patient-derived tissues. (E) Quantitative measurement of the
beat-to-beat variability of spontaneously contracting EHMs showed equal beating regularities across all tissues.
(F) Quantitative analysis of the force of contraction, assessed by measuring the relative deflection of flexible
poles, identified no significant differences across all iPSC lines. (G-H) Quantitative analysis of the contraction
kinetics revealed longer contraction times (G) and relaxation times (H) in WT compared to patient’s and CRISPR-
corrected EHMs. Data were analyzed by nonparametric Kruskal-Wallis test with Dunn correction and are
presented as mean + SEM (D-H).
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Figure 10: Homozygous LZTR1"8% induces polymerization of LZTR1-cullin 3 ubiquitin ligase complexes.

(A) Depiction of the experimental design: the WT iPSC line was differentiated into ventricular iPSC-CMs,
transfected at day 60 of differentiation with plasmids by lipofection for ectopic expression of LZTR1 variants and
analyzed 24 h post-transfection for subcellular localization LZTR1 complexes. (B) AlphaFold protein structure of
monomeric LZTR1 highlighting the location of selected variants within the BACK1 domain. (C) Representative
images of iPSC-CMs after single plasmid transfection stained for HA-tagged LZTR1 revealed that LZTRIWT and
most other variants present a speckle-like pattern equally distributed throughout the cytoplasm, whereas
missense variant LZTR1"°%% forms large filaments; nuclei were counter-stained with Hoechst 33342 (blue); scale
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bars: 20 um in upper panel, 5 um in lower panel. (D-E) Representative images of iPSC-CMs after dual plasmid
transfection stained for HA-tagged and FLAG-tagged LZTR1 confirmed the filament formation of LZTR158% (D),
whereas co-expression of LZTRIWT and LZTR1%% in different combinations resolved the polymer chains (E);
nuclei were counter-stained with Hoechst 33342 (blue); scale bar: 20 um. (F) Quantitative analysis of the mean
speckle size and mean filament length per cell of HA-tagged LZTR1 in co-transfected iPSC-CMs, assessed by a
customized CellProfiler pipeline, confirmed formation of LZTR1“%%-induced filaments; n=34-74 cells per
condition. (G) Experimental outline for co-localization studies: the WT iPSC line was differentiated into
ventricular iPSC-CMs, transfected at day 60 of differentiation with plasmids by lipofection for ectopic expression
of LZTR1 variants and MRAS or cullin 3 (CUL3), and analyzed 24 h post-transfection. (H-1) Representative images
of iPSC-CMs after dual plasmid transfection stained for HA-tagged LZTR1 and MYC-tagged MRAS (H) or MYC-
tagged CUL3 (l) indicated recruitment of the interaction partners to speckles in LZTR1"T or polymer chains in
LZTR1%8%: nuclei were counter-stained with Hoechst 33342 (blue); scale bar: 20 pm. Data were analyzed by
nonparametric Kruskal-Wallis test with Dunn correction and are presented as mean + SEM (F).
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Figure 11: Homozygous LZTR18% alters binding affinities of dimerization domains.

(A) Computational modeling of the top-ranked LZTR1 homo-trimer interactions from selected variants within the
BACK1 domain, assessed by the predicted alignment error generated by ColabFold, predicted a dimer plus
monomer configuration via BACK2-BACK2 dimerization for LZTRIYT and the other variants, whereas the top-
ranked model for LZTR1'°8%" was predicted to form linear trimers via BACK2-BACK2 and BACK1-BACK1
dimerization; yellow arrows highlight the predicted interaction domains between proteins. (B) Visualization of
the top-ranked protein interaction models for LZTR1"T assembling as dimer and monomer and for LZTR1%%°
forming linear trimers. (C) Hypothetical model for LZTR1 complex formation: whereas LZTRIWT assembles in
homo-dimers via the BACK2-BACK2 dimerization domain, LZTR1"%% might alter the binding affinity of the BACK1
domain, causing formation of linear LZTR1 polymer chains via dimerization of both BACK2 and BACK1 domains.
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Figure 12: Off-target screening in CRISPR/Cas9-edited iPSCs. (Supplementary figure)

(A) Sanger sequencing of the top five predicted off-target regions, ranked by the CFD off-target score using
CRISPOR, revealed no off-target editing of CRISPR/Cas9 in CRISPR-corrected iPSCs compared to the patient-
derived cells.
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Figure 13: Homozygous LZTR1'*3%®" showed no upregulation of RAS GTPases at transcriptional level.
(Supplementary figure)

(A-1) Quantitative gene expression analysis of LZTR1 (A), of LZTR1 substrates MRAS (B), RIT1 (C), HRAS (D), KRAS
(E), and NRAS (F), of HSPA2 (G), and of cardiac-specific genes TNNT2 (H), and ACTN2 (1) in WT, the patient-specific,
and the two CRISPR-corrected iPSC-CMs at day 60 of differentiation, assessed by real-time polymerase chain
reaction, revealed no expression differences at transcriptional level across all iPSC lines; samples were analyzed
in duplicates and data were normalized to GAPDH expression and WT controls; n=5-6 independent
differentiations per iPSC line. Data were analyzed by nonparametric Kruskal-Wallis test with Dunn correction and

are presented as mean = SEM (A-l).
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Figure 14: Unique LZTR1'*3".induced polymerization of LZTR1 complexes. (Supplementary figure)
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(A) Representative images of WT iPSC-CMs at day 60 of differentiation after single plasmid transfection stained
for FLAG-tagged LZTR1 confirmed that only LZTR1'5%%° forms large filaments, whereas LZTR1"" and the other
variants present a speckle-like pattern; nuclei were counter-stained with Hoechst 33342 (blue); scale bars: 20 um
in upper panel, 5 um in lower panel. (B) Customized CellProfiler pipeline for recognition and quantification of
speckle size and filament length in iPSC-CMs with ectopic expression of LZTR1 variants.

49



LZTRIWT

0 1000 2000
> dimer+monomer
via BACK2-BACK2

1000 2000

trim
ACK)-BACK)
e a&cm—sfm

|
0 1000 2000
via BACKZ-B,

e ihened

via BACK'

0 1000 2000 0
> tnmer{hl&h errorl
K1-BACK

1000 2000

via BACK K2-BAC!

->tr|mer§ &h error,

lo0p 2000

v'a AC oA ;?a%&f ACKL

Rank 4

1000 2000 0

vnaCB

BACK1-BACK1

1000 2000

-»trimer!hi herror;
via BACK2-BATK2-BACK:

0 1000 2000 1000 200 1000 2000
> dimer+monomer > dimer+monomer
via BACK2-BACK2 wa dBé\A&lB&A &1 via BACK2-BACK2 wa J’é JZ%BQA&(

g
=
S|
0 1000 2000 1000 2000 O
> dimer+monomer
via BACK2-BACK2
Rank 1
|
E 1]
i
oc
Sl

000 2000 0

Rank 5

LZTR1V579M

0 1000 2000 0

0 1000 2000 0 1000 2000
> dimer+monomer > dimer+monomer *trlmcrua w0 -»tnm%r o > trim chB o
via BACK2-BACK2 via BACK2-BACK2 Vi AR vuadsé\ &( lséx 5( A via daéa &( Ak
Rank 1
=

1000 2000

Rank 5

LZTR1L580°

1000 2000 1000 2000
vna A %1BACK

> e oack
BACKL e

00 2000

K:
Z‘r?usé‘& B

Rank 4
]

1000 2000

§'na é‘f&laﬁc 1

Rank 5

0 1000 2000
> t[imerghi’gh erroz
via BACK2-BACK2-BAC

LZTR1E584K

0 1000 2000 0

1000 2000
> dimer+monomer

> dimer+monomer

0 1000 2000 0

1000 2000

1000 2000
> trimer > trimer > dimer+monomer
via BACK2-BACK2 via BACK2-BACK2 via BACRBACK), Vo BACLBAC) via BACK1-BACK1
Rank 1 Rank 3 Rank 4

LZTR1R619H

: = 1oe
1000 2000
er
V'%Bé“&l“é‘cé‘%l

. Jifh

0 1000 2000

> dimer+monomer
via BACK2-BACK2

0 1000 2000 0
wadsé\c&s@c&

£
1000 2000
"'aaaé‘A{‘%lBé‘cg

Rank 5

1000 2000

Figure 15: Computational prediction for LZTR1 interactions via ColabFold. (Supplementary figure)
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Figure Legends

(A) The five predicted models for each LZTR1 variant were ranked according to the predicted template modeling

score and interactions between the chains were inspected through the predicted alignment error generated by

AlphaFold-multimer.
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Table 1: Antibodies used for Western blot, immunocytochemistry and flow cytometry. (Supplementary table).

