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Abstract

Abstract

Reprogramming of somatic cells into human induced pluripotent stem cells (hiPSCs) by
expression of a defined set of transcription factors allows patient- specific generation of
hiPSC lines. By differentiation of patient hiPSCs into cardiomyocytes (CMs) in vitro,
disease mechanisms and pathogenic pathways can be investigated. Two varying hetero-
zygous de novo point mutations on the CALM]I gene were previously identified as long
QT syndrome (LQTS)- causing mutations by whole genome sequencing of two patients
I, hiPSC lines were generated of patient’s skin fibroblasts, characterized and differenti-
ated into patient- specific CMs. hiPSC- CMs of one patient were further analysed. Elec-
trophysiological examinations confirmed (AP) prolongation. Incomplete Ca**- dependent
inactivation (CDI) of Cay1.2 channels was identified as underlying cause of the mutation-

induced electrical abnormalities

The newly discovered genome- editing technology CRISPR/ Cas9 represents a highly
versatile and efficient tool for disease modelling applications, among many other appli-
cations. Correction of LQTS- causing CALM mutations, as well as knock- out of the
CALM!1 gene have been attempted in the patients’ hiPSCs. Genome- editing was success-
fully performed in parallel experiments, by knocking- out the MEIS] gene in a healthy
control (ctr) hiPSC line on both alleles. The full MEISI knock- out was confirmed on
transcriptional and on protein level. Effects of MEIS1 knock- out on human cardiogenesis

in vitro was assessed.



Zusammenfassung

Zusammenfassung

Das Reprogrammieren somatischer Zellen in humane, induzierte, pluripotente Stammzel-
len (hiPSCs), durch Expression einer bestimmten Kombination von Transkriptionsfakto-
ren, ermdglicht die Generierung von Patienten- spezifischen hiPSC Linien. Durch die in
vitro Differenzierung von Patienten hiPSCs zu Kardiomyozyten konnen Krankheitsbilder
und pathogene Signalwege untersucht werden. Zwei unterschiedliche heterozygote de
novo Punktmutationen im CALM1 Gen wurden zuvor als Grund fiir Langes QT Syndrom
(LQTS) anhand von Sequenzierungen des gesamten Genoms in zwei Patienten identifi-
ziert . hiPSC Linien wurden aus Hautzellen der Patienten generiert, charakterisiert und
zu Patienten- spezifischen Kardiomyozyten differenziert. hiPSC- Kardiomyozyten einer
der beiden Patienten wurden tiefgriindiger analysiert. Elektrophysiologische Untersu-
chungen bestitigten ein verlingertes Aktionspotenzial. Eine unvollstindige Ca**- abhin-
gige Inaktivierung des Cay1.2- Kanals wurde als Grund fiir die mutationsbedingten elekt-

ronischen Abnormititen identifiziert.

Die neu entdeckte CRISPR/ Cas9 genome- editing Technologie ist ein vielseitig einsetz-
bares und effizientes Werkzeug, unter anderem im Bereich des disease- modelling. Es
wurde versucht, die LQTS- verursachende CALM 1 Mutation in Patienten hiPSC zu kor-
rigieren und das CALMI Gen durch Knock- out auszuschalten. Parallel dazu wurde er-
folgreich das MEISI Gen auf beiden Allelen in einer gesunden Kontroll- hiPSC Linie
durch genome- editing ausgeschaltet. Der totale knock- out von MEIS] wurde auf tran-
skriptioneller und proteinbiologischer Ebene bestitigt. Die Auswirkungen des MEIS]

knock- outs auf humane Kardiogenese wurden untersucht.



Table of Contents

Table of Contents

IIL.

I1I.

INErOAUCTION ..ttt ettt 6
1.1 SEEM CRILS vttt 6
1.2 Human induced pluripotent stem cells (hiPSCs)........cccevvieiiiniienienieenen. 7
1.2.1  hiPSC eNeration.........cceeeiieiiieeiieiieeie ettt 7
1.2.2  Applications Of hiPSCS .......cooiiiiiiiiiieiieiecieee e 8
1.2.3  Genome- editing in hiPSCs........cccocieiiiiiiiiniicieeee e 11
1.3 Calmodulin (CaM) .....c.cooiiiiiiieiieiieeie ettt e eee 19
1.3.1  Structure, expression and iIMPOTtANCE .........ccoeevvrerveerreereeerieerreeneenens 19
1.3.2  CaM mutations and associated diS€ases..........ccocuerverruereererieereeneeenne. 20
L33 LT S e et 21
Hypothesis and aims of the Project .........ccccvevieiiiiiiieiiieiecieeee e 23
2.1 Patient- specific disease modelling of CALMI mutations ...........cccceeueueee 23
2.2 Analysis of the role of MEISI in human cardiogenesis in vitro................. 23
Material and MethodS..........cccuiiiiiiieiiece e 24
3.1 Patients and ctr cell lINes .........coceeviiiiiieiiiiiieieceee e 24
3.2 Cell culture methods..........cocueeiiiiiiiirieeiiee e 24
3.2.1  Cell culture material and media ...........coceerieriiiiniieiieieeeee e 24
3.2.2  hiPSC geNeration........cccueeiiieiiieiieiieeite ettt 26
3.2.3  hiPSC culturing methods..........ccceeiiieiiiiiiiieeee e 26
3.2.4  Differentiation of hiPSCs into CMS........cccevviiiiiiiiiieiieieeieeeeene 29
3.2.5  Dissociation Of CIMS.......ceouieiiieiiiiiiieiieeieeiie ettt 30
3.2.6  Lentivirus production and transfection of hiPSCs .............cccccceeeeee 31
3.2.7  Transduction of hiPSCs.......ccccooiiiiiiiiiiii e 32
3.2.8  Selection Of hiPSCs.....cccuiiiiiiiiiiiiiiiiiceeeeeee e 34
3.3 Molecular biology methods.........ccceeririiiiniieiieiec e 35
3.3.1  qRTPCR and RT PCR....ccccoiiiiiiiieiiieeeeeeeeeee e 35
3.3.2  PluriTest analysis ......ccccueeviieriieiieeieeieeeiteee et 39
3.3.3  Protein extraction and WB analysis ..........cccceeeuieviieiienieiiienieeene 39
3.3.4  FRET- Camui CR construct cloning............ccceceevveeviienveenienieeienne 41
3.3.5 Homologous recoOmMbINAtioN .........cccueeueeeiieriieeiienieeiienie e eee e 42
3.3.6  CRISPR/CASY ...c..oiiiiiiiiiiiieeete et 46
3.3.7  COlONY SCIEENMING.......eevieeiieeiiieiieeieeite et esite e esteeereesieeebeesnaeenseenens 51
3.3.8  Cleavage detection and TIDE analysis ..........cccevvveeiiienieiniienieeienne 54
34 Imaging teChNIQUES ......cccuveeiiieiiieiieiie ettt 55
3.4.1  Colourimetric deteCtion.......ccuereerueeiirieniieieeierieeeete st 55
3.4.2  Fluorescent deteCtion ..........c.ccecuerierieeieniienienienieeeeeesieeie e 55
3.5  Electrophysiological measurements...........cceecveerveeiiienieeriiesneenieesieeieeens 57
3.6 List of Oligonucleotides ........cooueeeiiiriieriiieiieieerie et 60



Table of Contents

L T 1 £ USRS 66
4.1 Generation and characterization of hiPSCs from patients carrying CALM 1
L0010 L1803 3 TSR 66
4.1.1  Generation of CALM - hiPSCs by reprogramming of patient dermal

FIDTODIASES ...eeeeeie et 66
4.1.2  Genetic characterization of generated hiPSC lines ...........cccccccvveneee. 69
4.1.3  Evaluation of pluripotency of generated lines ...........cccceeevvverveeennenn. 72
4.2  Differentiation of CALMI- hiPSCs into CMS......c.ceevuvieriireriieeniieeeieeenns 78
4.3 Evaluation CALMI- CM Phenotype........cccouveeiieeiieeeiiieeiee e evee e 79
4.3.1  CaMKII activity MEASUTEMENTS. ....c.eerueeeiierireeiienieeeeeseeenieesaeeeeeenes 81
4.3.2  Analysis of electrophysiological phenotype .........cccccceevieeiieniienienne. 82
4.4  Genome- editing of the CALMI 10CUS........ccccovuemiriuiniiniiiinicneeeeeceen, 91
4.4.1  CALMI genomic locus targeting by homologous recombination....... 92
4.4.2  Genome- editing in CALMI- hiPSCs using CRISPR/ Cas9 ............... 95
4.42.1 CALMI mutation COITECLION ....cccvvreeereeeiieeeiieeereeesneeeereeeennees 95
4.4.2.2  Generation of CALM1I knock- out line ...........cccccvveevveenreennne. 108
4.42.3  TIDE @nalySsis ...c.cooiieiiiiieiiienieeieee et 111
4.5  Genome- editing of the MEIST 10CUS ......c.coceeviiriiniiiiniinicieeicreccene 113
4.5.1  Generating MEIST knock- out line.........c.ccoeveeeiieniiniienieeceeeee, 113
4.5.2  Investigating the role of MEIS! during human cardiogenesis in
A7 2o PSSRSO 126
V. DASCUSSION «.eiiieiiie ittt ettt ettt et et e et e st e et e sabeenseessbeenbeesseeenbeesaseenseennns 131
5.1 Importance of disease modelling in CALM - hiPSC lines....................... 131
5.1.1  Optimal control lines: knock- out and correction of the mutated
ALLELE ..o 133
5.1.2  Off-target analysiS.....ccceeeciiieriiieeiiee e 136
5.1.3  NeW CRISPR VEISIONS ...ccceeruiiiiiiiieiiieniieeieeniieeie et 137
5.2 Applications of CRISPR/ Cas9 to investigate genes of cardiogenesis in
VIETO ettt ettt e ettt et e ettt et e et e e e e 138
5.2.1  The role of MEISI in cardiogenesis .......c.ceevveeereveeereieeeireeeieeenveeenns 139
5.2.2  Effects of MEISI knock- out on hiPSC cardiac differentiation........ 140
5.2.3  Multiple and conditional gene targeting as analysis tool for
CATAIOZENESIS .vveeerieeerieeteeeireeesireeesireeeteeeseeeesteeesseeessseeesnseeennseeas 142
53 Future outlook of CRISPR/ Cas9 .........coooiiiiiiiiiiiiiiiieecceeeeen 144
VI RETEIENCES ...ttt ettt 147
VL APPENAIX ..ttt ettt et ettt e st et e st e e b e e 161
7.1 List Of AbDIeviations.........cccevieriiriinienieiieneesieeeeetee e 161
7.2 List of figures and tables ..........cooceeveiiinieiiniiinec 162
7.3 Plasmid Maps.......coceereriinieiiiienteeeeee e 165
7.4 List Of pUBICAtIONS .....evuviriieiiiiiiniieieciteieee et 167
VIII. ACKNOWIEAZEMENES ......euiiiieiiiiiieiieieeitet et 168



Introduction

I. Introduction

1.1 Stem Cells

Stem cells are defined as primitive cells, that can give rise to identical stem cells, as well
as into at least one type of differentiated or specialised cell. Naturally occurring, there are
two types of stem cells in the human organism, human embryonic stem cells (hESCs) and
adult stem cells (ASCs) 2. Embryonic stem cells are derived from the inner cell mass of
human blastocysts during in vitro fertilization 5 days after fertilization of the oocyte >.
Their main feature is pluripotency, a term used to describe the ability to give rise to all
tissues found in adult humans. hESCs are however not able to form a complete new indi-
vidual, since they are unable to give raise to e.g. the placenta. This feature distinguishes
them from totipotent cells found in fertilized oocytes and cells resulting from the first cell
divisions afterwards 2. Shamblott and colleagues were among the first researchers in 1998
to cultivate hESCs and starting to characterize them in vitro *. The great value of hESC
culture for future in vitro studies was comprehended and classical characterization pro-
cedures for pluripotency and the capability of these stem cells to differentiate into cells
of all three germ layers were established *. Pluripotency was shown in vitro by alkaline
phosphatase positivity, expression of the immunological markers SSEA-1, -3, -4, TRA-
1-60, and TRA- 1-81, a normal karyotype and ability to differentiate into mesodermal,

endodermal and ectodermal cell lineages *.

ASCs have been found in brain, skeletal muscle, bone marrow and umbilical cord blood.
They are generally believed to be responsible for tissue regeneration after injury and are
remaining in a quiescent state unless activated >. At first believed to have a limited dif-
ferentiation capacity into cells of the organ where they reside, more recent research high-
lights a multipotent phenotype of ASCs 1%, They represent a multipotent alternative for
ethological controversial hESC research and have gained more attention over the last

years 113,
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1.2 Human induced pluripotent stem cells (hiPSCs)

1.2.1  hiPSC generation

hESC research raises many ethical and legal issues since it requires derivation of cells
from blastocysts or embryos '#. Derivation of patient- specific ESCs for disease modelling
is difficult 1°. The discovery by Takahashi and Yamanaka in 2006, that somatic cells can
be induced to become pluripotent stem cells, known as induced pluripotent stem cells
(iPSCs), revolutionised stem cell research and led the path to a new level of disease mod-
elling '°. One year after the first report on mouse iPSC generation by ectopic overexpres-
sion of a defined set of transcription factors in mouse fibroblasts '¢, Yamanaka and
Takahashi reported the generation of human iPSCs (hiPSCs) by transfection of adult fi-
broblasts with the same set of transcription factors '°. Adult human dermal fibroblasts
were transduced with retroviruses containing OCT3/4, SOX2, KLF4, and ¢c-MYC and
cultured on proliferation- deficient mouse embryonic fibroblasts (MEFs). Thorough char-
acterizations showed expression of ESC marker genes OCT3/4, SOX2, NANOG, GDF3,
REX1, FGF4, ESG1, DPPA2, DPPA4, and hTERT by qRT PCR at levels similar to those
of hESCs. Expression of ESC specific surface antigens SSEA-3, SSEA-4, TRA-1-60,
TRA-1-81 and TRA-2-49/6E was demonstrated. Embryonic body (EB) formation proved
the capacity of the cells to differentiate into endodermal, ectodermal and mesodermal
lineages !°. Reprogramming human cells was a ground breaking discovery and opened up
a completely new field of research in disease modelling, drug discovery, therapy and
many more . Shinya Yamanaka received 2012 the Nobel Prize in Physiology and Med-

icine for his work 3.

Initial disadvantages of using integrating retrovirus was soon abolished by establishment
of refined reprogramming protocols using non- integrative Sendai virus or mRNA (mes-
senger ribonucleic acid) for the delivery of the 4 Yamanaka factors !”. Today, patient-
specific hiPSC generation by Sendai reprogramming is a highly valued tool and the basis
for many research areas '°. hiPSCs generation has been constantly improved over the
years and generation of pluripotent cells is possible from many somatic cell sources, in-
cluding Keratinocytes, Fibroblasts or blood T- cells. Delivery methods of reprogramming
factors range from retroviral to protein delivery into cells 2. Fewer and different factors
necessary for reprogramming have been identified and reprogramming efficiencies can

be positively influenced by epigenetic regulation '®.
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1.2.2  Applications of hiPSCs

hiPSCs can be differentiated into many somatic cell types. Protocols are available to gen-
erate cardiac myocytes, smooth muscle cells, neurons, hepatocytes, endothelial cells,
hematopoietic cells and others 7. The fields of applications of hiPSCs are numerous,
ranging from disease modelling, in vitro embryogenesis studies, drug screenings, up to
tissue replacement in regenerative medicine. Figure 1 describes generation of hiPSCs,
their differentiated target cells and applications in disease modelling, drug discovery and
preclinical trials. Somatic cells are derived from patients and reprogrammed by e.g. trans-
fection with Sendai virus or retrovirus expressing the 4 Yamanaka factors OCT4, SOX2,
KLF4 and ¢c-MYC. Derived patient- specific pluripotent hiPSCs can be differentiated by
various protocols into specialized cells. For example, by forming EBs and spontaneous
differentiation protocols, cardiomyocytic differentiation can be induced. Derived special-
ized cells can potentially be reintroduced into the patient for cell therapy. Differentiated
cells are a platform for in vitro disease modelling by which pathogenic molecular mech-
anisms are deciphered. These cells are also a valuable tool to perform drug screenings
and identify target pathways. Together with toxicity tests performed on those cells, new
drugs can be developed and tested preclinically. This represents an important stage for

better safety of new developed drugs and effects can be directly tested in patient- specific

affected cell types.
Arrhythmic event
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Figure 1: Generation of hiPSCs, their differentiated cells and applications.

Somatic cells taken from a patient are reprogrammed into hiPSCs using the four Yamanaka factors. hiPSCs
are differentiated in vitro using different protocols to derive specialized cells. (a) hiPSCs are used for dis-
ease modelling and researching the molecular mechanism and cause of disease, e.g. arrhythmic events in
CMs or neurogenic differentiation defects. (b) hiPSC- derived cells are used for drug screenings and iden-
tification of target pathways. (c) Toxicity tests are performed on hiPSC- derived cells as human preclinical
trials as early stage of drug discovery process. Figure adapted from Bellin et al. 7.
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Disease modelling using hiPSCs

Derivation of patient- specific hiPSCs and further differentiation of those cells enables
researchers to investigate disease phenotypes in affected tissues that are usually difficult
to acquire from patients. Due to the self- renewing capacity of hiPSCs, tissue resources
are theoretically unlimited. Especially research of cardiac and neuronal diseases has prof-
ited from the hiPSC technology. Molecular pathways can be studied and linked to ob-
served phenotypic effects in the diseased cell types. By understanding deranged path-
ways, patient- and disease- specific treatment options can be chosen and tested on the
diseased cells before bringing it to clinical application. Monogenetic disorders that show
a high penetrance and arise early during development are ideal to study in hiPSC disease
models. Complex genetic disorders can also be modelled using hiPSCs, but are more
challenging 2!. Even epigenetic disorders were successfully modelled using hiPSCs 2. It
has been shown that hiPSC- derived differentiated cells recapitulate the disease pheno-

type in vitro and even reflect the severity of disease *°.

Especially cardiac and neurological disorders have been examined by using the hiPSC
technology. Cardiac disorders like LQTS ?*2°, Brugada syndrome ’, Timothy Syndrome
28 LEOPARD syndrome ° or catecholaminergic- proarrhythmic- ventricular- tachycar-
dia (CPVT) 3*3! have been examined in vitro on hiPSC- derived CMs. CMs reflect disease
phenotypes in electrophysiological experiments, corresponding to phenotypic effects
measured in patient’s electrocardiograms. Signalling pathways can be studied in depth
and compared between healthy and diseased hiPSC- derived CMs. Structural abnormali-
ties have been shown due to protein expression and distribution deficits, like Titin in

hiPSC- CMs of a patient with dilated cardiomyopathy 2.

hiPSCs can be differentiated into a variety of neuronal cell types. Modelled disorders of
the nervous system have been shown for familial dysautonomia **, Rett syndrome **, Par-
kinson’s disease 3, Schizophrenia 3¢, Defects in differentiation, migration change, in pro-
tein levels and stress susceptibility were identified in different neurological disease mod-
els which contributed greatly towards a better understanding of the corresponding dis-
eases. Interestingly, correlations between psychiatric disorders and genetic and neuronal

pathologies have been discovered for the first time, as for schizophrenia .
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Drug screening using hiPSCs

The hiPSC technology provides a high potential platform to screen and develop for new
drugs. Many other commonly used model organisms do not resemble human physiology
and cellular pathways and are therefore only limited suitable. Especially disease pheno-
types and underlying altered pathways can differ significantly between organisms or are
not possible to mimic at all. If a certain disease has been already characterized in hiPSC
based in vitro models and pathogenic pathways are known, a defined set of candidate
drugs can be investigated and resulting effects immediately assessed. Many drugs have
been proven useful to ameliorate disease phenotypes in patient-specific hiPSCs. Exam-
ples, just to name a few, include Dantolene for Wolfram Syndrome 7 or CPVT *°, CHIR-
99021 against bipolar disorder *%, and Propanolol for LQT1 2*. This so- called candidate
drug approach can be considered a major contribution towards personalised medicine 2'.
Already established therapies can be re- validated and tailored towards patient- specific
needs. On the contrary, high- throughput screenings (HTS) of small molecule libraries
can be used to find novel therapeutic compounds in a cost- effective model of human
disease physiology *°. Scientists have also used a combined approach, by first screening
large libraries with HTS and subsequently screening a selected panel of compounds on

specialised cells #°.

Regenerative cell therapy using hiPSCs

Application of hiPSCs in regenerative medicine is of high interest in the scientific com-
munity. However, several safety concerns have to be addressed before using hiPSC-
based cell therapy. Abnormalities acquired in hiPSCs during generation and culture on
the genetic and epigenetic level have to be ruled out *'***. Tumorigenicity and immuno-
genicity of hiPSCs are highly relevant safety concerns that need to be clarified as well.
The formation of unintended tissue, either malignant or benign, might be caused due to
heterogeneity of introduced cell populations. Cells might also de- differentiate and cause
formations of neoplasts. Several strategies have been developed to monitor tumorigenic-
ity 7. Cellular rejection and immune response need to be inhibited to guarantee en-
grafted cell survival. Autologous hiPSCs were shown to not cause immunologic rejection,
but are a very cost- and time- consuming source of tissue compared to cells and tissues
from allogenic banks *®. First clinical and preclinical studies were performed to treat mac-

ular degeneration #°, ischemic cardiomyopathies °°, spinal cord injuries *!, or Parkinson’s

10
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disease *2 using hiPSCs or hiPSC- derived cells. Above mentioned challenges hinder pro-
gress and translation of cell therapy into the clinic. Regenerative cell therapy with hiPSCs
holds great potential. Future progress and insights on safety will bring regenerative med-

icine with hiPSCs to further clinical studies and applications.
1.2.3  Genome- editing in hiPSCs

The efficient and precise genome- editing technology further complements hiPSC tech-
nology for multiple research and therapeutic applications. By correcting precisely gene
mutations in disease hiPSCs back into their wt sequence, isogenic control hiPSCs can be
generated. Isogenic ctr lines of patient hiPSCs provide the optimal ctr for disease model-
ling within the same genomic background. By introducing point mutations or even a num-
ber of mutations in healthy ctr lines, pathogenic pathways and resulting disease pheno-
types can be researched. Precise genome editing can shed light on embryogenesis and

involvement on genes in pathways.

Gene- targeting approaches in hiPSCs, compared to their mouse counterparts, represent
a more challenging task. Genome- editing in hiPSCs requires single- cell culturing of
hiPSCs, a culturing state in which sensible hiPSCs are not easily kept. Their low trans-
fection frequency is another challenge to overcome to make genome- editing a feasible
tool. The addition of ROCK inhibitor to culturing media to prevent apoptosis, as well as
usage of the mild EDTA- based splitting solution improved hiPSC single- cell culture >.
Different strategies have been developed and tested so far to manipulate hiPSCs genet-
ically **. In the following chapters, the most frequently used and promising genome- ed-

iting strategies are being focused on.

Targeting vector approach

The targeting vector approach makes use of the DNA recombination function of eukary-
otic cells. Homologous recombination (HR) is usually performed within genomic regions
of high similarity, by breaking and re-joining DNA segments, to maintain genome integ-
rity and to generate genetic diversity >°. Initial gene targeting vector design consisted of
one long (5- 10kb) and one short (1-4kb) homology arm, as well as an antibiotic selection
cassette for positive selection . The antibiotic selection cassette is usually driven by a
ubiquitous PGK promotor and flanked by loxP sites, that allow for later excision by a
Cre- recombinase after integration of the target vector sequence. This antibiotic selection

step proved to be necessary due to the low frequency of targeting events. HR efficiencies

11
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in hiPSCs have been improved by using adeno and adeno- associated viruses (AAV) for

targeting vector transfer 378

and bacterial artificial chromosomes (BAC), allowing for
design of longer homology arms *°. This approach represented the first method to create
1sogenic ctr lines for hiPSC disease modelling, by correcting or inserting specific muta-
tions. A few research groups so far managed to correct disease- causing mutations in
patient- derived hiPSCs using this targeting strategy **°!. Precise DNA sequences can be
knocked- in or knocked- out, or gene mutations can be corrected, depending on the target

vector design.

Homologous- directed repair (HDR) by HR

HR is dependent on the local chromatin structure, as well as the cell undergoing the transit
phase between the S- and G2 phase of the cell cycle . DSB by HR is one of the two
major DNA repair mechanisms of eukaryotic cells. DSB- induced HR has recently been
employed for different gene- targeting strategies. DSBs can cause mutations and cell
death if not repaired . Depending on the phase of the cell cycle and type of DSB, the
cells initiates specific repair pathways. While NHEJ is more prone to introducing small
insertions or deletions (indel) during repair, HDR 1is very correct, but depends on a tem-
plate DNA for repair. The use of a designed homologous sequence as repair template can
be exploited to insert alternative sequences in the cells’ DNA. Figure 2 describes the two
DSB repair mechanisms of eukaryotic cells. Genome- editing tools like TALENs or
CRISPR/ Cas9 (clustered regularly interspaced short palindromic repeats, CRISPR- as-
sociated genes) enzymatically provoke DSBs for DSB- mediated HDR.

ZA
/7
double-strand break
NHEJ
Deletions [ —

....... ’ ate

——— HDR

Variable length
indels +

v

I
Precise insertion or modification

Figure 2: Cellular repair mechanism pathways induced by double strand breaks.

Double strand breaks are either repaired by NHEJ, likely resulting in deletions or insertions, or by HDR.
HDR uses a donor template for copying the missing sequence and integrating the copy into the damaged
region. Figure adapted from Sander and Joung .
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TALENs and CRISPR/ Cas9

A powerful approach to introduce site-specific DSBs in the DNA is the use of custom-
engineered nucleases, such as TALENs or CRISPRs.

Transcription activator- like effector nucleases (TALENSs) consist of a Fokl cleavage do-
main fused to DNA- binding domains of the TALE protein. TALENSs are designed by
linking together 33- 35 amino acid (aa) repeat domains, each recognising a single base
pair. TALE repeats can be combined and linked together to recognise specific DNA se-
quences. The endonuclease domain Fokl induces DSBs adjacent to the TALEs’ homology
region in the genomic DNA sequence. Following the induction of a DSB at a specific
genomic locus, HDR- mediated custom alterations can be provoked ®. This nuclease-
mediated genome- editing technique disclosed a new dimension of genetic analysis and
disease modelling. Downsides of this technique are the sensitivity to CpG methylation of
the endonuclease, complex protocols to assemble the TALE domains and difficult deliv-

ery of TALEN constructs together with donor DNA constructs due to their size .

The Cas endonuclease protein was originally discovered in bacteria as an acquired im-
mune system against foreign DNA 7. The CRISPR- Cas mechanism incorporates alien
DNA or RNA into CRISPR repeat cassettes and transcribes them into pre- CRISPR RNA
(pre- crRNA). pre- crRNA is being processed to crRNA, and forms a complex with the
Cas protein. The Cas- crRNA complex binds complementary pathogenic DNA and the
endonuclease cleaves and silences the pathogenic DNA sequence-specifically. CRISPR/
Cas systems can be grouped into 2 classes, with class 1 representing the evolutionary
ancestral system and the class 2 system having evolved from class 1 . The most com-
monly employed CRISPR/ Cas system for gene editing research is the class 2, type 2
CRISPR/ Cas9 system from Streptococcus pyogenes (SpCas9). This SpCRISPR/ Cas9
system consists of the Cas9 nuclease, the crRNA sequence encoding the target sequence
and a trans- activating crRNA (tractrRNA), required for processing the crRNA into func-
tional units. Each crRNA consists of a 20 nucleotide (nt) sequence. In the target genome,
the corresponding 20- nt sequence needs to be flanked by a NGG protospacer adjacent
motive (PAM) to be recognised as invading DNA sequence. The SpCas9 nuclease will
induce a blunt DSB 3 base pairs (bps) upstream (5”) of the PAM. The high potential of
this system was soon exploited and protocols and plasmids were made available by pio-
neering researchers. Human codon- optimised and nuclear localization sequence- flanked

Cas9 expressing plasmids are commercially available. By selecting a suitable 20- nt target

13
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sequence and cloning this sequence into a gRNA cloning vector, a sequence- specific
crRNA fused to a tracrRNA will express the active and sequence- specific single- guide
RNA (sgRNA) . DSBs are being induced at the point of interest in the target genome
and custom alterations by HDR- mediated cellular repair response are promoted. The
ease- of use and cloning steps required to create custom CRISPR/ Cas9 plasmids, multiple
options to deliver the plasmids and high targeting efficiency proves this technique a new

genome- editing tool with very high potential.

Exon 3
VAY ic loc Ll L L 1
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Figure 3: Schematic of the Cas9-sgRNA complex.

The SpCas9 protein (yellow) is targeted to the genomic locus (shown here for the MEISI locus) by the 20-
nt sgRNA. Sequence- specific crRNA is written in blue, sgRNA scaffold depicted in red. The genomic
target sequence is indicated by the blue bar, red part highlights 5°- NGG PAM motive. The Cas9 endonu-
clease produces a blunt DSB 3 bps upstream of the PAM. Figure adapted from Ran et al. %.

CRISPR/ Cas9 variants

Cas9 possesses the nuclease domains HNH and RuvC to cleave DSBs. By exchanging
one aspartate to alanine in the RuvC domain, the endonuclease activity is altered to only
nick one strand of the double strand target DNA 7°. This Cas9 nickase mutant was devel-
oped to increase HDR efficiency, since this repair pathway is privileged in repairing sin-
gle strand breaks. The frequency of unwanted indel formations from off- target cleavage
is potentially decreased . Two specifically placed gRNAs can further be used to provoke
DSBs with a higher target precision and less off- target events. Cas9 mutants completely
lacking nuclease activity are employed to recruit fluorescent protein labels, chromatin
modifying enzymes or transcriptional modulators %°. Other SpCas9 variants have been
engineered by mutating key residues, rendering the endonuclease specific to altered

PAMs, like the VRQR- Cas9 or VRER- Cas9. HF- Cas9 and eCas9 variants of SpCas9
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became more sequence specific by mutating specific residues ’!. Cas9 orthologues origi-

nating from other organisms can be exploited as well, but are not as efficient as SpCas9
72

Gene knock- out, genome- editing and gene knock- in

Depending on the type of gene editing one wants to perform in the target cells, different
gRNA design strategies, Cas9 variants and the use of template DNA are being chosen.
Knocking- out a gene of interest can for example give insights on gene function, down-
stream pathways or impact of mutations within the genomic background of a patient. By
targeting CRISPR/ Cas9 towards a sequence located within the first exons of the gene
and without providing the cell a template DNA for HDR repair, NHEJ is likely to be
chosen as repair mechanism for the created DSB. NHEJ is an erroneous repair mecha-
nism, often leading to insertions, deletions or duplication of small fragments at the site of
DSB . Faulty repair of the target sequence can lead to frameshifts, producing with high
probability a stop codon further downstream in the sequence. Incorrect mRNA sequences
are often already degraded by the cell before translation, or resulting proteins are non-

functional and being degraded.

Gene- editing using CRISPR/ Cas9 requires the co- delivery of a template sequence to-
gether with the plasmids encoding the endonuclease and the gRNA. The most commonly
used template DNA to induce HDR and precise gene alterations is single- strand oligo-
desoxynucleotides (ssODN). Best HDR efficiencies following DSB have been reported
with ssODNs ranging between 90 and 120 bp length 7*7#. These shorter oligos are suitable
for introducing smaller nt changes, however, if reporter genes or larger genomic se-

quences are to be integrated, template DNA is provided as plasmid 7.

Knocking- in larger stretches of foreign DNA, like reporter constructs or antibiotic re-
sistance cassettes, requires the use of targeting vectors or long double- stranded DNA
sequences with homology arms, as described before for the target vector approach. Some
research groups successfully generated reporter hiPSC lines 7%, However, targeting
rates of HDR- based strategies like gene- editing by ssODNs and gene knock- ins in hu-
man cells have been reported to be low 7°, due to the intrinsic inefficiency of HDR in
human cells. Precise gene- editing is found to be especially inefficient in hiPSCs and has

been estimated to be as low as 1x 107, without pre- selection %.
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Importance of CRISPR/ Cas9 in disease modelling

The easy cloning and handling of CRISPR/ Cas9 plasmids, as well as the straight- forward
requirements for gRNA design, promoted this newly discovered gene editing method fast
into many researcher’s toolboxes. Disease modelling relies on the introduction of the
faulty gene in other modelling organisms or specific correction of mutations. CRISPR/
Cas9 is theoretically able to target every gene in every organism, as long as target se-
quences meet PAM sequence criteria. Delivery options of plasmids encoding the enzyme
and the gRNAs are ranging from plasmid transfection to transduction by AAV. Research-
ers are working on other delivery options, like lipofection of Cas protein. Genome- edit-
ing by CRISPR/ Cas9 is an efficient and scarless editing method, no residues will be left
in the sequence after editing. Other genome- editing methods, like TALEN or classical
homologous recombination by target vector recombineering are much costlier in terms of
time and money. The latter will also leave “foreign DNA” in the edited sequence.
CRISPR/ Cas9 for disease modelling is applicable in all known model organisms, how-

ever especially useful in in vivo mice models and in vitro cell culture disease modelling.

The CRISPR/ Cas9 genome- editing tool enables to precisely alter single nts, an important
aspect for disease modelling. Effects of point mutations can be investigated by either cor-
recting a point mutation suspected to cause a disease phenotype, or by inserting point
mutations into healthy backgrounds. Multi- genetic disorders can also be investigated by
introducing more than one alteration into the genome. CRISPR/ Cas9 allows for multi-
plex- editing by using several gRNA target sequences at the same time. Due to the small
size of gRNAs, several gRNA sequences can be encoded on a single vector. Only minimal

cytotoxicity has been reported when multiplexing gRNAs %,

By combining the hiPSC technology with the CRISPR/ Cas9 genome- editing tool, a new
era of disease modelling has begun. For monogenic and multigenic disease, genotype-
phenotype correlations can be explored in detail by correcting mutations in patient- de-
rived hiPSCs and further differentiating them into the affected specialized cell. Correcting
the mutation in disease hiPSC lines provides the optimal ctr while remaining in the same
isogenic disease background. Inserting disease- associated mutations in a healthy ctr
background further elucidates effects of these mutations. Corrected hiPSC- derived spe-
cialized cells and mutated ctr cells furthermore provide a highly potent platform for drug
screening approaches in a personalized medicine setting. However, it has to be empha-

sized, that applying genome- editing by CRISPR/ Cas9 to hiPSCs remains challenging,
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due to the fragile nature of hiPSC and low HDR efficiency. A well- grounded technical
expertise and high hiPSC quality is necessary, followed by arduous screenings of targeted
clones to obtain genetically modified cells. Only several research groups have success-
fully applied CRISPR/ Cas9 in hiPSCs for disease modelling by correcting point muta-
tions in patient- derived hiPSCs or inserting disease causing mutations into healthy ctr

backgrounds 3!3,

1.2.4  Differentiation of hiPSCs into the cardiac lineage

hiPSCs can be induced to differentiate into cells of all three embryonic germ layers in
vitro. Differentiation protocols recapitulate the embryonic development of the cell type
of interest. hiPSC- derived CMs are a valuable tool to investigate embryonic heart devel-
opment and as human cardiac model. Research studies on electrophysiology, molecular
pathways, protein biochemistry, drug development and disease models can be performed.
By generating hiPSC- derived CMs from patients suffering from cardiac disease, patho-
logical mechanisms can be studied directly in the affected cell type without the need to
perform invasive procedures on the patient. Several protocols have been established so
far to induce cardiac differentiation in hiPSCs. Formation of CMs in hiPSCs is believed
to follow the same signalling pathways as in embryonic cardiomyogenesis %*. Different
protocols have been established that drive cardiac differentiation by adding specific small
molecules and growth factors in a defined order to the culture. Other protocols aggregate
hiPSCs to EBs to induce spontaneous in vitro cardiogenesis. Efficiencies of differentia-
tion protocols can vary within cell lines and are most likely dependent on cell quality,
culturing conditions and quality of supplements. Protocols are being constantly improved
and companies offer commercially available cardiac differentiation kits. While kits for
cardiac differentiation reach very high efficiencies of beating CMs in a monolayer, they
only promote cardiac lineage development and supress differentiation into cells of other
tissues. Depending on the research question, it can be important to promote cardiogenesis
within a cell population resembling human embryonic development, supporting sponta-

neous differentiation protocols with EB formation 5.
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Key genes in cardiac development

The human heart is one of the first organs to develop during embryogenesis %¢. During
embryonic development, the three germ layers endoderm, ectoderm and mesoderm are
formed shortly after gastrulation. Mesoderm formation is greatly influenced by NODAL,
BRY and WNT3 7. The mesodermal germ layer is giving rise to cardiac progenitor cells,
that later form the heart. Cardiac precursor cells start migrating out of the primitive streak
due to MESP1 signaling . Two major cardiac progenitor populations give rise to the
future heart, the first heart field (FHF) and the second heart field (SHF). Progenitor cells
of the FHF will give rise to the left ventricle and minor parts of the atria and conduction
system. The SHF forms the right ventricle, outflow tract and atria. HCN4 is considered a
marker for FHF %°, whereas ISL1 marks the SHF cardiac progenitor cells. ISL1" cardiac
progenitors are multipotent, play a major role in SHF development and can give rise to
CMs, endothelial cells and smooth muscle cells °°. The secondary master regulators
NKX2.5 and GATA4 are being expressed in FHF and SHF and further drive myocardial
differentiation. FHF cells continue to form the cardiac chambers and trabeculation in the
ventricles, influenced by NKX2.5, TBX5, MYOCD, GJAS5 and NPPA expression.
NKX2.5, GATA4, ISL1, MEF2C, FOXH1, TBX1 and others play important roles in fur-

ther differentiation of the SHF into the right ventricle, outflow tract and atria °!.