Primary antibody Supplier Resource 1D
a-actinin monoclonal mouse Sigma-Aldrich RRID:AB_476766
FLAG monoclonal mouse Sigma-Aldrich RRID:AB_262044
HA monoclonal rabbit Cell Signalling RRID:AB_1549585

MLC2V polyclonal rabbit

Proteintech

RRID:AB_2147453

MRAS polyclonal rabbit

Proteintech

RRID:AB_10950895

MY C monoclonal mouse

Cell Signalling

RRID:AB_331783

NANOG monoclonal mouse

Thermo Fisher Scientific

RRID:AB_2536677

OCT3/4-PE monoclonal human

Miltenyi Biotec

RRID:AB_2784442

pan-RAS monoclonal mouse

Merck Millipore

RRID:AB_2121151

RIT1 polyclonal rabbit

Abcam

RRID:AB_882379

Tra-1-60 monoclonal mouse

Abcam

RRID:AB_778563

TRA-1-60-Alexa488 monoclonal mouse

BD Biosciences

RRID:AB_1645379

Vinculin monoclonal mouse

Sigma-Aldrich

RRID:AB_477629

Secondary antibody

Supplier

Resource ID

Alexa488 polyclonal goat anti-rabbit

Thermo Fisher Scientific

RRID:AB_143165

Alexa555 polyclonal donkey anti-mouse

Thermo Fisher Scientific

RRID:AB_2536180

HRP polyclonal donkey anti-rabbit

Sigma-Aldrich

RRID:AB_2722659

HRP polyclonal donkey anti-mouse

Sigma-Aldrich

RRID:AB_772210
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Table 2: Primer sequences used for PCR and real-time PCR. (Supplementary table)

Gene (gDNA) Primer

LZTR1 Ex15 CGAGGCCTTGTTCCTACCTA / GAGGGGCTCACAGTGGTG

Off-target 1 GGTTCAGAAGCACTCATCTCC / AAGCCATCAACCCGAAACAA
Off-target 2 ATGGATCCTGACTGCAACCC / TCTGGGCAGTCTGTGTCTTT
Off-target 3 GATGCCACAATAACCGCTCC / TGAGGAGACGTGGAGAGGAG
Off-target 4 AGTAAGGCGTTTGAGTCCCA / AAGAGGCACATGGATGAGGG
Off-target 5 AACACACTGGGGAAGGAAGT / GAGCTGCTTCCTATCCCCTC

Gene (cDNA) Primer

ACTN2 GCCAGAGAGAAGGATGCAATCAC/AAGCATGGGAACCTGGAATCAA
GAPDH GGAGCGAGATCCCTCCAAAAT / GGCTGTTGTCATACTTCTCATGG
HRAS ACGCACTGTGGAATCTCGGCAG / TCACGCACCAACGTGTAGAAGG
HSPA2 GACCAAGGACAATAACCTGCTGG/GGCGTCAATGTCGAAGGTAACC
KRAS AGTGCCTTGACGATACAG /GCATCATCAACACCCTGTCTT

LZTR1 GAGCCAACTCAAGGAGCACT / CAATGTCCACTGGCTGGTCC

MRAS CCACCATTGAAGACTCCTACCTG /ACGGAGTAGACGATGAGGAAGC
NRAS GGCAATCCCATACAACCCTGAG / GAAACCTCAGCCAAGACCAGAC
RIT1 TTCATCAGCCACCGATTCCC/ GCAGGCTCATCATCAATACGG
TNNT2 ACAGAGCGGAAAAGTGGGAAG / TCGTTGATCCTGTTTCGGAGA
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Table 3: Plasmids used for ectopic expression studies. (Supplementary table)

Plasmid Source

pcDNA3-HA-LZTR1-WT modified from addgene plasmid #13512
pPcDNA3-FLAG-LZTR1-WT modified from pcDNA3-HA-LZTR1-WT
pcDNA3-HA-LZTR1-E563Q modified from pcDNA3-HA-LZTR1-WT
pcDNA3-FLAG-LZTR1-E563Q modified from pcDNA3-FLAG-LZTR1-WT
pcDNA3-HA-LZTR1-1570T modified from pcDNA3-HA-LZTR1-WT
pcDNA3-HA-LZTR1-V579M modified from pcDNA3-HA-LZTR1-WT
pcDNA3-FLAG-LZTR1-V579M modified from pcDNA3-FLAG-LZTR1-WT
pcDNA3-HA-LZTR1-L580° modified from pcDNA3-HA-LZTR1-WT
pcDNA3-FLAG-LZTR1- -%8° modified from pcDNA3-FLAG-LZTR1-WT
pcDNA3-HA-LZTR1-E584K modified from pcDNA3-HA-LZTR1-WT
PcDNA3-FLAG-LZTR1-E584K modified from pcDNA3-FLAG-LZTR1-WT
pcDNA3-HA-LZTR1-R619H modified from pcDNA3-HA-LZTR1-WT
pcDNA3-HA-LZTR1-ABTB2-BACK?2 modified from pcDNA3-HA-LZTR1-WT
pCMV6-MRAS-Myc-DDK Origene plasmid #RC212259
pcDNA3-Myc-CUL3 Addgene plasmid #19893
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5.1 Abstract

Patients harboring causative gene variants in RAS GTPase MRAS develop Noonan syndrome and early-
onset hypertrophic cardiomyopathy. Here, we describe the generation of a human iPSC line harboring
the Noonan syndrome-associated MRAS p.G23V variant by using CRISPR/Cas9 technology. The
established MRAS®?%V iPSC line allows to study MRAS-specific pathomechanisms and to test novel

therapeutic strategies in various disease-relevant cell types and tissues.
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Table 4: Ressource Table

associated gene variant MRAS p.G23V

Unique stem cell line identifier

UMGIi014-C-17 clone G2

https://hpscreg.eu/cell-line/UMGi014-C-17

Alternative name(s) of stem cell line

iSWT1-MRAS-G23V.G2

Institution

University Medical Center Gottingen, Germany

Contact information of the reported
cell line distributor

Lukas Cyganek, lukas.cyganek@gwdg.de

Type of cell line iPSC
Origin human
Additional origin info Age: 31
(applicable for human ESC or iPSC) | Sex: male

Ethnicity: Caucasian

Cell Source

Human iPSC line UMGIi014-C clone 14 (isWT1.14) generated
from skin fibroblasts of a healthy donor

Method of reprogramming

Non-integrating Sendai virus

Clonality

Clonal isolation was performed by automated single cell
dispension using CellenOne (Cellenion/Scienion)

Evidence of the reprogramming
transgene loss (including genomic
copy if applicable)

RT-PCR

The cell culture system used

Feeder-free and serum-free culture conditions with Matrigel
(growth factor reduced, BD Biosciences) and StemMACS iPS-
Brew XF medium (Miltenyi Biotec)

Type of the Genetic Modification

Induced mutation

Associated disease

Causative gene variant described in Noonan syndrome patients
with severe disease progression and early-onset hypertrophic
cardiomyopathy

Gene/locus

MRAS (NM_001085049.3): c.68G>T / p.Gly23Val (ClinVar:
VCV000635781.3)

Method of modification / user-
customisable nuclease (UCN) used,
the resource used for design
optimisation

CRISPR/Cas9

User-customisable nuclease (UCN)
delivery method

Nucleofection of RNPs

All double-stranded DNA genetic
material molecules introduced into
the cells

N/A

Analysis of the nuclease-targeted
allele status

Sanger sequencing of the targeted locus
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Method of the off-target nuclease | Sanger sequencing of the top 5 predicted off-targets
activity prediction and surveillance

Descriptive name of the transgene | N/A

Eukaryotic selective agent | N/A
resistance  cassettes  (including
inducible, gene/cell type-specific)

Inducible/constitutive  expression | N/A
system details

Date archived/stock creation date 30th September 2020

Cell line repository/bank Biobank of the University Medical Center Gottingen

Ethical/GMO work approvals Ethics Committee of the University Medical Center Goéttingen,
approval number: 10/9/15

Addgene/public access repository | N/A
recombinant DNA sources’
disclaimers (if applicable)

5.2 Resource utility

Causative gene variants in MRAS are known to cause Noonan syndrome with an associated early-onset
form of hypertrophic cardiomyopathy.?*'?® Human iPSCs harboring the common gene variant
MRAS®?® provide a powerful tool to study the MRAS-dependent pathomechanisms and to screen drug

compounds in different iPSC-derived cell types and tissues.

5.3 Resource Details

To generate a human iPSC line harboring the Noonan syndrome-associated MRAS®?V variant, we used
CRISPR/Cas9 technology to introduce the mutation into a well-established wild type iPSC line
previously generated by integration-free reprogramming of skin fibroblasts from a healthy donor
(Figure 16A).113 The ribonucleoprotein-based CRISPR/Cas9 complex targeting exon 2 of the MRAS gene
was combined with a single-stranded oligonucleotide homology-directed repair template containing
the desired base pair exchange and introduced into iPSCs by nucleofection (Figure 16B). Following
transfection, iPSCs were singularized and individual clones were screened for successful editing by
Sanger sequencing. One iPSC line heterozygous for the MRAS®?®V variant was selected for further
characterization (Figure 16C). Molecular karyotyping of the MRAS®?%" iPSCs confirmed chromosomal
stability after genome editing and passaging (Figure 16D). Off-target analysis of the top five predicted
off-targets demonstrated no genomic alterations after CRISPR/Cas9 application (Figure 16E). The
generated iPSC line exhibited a typical human stem cell-like morphology (Figure 16F). Flow cytometric
analysis for the pluripotency markers OCT3/4 and TRA-1-60 revealed a homogeneous population of
pluripotent cells in MRAS®?® iPSC cultures (Figure 16G). In addition, robust expression of the

pluripotency markers OCT3/4, NANOG and TRA-1-60 was detected by immunocytochemistry (Figure
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16H). To prove that the CRISPR-edited iPSCs were capable of differentiating into cells of all three germ
layers, we performed embryoid body formation and assessed cell fate identity using
immunocytochemistry. Differentiated cultures showed the presence of cells positive for endodermal-
specific alpha fetoprotein, mesodermal-specific a-smooth muscle actin, and ectodermal-specific B-IlI-

tubulin (Figure 16l).