Knock- out of key genes in cardiac development

Knock- out studies in mice are a valuable tool to identify genes and their roles during
cardiogenesis. The major role of ISL1" cardiac progenitor cells in SHF was identified by
phenotypic effects in Is//”" mice *>. Homozygous Nkx2.5 knock- out mice show defects
in heart looping, indicating the importance of this transcription factor in ventricular car-
diac development. Downstream signaling of Nkx2.5 to MLC2V has also been identified

with this model 3

. Our current understanding of cardiac development is based on knock-
out studies in mice and other model organisms. However, using mice as model organisms
for cardiac development has its limitations. Embryogenesis in mice is faster than in hu-
mans and morphological differences are present **. The iPSC technology and cardiac dif-
ferentiation of hiPSCs represents a great new human model system. By manipulating car-
diac genes, using state- of the art genome- editing techniques, and observing conse-

quences in hiPSC- derived CMs, new insights in human cardiogenesis can be achieved.
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MEIS|I in cardiac development

MEIS] is a transcription factor of the HOX gene family. It possesses a TALE (three aa
loop extension) homeodomain to interact with other genomic regions °°. It has been pre-
viously identified to activate oncogenic genes, cause cellular hyper proliferation in mye-
loid leukemia cells and to be involved in hematopoiesis *°. Wamstadt and colleagues
identified Meisl as a key regulator of cardiac development in mouse cardiac precursor
cells. Meis1 and Gata4 were shown to co- activate cardiac enhancers in luciferase assays
97 MeisI knock- out in mice results in hematopoietic defects and embryonic lethality, as
well abnormalities in eye, brain, lung and heart during embryogenesis **%°. Post- natal,
MeisI knock- out studies in mice revealed its role in cell cycle arrest in CMs %, All
present data and insights are based on mouse studies. A study performed on human em-
bryonic stem cells (hESC)- derived CMs identified MEIS2 as regulator of cardiac devel-
opment based on Chromatin Immunoprecipitation followed by next- generation sequenc-
ing (ChiP- Seq). The role of MEISI in human cardiac development remains to be eluci-

dated.

1.3 Calmodulin (CaM)

1.3.1  Structure, expression and importance

CaM is a 148 aa protein important for Calcium (Ca*") sensing in cells. The relatively
small a- helical protein possesses N- and C- terminal lobes, which contain EF- hand mo-
tives that can bind 2 Ca" ions each. The N- and C- terminal lobes display different Ca*'-
binding affinities. Ca>* binding induces a conformational change of the protein, influenc-
ing binding characteristics to other targets. 3 independent genes located on different chro-
mosomes encoding for identical CaM proteins highlight the importance of this signalling
molecule. At least 8 mRNAs are transcribed from these 3 CALM genes, utilizing different
polyadenylation signals. CaM is highly conserved within all vertebrate species, further
supporting its pivotal role '°!. CaM is phosphorylated in vivo by different kinases. De-
pending on phosphorylation status, Ca**- free (ApoCaM) or Ca**- bound state, the protein
is influencing and binding a great number of different binding partners 2. CaM is ex-

pressed in all eukaryotic cells and is involved in Ca?" transport, contraction of cells, cell
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metabolism, gene expression, proliferation and others !9, Identified targets of CaM- reg-
ulated proteins range from Cabin 1, a transcriptional regulator in Thymocytes, to dendritic

Ca?*" signalling protein Striatin, and EGF receptors, among many others 1%,

CaM plays a central role in the cardiac contraction cycle. CaM interacts with Cay1.2 chan-
nels, influencing both inactivation and facilitation of L-type calcium channels . CaM
binding to the Ky7.1 channel is needed for cardiac Ixs channel formation and Ca**- sensi-
tive mediation of Ixs current °. CaM decreases the open probability of RyR2 channels in
CMs, essentially influencing SR Ca?" release 7. Ca- CaM activates the Calcium- CaM-
dependent kinase II (CaMKII), resulting in a phosphorylation of the kinase. The activated
CaMKII in turn phosphorylates Ca- channels, slowing its inactivation and promoting Ica
facilitation '%. Additionally, it is believed that CaM might act on gene expression and
excitation- transcription coupling '°°. The indispensable role of CaM in cardiac cells, as

well as in other cells is indisputable.

1.3.2 CaM mutations and associated diseases

During recent years, CaM mutations on all three genes have been identified to cause
LQTS, CPVT, or both in patients. The pathogenic CaM variants provoke autosomal dom-
inant syndromes at an early age, often leading to cardiac arrhythmia and sudden cardiac
death %8, To date, at least 12 CALM mutations have been described to be associated with
LQTS, CPVT or idiopathic fibrillation, most of them being classified as de novo muta-
tions '%. In defiance of the broad function of CaM in eukaryotic cells, mutation carriers
rarely display disease phenotypes other than arrhythmogenic symptoms ''°. CPVT- asso-
ciated CaM mutations are linked to aberrant regulation of the RyR2 channel '3, During
CM contraction, RyR2 channels mediate Ca*" release of the SR. CaM binds to RyR2
receptors in the cell and facilitates the termination of Ca*" release. Aberrant regulation of
mutated CaM evokes arrhythmogenic Ca** disturbances, spontaneous Ca?" waves and
increased spark activities, causing a CPVT phenotype ''%!!3, CALM mutations manifest-
ing a LQTS phenotype have been characterized so far in heterologous systems or by over-
expression of the mutated CaM in mouse CMs "“!!*!16, CaM is pre- bound to L- type Ca>"
channels, where it reacts to local Ca** influx and cytosolic Ca** levels. Ca**- bound CaM
undergoes conformational changes and promotes rapid inactivation of the Cay1.2 channel
Ca?" current. The reduced Ca?" affinity of mutated CaM impairs this process, conse-

quences are a prolongation of AP and subsequently cardiac arrhythmias '!°.
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1.3.3  LQTS

LQTS and causing mutations

LQTS is a cardiac arrhythmia affecting approximately 1/ 2000 people of the general pop-
ulation. It is the leading cause for sudden cardiac death (SCD) within the young popula-
tion ''’. Hallmarks of the syndrome include a prolonged QT interval (QTc >480 ms) on
the electrocardiogram (ECG), delayed repolarisation of the ventricular myocardium, T
wave alterations, susceptibility to torsade de pointes (TdP), seizures and sudden cardiac
death '8, LQTS is usually inherited as an autosomal- dominant trait, de novo mutations
account for approximately 5- 10% of the symptom '!°. The three major causative genes
of LQTS are KCNQI, KCNH?2 and SCN5A4, namely LQT1- 3. However, there are up to
date 15 associated genes recognised to cause LQTS. A complete list of genes is shown in

Table 1: List of genes associated with LQTS

CaM- mediated LQTS was first reported in 2013 in infants carrying mutations in CALM1

and CALM?2, discovered by whole exome sequencing '.

LQTS type Gene Protein Current

Romano-Ward syndrome

LQT1 KCNQ1 Kv7.1 Igs |

LQT2 KCNH2 KV11.1 I |

LQT3 SCN5A Navl.5 Ina 1

LQT4 Ankyrin-B Ankyrin Na+/K+ ATPase and so on
LQT5 KCNE1 MinK Igs |

LQT6 KCNEZ2 MiRP1 Igr |

LQT7 KCNJ2 Kir2.1 Ix1 1

LQT8 CACNAIC Cavl.2 leat 1

LQT9 CAV3 Caveolin3 Ins 1

LQT10 SCN4B SCNp4subunit Ina 1

LQT11 AKAP-9 Yotiao Igs |

LQT12 SNTAI Syntrophin-al Ina |

LQT13 KCNJ5 Kir3.4 Ixach 1

LQT14 CALM1 Calmodulinl Disorder of calcium signaling
LQT15 CALM2 Calmodulin2

Jervell and Lange-Nielsen syndrome
JLN1 KCNQ1 Kv7.1 Igs 1
JLN2 KCNE1 MinK Igs |

Table 1: List of genes associated with LQTS

List of LQTS with corresponding affected genes, proteins and resulting changes in ion currents or pathways.
Adapted from Nakano and Shimizu '%°,
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LQOTS modelling in hiPSC- CMs

In vitro cell culture overexpression models and transgenic animals contributed greatly to
our understanding of cardiac diseases. The LQTS phenotype was recapitulated in various
animal and heterologous expression models *!'?2, However, these models only partially
mirror the molecular and cellular disease phenotypes due to differences in heart physiol-
ogy, as well as gene and protein expression profiles between species 2. Patient- derived
hiPSCs provide the opportunity to have principally unlimited access to diseased ventric-
ular, atrial and nodal CMs, carrying all the disease- relevant genetic alterations. Disease
models of LQTS have been successfully generated and patient- specific hiPSC- CMs re-
capitulate the disease phenotype in vitro. Prolonged APs in atrial and ventricular cells
have been measured, and defects in ion currents and channel activations could be shown
in several models reported 2124126, Moreover, the system has proven valuable to test
drugs and cytotoxic effects preclinical on patient- specific hiPSC- derived CMs. Treat-
ment options were assessed on these CMs and effects on pro- arrhythmic compounds

could be shown 23-30:124.127

Limitations of modelling LQTS with hiPSC- derived CMs include the level of CM ma-
turity obtained resembling an embryonic state rather than an adult CM state. A fetal- like
phenotype of hiPSC- derived CMs has been shown on the gene expression level, as well
as on morphological level in LQTS- patient hiPSC- CMs *°. Those CMs present in addi-
tion with less negative resting membrane potentials, AP amplitudes are smaller, as well
as the upstroke velocity compared to adult CMs 2%, However, current limitations to LQTS
disease modelling and modelling of other cardiac diseases using hiPSC- derived CMs will

most likely be overcome by future technical advances.
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II.  Hypothesis and aims of the project

2.1 Patient- specific disease modelling of CALM 1 mutations

Patient- specific hiPSCs are produced and further differentiated into CMs. Electrophysi-
ological examination of hiPSC- derived CMs display the reported LQTS phenotype in
vitro. Pathogenic mechanisms in CMs can be further examined by electrophysiological
and molecular investigations. Disturbed pathways in the affected CMs are identified, and
treatment options can be analysed by preclinical in vitro testing of drugs. Correction of
the LQTS causative point mutations in the CALM1 gene in patient- derived hiPSCs, using
the CRISPR/ Cas9 technology, abolishes the disease phenotype in derived CMs. Knock-
ing- out of the mutated CALM1I gene in patient hiPSCs will also cause the derived CMs
to return to a healthy phenotype, since no more mutated CaM protein is translated. Other

CALM transcripts will be upregulated to compensate the lack of CaM protein in the cells.

2.2 Analysis of the role of MEISI in human cardiogenesis in vitro

MEISI is an important transcriptional co- activator during cardiogenesis and embryonic
development. By knocking- out the MEISI gene in healthy ctr hiPSCs, derived CMs are
disturbed in differentiation and proliferation. Transcriptomic effects on other cardioge-
netic genes in the MEISI- KO line shed light on the range of influence of MEIS1 during

cardiac development.
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III. Material and methods

3.1 Patients and ctr cell lines

Somatic skin fibroblasts of 2 unrelated probands were obtained from Lia Crotti and col-
leagues, as described in their publication !. hiPSC lines were generated from fibroblasts,
as described in chapter 3.2.2. hiPSC line of patient with de novo mutation at protein po-
sition D130G (coding region position c.A389G) of the CALM 1 gene was named CALM -
D130G, generated hiPSC line of patient with de novo mutation at protein position F142L
(coding region position ¢.C426G) of the CALM1 gene was named CALM - F142L.

The unrelated ctr hiPSC line C6 was used, generated from an adult Caucasian healthy
female of 60 years of age, as described before in publications by Gramlich and colleagues
32, The ctr C6 hiPSC line was generated from somatic skin fibroblasts, using the Sendai
Virus reprogramming method. As a second unrelated healthy ctr, the HAK ctr hiPSC line
was used. HAK was generated from a healthy, 30 years old male of Afro-American origin

from keratinocytes using the Sendai Virus reprogramming method.

32 Cell culture methods

3.2.1 Cell culture material and media

3.5 cm and 6 cm cell culture dishes were purchased from Falcon (Cat No. 353001 and
Cat No. 353004), 10 cm cell culture dishes and 96- well plates were purchased from Nun-
clon (Cat No. 150350 and Cat No. 161093). 15 cm cell culture dishes are acquired from
Greiner Cellstar (Cat No. 639160). 50 ml and 15 ml Falcon tubes are from Greiner Cell-
star (Cat No. 227261 and Cat No. 188271).

List of media and supplements

— Fibroblast growth medium: DMEM/F-12 (Invitrogen, Cat No. 21331-046), 10%
FBS (Invitrogen, Cat No. 16141-079), 2 mM L- Glutamine (Invitrogen, Cat No.
25030-081), 100 um MEM Non- essential Amino Acids (Invitrogen, Cat No.
11140-050), 1x Penicillin/Streptomycin (Invitrogen, Cat No.15140-122)
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- MEF medium: DMEM/F-12, 10% FBS, 2 mM L- Glutamine, 100 um MEM
Non- essential Amino Acids, 1 mM Sodium Pyruvate (Invitrogen, Cat No.
11360-070), 1x Penicillin/Streptomycin, 0.1 mM - Mercaptoethanol (Invitro-
gen, Cat No. 31350-010)

- Melton EB2: DMEM/F-12, 2% FBS, 2 mM L- Glutamine, 100 um MEM Non-
essential Amino Acids, 1x Penicillin/Streptomycin, 0.1 mM - Mercaptoethanol

- Melton EB20: DMEM/F-12, 20% FBS, 2 mM L- Glutamine, 100 pm MEM
Non- essential Amino Acids, 1x Penicillin/Streptomycin, 0.1 mM B- Mercap-
toethanol

— hiPS medium: DMEM/F-12, 20% KSR (Invitrogen, Cat No. 10828-028), 2 mM
L- Glutamine, 100 pm MEM Non- essential Amino Acids, 1x Penicillin/Strepto-
mycin, 0.1 mM - Mercaptoethanol

- 2x hiPS freezing medium: 20% hiPS medium, 60% FBS, 20% DMSO (Invitro-
gen, Cat No. D12345)

— E8 Medium: E8 basal medium (Invitrogen, Cat No. A1517001) supplemented
with its E8 supplement, 0.5x Penicillin/Streptomycin

— Ix iPS feeder- free freezing medium: mFreSR (StemCell Technologies, Cat No.
05854)

— 1x 1PS single- cell freezing medium: 35% DMEM/F-12, 5% DMSO, 10% Eth-
ylene Glycol (Sigma Aldrich, Cat No. 324558), 50% FBS

- HEK medium: DMEM/F-12, 10% FBS, 2 mM L- Glutamine, 1 mM Sodium Py-
ruvate, 2 mM L- Glutamine, 1x Penicillin/Streptomycin

— Colony Screening buffer: 300 pl 1 M Tris (Sigma Aldrich, Cat No. 1185-53-1)
pH 8.0, 60 ul 0.5 M EDTA (Invitrogen, Cat No. AM9260G), 1.5 ml 1 M KCl
(Sigma Aldrich, Cat No. 7447-40-7), 60 ul 1 M MgCl: (Sigma Aldrich, Cat No.
MS8266), 28 ml purified H>O, filter sterilized; 200 ug/ml RNAse A (Quiagen,
Cat No. 19101), 670 pg/ml Proteinase K (Sigma, P2308) both added freshly

— Dissociation Buffer: PBS™" (Invitrogen, 14190-250), 2.5 mg/ml Trypsin (Invitro-
gen, Cat No. 2158203), 1 mg/ml Collagenase IV (Cell Systems, LOT
43K14405A), 20% KSR, and 1 mM CaCl: (Sigma Aldrich, Cat No. 10043-52-4)

— Single- cell iPS freezing medium: 35% DMEM/F-12, 5% DMSO, 10% Ethylene
Glycol (Sigma Aldrich, Cat No. 107-21-1), 50% FBS, sterile filtered

— EDTA single- cell splitting solution: 500 ml PBS”, 0.9 g NaCl (Sigma Aldrich,
7647-14-5), 500 ul 0.5 M EDTA, filter sterilized
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3.2.2  hiPSC generation

The CytoTune reprogramming Kit from Thermo Fisher Scientific with Lot number 47720
was used for fibroblast reprogramming. hiPSC generation was performed according to
the CytoTune User Manual. Human primary skin fibroblasts (PSF) were obtained from
patients by skin biopsy. PSF were cultured on 0.1% gelatine- coated (Sigma, Cat No.
G1393) cell culture dishes in fibroblast growth medium for one passage. On the day of
transduction, cells reached a density of 5x 10° cells/ well. Before transduction, each Cy-
toTune Sendai Virus (SeV) component (hOct3/4, hSOx2, hKIf4 and hc- Myc) was com-
bined in 1 ml fibroblast medium, corresponding to 3x 10° cell infection units/ ml (CIU)
each. Fibroblast medium was aspirated from PSF plate and cells were transduced with
CytoTune Sendai virus (SeV) mix at an MOI of 3. The virus mix was left on the cells for
24h and plate was incubated at 37 °C and 5% COz in a cell culture incubator (Thermo
Scientific, HERA cell 150i1). After 24h, medium was replaced with fresh fibroblast me-
dium and subsequently changed every other day for 6 days. 6 days after transduction, new
10 cm cell culture dishes were first coated with 0.1% gelatine and then pre- seeded with
MEF feeder cells at a density of 2.5x 10° cells per 10 cm dish. The following day, the
transduced plate was washed twice with PBS”" and incubated with 0.3 ml 0.05% Trypsin
(Invitrogen, Cat No. 25300-096) at room temperature. Detaching cells were collected in
excess fibroblast medium and spun at 200x g for 4min (Hettich centrifuge Rotina 420R).
The supernatant was aspirated and the cell pellet was carefully resuspended and counted
using a hemocytometer. 5x 10* cells were plated per 10 cm dish and incubated overnight
as described before. Remaining cells were used for RNA extraction. 24h after plating
cells onto MEF feeder plates, medium was switched to hiPS cell medium and changed

every 24h. hiPSC colonies emerged and were picked after 2- 3 weeks.

3.2.3  hiPSC culturing methods

hiPSC culture on MEF feeders and manual splitting

hiPSC were cultured on MEF feeder coated cell culture plates in hiPS medium as de-
scribed before in the publication of Moretti and colleagues 2%, unless stated otherwise. In
general, MEF feeder plates were prepared 24h before usage. MEF cells were plated on
gelatine- coated cell culture plates in MEF medium at a density of 4.5x 10* cells/cm?.

MEF plates were washed once with DMEM/F-12 before hiPS medium supplemented with
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10 uM ROCK Inhibitor (Merck Millipore, Cat No. SMCMO075) and 10 ng/ml bFGF (Invi-
trogen, Cat No. PHG0264) was added. Medium was changed every 24h on hiPSC plates
and plates were kept in a cell culture incubator at 37 °C and 5% CO.. hiPSCs were man-
ually passaged every 5- 7 days. 1h before cell splitting, 10 uM ROCK Inhibitor was given
to the hiPSC plates. For manual passaging, hiPSC plates were placed under a light micro-
scope (Olympus CKX31) with 4x magnification (UPlanFL N 4x). Using a 12 mm syringe
(Braun Omnican 40, Cat No. 9161627), approximately 8 colonies of 2.5 mm diameter
were cut into a squared pattern. In total, around 30 rhombus- shaped pieces were trans-
ferred into one 3.5 cm MEF feeder coated cell culture dish. Media was changed to hiPS
medium supplemented with 10 ng/ml bFGF 24h after splitting.

To freeze hiPSCs grown on feeders, plates were first washed once with DMEM/F-12. 0.5
ml dissociation buffer was dispersed per 3.5 cm plate and plate was incubated for Smin
at 37 °C. Using a P1000 pipette, colonies were washed off carefully with pre- warmed
hiPS medium without detaching the feeder layer. Colonies were collected in a 15 ml fal-
con tube in excess warmed hiPS medium. Tubes were centrifuged at 200x g for Smin and
supernatant was discarded. 60- 80 colonies per 3.5 cm dish were frozen in 1 ml 1x hiPS
freezing medium by dilution of freezing medium 1:1 with hiPS medium. Mix was trans-
ferred carefully into CryoTube Vials (Thermo Scientific, Cat No. 377224), tubes were
placed in a freezing container (Sigma Aldrich, Cat No. C1562-1EA) and placed at -80 °C

for at least 24h before transferred to long term storage in liquid nitrogen.

Feeder- free hiPSC culture

Feeder- free hiPSC culture was executed in Essential 8 medium supplemented with 0.5x
Pen/Strep. Plates were pre- coated with Geltrex (Invitrogen, Cat No. A1413302) accord-
ing to manufacturer’s protocols. Before colonies were split, plates were placed under a
light microscope with 5x magnification. Differentiated areas of hiPSC colonies were
scratched away manually before passaging, using a 10 pl sterile pipette tip. hiPSC plates
were washed twice with DMEM/F-12 and incubated for 6min at 37 °C with 1x Dispase
(Stem Cell Technologies, Cat No. 07913). After incubation, Dispase was discarded and
pates were washed carefully with DMEM/F-12. Using a 13 mm cell scraper (TTP, Cat
No. 99002), colonies were scraped off the surface in 1 ml DMEM/F-12, collected and
passed through a 40 um cell strainer (Corning, Cat No. 352340). Cell strainer was flipped
upside down and remaining pieces of hiPSCs attached to the strainer were washed out

and collected in a 50 ml falcon tube using an appropriate volume of fresh E8 medium.
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Cell solution was transferred carefully to Geltrex- coated plates and incubated for 24h in
E8 medium supplemented with 10 uM Thiazovivin (Sigma Aldrich, Cat No. SML1045).
Cells were passaged every 4- 7 days at a 1:4 or 1:6 ratio and medium was changed every

24h.

To freeze hiPSCs grown in feeder- free conditions, plates were washed once with
DMEM/F-12 and incubated with 0.5 ml 1x Dispase at 37 °C for 6min. After incubation,
Dispase was discarded and plates were washed carefully again with DMEM/F-12. Using
a 13 mm cell scraper, colonies were scraped off the surface, collected in pre- warmed
hiPS medium and spun down at 200x g for Smin. Supernatant was discarded and cell
pellet was carefully resuspended in 1 ml mFreSR (Stemcell Technologies, Cat No. 05854)
per 3.5 cm cell culture plate. Cell suspension was transferred to CryoTubes, placed in a
freezing container at -80 °C for 24h and then transferred to liquid nitrogen long term

storage.

Single- cell adaptation and single- cell culture of hiPSCs on feeders

hiPSC colonies were cut manually by placing the plate under a light microscope and cut-
ting the colonies using a syringe. For the first passage of adaptation, rhombus- shaped
pieces were cut as small as possible, putting more pressure on the syringe when cutting.
Media was changed and using a P1000 pipette, thombus- shaped pieces were lifted off
and collected on a fresh plate in hiPS medium supplemented with 10 uM ROCK inhibitor.
Medium was changed daily. After approximately 4 days, cell clumps were passaged using
TrypLE Express (Invitrogen, Cat No. 1755751). Medium was aspirated and plates were
washed once with DMEM/F-12. 1 ml TrypLE was incubated per 3.5 cm plate for Smin at
37 °C and enzymatic reaction was stopped by adding serum- containing medium in ex-
cess. Cells were collected and centrifuged at 200x g for Smin. Supernatant was discarded
and cells were re- plated at a 1:1 or 1:2 ratio on fresh feeder- coated cell culture plates in
hiPS medium supplemented with 10 uM ROCK Inhibitor. Cells were subsequently pas-
saged once or twice per week with TrypLE ata 1:1.5 or 1:2 ratio. After 3- 4 passages cells
were considered single- cell adapted and were split at a 1:3 ratio every 3- 4 days. Single-
cell adapted cells were frozen and thawed at a 1:1 ratio in single- cell hiPS freezing me-

dium (composition, see 3.2.1)
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Feeder- free single- cell adaptation and single- cell culture of hiPSCs

hiPSCs adapted to feeder- free growth in E§ medium on Geltrex substrate were split using
EDTA splitting solution. hiPSC plates growing as colonies were washed twice with
EDTA solution. As a first single- cell adaptation step, 1 ml EDTA was added per 3.5 cm
plate and incubated for 5Smin at RT. EDTA solution was aspirated carefully and 1 ml E8
medium was added boldly with a P1000 pipette to the plate, causing the colonies to dis-
lodge and break up in bigger pieces. Pieces were transferred carefully without further
pipetting into new Geltrex plates at a 1:2 ratio in E8 medium supplemented with 10 uM
Thiazovivin. 24h after splitting, medium was changed to regular E8 medium. Medium
was changed every 24h subsequently. After 2- 3 days, before plate reached 70% conflu-
ency and pieces started forming round colonies, EDTA splitting was performed again.
EDTA solution was incubated on the plates for 7min at RT. Cell solution was distributed
on new plates in a 1:3 or 1:4 ratio in E§ medium with Thiazovivin. 24h later medium was
exchanged again to regular E8 medium and single- cell adapted hiPSC plates were split
again after 2- 3 days. Over the time course of several passages, single- cell adapted cells
were split higher with every passage, in an up to 1:10 ratio. Before plates reached 90%

confluency, they were passaged to prevent colony growth and differentiation.

To freeze single- cell adapted hiPSCs, plates were first washed twice with EDTA splitting
solution. 1 ml EDTA solution was incubated on cells for 7min at RT per 3.5 cm plate.
Subsequently, EDTA was discarded and detaching cells were collected in excess E8 me-
dium. Cell solution was spun down at 200x g for Smin, supernatant was discarded and
cell pellet was reconstituted in 1 ml 1x single- cell freezing medium per 3.5 cm cell dish.
Cell suspension was transferred to CryoTubes, placed in a freezing container at -80 °C

for 24h and then transferred to liquid nitrogen long term storage.

3.2.4 Differentiation of hiPSCs into CMs

For generation of hiPSC- derived CM, hiPSC colonies were formed first into embryonic
bodies (EB). hiPSC cell plates were washed once with DMEM/F-12 before 1 ml dissoci-
ation buffer was added per 3.5 cm plate. Plate with dissociation buffer was then incubated
for 10min at 37 °C. Dissociated hiPSC pieces were carefully flushed off the feeder plate
with hiPS medium. Cell pieces were collected in excess hiPS medium and spun down at
1200 rpm for Smin. Supernatant was removed carefully and the remaining cell pellet was

collected in MEF- conditioned medium supplemented with 10 pM ROCK Inhibitor and
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10 ng/ml bFGF. Dissociated hiPSC pieces were maintained on MEF- conditioned me-
dium on polyhema- coated (Sigma, Cat No. P3932) cell culture plates for 3 days without
medium change. Medium was changed to EB20 supplemented freshly with 50 pg/ml L-
Ascorbic Acid (Sigma, Cat No. A5960) on days 3 and 5, by first carefully collecting old
medium together with floating EBs in a 15 ml falcon tube. Floating EB tubes were left at
RT until sedimented. Medium was then aspirated carefully and floating EBs were col-
lected in fresh EB20 medium supplemented with Ascorbic Acid in an appropriate volume.
EB suspension was incubated in the same polyhema- coated plates until day 7 of differ-
entiation. On differentiation day 7, floating EBs were collected and plated on gelatine-
coated 4- well cell culture plates (Thermo Scientific, Cat No. 176740) at a density of
around 10 EBs/ well in EB20 medium supplemented with Ascorbic Acid. Medium was
changed every 2 days with fresh EB20 with Ascorbic Acid. Beating forci were observed
from day 10 on. 21 days after differentiation, medium was changed to EB2 medium and
beating CM loci were excised using a 12 mm syringe. Excised loci were placed in 4- well
cell culture plates in EB2 medium. Medium was subsequently changed every 7 days on

explant plates.

Cardiac differentiations of HAK hiPSCs and MEIS1- KO hiPSCs for Western Blot (WB)
and qRT PCR analysis was induced, using the PSC CM Differentiation Kit (Thermo
Fisher Scientific, Cat. No. A2921201) according to manufacturer’s guidelines. In general,
hiPSCs were previously adapted to single- cell growth and seeded on Geltrex in E8 me-
dium into 12- well cell culture plates. Induction of differentiation was performed on 80%

confluent wells. Beating loci were observed from day 7 of induction onwards.

3.2.5 Dissociation of CMs

24h before explant dissociation, cell culture plates were coated with fibronectin. Fibron-
ectin (Sigma, Cat No. F1141) was diluted 1:100 in 1x PBS®?*M&2* (Invitrogen, Cat No.
14080-048) and added to the plates. Plates were incubated at 4 °C overnight before use.
Around 10 beating CM explants were collected per 1.5 ml tube and washed twice with
500 pl pre- warmed 1x HBSS (Invitrogen, Cat No. 24020-117). Washed loci were equil-
ibrated in 250 pul HBSS supplemented with 1.5 mg/ml Collagenase type II. After sedi-
mentation of loci to the bottom of the tube, supernatant was carefully removed and ex-

plants were incubated with fresh HBSS/Collagenase solution for 1h at 37 °C in a shaking
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thermomixer (Eppendorf, Thermomixer compact) at 750 rpm. CM- containing superna-
tant was collected in a 15 ml tube containing 5 ml pre- warmed EB20 medium. Tube with
CM- solution was kept in a cell culture incubator at 37 °C. Remaining explants were
dissociated for another 30min in 250 ul HBSS/ Collagenase solution as described before
and supernatant was collected subsequently. This step was repeated up to two more times
until remaining CM clumps were broken up. Finally remaining clumps were incubated in
250 pl Accumax (Millipore, Cat No. 1500700180) for 10min at 37 °C in the shaking
thermomixer and pipetted carefully if necessary until completely separated. Collected cell
solution was then centrifuged at 200x g for Smin. Supernatant was aspirated and pellet
was suspended in the required volume of EB2 medium. CMs were plated as single cells
on plates pre- coated with fibronectin and medium was changed to fresh EB2 the day after

dissociating and subsequently every 3- 4 days.

3.2.6  Lentivirus production and transfection of hiPSCs

Lentivirus production

HEK293 cells (Laboratory stock) of passage 4 were thawed in 10 cm cell culture plates
in HEK medium and splitin a 1:3 to 1:4 ratio in different cell numbers. Plates that reached
70- 75% confluency on the next day were chosen for transfection. Transfection was per-
formed with FUGENE HD Transfection Reagent (Promega, Cat No. E2311). FuGENE
transfection complexes were prepared with the following components per 10 cm cell plate
to be transfected: 500 pl OptiMEM (Invitrogen, Cat No. 1912191), 7.5 pg pRRL.sin-18
transfer vector plasmid, 4.875 pg CMVARS.74 packaging plasmid, 2.625 ng VGV.G en-
velope plasmid, 45 ul FuGENE HD. Components were mixed gently and incubated at RT
for 15- 30min. Mix was subsequently added dropwise to the HEK293 cell plates and dis-
tributed carefully by rocking the plates back and forth. Plates were incubated over night
at 37 °C in a cell incubator (5% CO2). The following day, 4 ml of fresh HEK medium
was added on top of the old medium and incubated for another 24h. 48h post- transfection,
virus- containing supernatant was collected and centrifuged at 3000 rpm for 15min and 4

°C. Virus- containing supernatant was then aliquoted in 0.5 ml aliquots and frozen at -80

°C.
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Transfection of hiPSCs

To transfect hiPSCs with CRISPR/ Cas9 constructs, the TransIT-2020 Transfection Rea-
gent (Mirus, Cat No. MIR 5404) was used. 24h previous transfection, 1.25x 10° single-
cell adapted hiPSCs were plated on a 3.5 cm Geltrex- coated cell culture dish. Plates
reached approximately 80% confluency by the next day. 3- 4h before transfection, me-
dium on cell culture dish was replaced with fresh culture medium. Before transfection,
transfection reagent was warmed up to RT. 250 ul OptiMEM (Invitrogen, Cat No.
1912191) was gently mixed with 3 pg Cas9 plasmid or 1.5 pg plasmid and 1.5 pg ssODN
and 9 pl transfection reagent and mix was incubated for 30min at RT. TransIT/ DNA mix
was added dropwise to the plate and carefully distributed by rocking the plate cross- wise.
Plate was incubated for 24h to 48h in a cell culture incubator. Cells were then used for

analysis by FACS, cleavage detection analysis or antibiotic selection.

3.2.7  Transduction of hiPSCs

Electroporation

A Gene Pulser Xcell Electroporation System from Biorad was used for electroporation of
hiPSCs, together with 4 mm electroporation cuvettes (PeqLab, Cat No. 712030(LE)).
Cells used for electroporation were cultured on MEF feeder plates and adapted to single-
cell growth for at least 8 passages. 1- 2 days before the electroporation, cells were disso-
ciated with 1x TrypLE Express for Smin at 37 °C and plated on BD Matrigel hESC-
qualified Matrix (BD, Cat No. 354277) coated 10 cm cell culture plates in MEF- condi-
tioned medium. 3- 4x 10 cm hiPSC plates were prepared per electroporation experiment.
Cells were grown on Matrigel until 80% confluent. 3- 4h before electroporation, cells
were treated with 5 uM ROCK inhibitor. PBS™ and electroporation cuvettes were placed
on ice. Cells were dissociated with TrypLE, counted in a Neubauer Zahlkammer and spun
down in ice- cold PBS™". Per electroporation, 15 pg Cas9- encoding plasmid and 15 pg
gRNA plasmid, or 30 pg Cas9 all-in one plasmid were suspended with 30 ug ssODN in
a total volume of 200 ul ice- cold PBS™". 10x 10° cells were dissolved in 500 pl ice- cold
PBS” and carefully blended with the DNA mix. The 800 pl cell/DNA mixture was filled
into one ice- cold 4 mm electroporation cuvette and incubated on ice for Smin. The out-
side of the cuvette was subsequently dried off thoroughly and placed in the electroporator.
Cells were transformed with the following settings: exponential decay pulses, 250 V and

500 pF. The time constant determined by the machine was noted after the pulse as an
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indicator of quality of electroporation. Best results are expected at time constants between
10 and 14 ms. After the pulse, cells were collected in 10 ml pre- warmed hiPS medium
and pelleted for Smin at 200x g. Obtained pellet was suspended carefully in pre- warmed
conditioned media supplemented with 10 ng/ml bFGF and 5 uM ROCK inhibitor and
plated on a 15 cm Matrigel- coated cell culture dish. The day after the electroporation,
media was replaced with new MEF- conditioned media supplemented with 10 ng/ml
bFGF. 96- well cell culture feeder plates or 3.5 cm feeder plates were prepared for recov-

ery after fluorescence- activated cell sorting (FACS sorting).