Since MRAS is known to be predominantly expressed in cardiomyocytes, we differentiated the CRISPR-
edited iPSCs into ventricular-like cardiomyocytes using an established protocol (Figure 16J).* The
MRAS®?V iPSC-cardiomyocytes at day 60 of differentiation displayed a regular myofibrillar
organization, as visualized by the expression of a-actinin and ventricular-specific MLC2V (Figure 16K).
Two alternatively spliced MRAS isoforms have been described: a long isoform 1 including exon 2 (which
also includes the MRAS®? variant) and a shorter isoform 2 lacking exon 2. Interestingly, analysis of
MRAS expression at the transcriptional level, assessed by reverse transcriptase PCR, revealed that both
isoforms are expressed in the iPSC-cardiomyocytes (Figure 16L). Proteomic analysis by Western blot
for MRAS (recognizing isoform 1) demonstrated that MRAS®?3V iPSC-cardiomyocytes expressed similar
MRAS protein levels compared to wild type cardiomyocytes, indicating that the gene variant does not

affect MRAS gene expression or MRAS degradation (Figure 16M).

In conclusion, the established MRAS®%ViPSC line allows the study of MRAS-related Noonan syndrome
pathology in various iPSC-derived cell types and tissues. In addition, this iPSC line and its iPSC-

derivatives provide a unique opportunity to test therapeutics in physiologically relevant cells.

5.4 Materials and Methods

Genome editing and culture of human iPSCs

Wild type iPSC line UMGIi014-C clone 14 (isWT1.14) was generated from dermal fibroblasts from a male
donor using the integration-free Sendai virus and was described previously.** Human iPSCs were
cultured in feeder-free and serum-free culture conditions 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 incubator at 37°C and 5% CO.. Cells were passaged every 5-6 days
with Versene solution (Thermo Fisher Scientific). For editing, the CRISPR/Cas9 ribonuceloprotein
complex was assembled by mixing of the Alt-R CRISPR-Cas9 crRNA and the Alt-R CRISPR-Cas9 tracrRNA
(preassembled in a 1:1 ratio) with the Alt-R Hifi SpCas9 Nuclease 3NLS (IDT DNA Technologies) at 1:3
molar ratio together with the single-stranded oligonucleotide for homology-directed repair in

nucleofector solution. Nucleofection was performed with 2x10° iPSCs using the 4D Amaxa
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Nucleofector system (Lonza; program CA-137) and the P3 Primary Cell 4D-Nucleofector X Kit (Lonza)
according to manufacturer’s instructions. Following nucleofection, iPSCs were replated into a Matrigel-
coated well of a 6-well plate containing StemFlex medium supplemented with 2 uM Thiazovivin and
100 U/ml penicillin and 100 pg/ml streptomycin (Thermo Fisher Scientific). After 3 days, 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 the MRAS®®V isogenic iPSC line UMGIi014-C-17 clone G2 (isWT1-MRAS-G23V.G2) was
expanded and maintained in StemMACS iPS-Brew XF medium on Matrigel-coated plates for at least
five passages prior to molecular karyotyping, pluripotency characterization and differentiation
experiments. MRAS®?Y and wild type iPSCs were differentiated into ventricular iPSC-cardiomyocytes
via WNT signalling modulation and subsequent metabolic selection, as previously described,* and

cultivated in feeder-free and serum-free culture conditions until day 60 post-differentiation.

Pluripotency characterization of human iPSCs

Pluripotency analysis was performed via immunocytochemistry and flow cytometry, as previously
described.* For embroid body formation, 5x10° iPSCs were combined with 2.5x10® mouse embryonic
fibroblasts and seeded into a 96-well U plate containing hES medium (DMEM-F12, 15% Knockout
Serum Replacement, 1% MEM Non-Essential Amino Acids Solution, 1% B-Mercaptoethanol, 2 uM
Thiazovivin). After 24h, medium was exchanged to EB-Diff medium (IMDM with Glutamax, 20% fetal
bovine serum, 1% MEM Non-Essential Amino Acids Solution, 450 uM 1-thioglycerol). Eight days post-
differentiation, embroid body were transferred to Matrigel-coated coverslips and cultured for 8 days.
For molecular karyotyping, genomic DNA of iPSC clones was sent for genome-wide analysis via lllumina
BeadArray (Life&Brain, Germany). Digital karyotypes were analyzed in GenomeStudio v2.0 (lllumina)
with the CNV partition algorithm 3.2.0 (default settings). Copy number events were reported if larger
than 3.5x10° bps and 1x10° bps for loss of heterozygosity. For off-target screening, the top 5 predicted
off-target regions for the respective guide RNA ranked by the CFD off-target score using CRISPOR were

analyzed by Sanger sequencing.

Western blot analysis of human iPSCs

For Western blot analysis, iPSC-cardiomyocytes were pelleted by scratching and collected in M-PER
cell lysis buffer (Thermo Fisher Scientific), and snap-frozen in liquid nitrogen. Protein containing
supernatant was collected by centrifugation and protein concentration was determined by BCA assay
(Thermo Fisher Scientific). Protein separation was conducted by SDS-Page using nitrocellulose

membranes (Bio-Rad). Membranes were blocked in 5x PVP solution (10x TBS, 10% PVP-30K, 15% PVP-
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12K, 0.5% Tween-20, 1% Tween-80, 0.02% 1,1,1-Trichloro-2-methyl-2-propanol-hemihydrat) and
incubated with primary and secondary HRP-coupled antibodies in 1x PVP solution. 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.
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Figure 16: Generation of a CRISPR-edited MRAS®*V iPSC line.

(A) Schematic demonstration of how somatic skin biopsies from a healthy donor are reprogrammed into iPSCs
and further edited via CRISPR/Cas9 to introduce a pathogenic mutation. (B) Depiction of the CRISPR/Cas9 editing
strategy to introduce the MRAS®?3V mutation (c.68G>T) using a target-specific guide RNA in combination with a
SpyCas9. (C) Sanger Sequencing of the original WT and the CRISPR-edited iPSC line proving the heterozygous
introduction of MRAS®?Y and one additional silent SNPs. (D) Molecular karyotyping using genome-wide
microarray analysis revealed no chromosomal abnormalities and genome stability post-editing. (E) No editing
was observed while screening the top five predicted off-target sites. (F) MRAS®%V iPSC line showed typical stem-
cell-like morphology. Scale bar: 100 um. (G), (H) Pluripotency was assessed via flow cytometry (OCT3/4 and TRA-
1-60) and immunocytochemistry staining for defined markers like OCT3/4, NANOG, and TRA-1-60; nuclei were
stained with Hoechst33342. Scale bar: 100 um. () Embryoid body formation proved that iPSCs retain their
capacity to differentiate in all three germ layers: a-smooth muscle actin (mesoderm), a-fetoprotein (endoderm),
and B-lll-tubulin (ectoderm). (J) Directed differentiation of WT and MRAS®2®V iPSCs into functional ventricular-
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like iPSC-CMs. (K) Sarcomere apparatus stained via a-actinin (green) and myosin light chain-2 (MLC2v) (red). Scale

bar: 100 um. (L) RT-PCR using primer spanning exon 2 on transcript level was performed using cDNA from WT

and MRAS®% iPSC-CM and revealed a second shorter MRAS isoform. (M) Western blot analysis showed similar
MRAS protein levels in WT-and CRISPR-edited iPSC-CMs. Vinculin served as a loading control.
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Table 5: Characterization and validation of MRASS%V iPSC line.

Classification

described cell line

OCT3/4, NANOG and
TRA-1-60

Test Result Data
(optional italicized)
Morphology Photography The iPSC line displayed | Figure 1 panel F
a typical human stem
cell-like morphology
Pluripotency status | Qualitative analysis | The iPSC line showed | Figure 1 panel H
evidence for the | (Immunocytochemistry) | robust expression of

Quantitative
(Flow cytometry)

analysis

The iPSC line showed
>96% of positive cells
for OCT3/4 and TRA-1-
60 expression.

Figure 1 panel G

Karyotype

Karyotype, genome-
wide analysis via lllumina
BeadArray (Infinium
Global Screening Array-
24 Kit)

46XY,
Resolution =~
fixed markers

654,027

Figure 1 panel D

Genotyping for the
desired genomic
alteration/allelic
status of the gene of
interest

PCR across the edited
site

The iPSC line showed a
target-specific
heterozygous insertion
of the gene variant,
assessed by Sanger
sequencing

Figure 1 panel C

Evaluation of the -
(homo-/hetero-/hemi-)
zygous status  of
introduced genomic
alteration(s)

The iPSC line showed a
target-specific
heterozygous insertion
of the gene variant,
assessed by Sanger
sequencing

Figure 1 panel C

cell line  genetic
identity evidence

was verified by HLA
typing.