Nucleofection

hiPSCs were cultured in feeder- free conditions in E8 medium, as described before, and
adapted to single- cell growth for at least 4 passages. E8- conditioned medium was col-
lected from hiPSC plates every 24h and sterile filtered. Nucleofection was performed
using the Human Stem Cell Nucleofector Kit 2 (Lonza, Cat No. VPH-5022) and the
Amaxa 2D Nucleofector. Cells were treated with 10 uM ROCK inhibitor 1- 2h before
nucleofection. Plates were washed once with DMEM/F-12 and incubated with 0.5 ml
Accutase (GE Healthcare, Cat No. L11-007) for Smin at 37 °C. Cells were collected and
0.8x 10 cells were used per nucleofection. Correlating volume of cell solution for 0.8x
10° cells was spun down at 200x g for Smin and supernatant was discarded carefully.
Nucleofection solution was prepared, by adding 18 pl Supplement 1 to 82 ul Human Stem
Cell Nucleofector Solution 2 per round of nucleofection. Solution mix was incubated for
Smin at 37 °C. Cell pellet was resuspended carefully with 100 pl nucleofection suspen-
sion mix and transferred to a nucleofector cuvette. 5 ug total DNA was added into cell
suspension in the cuvette. Suspension/DNA mix was mixed by swirling the cuvette gently
and tapping it 3 times on the hood surface. Cuvette was inserted into the Amaxa 2D Nu-
cleofector and program B-016 was set and executed. Nucleofected cells were retrieved in
500 pl pre- warmed conditioned E§ medium supplemented with 10 uM ROCK inhibitor
and 10 ng/ml bFGF in a sterile 1.5 ml tube. Cells were incubated at 37 °C for 10min.
Geltrex- coated 4- well cell culture plates were equipped and pre- incubated with 0.8 ml
E8 medium per well, with the E8 medium composed of 50% fresh and 50% conditioned
E8, supplemented with 10 uM Thiazovivin and 10 ng/ml bFGF. Cell suspension was
transferred dropwise into 2 wells of the prepared 4- well cell culture plates and incubated
for 24h at 37 °C. 24h after nucleofection, medium was replaced and antibiotic selection

of successfully nucleoporated cells with puromycin was started.
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328 Selection of hiPSCs

FACS sorting

This method describes cell sorting of green fluorescent protein (GFP) expressing cells
after electroporation with GFP- encoded Cas9 plasmids. hiPSCs were cultured as single
cells on MEF- feeder plates and electroporated as described before. 24- 48h after electro-
poration, cells were dissociated from MEF- feeder plates by incubation with TrypLE for
Smin at 37 °C. Cells were spun down for Smin at 200x g and obtained cell pellet was
carefully resuspended in 500 pl PBS” supplemented with 2% FBS. Cells were dissoci-
ated into single cells by passing through a 35 um cell strainer cap (Filcons, Cat No.
03033S) and kept on ice until sorted. Cell sorting was performed in collaboration with
the Flow Cytometry FACS Unit of the Technical University Miinchen. For deposition of
single cells into MEF- feeder coated 96- well plates, the MoFloll Legacy (BeckmanCoul-
ter) machine was used. Single- cell sorting was performed at 10000 eps (events per sec-
ond) at a single 0.5 sort mode and 60 psi through a 70 um nozzle. In case of sorting cells
into collection tubes, the Aria FACS machine (BeckmanCoulter) was used. Sorting speed
was at 20000 eps. In general, cell populations were first gated for forward scatter (FS)
and Pulse Width on a linear scale to exclude cell aggregates and cell debris from the
analysis. As a second gate, forward and sideward scatter was gated. GFP was excited with
a 488 nm laser and detected in the FL1 channel with a 530/40 bandpass filter. Dead hiP-
SCs reflect exciting laser light visible in the PE channel, therefore gates were set to ex-
clude those cells. Autofluorescence was measured by excitation at 561 nm in Aria and
488 nm in MoFlo II. Emission was detected at 550 and 582.15 longpass and bandpass
filter. GFP positive cells at a fluorescent intensity of 102 on the logarithmic scale were
chosen to be collected and plated in either 96- well feeder plates as single cell per well or
up to 10000 per 3.5 cm feeder cell culture plate. Cells were recovered from FACS sorting
on MEF- feeder coated cell culture plates in culture media consisting of 50% fresh hiPS
medium and 50% MEF- conditioned medium, supplemented with 20 ng/ml bFGF and 5
uM ROCK inhibitor. 4 days after sorting, wells were supplemented on top with fresh
hiPS medium containing 30 ng/ml bFGF. Once colonies started to appear, medium was
changed every other day to fresh hiPS medium supplemented with 10 ng/ml bFGF. After
9- 12 days post sorting, colonies reached the size of approximately 2 mm and were split
into new MEF- feeder coated cell culture plates and screened for successful genomic al-

terations, as described in chapter 3.3.7.
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Puromycin selection

Puromycin tolerance of cell lines to be nucleofected with pSpCas9(BB)-2A-Puro
(PX459) V2.0 plasmid was examined beforehand by performing puromycin kill- curves.
Single- cell adapted hiPSCs were plated in multiple wells of Geltrex- coated 24- well
plates (Nunclon, Cat No.150687) in E8 medium and cultured until 80% confluent. Puro-
mycin was purchased as powder from Calbiochem (Cat No. 540411) and dissolved in
sterile H>O at a concentration of 50 pg/ml. Puromycin solution was aliquoted and stored
at -20 °C. Puromycin was added to E8 medium without Pen/Strep at various concentra-
tions and added to the wells for up to 4 days. Medium was exchanged every 24h. Antibi-
otic concentrations were tested on wells in duplicates and 2 wells without the addition of
antibiotics was included as negative ctr. Optimal puromycin concentration was consid-
ered the concentration that killed 90% of cells after 48h and all the cells after 3 days of
selection. The patient hiPSC line with mutation F142L was positively selected at 0.2
ng/ml after 3 days, the ctr hiPSC line HAK at 0.35 pg/ml puromycin.

24h after nucleofection, E8 medium was replaced with fresh medium without Pen/Strep
and supplemented with the appropriate concentration of puromycin. Medium was ex-
changed every 24h and cells were observed carefully. Selection process was stopped after
24 to 48h, depending on the amount of viable cells left. Once approximately 90% of cells
were eliminated, medium was exchanged to regular E§ medium and subsequently ex-
changed every 24h. After approximately 7 days post- selection, hiPSC colonies were
grown to sufficient size to be separated into separate wells of a Geltrex- coated 4- well
plate in E8 medium. While separation, pieces of colonies were isolated for colony screen-

ing, as described in chapter 3.3.7.

33 Molecular biology methods

3.3.1 qRTPCR and RT PCR

qRT PCR for pluripotency of generated hiPSC lines

Pluripotency of generated hiPSC lines were assessed by measuring transcription levels of
endogenous pluripotency marker genes. For qRT PCR analysis, total RNA was first ex-
tracted using the Absolutely RNA Nanoprep Kit (Agilent, Cat No. 400753), Absolutely
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RNA Microprep Kit (Agilent, Cat No. 400805) or Absolutely RNA Miniprep Kit (Ag-
ilent, Cat No. 400805), according to manufacturer’s protocols. Uninfected primary skin
fibroblasts from 6 cm cell culture dishes were lysed with 700 ul Lysis Buffer per cell line.
Confluent 6 cm cell culture dishes of hiPSC lines passage 2 were lysed as well in 700 pl
Lysis Buffer and total RNA was extracted with the Absolutely RNA Miniprep Kit. Total
RNA was eluted in 30 pl pre- warmed Elution Buffer. RNA concentration was estimated
with a Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific). Up to 1 pg of RNA
was added to the Reverse Transcriptase PCR (RT PCR) to generate copy DNA (cDNA).
RT PCR reaction was performed with reagents from the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Cat No. 4368813), according to the product man-
ual. Maximum 1 pg of total RNA was given as input to the master mix. Reaction was
performed in a Thermocycler DNA Engine PCR machine (Peltier Thermal Cycler, Bio-
rad).

Produced cDNA was diluted 1:3 with sterile H2O and immediately used for further qRT
PCR analysis or stored at -20 °C. qRT PCR reactions were performed with reagents from
the Power SYBR Green PCR Master Mix (Applied Biotechnologies, Cat No. 4367659).
Primer pairs of endogenous genes associated with pluripotency chosen were c-MYC,
KLF4, OCT3/4, SOX2, NANOG, REXI and TDGF1, as previously described in the pub-

lication of Moretti and colleagues '?°. Primer sequences are listed under 3.6.
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The following master mix was set up per reaction:

Reagent Volume [pl]
2x Power SYBR Green PCR 5

Master Mix

Forward Primer [10 pM] 0.3

Reverse Primer [10 pM] 0.3

cDNA Template |

Sterile H,O 3.4

total 10

Table 2: qRT PCR Reaction master mix

Gene expression was assessed with a 7500 Fast Real- Time PCR machine (Applied Bio-

systems) and the following program:

Cycle Time [min] Temp [°C]

1 00:20 50

2 10:00 95

3 00:15 95

4 01:00 60 40 x
5 00:15 95

6 01:00 60

7 00:30 95

8 00:15 60

Table 3: qRT PCR program

Gene expression values were estimated relative to corresponding primary skin fibroblasts

and normalised to GAPDH. Primer sequences are listed under 3.6.

qRT PCR of embryonic germ layer specific lineage markers

To assess the capability of generated hiPSC lines to differentiate into cells of all three
embryonic germ layers, qRT PCR analysis on marker genes representing the three em-
bryonic germ layers was performed on EBs day 21 of differentiation. For each biological
replicate, a 4- well plate of plated EBs per cell line was lysed in 600 pl Lysis Buffer and
total RNA was extracted using the Absolutely RNA Miniprep Kit. Total RNA was eluted
in 30 pl pre- warmed Elution Buffer. Up to 1 pg of RNA was transcribed into cDNA.
cDNA was diluted 1:3 with sterile HoO and Power SYBR Green Master Mix was applied
as described before. Primer pairs corresponding to the endodermal genes PDX1, SOX7,
and AFP, the mesodermal genes CD31, DES, ACTA2, SCL, MYL2 and CDHS5 and the
ectodermal genes KRT14, NCAM1, TH, and GABRR?2 were used as qRT PCR targets, as

described previously in the publication of Moretti and colleagues '?°. Primer sequences
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are listed under 3.6. Expression values were calculated relative to corresponding undif-

ferentiated hiPSC clones and normalised to GAPDH.

gqRT PCR analysis of CM explants

To elucidate transcription expression levels of different genes in hiPSC generated CM,
total RNA was extracted from explanted beating loci of 2.5 months age. In general,
around 30 explants were used for total RNA extractions using the Absolutely RNA Na-
noprep Kit (Agilent, Cat No. 400753) per sample. Total RNA extractions were performed
according to manufacturer’s guidelines. Samples were eluted in 10 ul 60 °C pre-warmed
Elution Buffer and RNA concentration was estimated by Nano Drop measurement. cDNA
synthesis was performed as described before. qRT PCR Primer pairs for each transcript
of the three CALM genes were designed according to standard Oligonucleotide design
guidelines. The sequences can be found under 3.6. Expression values were calculated
relative to corresponding GAPDH values and normalised to the average of all GAPDH

values.

qRT PCR analysis was also performed on a selection of cardiac ion channel genes and
binding partners of CaM. Target genes selected were PMCAI, PMCA2, PMCA3, PMCA4,
SLC8A41, SERCA, CACNAIC, PLN, cTNT and RYR2. Sequences of oligonucleotides are
listed under 3.6. Here, total RNA was extracted and further processed for qRT PCR anal-
ysis from 2.5 months old explanted beating loci. Expression values were calculated rela-

tive to corresponding GAPDH values and normalised to ¢TNT values.

RT PCR of Sendai transgenes

To show the presence of delivered Sendai transgenes of infected fibroblasts and to prove
the absence of those transgenes in uninfected fibroblasts, total RNA was extracted from
infected und uninfected fibroblasts per cell line. 1 pg of total RNA was transcribed to
cDNA. The PCR was conducted with the FIREPol DNA Polymerase (Solis Biodyne, Cat
No. 01-01-1000) according to manufacturer’s manual. 25 ng/ul cDNA was used as DNA
input. The master mix with Primer Sets c- MYC and SOX2 was supplemented with Solu-
tion S, due to amplification of GC- rich DNA templates. Primer Sets SOX2, KLF4 and

OCT3/4 use the same reverse Primer. Primer sequences are listed in 3.6.
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The following PCR program was performed:

Cycle Time [min] Temp [°C]

1 05:00 95

2 00:30 95

3 00:30 55 34 x
4 00:30 72

5 05:00 72

6 o 4

Table 4: Sendai RT PCR program

PCR product was loaded on a 1.5% EtBr- Agarose Gel together with a 2- log DNA ladder
(New England Biolabs, Cat No. N3200S). Gel was run for 30min at 240 V. Separated

bands were made visible and documented with a UV- light documentation system from

Biovision 3000WL (PeqLab).

3.3.2  PluriTest analysis

To further assess level of pluripotency of generated hiPSC lines, total RNA was extracted
on selected clones using the Absolutely RNA Microprep Kit. To perform whole genome
microarray analysis, RNA was hybridized on [llumina HT12v4 microarrays. The raw mi-
croarray data were analysed with the PluriTest algorithm, according to Muller et al. '*°.

This assay was performed by Dr. Parrotta at Magna Gracia University, Catanzaro, Italy.

3.3.3  Protein extraction and WB analysis

Protein sample preparation

Expressed protein levels of MEISI in ctr and MEISI- KO cell lines were measured by
WB analysis. 80% confluent 3.5 cm MEISI- KO hiPSCs and HAK ctr hiPSCs were in-
duced to cardiac differentiation for 48h. Cell lysis buffer was prepared freshly by adding
Ix Complete Mini EDTA- free Protease Inhibitor Cocktail (Roche, Cat No.
11836170001) to 300 ul cold RIPA buffer (Sigma Aldrich, Cat No. R0278) per 3.5 cm
well placed on ice. Dishes were incubated on ice with lysis buffer for 20min and cells
were collected in 1.5 ml tubes and spun in at 14000 rpm for 15min at 4 °C. Supernatant
was collected in fresh tubes and shock- frozen in liquid nitrogen for storage at —80 °C or

immediately used for protein concentration determination.
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Protein concentration was determined by colourimetric detection using the BCA Protein
Assay Kit (Pierce, Cat No. 23227) according to the corresponding manual and a 550 nm
ELISA reader (Dynatech MR5000). 5 ul protein extract was mixed with 200 ul BCA
substrate in a 96- well plate alongside with a standard BSA curve ranging from 0 mg/ml
up to 2 mg/ml. Plate was incubated at 37 °C for approximately 20min. Values read by the
ELISA machine were used for calculating protein concentrations of samples according to
the protein standard reference curve. Protein extracts were denatured by boiling for Smin
at 95 °C in 4x sample buffer (200 mM Tris- HCI pH 6.8, 4 mM EDTA, 40% glycerol
(Sigma Aldrich, Cat No. G2025), 4% B-Mercaptoethanol, 0.1 mg/ml bromphenol blue
(Sigma Aldrich, Cat No. B0126)) and stored at -80 °C until further analysis.

SDS electrophoresis

To separate proteins by size, SDS- PAGE gels were prepared, following standard guide-
lines. To prepare 2x 10% resolving gels in a Mini Protean II System (BioRad, Cat No.
1658003EDU) gel cast, 7.9 ml sterile H20, 6.7 ml 30% Bis- Acrylamide (Biorad, Cat No.
161-0156), 5 ml Tri- HCI pH 8.8, 200 pl 10% SDS (Sigma Aldrich, Cat No. L4509), 200
ul 10% APS (Sigma Aldrich, Cat No. A3678) and 8 pl TEMED (Sigma Aldrich, T9281).
5% stacking gels were added on top of the resolving gels by mixing 5.5 ml sterile H>O, 1
ml Tris- HCI pH 6.8, 1.3 ml Bis- Acrylamide, 80 pl 10% SDS, 80 ul 10% APS and 8 pl
TEMED. Gels were fixed in the according Mini Protean II gel running tanks filled with
1 x running buffer (diluted from 10x running buffer in sterile H>O: 30.3 g Tris, 144 g
glycine, 10 g SDS in 1 [ sterile H>O) and proteins were separated for 1 h at 150 V.

WB

After separating proteins by SDS- PAGE, protein bands were transferred on Hybond ECL
nitrocellulose membrane (Amersham, Cat No. RPN 203E) in a wet blotting chamber
(Mini Protean System II blotting module from BioRad) in 1x blotting buffer (diluted from
10x blotting buffer in sterile H>O: 30.2 g Tris, 144 glycine in 1 1 sterile H2O, adding 20%
MetOH to final volume). Proteins were transferred for 90min at 100 V and at 4 °C. Blotted
membranes were washed once in sterile H>O and stained in Ponceau S for 2min. After
further washing with TBST, blocking of membrane pieces was performed for 1h at RT in
either 5% skim milk in TBST or 5% BSA in TBST. Membranes were incubated with
primary antibody in 5% skim milk/TBST or 5% BSA/TBST accordingly, overnight at 4°
C. For detecting Meis] protein, the Anti-Meis1 antibody from abcam #ab19867 was used

at a concentration of 1:1000 in skim milk, and the anti- Meis1 antibody from Abnova
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#H00004211-A01, at a concentration of 1:1000 in skim milk. As a loading ctr, HSP90
antibody (Cell signalling, Cat No. 4874) was used at a working concentration of 1:1000
in BSA. Following primary antibody incubation, membranes were washed 3x for Smin in
TBST and secondary antibodies were incubated for 1h at RT. The following secondary
antibodies, conjugated with horseradish peroxidase were used: Anti- goat IgG (Donkey,
Cat No. 705035147), Anti- mouse IgG (Donkey, Cat No. 715035151), Anti- rabbit IgG
(Goat, Cat No. 111035144), all from Jackson Laboratory. After incubation with second-
ary antibodies, the membrane strips were washed 3x for Smin with TBST and incubated
for Imin with WB Detection Reagent (GE Healthcare, Cat No. RPN2232). Membranes
were exposed to film (Amersham Hyperfilm ECL, Cat No. 28906837). Films were de-
veloped in a WB developing machine and scanned to subsequently quantify the expres-

sion of bands on the PC with ImageJ software.

3.3.4  FRET- Camui CR construct cloning

The plasmid pcDNA3-Camui-CR was purchased from Addgene (plasmid number
40256). In order to deliver the FRET construct into hiPSC- derived CMs by Lentivirus,
the open reading frames (ORFs) 1 and 2, encoding the FRET protein, were cloned into a
lentiviral ~ transfer ~ vector. = The  lentiviral  transfer = vector = pRRL.sin-
18.PPT.PGK.MCS.IRES.GFP.pre (laboratory stock) was used as a cloning backbone.
The IRES.GFP  encoding sequence was cut out of pRRL.sin-
18.PPT.PGK.MCS.IRES.GFP.pre. ORF1 and 2 were cut out of pcDNA3-Camui-CR
plasmid and ligated into the backbone of pRRL.sin-18.PPT.PGK.MCS.pre.
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Figure 4: Map of pRRL.sin-18.PPT.PGK.MCS.Camui-CR.pre.