Transgene-specific PCR | N/A N/A
(when applicable)
Verification of the | PCR/Southern N/A N/A
absence of random
plasmid integration
events
Parental and modified | HLA typing Identify of the iPSC line | Not shown but

available with the
author
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Mutagenesis / genetic
modification outcome
analysis

Sequencing (genomic
DNA PCR product)

The iPSC line showed a
target-specific
heterozygous insertion
of the gene variant,
assessed by Sanger
sequencing

Figure 1 panel C

PCR-based analyses N/A N/A

Western blotting The iPSC- | Figure 1 panel M
cardiomyocytes
showed robust

expression of MRAS

Off-target nuclease | PCR across top 5 | The iPSC line showed | Figure 1 panel E,
activity analysis predicted top likely off- | no off-target | Sanger sequencing
target sites, Sanger | modificationsin the top | data available with
sequencing 5 predicted off-target | the author
regions
Specific pathogen- | Mycoplasma TheiPSCline was tested | Not shown but
free status negative for the | available with the
presence of | author
Mycoplasma, assessed
by MycoALERT PLUS
Mycoplasma Detection
Kit (Lonza)
Multilineage Embryoid body | The iPSC line | Figure 1 panel |
differentiation formation demonstrated an ability
potential to differentiate into
derivatives of all 3 germ
layers
Donor screening | HIV 1 + 2 Hepatitis B, | Negative Not shown but
(OPTIONAL) Hepatitis C available with the
author
Genotype - additional | Blood group genotyping | N/A N/A
histocompatibility
info (OPTIONAL) HLA tissue typing HLA typed Class | and | Not shown but
Class Il available with the

author
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Table 6: Reagents details

associated gene variant MRAS p.G23V

Antibodies and stains used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # and RRID
Pluripotency Human  anti- | 1:50 Miltenyi Biotec, RRID:AB_ 2784442
Markers OCT-3/4-PE
Pluripotency Mouse  anti- | 1:50 BD Biosciences, RRID: AB_1645318
Markers OCT-3/4-PE
Pluripotency Mouse anti- | 1:100 Thermo Fisher Scientific,
Markers NANOG RRID:AB_2536677
Pluripotency Mouse  anti- | 1:200 Abcam, RRID:AB_778563
Markers TRA-1-60
Pluripotency Mouse anti- | 1:50 BD Biosciences, RRID:AB_1645379
Markers TRA-1-60-
Alexa488
Differentiation Rabbit anti-AFP | 1:100 DAKO, RRID:AB_2650473
Markers
Differentiation Mouse anti-a- | 1:100 Sigma-Aldrich, RRID:AB_476701
Markers SMA
Differentiation Rabbit anti- | 1:2,000 Biolegend, RRID:AB_2728521
Markers Tubulin-beta-3
Differentiation Mouse anti-a- | 1:1,000 Sigma-Aldrich, RRID:AB_476766
Markers actinin
Differentiation Rabbit anti- | 1:200 Proteintech, RRID:AB_2147453
Markers MLC2V
Signalling Pathway | Rabbit anti- | 1:1,000 Proteintech, RRID:AB_10950895
MRAS
Signalling Pathway | Mouse  anti- | 1:1,000 Sigma-Aldrich, RRID:AB_477629
Vinculin
Secondary Alexa488 goat | 1:1,000 Thermo Fisher Scientific, RRID:AB_143165
antibodies anti-rabbit
Secondary Alexa555 1:1,000 Thermo Fisher Scientific,
antibodies donkey anti- RRID:AB_2536180
mouse
Secondary HPR  donkey | 1:8,000 Sigma Aldrich, RRID:AB_2722659
antibodies anti-rabbit
Secondary HPR  donkey | 1:8,000 Sigma Aldrich, RRID:AB_772210
antibodies anti-mouse
Nuclear stain Hoechst33342 8.1 uM Thermo Fisher Scientific, # H3570

Site-specific nuclease

Nuclease
information

Hifi SpCas9

IDT SpCas9 Hi-Fiv.3
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Delivery method

Nucleofection

4D Amaxa Nucleofector system (Lonza, program CA-137),
and P3 Primary Cell 4D-Nucleofector X Kit (Lonza)

Selection/enrichm
ent strategy

N/A

N/A

Primers and Oligonucleotides used in this study

Target

Forward/Reverse primer (5'-3')

Genotyping

PCR specific for
MRAS exon 2

ATTCCACATGTCTTGCTGCC/
TTCCCTGATCCTCCCCATCT

RT-PCR

PCR specific for
MRAS
transcript exon
1-exon3

ATTCGAAGGGAATGCAGCTA/
TGACGGAGTAGACGATGAGG

gRNA
oligonucleotide/cr
RNA sequence

MRAS exon 2

TCTGGAAAAACTGGATGGTG

Genomic  target

sequence

Including PAM
and other
sequences

likely to affect

UCN activity

GRCh37 chr3:138091809-138091831

Bioinformatic

gRNA on- and -off-
target binding
prediction tool
used,
sequence/outputs

link(s)

specific

CRISPOR

http://crispor.tefor.net/crispor.py?batchld=UBsbumBMnW
TcESQneYEB

Primers for top
off-target
mutagenesis
predicted
sequencing (for all
CRISPR/Cas9, ZFN

and TALENs)

site

OT1 - F&R

OT2 - F&R
OT3 - F&R
OT4 - F&R

OT5 - F&R

GGAGCCCTCTAGCCTGAAAA/
GCGGCTACTTCCCTTTGATG

AAGTCTACACACTCAGCCGA/
GGCCCACCCCTAAAGATTCT

ACCGGATCTGCTCTTGTGAA/
GGACTGAGCCTAAGTTCTCCA

CCGATAACATTTAAGGCAAAAGC/
TCTTCACGCAACCCTCTCTT

ACAGTTCTGTCCCTAAGCCC/
TAAGACGACTGAGCTCCTGG

ODNs/ molecules
used as templates
for HDR-mediated
site-directed
mutagenesis.

no
modifications

IDT-HDR

T*A*CAAGCTGG TGGTGGTGGG GGATGGGGTT
GTGGGCAAAA GTGCACTCAC CATCCAGTTT TTCCAGAAGA
TCTTTGTGCC TGACTATG*A*C
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6 Generation of a genetically-modified induced pluripotent stem cell line

harboring an oncogenic gene variant KRAS p.G12V

Title: Generation of a genetically-modified induced pluripotent stem cell line harboring an oncogenic
gene variant KRAS p.G12V

Alexandra Viktoria Busley?3, Mandy Kleinsorge'*, Lukas Cyganek®? 3"

1Stem Cell Unit, Clinic for Cardiology and Pneumology, University Medical Center Géttingen, Géttingen, Germany;
2DZHK (German Center for Cardiovascular Research), partner site Géttingen, Germany; 3Cluster of Excellence
"Multiscale Bioimaging: from Molecular Machines to Networks of Excitable Cells" (MBExC), University of
Gottingen, Germany & Hertha Sponer College; “Institute of Health in der Charité (BIH), Center of Biological
Design, Berlin, Germany

6.1 Abstract

Activating KRAS codon 12 gene variants are known to cause severe RAS/MAPK and PI3K-AKT signalling
pathway hyperactivity and are frequently involved in the development of various carcinomas. Here,
we describe the generation of a human iPSC line harboring the common oncogenic KRAS p.G12V
variant by using CRISPR/Cas9 technology. The established KRAS®? iPSC line allows the study of
oncogenic KRAS-induced signalling dysregulation and its impact on cell physiology in various iPSC-
derived cell types and tissues. Furthermore, it might serve as a powerful platform for drug and toxicity

screenings to identify new chemotherapeutic drugs.

Table 7: Resource Table

Unique stem cell line identifier UMGIi014-C-2 clone 64

https://hpscreg.eu/cell-line/UMGi014-C-2

Alternative name(s) of stem cell line isSWT1-KRAS-G12V.64

Institution University Medical Center Gottingen, Germany

Contact information of the reported cell | Lukas Cyganek, lukas.cyganek@gwdg.de
line distributor

Type of cell line iPSC
Origin human
Additional origin info Age: 31
(applicable for human ESC or iPSC) Sex: male

Ethnicity: Caucasian

Cell Source Human iPSC line UMGIi014-C clone 14 (isWT1.14) generated
from skin fibroblasts of a healthy donor

Method of reprogramming Non-integrating Sendai virus
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Clonality

Clonal isolation was performed by automated single cell
dispension using CellenOne (Cellenion/Scienion)

Evidence of the reprogramming
transgene loss (including genomic copy if
applicable)

RT-PCR

The cell culture system used

Feeder-free and serum-free culture conditions with
Matrigel (growth factor reduced, BD Biosciences) and
StemMACS iPS-Brew XF medium (Miltenyi Biotec)

Type of the Genetic Modification

Induced mutation

Associated disease

Oncogenic gene variant associated, among others, with lung
carcinoma, pancreatic carcinoma, colorectal carcinoma,
thyroid carcinoma, juvenile myelomonocytic leukemia,
acute myeloid leukemia, neoplasm of the ovary and
neoplasm of the large intestine

Gene/locus KRAS (NM_004985.5): ¢.35G>T / p.Glyl2Vval (Clinvar:
VCV000012583.18)
Method of modification / user- | CRISPR/Cas9

customisable nuclease (UCN) used, the
resource used for design optimisation

User-customisable  nuclease  (UCN) | Nucleofection of RNPs
delivery method
All  double-stranded DNA genetic | N/A

material molecules introduced into the
cells

Analysis of the nuclease-targeted allele
status

Sanger sequencing of the targeted locus

Method of the off-target nuclease
activity prediction and surveillance

Sanger sequencing of the top 5 predicted off-targets

Descriptive name of the transgene N/A
Eukaryotic selective agent resistance | N/A
cassettes (including inducible, gene/cell
type-specific)

Inducible/constitutive expression | N/A

system details

Date archived/stock creation date

28th February 2020

Cell line repository/bank

Biobank of the University Medical Center Gottingen

Ethical/GMO work approvals

Ethics Committee of the University Medical Center

Gottingen, approval number: 10/9/15

Addgene/public  access  repository
recombinant DNA sources’ disclaimers
(if applicable)

N/A
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6.2 Resource utility

Activating KRAS codon 12 gene variants are known to cause severe RAS/MAPK and PI3K-AKT signalling
pathway hyperactivity and are frequently involved in the development of various carcinomas.?%12?
Human iPSCs harboring the oncogenic gene variant KRAS®*?Y provide a powerful tool to study the KRAS-

dependent pathophysiology in different cell types and tissues.

6.3 Resource Details

To establish a human iPSC line harboring the common oncogenic KRAS®'?V variant, we used
CRISPR/Cas9 technology to insert the respective gene variant into a well-characterized wild type iPSC

113 previously generated by integration-free reprogramming of skin fibroblasts from a healthy

line,
donor (Figure 17A). The ribonucleoprotein-based CRISPR/Cas9 complex targeting the KRAS exon 2
gene locus was combined with a single-stranded oligonucleotide harboring the base pair exchange
(c.35G>T / p.G12V) and serving as a template for homology-directed repair (Figure 17B). In addition,
three silent mutations were incorporated into the donor oligo to prevent re-cleavage by Cas9. After
transfection, iPSCs were singularized and individual clones were screened for successful editing. Upon
screening of 86 clones, we identified clones carrying the heterozygous KRAS®'?V gene variant (Figure
17C). Notably, no iPSC clones with a homozygous KRAS®'?Y insertion were detected, suggesting that

S612V iPSCs confirmed

these clones may not be able to survive. Molecular karyotyping of the KRA
chromosomal stability after genome editing and passaging (Figure 17D). Furthermore, sequencing of
the top 5 predicted off-targets revealed no obvious off-target modifications by genome editing (Figure
17E). The generated KRAS®'? iPSCs displayed a typical human stem cell-like morphology (Figure 17F).
Flow cytometric analysis of the pluripotency marker OCT3/4 revealed a homogeneous population of
pluripotent cells in KRAS®'? iPSC cultures (Figure 17G). In addition, a robust expression of the key
pluripotency markers OCT3/4, NANOG, and TRA-1-60 was detected in the CRISPR-edited iPSCs by
immunocytochemistry (Figure 17H). To further demonstrate pluripotency, spontaneous
differentiation of KRAS®'? iPSCs into all three germ layers was performed by embryoid body formation
and cell-fate identity was assessed by immunocytochemistry. Differentiated cultures expressed

endodermal-specific alpha fetoprotein, mesodermal-specific a-smooth muscle actin, and ectodermal-

specific B-llI-tubulin (Figure 171).

Since activating KRAS gene variants are associated with hyperactivity of the RAS/MAPK signalling
pathway,'”! we examined the pathway activity in wild type and KRAS®? iPSC cultures. Here, the
KRAS®'?V iPSCs showed a trend toward increased levels of phosphorylated ERK compared to wild type

cells, both in unstimulated culture conditions and upon stimulation with 20% fetal bovine serum
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(Figure 17J). In contrast, protein expression levels of RAS GTPases including KRAS (the pan-RAS
antibody recognizes KRAS, HRAS, and NRAS) were unchanged between KRAS®?Y and wild type iPSCs,
indicating that the gene variant does not affect protein stability or degradation. Consistent with
signalling hyperactivity, KRAS®*?" has been associated with higher proliferation rates in multiple cell
types.'?? By examining the proliferation of iPSC cultures, we observed an increased proliferation rate

of KRAS®'?V iPSCs compared to its isogenic wild type cells (Figure 17K).

In conclusion, the established KRAS®'?V iPSC line allows the study of oncogenic KRAS-induced
RAS/MAPK signalling dysregulation and its impact on cell physiology in various iPSC-derived cell types
and tissues. Furthermore, this iPSC line and its iPSC-derivatives offer a unique opportunity for high-

throughput drug screening in physiologically relevant cells to assess drug efficacy and toxicity.

6.4 Materials and Methods

Genome editing and culture of human iPSCs

Wild type iPSC line UMGIi014-C clone 14 (isWT1.14) was generated from dermal fibroblasts from a male
donor using the integration-free Sendai virus and was described previously.'** Human iPSCs were
cultured in feeder-free and serum-free culture conditions 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 incubator at 37°C and 5% CO.. Cells were passaged every 5-6 days
with Versene solution (Thermo Fisher Scientific). For editing, the CRISPR/Cas9 ribonuceloprotein
complex was assembled by mixing of the Alt-R CRISPR-Cas9 crRNA and the Alt-R CRISPR-Cas9 tracrRNA
(preassembled in a 1:1 ratio) with the Alt-R Hifi SpCas9 Nuclease 3NLS (IDT DNA Technologies) at 1:3
molar ratio together with the single-stranded oligonucleotide for homology-directed repair in
nucleofector solution. Nucleofection was performed with 2x10° iPSCs using the 4D Amaxa
Nucleofector system (Lonza; program CA-137) and the P3 Primary Cell 4D-Nucleofector X Kit (Lonza)
according to manufacturer’s instructions. Following nucleofection, iPSCs were replated into a Matrigel-
coated well of a 6-well plate containing StemFlex medium supplemented with 2 uM Thiazovivin and
100 U/ml penicillin and 100 pg/ml streptomycin (Thermo Fisher Scientific). After 3 days, 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 the KRAS®'?V isogenic iPSC line UMGIi014-C-2 clone 64 (isWT1-KRAS-G12V.64) was
expanded and maintained in StemMACS iPS-Brew XF medium on Matrigel-coated plates for at least

five passages prior to molecular karyotyping, pluripotency characterization and differentiation
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experiments. Proliferation was analyzed using the Incucyte S3 (Sartorius) and quantified using the

Gompertz growth function in Prism 9 (GraphPad).

Pluripotency characterization of human iPSCs

Pluripotency analysis was performed via immunocytochemistry and flow cytometry, as previously
described.* For embryoid body formation, 5x10° iPSCs were combined with 2.5x10® mouse embryonic
fibroblasts and seeded into a 96-well U plate containing hES medium (DMEM-F12, 15% Knockout
Serum Replacement, 1% MEM Non-Essential Amino Acids Solution, 1% B-Mercaptoethanol, 2 uM
Thiazovivin). After 24h, medium was exchanged to EB-Diff medium (IMDM with Glutamax, 20% fetal
bovine serum, 1% MEM Non-Essential Amino Acids Solution, 450 uM 1-thioglycerol). Eight days post-
differentiation, embroid body were transferred to Matrigel-coated coverslips and cultured for 8 days.
For molecular karyotyping, genomic DNA of iPSC clones was sent for genome-wide analysis via lllumina
BeadArray (Life&Brain, Germany). Digital karyotypes were analyzed in GenomeStudio v2.0 (lllumina)
with the CNV partition algorithm 3.2.0 (default settings). Copy number events were reported if larger
than 3.5x10° bps and 1x10° bps for loss of heterozygosity. For off-target screening, the top 5 predicted
off-target regions for the respective guide RNA ranked by the CFD off-target score using CRISPOR were

analyzed by Sanger sequencing.

Western blot analysis of human iPSCs

For analysis signalling activity, iPSCs were stimulated with 20% fetal bovine serum. After 15 minutes,
cells were pelleted by scratching and collected in M-PER cell lysis buffer (Thermo Fisher Scientific), and
snap-frozen in liquid nitrogen. Protein containing supernatant was collected by centrifugation and
protein concentration was determined by BCA assay (Thermo Fisher Scientific). Protein separation was
conducted by SDS-Page using nitrocellulose membranes (Bio-Rad). Membranes were blocked in 5x PVP
solution (10x TBS, 10% PVP-30K, 15% PVP-12K, 0.5% Tween-20, 1% Tween-80, 0.02% 1,1,1-Trichloro-
2-methyl-2-propanol-hemihydrat) and incubated with primary and secondary HRP-coupled antibodies
in 1x PVP solution. 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.
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Figure 17: Generation of a CRISPR-edited KRAS®!?V iPSC line.

(A) Schematic demonstration of how somatic skin biopsies from a healthy donor are reprogrammed into iPSCs
and edited via CRISPR/Cas9 to introduce a pathogenic mutation. (B) Depiction of the CRISPR/Cas9 editing strategy
to introduce the KRAS®'?Y mutation (c.35G>T) using a target-specific guide RNA in combination with a SpCas9.
(C) Sanger Sequencing of the original WT and the CRISPR-edited iPSC line proving the heterozygous introduction
of KRAS®'?Y and three additional silent SNVs. (D) Molecular karyotyping using genome-wide microarray analysis
revealed no chromosomal abnormalities and genome stability post-editing. (E) No editing was observed while
screening the top five predicted off-target sites. (F) KRAS®'?V iPSC line showed typical stem-cell-like morphology.
Scale bar: 100 um. (G), (H) Pluripotency was assessed via flow cytometry (OCT3/4) and immunocytochemistry
staining for defined markers like OCT3/4, NANOG, and TRA-1-60; nuclei were stained with Hoechst33342. Scale
bar: 100 um. (1) Embryoid body formation proved iPSCs retain their capacity to differentiate in all three germ
layers: a-smooth muscle actin (mesoderm), a-fetoprotein (endoderm), and B-IlI-tubulin (ectoderm). (J) Western
blot analysis to study RAS/MAPK activity in KRAS®'?V iPSCs stimulated with 20% FBS for 15 min compared to WT
iPSCs. Vinculin served as a loading control. (K) Proliferation assay of WT and KRAS®'? iPSC was assessed for
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around 112 hours. Proliferation was recorded using the Incucyte S3 (Sartorius). Analysis was performed with
default settings using the Incucyte software.
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Table 8: Characterization and validation of KRAS'?V iPSC line.
Classification
Test Result Data
(optional italicized)

Morphology Photography The iPSC line displayed | Figure 1 panel F

a typical human stem

cell-like morphology
Pluripotency status | Qualitative analysis | The iPSC line showed | Figure 1 panel H
evidence for the | (Immunocytochemistry) | robust expression of

described cell line

OCT3/4, NANOG and
Tral-60

Global Screening Array-
24 Kit)

Quantitative analysis | The iPSC line showed | Figure 1 panel G
(Flow cytometry) >98% of positive cells
for OCT3/4 expression.
Karyotype Karyotype, genome- | 46XY, Figure 1 panel D
wide analysis via lllumina | Resolution ~ 654,027
BeadArray (Infinium | fixed markers

Genotyping for the
desired genomic
alteration/allelic
status of the gene of
interest

PCR across the edited
site

The iPSC line showed a
target-specific
heterozygous insertion
of the gene variant,
assessed by Sanger
sequencing

Figure 1 panel C

Evaluation of the -
(homo-/hetero-/hemi-)
zygous status  of
introduced genomic
alteration(s)