The open reading frames ORF1 and 2 of the Addgene plasmid pcDNA3-Camui-CR were cut out by en-
zymes Sacl and Nhel and cloned into the pRRL.sin-18.PPT.PGK.MCS.pre lentiviral transfer vector. Plas-
mid map shows a selection of restriction enzyme cutting sites. For complete map, see Appendix (7.3).

3.3.5 Homologous recombination

Targeting vector cloning

One approach to correct the patient’s mutations in hiPSCs in vitro is by classical homol-
ogous recombination. Exon 5 and 6 of CALM1 was targeted by homologous recombina-
tion, using the BAC recombineering system. Cloning steps were performed according to
guidelines from Dr. Bellin (Leids Universitair Medisch Centrum) and under supervision
of Dr. Pane (AstraZeneka Goteborg). Detailed cloning steps used as guideline can be
found on the website of Gene Bridges (www.genebridges.org). 3 BAC clones were ob-
tained from Empire Genomics, covering the genomic sequences from exon 5 and 6 of the
human CALM1 gene. BAC clones ordered were RP11-471B22 (genomic region 8986901 -
90047968), RP11-257P13 (genomic region 89909676- 90094755) and RP11-99C24 (ge-
nomic region 89927463- 90094722). Exon 5 and 6 of all three BAC clones were checked
for unwanted mutations by Sanger sequencing. Primers are listed under 3.6. BAC clone

RP11-471B22 was chosen. As a first step, the neomycin resistance cassette loxP-Pgk-
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gb3-Neo-loxP, named NeoR, was cloned into intron 5 of CALM1 BAC. The plasmid con-
taining the NeoR cassette was kindly provided by Dr. Bellin and used later as a sequence
template to clone into intron 5. Bacteria starter cultures were grown from the NeoR plas-
mid. Intron 5 of the BAC clone was sequenced using primers listed under 3.6. 70 nts long
oligos were ordered, designed to anneal to 50 nts of the intronic region of intron 5, fol-
lowed by 20 nts complementary to the 5° end of the neo cassette. Complementary 70 nts
oligos were ordered to reverse complement the 50 nts of intronic region of the CALM1
gene, followed by 20 nts of the 3” end of the neo cassette sequence. Sequences of these
oligos are listed under 3.6. A standard Taq polymerase PCR reaction was performed with
the 70 nts oligonucleotides as forward and reverse primer and the bacterial culture con-
taining the NeoR plasmid as DNA template. Annealing temperature was set to 62 °C for
30sec, elongation cycle at 68 °C for 2min. Denaturation, annealing and elongation steps
were repeated for 25 cycles. 1.5 kb PCR product was cleaned up by QIAquick PCR Pu-

rification, eluted in TE buffer and stored at -20 °C for later use.

The pRedET recombination vector (pSc101-BAD-gbA-tet) obtained from Gene Bridges
was amplified by standard bacterial culture and purified. ET vector was first introduced
into BAC- containing E.coli to render the BAC more prone to perform recombineering.
All steps were performed according to the Gene Bridges protocol. BAC containing E.coli
culture were grown until an ODgoo of approx. 0.4 was reached in 4 tubes containing each
10 ml LB/chloramphenicol. Cells were collected and electroporated with 50 ng Red/ET
plasmid in 200 pl 10% glycerol. Electroporation settings were 1.8 kV, 25 uF, 200 Q
resistance, in a 1 mm electroporation cuvette (PeqLab, Cat No. 712010(LE)). Cells were
recovered in 1 ml LB without antibiotics, let grown for 30min and plated on Tet/Kana
plates over night at 30 °C. Colonies were picked and stocks made. Next, overnight cul-
tures of obtained E.coli containing BAC and Red/ET plasmids were grown at 30 °C and
collected at an ODgoo of approx. 0.2 in 4 tubes of 10 ml LB/Chloramp/Tet. 0.4% of 10%
L-arabinose (Sigma- Aldrich, Cat No. A3256) was added to cultures to induce recom-
binase expression. When an ODeoo of approx. 0.4 was reached, cells were harvested and
electroporated with 500 ng of the NeoR PCR product described in the previous paragraph.
The same electroporation settings as before were used. Bacteria were recovered in 1 ml
LB, incubated for 2h at 37 °C and streaked on agar plates without Tet. Plates were incu-
bated over night at 37 °C and picked colonies were amplified in starter cultures. Isolated
DNA from a selection of clones was sequenced using inNeoF and inNeoR2 primers (se-

quences listed under 3.6). Clone with inserted Neo cassette within intronic region was
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amplified, BAC containing the Neo insert was extracted and stored at -20 °C in sterile

H»O.

Subsequently, the partial BAC containing exon 5 and 6 and inserted Neo cassette was
inserted into the minimal vector. The minimal vector was obtained from Gene Bridges.
As a preliminary step, the Red/ET vector was again delivered to E.coli containing the
BAC/Neo construct, as described before. Once the E.coli with BAC/Neo construct were
successfully electroporated, the minimal vector was delivered by electroporation. Bacte-
ria were first grown until an ODeoo of approx. 0.2, then recombination was induced by
incubation with 10% L- arabinose. At an ODgoo of 0.4, bacteria were collected by centrif-
ugation, washed with chilled glycerol and divided into 20 pl of bacterial cells per 10 ml
of LB. Cell solution was mixed with 100 ng of minimal vector and electroporated with
above mentioned settings. Cells were then recovered in 1 ml LB without antibiotics and
subsequently streaked out on agar plates containing ampicillin. 24h later, colonies were
picked, DNA was isolated and clones were analysed with Sanger sequencing using the
Primer set 2 nd-step-rec forward and reverse (sequences see under 3.6). Clone showing
the correct sequence of targeting vector, containing homology arms spanning exon 5 and
6 and Neo resistance selection cassette, was amplified in E.coli and DNA was extracted

and stored at 4 °C until further use.
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Figure 5: Map of CALM1-pGK-Neo-MinimalVector construct.

Minimal vector construct for correction of CALM point mutations by homologous recombination. For com-
plete map, see Appendix (7.3).

Delivering of targeting construct

Correction of CALM 1 point mutation by classical homologous recombination in patient’s
hiPSCs was performed using the construct described in 3.3.5 and single- cell adapted
hiPSCs on Geltrex in E§ medium or on neomycin- resistant MEF feeder cells in hiPS
medium. The protocol “Generation of Human Embryonic Stem Cell Reporter Knock- In
Lines by Homologous Recombination” from Davis et al. was used as guideline 3!, Prior
to electroporation, the targeting vector was linearized by incubation with restriction en-
donucleases. 430 ug of the vector were digested in 10x BSA, 10x restriction digestion
buffer 4 (New England Biolabs, Cat No. B7004S), 1000 Units Notl HiFi restriction en-
zyme (New England Biolabs, Cat No. R3189M) and sterile H>O in a total volume of 230
ul. Reaction mixture was incubated at 37 °C overnight and subsequently heat inactivated
at 65 °C for 20min. A small amount of digested plasmid was loaded on a 0.9% Agarose
Gel to test for complete linearization before proceeding with precipitation and electro-
poration. DNA was precipitated by adding 30 ul NaAc (3 M, pH 7.4) and 270 pl 100%
EtOH to the vector in a total volume of 600 pul with sterile H,O. Samples was mixed,
incubated at -20 °C for 30min and spun at maximum speed at 4 °C for 20min. Precipitate

was then washed with 700 ul 70% EtOH and spun again for Smin before discarding the
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supernatant and air- drying the pellet. Linearized Vector was resuspended in 80 pl of
sterile TE by shaking at 37 °C. Concentration was estimated by Nano Drop from a 1:2
dilution with TE.

Delivery of the linearized plasmid was performed by electroporation. 20 pg linearized
vector was electroporated on 10x 10° cells. Electroporation was performed at 250 V and
500 puF and cells were recovered and distributed on 5x 6 cm cell culture plates pre- seeded
with neomycin- resistant MEFs or on Geltrex plates in pre- conditioned medium supple-
mented with 10 uM ROCK inhibitor or 10 uM Thiazovivin and 10 ng/ml bFGF. Two
days after electroporation, medium was changed to normal hiPS or E8 medium. 4 days
after electroporation, antibiotic selection was started by adding 50 pg/ml G418 (Life
Technologies, Cat No. 11811-023) to hiPS medium without Pen/Strep, or E8 medium
without Pen/Strep. Selection was executed for 7 days, with medium change every 24h.
Four days into selection, MEF- coated dished were supplemented with fresh neomycin-
resistant MEFs at 1x 10* MEFs/cm?. 12 days after electroporation, emerged colonies were

picked and screened, as described in chapter 3.3.7.

3.3.6 CRISPR/Cas9

CRISPR/ Cas9 correction construct cloning

To correct the single point mutations in patient’s hiPSCs by HDR, the Cas9 protein en-
coding constructs pCas9 GFP (Addgene, #44719) and pCas9D10A_GFP (Addgene,
#44720) were purchased. The plasmids were kindly deposited by Kiran Musunuru’s Lab.
pCas9D10A GFP translates into the Cas9 (D10A) mutant Nickase, which is causing sin-
gle strand DNA breaks as compared to Cas9 translated from Addgene’s pCas9 GFP plas-
mid, causing DNA double strand breaks (DSB). Both plasmids co-express GFP, con-
nected with a 2A linker motive for optimal co- expression levels. Transcription is driven
by a CAG promotor, optimised for expression in hiPSCs. These plasmids are delivered
each together with a gRNA expression vector into the hiPSC by either electroporation or

nucleoporation.

Later experiments were mainly performed with Cas9 nuclease plasmids. Following meth-

ods and results are therefore focussed on Cas9 nuclease.
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gRNA design and gRNA vector cloning

The gRNA cloning vector #41824 (Addgene), deposited by George Church, was used as
the gRNA empty backbone. In order to guide the Cas9 protein sequence- specific to the
point of mutation, gRNA sequences were identified, using the online CRISPR design tool
(crispr.mit.edu). CRISPR design criteria and experimental setup were chosen according
to the stembook protocol by Peters and colleagues '*2. Expressed Cas9 protein and gRNA
sequence form a dimer in the nucleus. CRISPR/ Cas9 binding sites were chosen to comply
to the sequence G(N)19NGG. CRISPR design was executed to perform the DSB as prox-
imal as possible to the site of point mutation. For each patient, one gRNA sequence with
least off- target hit score and highest targeting score was chosen to be cloned into the
gRNA cloning vector. The targeting score for each guide sequence is determined by sub-
tracting the sum of off- target hit scores in the target genome from 100% on- target activ-
ity. Off- target hit scores are computed by total number of mismatches, mismatch absolute
position in regard to the PAM site and mean pairwise distance between the calculated
mismatches. Only exonic off- targets were considered. More details on the underlying

logarithms can be found on the stated website.

The following gRNA sequences were chosen per target mutation:

gRNA name Score  On target locus Off- gRNA sequence

targets
F142L corr gRNA 24 chr14:+ 90808976 27 TATATTTGTCTTTTCAGAAT
D130G corr gRNA 82 chr14:+90870836 11 GACGGACAAGTCAACTATGA

Table 5: gRNA sequences for mutation correction approach

Cloning steps to insert gRNA sequences into the gRNA cloning vector were performed
in dependence to the gRNA Synthesis Protocol deposited by George Church on the
Addgenes’ website. Single strand oligonucleotides were ordered from Sigma Aldrich at
a synthesis scale of 0.025 umole and HPLC purification. 100 bp oligonucleotides were

designed to incorporate the gRNA target sequence as follows:

Forward Oligo: 5° TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC
G(N)19 gttttagagctagaaatagcaagttaaaataaggctagtc 3’

Reverse Oligo: 5’ gactagccttattttaacttgctatttctagetctaaaac (N)19C
GGTGTTTCGTCCTTTCCACAAGATATATAAAGCCAAGAAA 3
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If the chosen 20 nt gRNA sequence did not start with a guanine (G), an additional G was
included before the gRNA targeting sequence to improve annealing capacity. This was
the case for the gRNA design for the F142L correction gRNA plasmid. Exact sequences
of 100 nt oligonucleotides of the gRNAs can be found in the Primer List (chapter 3.6).

Forward and reverse 100 nt oligonucleotides were resuspended in annealing buffer at a
final concentration of 100 uM. Annealing buffer was prepared from 39.12 ml sterile H>O,
400 pl 1 M Tris pH 7.5, 80 ul 0.5 M EDTA, 400 pul 5 M NacCl and filter sterilized before
use. Equal amounts of both oligonucleotides were added to a 1.5 ml tube and incubated
at 90 °C for 3min. Tube was then placed at room temperature for at least 45min until
cooled below 30 °C. gRNA cloning vector was linearized by incubation at 37 °C for 1h
with the restriction enzyme AfIII (New England Biolabs, Cat No. R0520S) in NEB buffer
2 supplemented with BSA (New England Biolabs, Cat No. B002S). Annealed 100 nt ol-
igonucleotides and linearized gRNA cloning vector were ligated using the Gibson As-
sembly Kit (New England Biolabs, Cat No. E5510S). Linearized vector and annealed
gRNA inserts were incubated at a 1:5 ratio in 2x Gibson Assembly Master Mix. Total
volume was filled up to 20 pl with sterile H>O and mix was incubated in a thermomixer
at 50 °C for 15min. 2 pl of assembly reaction were transformed into competent cells,
according to standard laboratory protocols. Bacteria were dispersed onto kanamycin- con-
taining agar plates and emerging colonies were picked after 24h incubation at 37 °C.
Starter cultures were grown per picked bacterial colony and plasmid DNA was extracted
using a standard miniprep kit. A selection of plasmid DNA clones was sequenced to con-
firm the correct insertion of gRNA into the cloning backbone using the T7 forward se-
quencing primer (see chapter 3.6). After confirmation of correct product, an endotoxin-
free maxiprep was prepared and plasmid was stored in TE buffer at -20 °C until further

usage.

CRISPR/ Cas9 all-in one construct cloning

In order to having to deliver only one plasmid into hiPSCs for CRISPR/ Cas9 experi-
ments, the sequence- specific gRNAs per patient were cloned in frame into the
pCas9 GFP (Addgene, #44719) and pCas9D10A_ GFP (Addgene, #44720). As a first
step, the AflII restriction enzyme cutting sites were eliminated in the Cas9- coding se-
quence. The Cas9 open reading frames were cut out of the original Addgene plasmid
using BamHI and Xhol (New England Biolabs, Cat No. R0136S and R0146S) and the

excised 1538 bp piece was used in the mutagenesis reaction. The other resulting piece of
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7733 bp was cleaned up and stored at 4 °C for later use. Mutagenesis reaction was per-
formed according to manufacturer’s guidelines, using the QuickChange II Site- directed
Mutagenesis Kit (Agilent Technologies, Cat No. 200521). The piece excised earlier was
cloned into the pBluescript- SK(+) (laboratory stock). Transformation was performed and
DNA was extracted subsequently. A first round of mutagenesis was performed to remove
one AflII restriction enzyme cutting site by exchanging one nt in a silent manner. Oligo-
nucleotide sequences are listed under 3.6. PCR reaction was then transformed into com-
petent bacteria and DNA was extracted by miniprep from 5 picked bacterial colonies.
Sequences were confirmed by Sanger sequencing with T3 and T7 standard sequencing
primer (see List of Primers, 3.6). One clone was chosen to perform the second round of
mutagenesis, using another set of mutagenesis primers, as listed under 3.6. Mutated DNA
was transformed once more into competent bacteria, amplified, extracted by miniprep.

Mutated Cas9 ORF was ligated back into the Cas9 plasmid backbones.

In order to clone the gRNA sequences into the mutated Cas9 plasmids, plasmids were
linearized with Mlul (New England Biolabs, Cat No. R0198S) blunted and subsequently
digested with Spel restriction enzyme (New England Biolabs, Cat No. R0133S). The
gRNA cloning vector was also digested with Spel and EcoRV (New England Biolabs,
Cat No. R0195S). This piece encodes the gRNA scaffold sequence in frame with the U6
promotor sequence for gRNA expression and was further ligated into the linearized mu-
tated Cas9 plasmids. Transformations into competent bacteria were followed by miniprep
to extract amplified DNA. The resulting plasmids were analysed for correct ligation by
restriction digestion. Correct plasmids were amplified, endotoxin- free extracted and
stored in TE buffer at 4 °C. Genome- editing experiments were mostly performed with

the Cas9 nuclease plasmid.
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Figure 6: Map of pCas9_GFP-AfllImut/mut-U6-gRNA.

The U6- gRNA ORF was cloned into pCas9_GFP and pCas9D10A_GFP. AfIII restriction enzyme recog-
nition sites were mutated to allow for later sequence- specific cloning of gRNA sequences. For complete
map, see Appendix (7.3).

These above described cloning steps were performed in parallel with Addgene’s
pCas9 GFP (Addgene, #44719) and pCas9D10A GFP (Addgene, #44720) plasmids. To
further clone mutation- specific gRNA sequences into the Cas9 all-in one plasmids, a
Gibson Assembly cloning protocol was followed. Patient- specific gRNA oligonucleo-
tides were annealed in annealing buffer at 100 pM. pCas9_ GFP-AfIII™Y™_U6-gRNA
plasmid was linearized using AflII restriction enzyme and gRNA sequences were ligated
into the plasmid as described before, using the Gibson Assembly Kit and protocol. Plas-
mid was transformed into competent bacteria, amplified and DNA was extracted by min-
iprep. After sequence confirmation by Sanger sequencing, plasmid was amplified at max-

iprep scale and stored at 4 °C in TE buffer.

ssODN template oligo design

To introduce a desired sequence into the genome by HDR, a ssODN was designed and
co- delivered into the hiPSCs with the Cas9 and gRNA encoding plasmids. ssODNs were

designed to be 200 bp long, with the sequence matching the antisense strand. The non-
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homologous nts were located near the centre of the ssODN sequence. In addition, a re-
striction enzyme cutting site was incorporated into the ssODN design by exchanging a
synonymous nt from the original sequence. Importantly, this exchange of nts did not
change the aa sequence of the resulting protein. Incorporation of a restriction cutting site
allows for fast screening of clones for HDR. 120 bp ssODNs were purchased by Sigma
Aldrich as PAGE purified oligos at 0.05 pmole synthesis scale. ssODN sequences can be
found in the Primer List (3.6).