The iPSC line showed a
target-specific
heterozygous insertion
of the gene variant,
assessed by Sanger
sequencing

Figure 1 panel C

cell line  genetic
identity evidence

Transgene-specific PCR | N/A N/A
(when applicable)
Verification of the | PCR/Southern N/A N/A
absence of random
plasmid integration
events
Parental and modified | HLA typing Identity of the iPSC line | Not shown  but

was verified by HLA
typing.

available with the
author
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Mutagenesis / genetic
modification outcome
analysis

Sequencing (genomic
DNA PCR product)

The iPSC line showed a
target-specific
heterozygous insertion
of the gene variant,
assessed by Sanger
sequencing

Figure 1 panel C

PCR-based analyses

N/A

N/A

Western blotting

The iPSC line showed
robust expression of
KRAS, detected by pan-
RAS

Figure 1 panel J

Off-target nuclease | PCR across top 5| The iPSC line showed | Figure 1 panel E,
activity analysis predicted top likely off- | no off-target | Sanger sequencing
target sites, Sanger | modifications in the | data available with
sequencing top 5 predicted off- | the author
target regions
Specific pathogen- | Mycoplasma The iPSC line was | Not shown but
free status tested negative for the | available with the
presence of | author
Mycoplasma, assessed
by MycoALERT PLUS
Mycoplasma Detection
Kit (Lonza)
Multilineage Embryoid body | The iPSC line | Figure 1 panel |
differentiation formation demonstrated an
potential ability to differentiate
into derivatives of all 3
germ layers.
Donor screening | HIV 1 + 2 Hepatitis B, | Negative Not shown but
(OPTIONAL) Hepatitis C available with the
author
Genotype - additional | Blood group genotyping | N/A N/A
histocompatibility
info (OPTIONAL) HLA tissue typing HLA typed Class | and | Not shown but
Class Il available with the

author
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Antibodies and stains used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # and RRID
Pluripotency Human anti- | 1:50 Miltenyi Biotec, RRID:AB_ 2784442
Markers OCT-3/4-PE
Pluripotency Human anti- | 1:50 BD Biosciences, RRID: AB_1645318
Markers OCT-3/4-PE
Pluripotency Mouse anti- | 1:100 Thermo Fisher Scientific,
Markers NANOG RRID:AB_2536677
Pluripotency Mouse anti- | 1:200 Abcam, RRID:AB_778563
Markers TRA-1-60
Differentiation Rabbit anti-AFP | e.g. 1:100 DAKO, RRID:AB_2650473
Markers
Differentiation Mouse anti-a- | e.g. 1:100 Sigma-Aldrich, RRID:AB_476701
Markers SMA
Differentiation Rabbit anti- | e.g. 1:2,000 Biolegend, RRID:AB_2728521
Markers Tubulin-beta-3
Signalling Pathway | Rabbit anti- | 1:1,000 Cell signalling, RRID:AB_331646
phospho-ERK
Signalling Pathway | Rabbit anti-ERK | 1:1,000 Cell signalling, RRID:AB_330744
Signalling Pathway | Mouse anti- | 1:1,000 Merck Millipore, RRID:AB_2121151
pan-RAS
Signalling Pathway | Mouse anti- | 1:1,000 Sigma-Aldrich, RRID:AB_477629
Vinculin
Secondary Alexa488 goat | 1:1,000 Thermo Fisher Scientific,
antibodies anti-rabbit RRID:AB_143165
Secondary Alexa555 1:1,000 Thermo Fisher Scientific,
antibodies donkey  anti- RRID:AB_2536180
mouse
Secondary HPR donkey | 1:8,000 Sigma Aldrich, RRID:AB_2722659
antibodies anti-rabbit
Secondary HPR donkey | 1:8,000 Sigma Aldrich, RRID:AB_772210
antibodies anti-mouse
Nuclear stain Hoechst33342 8.1 uM Thermo Fisher Scientific, # H3570
Site-specific nuclease
Nuclease Hifi SpCas9 IDT SpCas9 Hi-Fiv.3
information

Delivery method

Nucleofection

4D Amaxa Nucleofector system (Lonza, program CA-137),
and P3 Primary Cell 4D-Nucleofector X Kit (Lonza)
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Generation of a genetically-modified induced pluripotent stem cell line harboring an oncogenic gene variant

KRAS p.G12V

Selection/enrichm
ent strategy

N/A

N/A

Primers and Oligonucleotides used in this study

Target Forward/Reverse primer (5'-3')
Genotyping PCR specific for | GATACACGTCTGCAGTCAACT/
KRAS exon 2 TGTATCAAAGAATGGTCCTGCAC
gRNA KRAS exon 2 CTTGTGGTAGTTGGAGCTGG
oligonucleotide/cr
RNA sequence
Genomic target | Including PAM | GRCh37 chr12:25398281-25398303
sequence and other
sequences
likely to affect
UCN activity
Bioinformatic CRISPOR http://37.187.154.234/crispor.py?batchld=BPeF9sWfy4NL
gRNA on- and -off- QjNCu9vU
target binding
prediction tool
used, specific
sequence/outputs
link(s)
Primers for top off- | OT1 - F&R | GGTTTAGATGAAGCTGGGCC/
target mutagenesis AGCTGTATCGTCAAGACACTT
predicted site
sequencing (for all OT2 - F&R | TCTGCACCCACATGATAACCT/
AAAACAAAAGCCACCCCTCC
CRISPR/Cas9, ZFN
and TALENs) OT3 - F&R | GTACCATCTCTCCCACCCAG/
GAGTGGCAGGTGGGAAATTC
OT4 - F&R | TTGAGGGCTGAATCCAAGGT/
AAGCTTGCTGAGACAACCTG
OT5 - F&R | CAGGCAGGAGATGAGGAACA/
CATGAAGATCCGCACAGAGG
ODNs/plasmids/RN | no IDT-HDR

A molecules used
as templates for
HDR-mediated
site-directed
mutagenesis.

modifications

ATTATTTTTA TTATAAGGCC TGCTGAAAAT GACTGAATAT
AAACTTGTGG TAGTCGGTGC AGTTGGCGTA GGCAAGAGTG
CCTTGACGAT ACAGCTAATT CAGAATCATT TTGTGGACGA
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7 General discussion

Although RASopathies affect a limited group of patients, the numbers may be underestimated due to
the difficulty of diagnosis. Therefore, intensive research to identify and elucidate additional disease-
causing mutations and the corresponding individual pathomechanisms will be of great benefit to the
RASopathy- and the cardiovascular field. At the start of this work, there was a growing understanding
of the molecular mechanism behind dominant LZTR1 variants in NS patients, but few studies of
recessive variants. Using our expertise in somatic tissue reprogramming, iPSC culture, cardiac
differentiation and CRISPR/Cas9 editing, we reprogrammed skin biopsies from a recessive LZTR1
patient diagnosed with NS and early-onset HCM into patient-specific iPSCs. The main aim here was to
model the disease using iPSC-CMs to understand the cardiac pathology induced by the LZTR180°
mutation. In addition, we generated isogenic control lines by correcting the disease-causing mutations
using CRISPR/Cas9 editing. In two additional studies, we generated iPSC lines to study the NS-
associated mutation MRAS®®Y and a cancer-associated mutation KRAS®*?. Our aim was to validate
whether MRAS-mutant iPSC-CMs recapitulate the phenotype of an NS patient with a severe form of
HCM? and to further investigate the role of MRAS in cardiac pathology. This is of particular interest,
as MRAS was identified as one of the major interaction partners of LZTR1, with significant impact on
cardiomyocytes. Furthermore, we generated a KRAS®*?V iPSC line since this mutation has previously
been reported to cause immense hyperactivation of the RAS/MAPK pathway in cancer cells. With this
iPSC line, we aimed to study the cardiac effect of continuous RAS/MAPK hyperactivation over time and

to compare it to the signalling activity levels in NS patients.
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7.1 Noonan syndrome — focus on LZTR1

Increased RAS/MAPK signalling is one of the major causes for RASopathies and further clinically related
disorders affecting development and growth. The knowledge gained over the last five years has further
shed light on previously unknown disease-causing variants such as the existence of recessive Noonan
syndrome, new disease-associated genes, and the underlying pathological signalling network.3?
Although mutations within 11 prominent genes (PTPN11, KRAS, SOS1, RAF1, SHOC2, NRAS, CBL, BRAF,
MAP2K1, RIT1 and RASA2) may account for 80% of all NS cases, around 20% of cases remain
unresolved.’?® Following hypothesis-free genome-wide sequencing approaches, new disease-causing
genes were identified: SOS2 known to be closely involved in RAS/MAPK signalling, one de novo
mutation in PPPC1B ** and further variants in LZTR1, a gene previously not known to be directly

associated with the RAS/MAPK-signalling pathway. 1%

Until then, LZTR1 had only been described as a tumor suppressor gene belonging to the BTB Kelch
superfamily. LZTR1 has also been implicated in apoptosis, and - as it is the case for the BTB Kelch family,
in ubiquitination as an adaptor protein that delivers substrates to CUL3 ligases.®®'? In terms of
subcellular localization, studies suggest that LZTR1 is associated with the Golgi apparatus.3® A few years
later, further insights into the functional role of LZTR1, also in the context of NS, were published.
Studies showed a strong association between mutated LZTR1 and cancer predisposition or
developmental disorders like NS. Furthermore, it was shown that homozygous loss of Lztrl was
embryonically lethal whereas a heterozygous variant induced a NS-like phenotype in mice including
hypertrophy.** Still, open questions remain about the potential interaction partners of LZTR1 which
were predicted to be KRAS, NRAS, HRAS, MRAS or RIT1, depending on the studied cell-or tissue type.
Besides these RAS GTPases, EGFR and AXL were recently identified as potential new LZTR1 substrates.
39,42,44126 Moreover, the exact localization of LZTR1 is still under debate, with some studies showing its
association with the Golgi apparatus, while others claimed a co-localization with recycling endosomes
or lysosomes.349126 A many of the above-mentioned information about LZTR1 were identified using
overexpression experiments in HEK293T cells, Hela cells, or mice, it is highly relevant to study the
pathogenic effect of LZTR1 in a humanized model to particularly capture potential differences in
protein structure, localization, and function. In particular, the development of specific symptoms as
HCM as a consequence of the pathogenic effect of elevated RAS activity, cannot be evaluated in
artificial cellular overexpression systems. To date, all detected missense variants in LZTR1 associated
with NS were inherited in a dominant manner and clustered in the N-terminal domain of the protein,
the so-called Kelch domain. Later in 2018, the first biallelic variant was identified. It is responsible for
the development of a recessive form of NS in 12 families.?* On the basis of the studies of Motta et al.,

the different pathological effects of dominant versus recessive LZTR1 mutations were clarified. They
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performed a functional and biochemical characterization of the dominant NS mutations. They showed
that they do not specifically affect the stability, localization or binding of LZTR1 to CUL3. In fact, in
contrast to missense mutations found in recessive NS, overexpression of dominant variants led to an
increase in MAPK activity upon stimulation. In addition, dominant mutations were predominantly
located on the surface of the Kelch motif, which is essential for proper substrate binding. In summary,
dominant LZTR1 mutations prevent substrate binding and subsequently impair substrate
ubiquitination and degradation, leading to hyperactive signalling activity.* Since little is known about
recessive LZTR1 variants, part of this thesis focused on uncovering the pathological role of a recessive

LZTR1'8% variant, both at the molecular level and in cardiac physiology.

7.2 Recessive LZTR1 mutation and its role in cardiac pathology

In contrast to dominant mutations, recessive LZTR1 mutations are distributed throughout the protein,
making it more difficult to determine the functional defect, which is highly dependent on the affected
protein domain.*® Both autosomal dominant, as well as autosomal recessive variants, are present with
a broad clinical spectrum, ultimately resulting in different disease phenotypes. Therefore, the main
goal of the study was to investigate the underlying molecular and functional mechanisms that cause

the cardiac phenotype in a recessive LZTR1 patient.

In this work, we obtained skin fibroblasts from a patient who was diagnosed with NS carrying a
recessive mutation within the LZTR1 gene (p.L580P). The patient presented with early-onset HCM and
typical NS facial features. This particular variant has not been described before. After reprogramming
the skin fibroblasts, we obtained patient-derived iPSCs and differentiated them into functional
ventricular-like cardiomyocytes. We combined in vitro disease modelling and CRISPR/Cas9 application

to investigate the cellular and functional properties of patient-derived and CRISPR-corrected iPSC-CMs.

First, we designed a target-site specific crRNA using the bioinformatics tool CRISPOR'¥ and a repair
template containing the desired corrected variant. After successful gene correction by introducing the
above-mentioned compounds in addition to the Cas9 protein into patient’s iPSC via nucleofection, all
cell lines including patient-, and the new heterozygously- and homozygously- corrected iPSCs
(LZTRI'S8P [ ZTR1ohet | 7TR1™hom) were characterized. All cell lines expressed pluripotency markers
(OCT3/4, NANOG, TRA-1-60) as confirmed by immunocytochemistry and flow cytometry analysis. It is
noteworthy that the karyotype showed an increased level homozygosity due to the consanguinity of
the patient’'s parents. The next step was the differentiation of WT-, patient- and
heterozygous/homozygous corrected iPSC into ventricular-like cardiomyocytes using the
differentiation protocol published by Kleinsorge et al.** and the subsequent analysis of their functional

and molecular properties. Initially, proteomic analysis was conducted with all four lines differentiated

80



General discussion

into cardiomyocytes, fixed at day 60 after the start of differentiation, to identify potential common or
distinct disease signatures. A significant accumulation of RAS proteins was observed, in particular
MRAS and RIT1, and to a lesser extent KRAS, HRAS, or NRAS, although all of these proteins were
robustly expressed in iPSC-CM. This result is consistent with the findings of Castel et al. who suggested
that RIT1 is the most prominent interaction partners of LZTR1.** In addition, in homozygous Lztrl
knockout mice, RIT1 protein levels were elevated in different organs including the heart compared to
HRAS, KRAS or NRAS.?® In contrast, other studies showed selective binding of KRAS, HRAS or NRAS
proteins.3¥4244 Consistent with the published data related to the truncating LZTR1 variant, our data
suggests that RAS GTPase MRAS is a crucial LZTR1 substrate with a very high affinity to LZTR1 compared
to other RAS proteins, indicating a key role of MRAS in driving the NS-associated cardiac defects.*
There may also be cell- and tissue-specific differences that have an impact on the substrate selectivity
of LZTR1. Another interesting candidate that showed higher protein levels in the patient compared to
WT-or CRISPR-corrected cells was HSPA2. HSPAZ2 is so far not known to be a close interaction partner
of LZTR1 but it displayed a higher abundance in LZTR1 deficient cells in our previous LZTR1 study **, as
well as in a RAF1 NS iPSC-CM study %6, and in iPSC-CMs derived from Fabry disease patients suffering
from a lysosomal storage disorder along with HCM and arrhythmias.’® Interestingly, increased HSPA2
protein levels were identified in HCM tissue and also proven as a suitable marker to distinguish HCM
from non-HCM hearts.1°%1%2 HSPA2 is known to belong to the group of chaperones that mediate the
disaggregation of misfolded proteins or refolding as well as protein degradation via ubiquitination or

101 We hypothesized that elevated HSPA2 protein levels might be a cardio protective

autophagy.
response of hypertrophic iPSC-CMs to compensate for accumulated RAS proteins and the protein
polymers induced by LZTRI“®P HSPA2 in this case is supposed to regulate the quality control
mechanism for protein degradation.!®® In general, the proteomic study revealed pathophysiological
changes in protein levels of those who are involved in muscle contraction, metabolism and

extracellular matrix composition, all of which are known being affected in hypertrophic hearts.?’

Further cellular phenotyping showed increased cell diameter indicating recapitulation of cardiac
hypertrophy. In line with a normalization of the proteomic profiles in CRISPR corrected iPSC-CMs, the
cellular enlargement was reverted upon gene correction via CRISPR/Cas9. Another important
parameter is sarcomere and myofibril organization which is often used in cardiac disease models to
evaluate the cardiac defects. Whereas others could observe myofibrillar disarray in RAF1-patient
derived cells **1%, we and others did not see any effect of mutated LZTR1-., BRAF-or PTPN11 on the
sarcomeric apparatus *8% confirming that genotypic differences might influence the manifestation

of the phenotype.
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As we aimed to model the patient’s phenotype coming along with HCM and stress-induced
arrhythmias, we used established protocols to generate more mature three-dimensional cardiac
tissues based on EHMs, having the potential to more faithfully recapitulate those symptoms.>? Once
generated and cultured, these tissues were subjected to optical measurements. These measurements
provided further insight into the functional properties of WT and patient iPSC-CMs in a more
physiological environment. Analyzing the following parameters: spontaneous beat frequency, beat-to-
beat variability, force of contraction, contraction, and relaxation times, no significant phenotypical
differences could be detected in the LZTR1%®" patient tissues compared to LZTRIV'- and CRISPR-
corrected tissues. Slight differences in beat frequency, contraction and relaxation times could be
observed, however, all patient-derived cell lines, including the CRISPR-corrected ones exhibited higher
rates compared to WT, suggesting that these differences can be attributed to cell line-specific
differences independent of the LZTR1 variant. Interestingly, we did not detect arrhythmias in the

patient EHM tissues.

Variants within the BTB-BACK domains are thought to induce protein mislocalization and/or impaired
CUL3 binding, as well as inappropriate protein dimerization, compared to dominant missense variants,
which mainly affect substrate binding affinity. According to the literature mutations within the BTB-
BACK domain (LZTR1V4%%, [ZTR1R466Q, | ZTR1P520t [ ZTR1R®8C) cause subcellular mislocalization resulting
in a diffuse cytosolic distribution.**** Similar observations could be made in truncating LZTR1
variants.*® Overexpression of LZTR1®" in WT iPSC-CM not only led to mislocalization, but to an
additional protein polymerization, which has not been observed before. However, as expected,
substrate binding was unaffected as both MRAS and CUL3 were still able to bind to LZTR1"8, To test
whether this was a mutation-specific effect, we overexpressed several BACK1 mutations, some of
uncertain significance, in close proximity to the L580P mutation. The phenotype was only observed
with the L580P mutation, suggesting a specific dysfunction within the protein structure attributed to
the particular localization of L580P in the BACK1 domain. Interestingly, dual-overexpression of WT and
mutant LZTR1 rescued the protein polymerization, suggesting that polymerization only occurs when
the mutation is homozygously present. Consistent with this, SPOP proteins, which also act as an
adaptor protein for CUL3 (by having just one BTB-BACK domain), were able to form high-order linear
oligomers via their BACK domain. In addition, these proteins were present in membrane-less spots,
which have been proposed to be hotspots for ubiquitination.!!® During the preparation time of this
thesis, another interesting study about SPOP proteins and their potential oligomerization properties
was published in the context of various cancer types including prostate and endometrial cancer. The
authors claim that newly considered mutations in SPOP induced a structural change that leads to an

oligomerization, finally resulting in an increased half-time of the protein and elevated ubiquitination
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activity.1?® This might explain why mutated LZTR1 arranges in the observed polymer confirmation as a

compensatory mechanism to cope with accumulated RAS proteins.