CRISPR/Cas9 knock- out construct cloning

To elucidate the effect of CALM I mutations and effects of CaM knockouts in hiPSCs and
their derived CMs, insertions or deletions in early exons of the CALM1 gene were in-
serted. These indels are very likely to disturb the ORF of the gene, causing a knock- out
or aberrant protein. The CALM1 knock- out approach was pursued with the Cas9 encod-
ing plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene, #62988), carrying a puro-
mycin resistance cassette, therefore rendering the cells resistant to puromycin in a transi-
ent manner. The pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid was also used for the
MEIS] knock- out approach. gRNA oligo design and cloning steps for these plasmids are
described here as general procedures, regardless of target sequence. gRNA oligo se-
quences ordered for each target gene are listed in detail under 3.6. This plasmid already
encodes the gRNA scaffold and was deposited by Feng Zhang. 19 nt gRNA inserts were

ordered as 100 uM oligonucleotide to conform the following guidelines:
Forward Oligo: 5> CACCg(N)19
Reverse Oligo: 5> AAAC(N)ioc

Cloning steps were performed according to the publication of Ran and colleagues ®.

3.3.7  Colony screening

In order to find genome edited clones in a time efficient manner, a colony screening pro-
tocol was established. Depending on the targeted genomic locus and the cell line used for
the experiments, different sets of primers were used in the PCR reaction. The colony

screening procedures and PCR program were identical for all targets.

Colony screening buffer was supplemented freshly with 200 pg/ml RNAse A (Qiagen,
Cat No. 158922) and 670 pg/ml Proteinase K (Sigma, Cat No. P2308). 30 ul lysis buffer
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was transferred into each tube of a 0.2 ml 8- strip PCR tube (Simport, Cat No. 2013082)
and placed on ice. Colonies that were big enough to be separated after puromycin selec-
tion, neomycin selection or colonies that have grown to sufficient size after FACS sorting
were carefully cut into pieces using a syringe, as described before. Between 1 and 3 pieces
of the colony were separated per clone and taken up in 3 pl by a P10 pipette. Pieces were
carefully transferred into the tube containing lysis buffer. This was performed for each
clone separate and with new P10 pipette tips each to exclude cross- contaminations. PCR
tubes with cell solution were spun down quickly and incubated at 60 °C for 3h followed
by 90 °C for 2min. Lysate was stored at 4 °C for next day usage or kept on ice for imme-
diate prosecution. 4 pl of cell lysate was added as input in the colony PCR reaction mix.
The Platinum Taq High Fidelity polymerase (Invitrogen, Cat No. 1930962) and its ap-
pendant 10x High Fidelity PCR buffer was used in this PCR reaction.

Reagent Volume [pl]
10x High Fidelity PCR Buffer 2.5
MgSO4[50 mM] 1

dNTPs [10 mM] 0.5

Forward Primer [10 uM] 0.5

Reverse Primer [10 uM] 0.5

Platinum 7ag DNA High Fidelity | 0.1
Polymerase [5 U/pl]

Cell lysis solution 4
Sterile H,O 15.9
total 25

Table 6: Colony PCR master mix

A PCR primer pair was designed to amplify a 1025 bp genomic region around the
CALMI- DI30G and -F142L loci. Primers are named RA CRISPR F and
RA_CRISPR_R. For each target sequence, positive ctr primer pairs were designed. They
amplify a genomic DNA stretch within the CALM1 gene containing an enzyme digestion
site for EcoRV and Xmnl. Primer pairs are named PosCtrD130G and PosCtrF142L, listed
under 3.6. The primer pairs to amplify the region for CALMI knock- out clones were
named GeneArt Calm_seq F and GeneArt Calm_seq R. Primer pairs spanning the re-
gion of exon 3 of the MEISI gene to screen for knock- outs were named Gene-

Art MEISKOguidel+4 F and GeneArtMEISKO guidel+4 R. Primers used for colony
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screening of targeted clones by homologous recombination were named ColScrShortFw

and ColScrNeoRev. Full sequences of al primer pairs are listed under 3.6.

The following colony PCR program was performed:

Cycle Time [min] Temp [°C]

1 02:00 94

2 00:15 94

3 00:30 61.1 35x
4 01:00 68

5 05:00 68

6 0 4

Table 7: Colony PCR program

To screen clones targeted with the pCas9 GFP and pCas9D10A GFP plasmids and an
ssODN template for correction of point mutations, a restriction enzyme digestion step
was followed after the colony PCR. An EcoRYV restriction site was incorporated into the
ssODN for the D130G correction and an s site was integrated in the ssODN used for
F142L mutation correction. 5 pl of the colony PCR sample was diluted 1:1 with sterile
H>O. PCR samples were estimated at 4 ng/ul and an enzymatic digestion reaction volume
of 20 pl with appropriate volume enzyme digestion buffer and amount of enzyme was
executed according to standard laboratory protocols. Enzymes and appendant reaction
buffers were obtained from New England Biolabs (Xmnl, Cat No. R0194S). After incu-
bation at 37 °C for 1h, sample was supplemented with 1x loading dye (laboratory stock)
and sample was loaded on a 1.5% Agarose Gel. DNA bands were separated for 30min at
240V in parallel with a 2 -log DNA Ladder (New England Biolabs, Cat No. N3200) and

bands were visualized and documented with a UV- light documentation system.

Clones retrieved after nucleofection with knock- out CRISPR/Cas9 constructs were
screened by Sanger sequencing. For each sample, the 25 ul PCR output was filled up to
100 pl with sterile H2O and DNA was purified using the QIAquick PCR Purification Kit
(Qiagen, Cat No. 28104). DNA was eluted in 30 ul elution buffer supplied by the kit and
concentration was measured by Nanodrop. 80 ng DNA was send to Eurofins MWG Op-
eron for sequencing. Sequencing primer used for CALM]I knock- out screening were
named Calm KO seq F, primer for knock- out screening at the MEIS1 locus were named
GeneArtMEISKO guidel+4 F. Clones recovered after electroporation with the homol-

ogous recombination vector were screened by PCR as described above. Primer pairs de-
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signed are annealing only in the genome after homologous recombination occurred, giv-
ing no product in clones negative for homologous recombination. After the PCR, product
was loaded on a 1.5% Agarose gel, run at 150 V for 30min and bands were visualised as
described before and analysed for the correct band at 2 kb size. Positive screened clones
were further cultured for several passages and DNA was extracted to analyse the genome

by Sanger sequencing.

3.3.8  Cleavage detection and TIDE analysis

Cleavage detection analysis

The GeneArt Genomic Cleavage Detection Kit (Thermo Fisher Scientific, Cat No.
A24372) was used to assess the efficiency of designed gRNAs for locus specific cleavage
and to determine the efficiency of cloned all-in one constructs compared to the 2 plasmids
strategy. Primers designed to amplify the locus being investigated can be found in the
List of Primers (3.6). For cleavage detection analysis, transfection of 80% confluent hiP-
SCs plates with the plasmids and gRNAs to be investigated were performed, as described
in 0. Cells were collected 24h after transfection and lysed according to the manufacturer’s
guidelines. Cleavage Detection analysis was performed according to the manufacturer’s

guidelines.

TIDE analysis

Colonies analysed by Sanger sequencing that showed genomic aberrations compared to
wild- type (wt) ctr sequences were analysed further with the online accessible sequence
decomposition tool TIDE. The tool is available online as free web tool in a restricted
version at www.tide.nki.nl and was developed by scientists from the Netherlands Cancer
Institute. Sequencing files in the .abl format were uploaded together with a wt ctr se-
quence and the 20 nt gRNA sequence used for the gene editing experiment. Default set-
tings of TIDE were applied to calculate the editing efficiency in a quantitative manner, as
well as to determine the prevailing indels of the targeted sequence. The left boundary of
the alignment window was set to 100 bp, the right boundary was set automatically at -10
bp from the break site. The decomposition window was set from 15 bp downstream of
the break site to 15 bp before the end of the shortest sequence read. The indel size range
was set to 10 bp and p- value threshold was set to p<0.001. Analysed knock- out clones

showing the highest targeting efficiency and indels causing most likely a premature stop
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codon in the coding sequence were further propagated and analysed for downstream ef-

fects.

34 Imaging techniques

34.1 Colourimetric detection

Alkaline phosphatase detection in hiPSCs

Direct alkaline phosphatase activity was analysed on hiPSC clones as an early measure
of pluripotency. hiPSCs plates were washed once with PBS®*2*M&2* for 3min and fixed in
3.7% (vol/vol) formaldehyde (Sigma Aldrich, Cat No. F8775) in PBS®2"M&" for Smin at
RT. Plates were then washed again 3 times with PBS“"™22* for 3min each and washed
subsequently once with distilled water. 200 pl NBT/BCIP alkaline phosphatase blue stock
solution (Roche, Cat No. 11681451001) was diluted in 10 ml reagent buffer (0.1 M Tri-
sHCI pH 9.5, 0.1 M NacCl, and 0.05 M MgCl») and incubated on plates for 10-15min at
RT. Reaction was stopped by removing reagent and washing plates 3 times with
PBSC2Me2* Microscopy was performed using imaging systems (DMI6000-AF6000),
filter cubes and software from Leica microsystems. Level and evenly distribution of blue

staining was used as a measure of pluripotency state of clones.

34.2 Fluorescent detection

Immunofluorescent staining of hiPSCs and hiPSC- CMs

hiPSC plates and dissociated hiPSC- derived CMs were washed once with PBS¢32"/Me2*
for 3min before fixation. Fixation of cells was performed with 3.7% (vol/vol) formalde-
hyde in PBS “22"Me2* for 1 5min at RT. Plates were washed 3x with PBS ©22"Me2* for Smin.
Following washing, cells were permeabilised and blocked in 0.1% Triton X-100 (Sigma
Aldrich, Cat No. 93443) with 10% goat serum (Invitrogen, Cat No. PCN5000) in PBS
Caz+Me2* for 1h at 37 °C. 1- 10 pg/ml primary antibody was incubated for 1- 2h at 37 °C

or overnight at 4 °C in 0.1% Triton with 1% goat serum in PBS ¢22*/Me2*

. For pluripotency
staining, the following primary antibodies were used: human Nanog (rabbit polyclonal,
Abcam, Cat No. ab21624, 1:500), TRA1-81-Alexa-Fluor-488-conjugated (mouse mono-
clonal, BD Pharmingen, Cat No. 560174, 1:20). For CM staining cardiac troponin T

(cTNT) (mouse monoclonal clone 13-11, Thermo Scientific, Cat No. MS-295, 1:300) and

55



Material and methods

a-actinin (mouse monoclonal clone EA-53, Sigma-Aldrich, Cat No. A7811, 1:300) were
used. For Sendai virus staining, anti- Sendai virus (rabbit polyclonal, MBL, Cat No.
MBL-PD029, 1:1000) was used. After primary antibody incubation, plates were washed
5x for 3min with PBS "M qypplemented with 0.1% Triton. Secondary antibodies
were suspended in 0.1% Triton with 1% goat serum in PBS ©2"M&2* and incubated for 1h
at 37 °C. The following secondary antibodies were used specific to appropriate species:
Alexa-Fluor-488, -594 and -647 (Life Technologies, 1:500). Cell Nuclei were detected
with 1 ng/ml Hoechst 33258 (Invitrogen, Cat No. H3569). Following secondary antibody

S Ca2+/Mg2+ and sam-

incubation, samples were washed 5x for 3min with 0.1% Triton in PB
ples were mounted with Dako fluorescence mounting medium (Dako, Cat No. S3023) for
preservation. Samples were left in the dark at RT to dry for 24h and kept at 4 °C for short-
term storage. Microscopy was performed using imaging systems (DMI6000-AF6000),

filter cubes and software from Leica microsystems.

EdU and cTNT FACS staining

To measure percentage of cells in mixed cell populations that are CMs and proliferative,
a co-staining of differentiated cells for cTNT and EdU was performed. The minimum of
cells used per sample was 1 well of a 12- well plate. To detect proliferation in cells, 10
mM EdU solution was added to wells for 24h before cells were harvested and lysed for
c¢TNT staining and fixation. The Click-iT EAU Alexa Fluor 488 Flow Cytometry Assay
Kit (Invitrogen, Cat No. C10425). After incubation with EdU, cells were harvested using
Collagenase solution (see 3.2.5) for 3x 15min at 37 °C and collected. Samples were
washed once with 3 mL of 1% BSA, centrifuged at 300 rcf for Smin and supernatant was
discarded. Pellets were resuspended in 100 pl of Fixative D and incubated for 15min at
RT in the dark. Samples were washed afterwards with 1% BSA solution and afterwards
resuspended in 100 pl Washing and Fixative Solution E. Incubation was performed for
15min at RT. Click iT Reaction cocktail was prepared according to the manual and 500
ul was added per sample. Solution was then mixed for 30min at RT on a shaker protected
from light. Samples were subsequently washed again with 3 ml washing reagent and
blocked in 10% FBS in 0.1% Saponin/ PBS ©*M&2* solution for 1h at RT. Primary cTNT
antibody (mouse monoclonal clone 13-11, Thermo Scientific, Cat No. MS-295, 1:300)
was diluted 1:500 in 1% FBS in 0.1% Saponin/ PBS “?>"M&2* solution and incubated at
RT for 1h. Samples were washed once more and incubation with anti- mouse secondary

antibody Alexa-Fluor -647 (Life Technologies, 1:500) was performed on RT for 1h. Cells
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were washed subsequently with 0.1% Saponin/ PBS “2"Me2* solution and pellet was re-
suspended in 150 ul 0.1% Saponin/ PBS “2*Me2* golution and filtered by adding an addi-
tional 150 pl of solution. Samples were analysed in a Flow Cytometer machine from
Beckman Coulter according to standard FACS protocols and analysed using the Kaluza

Flow Cytometry Analysis software.

CaMKII activity measurement

In order to see differences in CaMKII activation status between hiPSC- derived CMs from
patient and ctr cell lines, 2.5 months old CM explants were infected with lentivirus deliv-
ering the FRET- based biosensor Camui- CR. CMs were dissociated and 1- 1.5 explants
per well were distributed in a 384- well assay microplate (Corning, Cat No. 3712) pre-
coated with fibronectin, in EB2 medium. For infecting, virus- solution and EB2 media
were mixed in a 1:1 ratio and supplemented with 8 pg polybrene (Polybrene Hexadime-
thrine Bromide, Sigma, Cat No. H9268). 80 pl infection solution was added per well and
incubated overnight (37 °C, 5% CO.). 24h after infection, 20 pl fresh EB2 media was
added to the wells. 2 days after infection, medium was changed to fresh 100 pul EB2 per
well. On day 5, 100 pl fresh clear EB2 media (made from DMEM/F-12 without phenol
red, Invitrogen, Cat No. 21041-025) was added per well. Measuring of FRET activity was
performed from day 7 until day 9 of infection with medium change every 48h. FRET
activity measurement was recorded with an epifluorescence microscope equipped with
an image splitter (Optosplit II, Cairn Re-search, Faversham, UK) in the emission path-
way. A dual band excitation filter for 425-500 nm and 550-575 nm was combined with a
dichroic mirror for 500-550 nm and 600-680 nm wavelength as filter sets. The Optosplit
device used has a bandpass of 520/28 nm, a beam splitter of 568 nm and a bandpass of
630/75 nm. Recordings were made with a Zyla-V SCMOS camera (Andor, Belfast, UK).
The RFP to GFP fluorescence ratio was calculated after correcting for background sig-

nals.

3.5 Electrophysiological measurements

Electrophysiological measurements on CALM]I patient CMs were performed by M.
Rochetti and colleagues at the Dipartimento di Biotecnologie e Bioscienze at the Univer-
sita degli Studi di Milano — Bicocca. Electrophysiological methods are outlined in short

and can be found elaborately described in the appurtenant publication '*.
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Icar biophysical measurements

CMs derived from hiPSC of patients carrying mutations in the CALM I gene were voltage-
clamped in whole-cell configuration to measure Ica. and Ip.L. Measurements were per-
formed at RT and according to standard protocols. TTX (Tocris, Cat No. 1078) was used
at a concentration of 10 pM to prevent falsification of measurements by Ca?* ions flowing
through Na* channels. For Iga. measurements, Ba?® was used at some concentrations,
replacing Ca®" ions. Measurements were obtained with a MultiClamp 700B amplifier and
a Digidata 1440A (both Molecular Devices). A pClamp 10.4 filter (Molecular Devices)
at 2 kHz was used for filtering. Icar I/V relations were obtained and steady-state activation
curves were derived by measuring the peak current at 30 ms at different test potentials.
Steady- state inactivation curves at 2 s voltage steps from -50 to 0 mV and by normalizing
to the maximal current. Half activation and inactivation and slope were determined by
Boltzmann equation to estimate activation and inactivation curves. IcaLw Was calculated

by the overlap of area under activation and inactivation curve and quantified.

CDI was estimated by measuring remaining currents at 100 and r300 for Ca®>" and Ba*"
at equimolar concentrations. CDF was evaluated by increasing the pacing from 0.05 Hz
to 1 Hz abruptly. Conventional paired pulse ctr was used for measuring the time course
of recovery from inactivation of IcaL. Current amplitudes were normalized to Cn to cali-
brate for variations in cell size. Rat adult CMs were used as positive ctr for CDF meas-

urements as previously described '*4.

Electrical activity measurements

Field potentials (FP) were recorded with a 256- electrode MEA (Multi Channel Systems)
from spontaneously beating clusters. MEA chambers were previously coated with Mat-
rigel and clusters were plated in EB2 medium. Data was analysed with MC Rack, MC
Data Tool (Multi Channel Systems) and pClamp suite (Molecular Devices). FPD was
measured as a means of electrocardiographic interval, according to standard protocols.
FPDc were calculated by Bazett’s correction. APs were recorded at rates of 0.5 to 3 Hz
in whole-cell clamped CMs and with standard Tyrode’s solution at 36 °C. To circumvent
non-physiological APs due to low expressed Ixi in hiPSC- CM, a human Ix; numerical
dynamic clamp model was used. The Ik; model was applied using the Real-Time eXper-
iment Interface v1.0 (RTXI) with the Ubuntu 10.04 LTS software and an A/D converter
(BNC-2120, National Instruments, Austin, TX, USA). AP rate-dependency was analysed

under DC and native conditions.
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Twitch measurements

A Video Edge detection System paired to a Multiclamp 700B Amplifier and Digidata

1440A was used for recording spontaneous contractions on beating clusters.