Based on the generated data, our proposed model is that LZTR1 dimers cluster in speckles to process
the ubiquitination of defined RAS proteins. The role of the different LZTR1 domains is still under
debate. Castel et al. claim that dimerization is processed via the BTB1 and BACK1 domain, whereas
Steklov et al. demonstrated impaired dimerization upon variants within the BACK 2 domain.**** Based
on our studies, we observed a dimerization in LZTR1" via the BACK2-BACK2 domain that was changed
upon the L580P variant inducing a second dimerization site within the BACK1 domain. These
observations could be confirmed via in silico modelling data. We could further detect monomer as well
as trimer formations for other variants and WT, but exclusively in lower-ranked prediction models.
When LZTR1 is present as a polymer due to the homozygous mutation, ubiquitination cannot be
properly processed due to mislocalization and aberrant protein structure. This leads to the
accumulation of active RAS proteins. Consequently, higher abundancies of active MRAS and RIT1
ultimately induce the severe disease phenotype. In addition to the novel insights about LZTR1
dysfunction in NS, we could prove the potential of iPSCs to model human disease and to uncover a
novel single variant-dependent molecular pathomechanism for NS related to a recessive LZTR1 variant.
Additionally, the successful application of CRISPR/Cas9 gene correction might be a promising
therapeutic strategy in the future, as the correction of only one allele was sufficient to revert the

patient’s phenotype.

7.3 MRAS-just one LZTR1 interaction partner or is it one of the key players in cardiac

hypertrophy?

To evaluate whether MRAS is one out of many RAS GTPases targeted by LZTR1 for degradation, or
whether MRAS is a key player in driving the cardiac hypertrophy in NS, we introduced the activating
mutation MRAS®?®, into an established WT iPSC line. Higgins et al. uncovered this de novo variant
within the MRAS gene upon whole exome sequencing of a 15-year-old NS patient. The mutation was
disease-causing and led to the development of a severe form of early-onset HCM. Within this study,
they could demonstrate that this mutation affects the GTP-binding site and effector interaction regions
of the MRAS protein. As a result, they demonstrated a 40-fold increase in MRAS activation and
increased RAS/MAPK activity.?® In a follow-up study, they examined the pathological effect of MRAS®%Y
in patient-derived iPSC-CMs. They could show that iPSC-CMs were significantly enlarged compared to
control cells and exhibited pathological alterations concerning gene expression and signalling
comparable to known cardiac hypertrophy characteristics. Both studies confirmed the monogenetic

pathogenicity of MRAS®%Y that could be recapitulated by using patient-derived iPSC-CMs.
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Based on these results and the fact that MRAS seemed to be one of the key players in LZTR1-affected
hypertrophic iPSC-CMs, we were interested to study its role in cardiac pathology. To do so, we used,
CRISPR/Cas9 ribonucleoprotein in combination with a single-stranded oligonucleotide harboring the
desired mutation and introduced both into WT iPSCs by nucleofection. Post-transfection single-cell
colonies were screened for the desired mutation via Sanger sequencing. Only heterozygous clones
carrying the mutation were identified. Screening of multiple clones did not reveal any homozygous
clones, which could be due to low editing efficiency or it might indicate that clones with a homozygous
mutation did not survive. In line with this, according to the literature, no homozygous MRAS®%V
mutations have been found as they could be potentially embryonic lethal. As the variant in the case
report was present in a heterozygous manner, the heterozygous MRAS®? iPSCs were expanded, and
upon proving its pluripotency via immunocytochemistry, flow cytometry, and embryoid body
formation, we differentiated them into functional ventricular-like cardiomyocytes. Western blot
showed equal expression of MRAS proteins compared to control iPSC-CMs. To prove equal MRAS
expression on transcript level compared to control cells, we designed a primer targeting exon 2.
Surprisingly, upon Reverse-Transcriptase-PCR (RT-PCR) using complementary DNA (cDNA) of WT and
edited iPSC-CMs, we detected the expression of two isoforms. A long isoform including exon 2 and a
shorter isoform where exon 2 is missing. As the disease-causing mutation was present in exon 2, the
mutation’s effect might vary between tissues and highly depend on the expression levels of the
different transcripts. Future experiments will involve the examination of MRAS activity, and global
proteomics analysis to check if the introduction of the pathogenic MRAS mutation is sufficient to cause

the disease phenotype in vitro

7.4 KRAS®'?V-induced effect on RAS/MAPK signalling

As Noonan syndrome and other RASopathies are based on a RAS/MAPK hyperactivation, we aimed to
generate a iPSC line presented with a continuously hyperactive RAS/MAPK signalling to study its effect
on cardiac physiology. De novo germline mutation within the KRAS gene were identified in five Noonan
syndrome patients: V14I, T581, and D153V. Investigations of recombinant proteins K-Ras V121 and T58l
showed a defective GTP hydrolysis and GTPases response, thereby inducing a hypersensitivity to
growth factors and consequently an overall dysregulated signal transduction.?® As we intended to
induce a more severe signalling activation that could also serve as a ‘positive control’ in comparison to
NS patient-derived iPSC lines, we decided to use a cancer-associated KRAS variant in codon 12, namely
KRAS p.G12V. Activating KRAS codon 12 mutations are known to cause a strong upregulation of
RAS/MAPK signalling, increased tumor growth and low survival compared to the milder NS-associated

KRAS germline mutations. Generally, KRAS is one of the most frequently mutated genes and is
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causative for 80% of pancreatic and around 30% of colorectal, cholangial and lung adenocarcinomas.°
Upon CRISPR/Cas9 editing, we screened for KRAS®?V-positive iPSC clones and could only detect
heterozygous introduced SNV mutations. In general, homozygous KRAS mutations are present, but less
frequent than heterozygous ones. Studies have also shown that the balance between WT and mutant
KRAS can fundamentally alter its function on RAS/MAPK activity and promote more aggressive tumor
grwoth 131132 Before investigating the mutation's effect on signalling activity and cell physiology, the
newly generated iPSC line was characterized and checked for its pluripotency, karyotype, and
genotypic status before and after the editing process. No changes before and after the editing could
be observed. Preliminary data supported our hypothesis that the KRAS®*?Y mutation induces increased
RAS/MAPK activity under basal conditions, and to a much greater extent when cells are stimulated.
The results were consistent with the report by Rivard et al. showing increased ERK1/2 activity in the
cytoplasm of KRAS®*?Y or BRAF'O% intestinal epithelial crypt cells.’3® Furthermore, we showed that
KRAS®?Y iPSCs have slightly increased proliferation rates compared to WT cells. Considering the

S8V on proliferation, but this may

literature, there are controversial results regarding the effect of KRA
be highly dependent on the cell type and whether the mutation affects proliferation or cell migration
rates.?>13% In addition, it is known that mutations in codons 12, 13, and 61 promote RAS to act as an
oncoprotein.® This is due to an impaired GTPase activity of mutated RAS protein, keeping these in an
active GTP-bound state.'®® Therefore, we are confident that we will be able to study the effect of

constitutively active RAS on the physiology of iPSC-CMs and in the development of HCM and beyond,

using this cell line as a suitable positive control.
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8 Conclusion & Outlook

In general, preclinical testing of future personalized therapeutic interventions for NS is currently the
main goal of ongoing research, as treatment options are still very limited. In this work, we were able
to uncover a novel mechanism behind a recessive LZTR1 missense variant by studying NS patient-
derived iPSC and the corresponding genetically corrected isogenic controls. We were able to show that
a homozygous L580P mutation causes LZTR1 polymerization, resulting in impaired ubiquitination and
lack of degradation of active RAS proteins. This ultimately leads to cellular and molecular changes such
as RAS/MAPK hyperactivation, resulting in NS associated with manifestation of HCM. In addition, a
series of NS patient-derived iPSCs (Figure 18) was characterized and two genetically modified cell lines
by introducing KRAS®'? and MRAS®%Y mutations were introduced into WT iPSCs to establish a platform
for future genotype-phenotype correlation studies in vitro. Subsequently, all generated iPSC lines will
be differentiated into iPSC-CMs or any other disease-relevant cell type of interest to study the effect
of the mutations on signalling activity and cellular physiology. Each of these NS cell lines with different
disease-causing mutations, and- based on the patients’ clinical data, different degrees of manifested
cardiac defects, make a suitable platform to study disease progression, particularly in the heart. The
overall aim is to identify unique disease signatures in these patients to potentially cluster them into
groups that respond differently to certain treatments/drug applications. In addition, the knowledge
gained could facilitate the identification of novel pharmacological treatments based on individual
genotypes, either targeting RAS/MAPK directly or other closely interacting pathways based on cross-
activation. The use of iPSCs as a model is not only valuable because it can replace immortalized cell
lines, but it could also reduce the number of animals needed to test multiple compounds. By using the
iPSC platform based on different genetic backgrounds of multiple NS patients for preclinical drug
screening or testing of CRISPR/Cas9 gene therapy approaches, we aim to generate clinically relevant
data in the future. Our overall goal is to translate the knowledge gained from our iPSC platform into

clinical application for the treatment of NS and, in particular, NS-associated HCM.
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WT  PTPN11Na0e LZTR128R [ RAF75257L | KRASET2Y
SOS1 E846K LZTR1 L580P MRASGZ3V

Figure 18: Genotype-phenotype correlation of Noonan syndrome patients.

Proposed correlation between the underlying gene mutations in NS patients, RAS/MAPK hyperactivity and the
manifestation of HCM. Within this study LZTR1 p.L580P, KRAS p.G12V and MRAS p.G23V were further studied.
Remaining patient-derived iPSCs were characterized and already used for gene correction via CRISPR/Cas9.
(unpublished)
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