Intracellular Ca’* measurements

Experiments were performed by Dr.Rochetti and her colleagues in collaboration %3,

Tyrode’s solution was composed of 2 mM 4-AP and 1 mM BaCl,. Pipette solutions con-
sisted of 110 mM K-aspartate, 23 mM KCI, 3 mM MgCl,, 0.2 mM CaCl,, 5 mM HEPES-
KOH, 0.5 mM EGTA-KOH, 5 mM ATP Na‘'-salt, 5 mM phosphocreatine Na" salt and
0.4 mM GTP Na" salt at pH 7.3. Intracellular Ca** measurements were performed under
physiological conditions. Fluo- 4 AM (Life Technologies, Cat No. F14201) at a concen-
tration of 10 uM was loaded into CM for Ca*" and measured after 1h incubation of Fluo-
4 AM at RT. Prior to measuring, CM were washed for 10min for de-esterification. Exci-
tation was performed at 488 nm and emission was measured at 535 nm with a band- pass
filter. Signal was low-pass filtered at 200 Hz and 100Hz and subsequently digitalized at
2kHz. CM were voltage- clamped for Ca** recordings for every 5sec from -50 mV to 0
mV to estimate cell membrane potential. Background luminescence was subtracted and
signal was normalised, using diastolic fluorescence. The SR Ca’" content was estimated
by superfusion with 10mM caffeine and CICR gain was calculated according to standard
protocols and can be read in more detail in the publication of Rochetti and colleagues '*°.
Incx was recorded during caffeine superfusion and quantified, NCX function was ana-
lysed using the Incx density during caffeine pulses and by plotting it as a function of Ca*".
Diastolic Ca** was assessed at 80 mV, with the resting fluorescence level after caffeine

superfusion as reference.
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3.6  List of Oligonucleotides

Table adapted from Rocchetti et al. '3.

Gene/Name of
: Use Sequence 5°- 3’

Oligo

For TGTATTTAGTAGGTTAGAGGTGGG
CALMI1 Sequencing

Rev TTGTGTGTGTGGACAGAAGG

For GGATCACTAGGTGATATCGAGC
Sendai Virus RT PCR

Rev ACCAGACAAGAGTTTAAGAGATATGTATC

For ATGCACCGCTACGACGTGAGCGC
SOX2 trans RT PCR

Rev AATGTATCGAAGGTGCTCAA

For TTCCTGCATGCCAGAGGAGCCC
KLF4 trans RT PCR

Rev AATGTATCGAAGGTGCTCAA

For TAACTGACTAGCAGGCTTGTCG
cMYC trans RT PCR

Rev AATGTATCGAAGGTGCTCAA

For CCCGAAAGAGAAAGCGAACCAG
OCT4 trans RT PCR

Rev AATGTATCGAAGGTGCTCAA

For TCCTCTGACTTCAACAGCGA
GAPDH qRT PCR

Rev GGGTCTTACTCCTTGGAGGC

For AGAAATGTCCTGAGCAATCACC
¢-MYC endo qRT PCR

Rev AAGGTTGTGAGGTTGCATTTGA

For ATAGCCTAAATGATGGTGCTTGG
KLF4 endo qRT PCR

Rev AACTTTGGCTTCCTTGTTTGG

For GACAGGGGGAGGGGAGGAGCTAGG
OCT4 endo qRT PCR

Rev CTTCCCTCCAACCAGTTGCCCCAAAC

For GGGAAATGGGAGGGGTGCAAAAGAGG
SOX2 endo qRT PCR

Rev TTGCGTGAGTGTGGATGGGATTGGTG

For TGCAAGAACTCTCCAACATCCT
NANOG gRT PCR

Rev ATTGCTATTCTTCGGCCAGTT

For ACCAGCACACTAGGCAAACC
REX1 gRT PCR

Rev TTCTGTTCACACAGGCTCCA

For CCCAAGAAGTGTTCCCTGTG
TDGF1 gRT PCR

Rev ACGTGCAGACGGTGGTAGTT

For AAGCTCACGCGTGGAAAG
PDX1 gRT PCR

Rev GGCCGTGAGATGTACTTGTTG
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For | TGAACGCCTTCATGGTTTG
SOX7 qRT PCR

Rev | AGCGCCTTCCACGACTTT

For | GTGCCAAGCTCAGGGTGTAG
AFP qRT PCR

Rev | CAGCCTCAAGTTGTTCCTCTG

For | ATGCCGTGGAAAGCAGATAC
CD31 qRT PCR

Rev | CTGTTCTTCTCGGAACATGGA

For | GTGAAGATGGCCCTGGATGT
DES qRT PCR

Rev | TGGTTTCTCGGAAGTTGAGG

For | GTGATCACCATCGGAAATGAA
ACTA2 qRT PCR

Rev | TCATGATGCTGTTGTAGGTGGT

For | CCAACAATCGAGTGAAGAGGA
SCL qRT PCR

Rev | CCGGCTGTTGGTGAAGATAC

For | TACGTTCGGGAAATGCTGAC
MYL2 qRT PCR

Rev | TTCTCCGTGGGTGATGATG

For | CACCTCTCCTCCTCCCAGTT
KRT14 qRT PCR

Rev | ATGACCTTGGTGCGGATTT

For | CAGATGGGAGAGGATGGAAA
NCAMI gRT PCR

Rev | CAGACGGGAGCCTGATCTCT

For | TGTACTGGTTCACGGTGGAGT
TH qRT PCR

Rev | TCTCAGGCTCCTCAGACAGG

For | CTGTGCCTGCCAGAGTTTCA
GABRR2 qRT PCR

Rev | ACGGCCTTGACGTAGGAGA

For | GAGCTCTGTCACGATTTGAGG
SCN5SA qRT PCR

Rev | GAAGATGAGGCAGACGAGGA

For | CGCCTGAACCGAGTAGAAGA
KCNQI qRT PCR

Rev | TGAAGCATGTCGGTGATGA

For | CAATCTCCGAAGAGGGGTTT
CACNAIC gRT PCR

Rev | TCGCTTCAGACATTCCAGGT

For | GCTATTCTGCACACGGTCATT
RYR2 qRT PCR

Rev | ATTTCCGTGCCACTTCCTTT

For | ACAATGGCGCTCTCTGTTCT
SERCA qRT PCR

Rev | ATCCTCAGCAAGGACTGGTTT

For | TCCCATAAACTGGGTGACAGA
PLN qRT PCR

Rev | TGATACCAGCAGGACAGGAA
SLC8AI gRTPCR | For | GAGACCTGGCTTCCCACTTT
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Rev | ATTCCCAGGAAGACATTCACC
For | TTTATCGCCCTGCTGGTGAAG
PMCA4 gRT PCR
Rev | TCACTGAGAAAAGGATGGCTGC
TTTCTTGGCTTTATATATCTTGTGGAAAGGACG
For | AAACACCGACGGACAAGTCAACTATGAGTTTT
AGAGCTAGAAATAGCAAGTTAAAATAAGGCTA
D130G correction To clone GTC
gRNA into #41824 GACTAGCCTTATTTTAACTTGCTATTTCTAGCT
R CTAAAACTCATAGTTGACTTGTCCGTCGGTGTT
& | TCGTCCTTTCCACAAGATATATAAAGCCAAGA
AA
TTTCTTGGCTTTATATATCTTGTGGAAAGGACG
For | AAACACCGTATATTTGTCTTTTCAGAATGTTTT
AGAGCTAGAAATAGCAAGTTAAAATAAGGCTA
F142L correction To clone GTC
gRNA into #41824 AAAGAACCGAAATATATAGAACACCTTTCCTG
Rey | CTTTGTGGCATATAAACAGAAAAGTCTTACAA
AATCTCGATCTTTATCGTTCAATTTTATTCCGA
TCAG
HDR CAAACTTAGGAGAAAAACTAACAGATGAAGA
120 bp ssODN template for | AGTAGATGAAATGATCAGAGAAGCAGATATCG
DI130G correction | D130G N ATGGAGACGGACAAGTCAACTATGAAGGTAA
correction AACTAAATTCTCTGAGCTCAGTGTTT
HDR CATTAAAGCTGTTTTCAAAGATAACCAAAAGT
120 bp ssODN template For TACTATTATATTTGTCTTTTCAGAATTCGTTCA
F142L correction | F142L N GATGATGACTGCAAAATGAAGACCTACTTTCA
correction ACTCCTTTTTCCCCCCTCTAGAA
F142L correction. | To clone For | CACCGTATATTTGTCTTTTCAGAAT
gRNA into #62988 | poy | AAACATTCTGAAAAGACAAATATAC
D130G correction | To clone For | CACCGACGGACAAGTCAACTATGA
gRNA into #62988 | poy | AAACTCATAGTTGACTTGTCCGTCC
For | CACCGCTGACCGAAGAACAGATTG
. To clone
CALM KO guide 1 | . to #62988
nto Rev | AAACGCAATCTGTTCTTCGGTCAGC
For | CACCGCTTACCAGCAATCTGTTCTT
. To clone
CALM KO guide 2 | . t0 #62988
nto Rev | AAACAAGAACAGATTGCTGGTAAGC
MEISI KO guide | To clone For | CACCGTACTTGTACCCCCCGCG
70 into #62988 | poy | AAACCGCGGGGGGTACAAGTAC
U6 FW Sequencing | For GACTATCATATGCTTACCGT
T3 FW Sequencing | For | GCAATTAACCCTCACTAAAGG
T7 FW Sequencing | For | TAATACGACTCACTATAGGG
AL FL2 | po; | CCTGGATTTTCTAAAGTGCGATGGATTTGCCAA
- Mutagenesis C
AflIL RI2 PCR Rev ggTGGCAAATCCATCGCACTTTAGAAAATCCA
AfIIL_FII/2 Mutagenesis | FOr | GGGGTCCCAAATCCTCAAGGAACACCCAG
AfIII_RII2 PCR Rev | CTGGGTGTTCCTTGAGGATTTGGGACCCC
RA_CRISPR F For | CTTAAGTATGGCTTCTTCCGC
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Restriction
RA CRISPR R analysis Rev TGGCCAGCCCAAACAGTGTA
correction
Positive ctr
PosCtrD130G_F restriction | FOr | CCACCATGCCGAGCAAGTAA
analysis
PosCtrD130G R | correction | Rev | ATTTCACTGGCTGGGAGCG
D130G
Positive ctr
PosCtrF142L F restriction | For | TGTGTATTGTGACTGGGTTGG
analysis
PosCtrF142L R ;‘ﬁf;iﬂon Rev | ATGACAGACCGCTATCAGGG
SCeA%\\;I,l Exon2 KO | g quencing | For | TTCATTAAATGACCGTGCTACAGG
chMl Exom2 KO | CAEMI
xon, Exon 2 Rev | TGCCTAGTTCTGGCCTTCTG
seq RV
Colony
GlfneA”—Calm—Seq Screening | For | CCCCACACTACATCATTAGCAA
= CALMI KO,
GeneArt_Calm_seq | Cleavage | Rey | GTGTGTGTGGACAGAAGGTACT
R Detection
GeneArt MEISKO | Colony
ouidel 4 F Screening | For | TTTCTCCGGCCAGATACGCTAAAC
- MEISI KO,
GeneArt MEISKO | Cleavage Rev | TAAGGCCGACTACGTGCTG
guidel+4 R Detection
MEIS KO Off- Off-target | ;0 | GCCAGCCTGCCTATTCACATCAAG
target FW sequencing
MEIS KO Off- MEIS KO
targot RV GRNAI Rev | CATGGAGTTTGGTGTCCTCG
To clone For | CACCGTACTTGTACCCCCCGCG
MEIS KO gRNA 1 | into #62988,
knock-out | Rev | AAACCGCGGGGGGTACAAGTAC
To clone For | CACCGTACGACGATCTACCCCA
MEIS KO gRNA 2 | into #62988,
knock-out | Rev | AAMACTGGGGTAGATCGTCGTAC
To clone For | CACCGCACAGCTCATACCAACG
MEIS KO gRNA 3 | into #62988,
knock-out | Rev | AAMACCGTTGGTATGAGCTGTGC
To clone For | CACCGTATAGCCGTGTTCGCCA
MEIS KO gRNA 4 | into #62988,
knock- out | Rev | AAACTGGCGAACACGGCTATAC
Calm1ExSF BAC For | GAGGTGGGAACTAGAGATCA
CalmlEx5R1 gffﬁl Rev | AAGTCAAAGGCTGTCTAGTG
CalmlEx5R2 sequencing | Rey | GTCAAAGGCTGTCTAGTG
Calm1Ex6F1 For | CTCCTTTGGCAGTGACTAGA
Calm1Ex6F2 BAC For | GGATGGTCCTCTTGTACTTC
Calm1Ex6R2 gf;ﬁ] Rev | GAAGTACAAGAGGACCATCC
Calm1Ex6F3 sequencing | For | CCCACTTTCTCTCAAGCATG
Calm1Ex6R3 Rev | CATGCTTGAGAGAAAGTGGG
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Calm1Ex6F4 For | CAGCCAAATGGGTGCATTCA
Calml1Ex6R4 Rev TGAATGCACCCATTTGGCTG
Calm1EX6F5 For | GAGAGGAAATAGCTGGGTGT
Calm1Ex6R5 Rev | ACACCCAGCTATTTCCTCTC
Calm1Ex6F6 For | CTCCTTTGGCAGTGACTAGA
Calm1Ex6R6 Rev | TCTAGTCACTGCCAAAGGAG
Calm1Ex6R7 Rev GTCTACGGTTATTTCTGGCC
inNeoF For CCATGCATGGCATAACAG
inNeoR 1 Intron 5 Rev | GATTCAAGCCCATGGAAG
sequencing
inNeoR2 Rev | CATCAGTGCCCAGGATAGTA
AGGCAGAGTGAGACCTGAGTGATTTCCCTAAC
Ist-step-rec-F Sequencing | For | TCAGGGATGGCAGTCGGGCACTCAGTGATATC
for GATGGATGC
recombinatio ATACACCACTCCGCAGGCTGAATCTTTCCACTC
1st-step-rec-R nevent 1 Rev | CGAGGGAAGAAAGCGCCAGCTCGGCGCGCCA
TAACTTC
GACTACCTGTTAGATCATAGGGTAAATCTCAA
2 nd-step-rec-F Sequencing | For | CAACTACTTTAAAAATCCGCGGCCGCGCTCTC
for CTGAGTAGGACAAATC
recombinatio TCTATTTTAATTGTCAATGGCCCTGGGGCAACC
2 nd-step-rec-R n event 2 Rev | ACAGAAAGGATCTTTGCGTCGACTCACAGCTT
GTCTGTAAGCGGATG
For | TGGCATCCTGCTTTAGCCTG
CALMITI qRT PCR
Rev | CCATTTGCCTCGCTCAACAC
For | GAGAAATCCACGTTAGCTCTCCTT
CALMIT2 gRT PCR
Rev | CCTGCATTATTTGGTCTCCACTGA
For | ATTGCCAGATGCGACTGTGC
CALMIT3 qRT PCR
Rev | AGGCTTCCTTGAATTCAGCAATC
For | ATAGCGCACAGCGCGCCTT
CALMI1T4 qRT PCR
Rev | TGATCAGCCTCCGATGCCGCT
For | CTCGTTTGCGATGTTCCGTTAT
CALM2T]1 qRT PCR
Rev | AGCGCCTCATAAACACCTCC
For | TGAAGAGCAGATTGCAGACGGA
CALM2T2 qRT PCR
Rev | ATGCTACTGCACTCCAGCCT
For | GCAGCATGGTTAGCTTTG
CALM2T3 gRT PCR
Rev | GAATTCTGCAATCTGCTC
For | CCGGGCAATATTGTGTTCAGTT
CALM3TI qRT PCR
Rev | GAGGAGCCAAATCAGGTAGT
For | AGGAGGAGGAGGGAAGAACG
CALM3T2 gRT PCR
Rev | ACTCTGCAATCTGCTCCTCA
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For GAAAAGGGATGGCTGACC

CALM3T3 gqRT PCR

Rev TTGGTGGTGATAGTGCCATC

For GCGGCGAGGGAAAGTAGT
CALM3T4 gRT PCR

Rev AGTCAGCTGGTCAGCCTA

For ACAGTGATGAGATCCCTGG
CALM3T5 gqRT PCR

Rev GATCATCTCATCCACCTCATT

For TGGAACTGCTGCAGCTGCT
CALM3T6 gRT PCR

Rev TTGAACTCATGGCGAGGC

For AGGAACCTTGATCCCCGT
CALM3T7 qRT PCR

Rev AGAAGGCCTCCTGCAATCT
ColScrShortFw Colony For CCCGTGATATTGCTGAAGAGCT

Screening

ColScrNeoRev HR Rev TCATGAGGTCACTGGGTCAGAA

PosCtrHomRecFW | Positive ctr For GACCCAGCAAGTAGAGAATG

colony
PosCtrHomRecRV | screening Rev GAAATGTATAGCCTTGGCCG

For CGACGATCTACCCCATTACG

Nterm MEIS qRT PCR

Rev GTATGAGCTGTGTGCGGGTA

For ATGACACGGCATCTACTCGTTC
Cterm MEIS qRT PCR

Rev TGTCCAAGCCATCACCTTGCT

For ACCCCCTCTTCCCTCTCTTA
KO MEIS qRT PCR

Rev GTTTTTCTGCGCGAATCTGT

For TGTTTATCCATGCTGCAATCC
BRY qRT PCR

Rev CCGTTGCTCACAGACCACAG

For GTGCTGGCTCTGTTGGAGA
MESP1 qRT PCR

Rev CAGAGACGGCGTCAGTTGT

For AAAGTTACCAGCCACCTTGGA
ISL1 qRT PCR

Rev ATTAGAGCCCGGTCCTCCTT

For CAAGTGTGCGTCTGCCTTT
NKX2.5 qRT PCR

Rev TTGTCCGCCTCTGTCTTCTC

Table 8: List of Oligonucleotides
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IV. Results

4.1 Generation and characterization of hiPSCs from patients carrying
CALM]I mutations

4.1.1  Generation of CALM1I- hiPSCs by reprogramming of patient dermal fibroblasts

Reprogramming

Somatic skin fibroblasts from 2 unrelated infants, carrying mutations in the CALM1 gene
at aa residues 130 and 142 were obtained by biopsy. Fibroblasts were cultured for 2 days
in fibroblast growth medium, until approximately 80% confluent and subsequently trans-
duced with the SeV reprogramming kit, as described in 3.2.2. Infected fibroblasts were
observed closely with phase contrast (PH) microscope. 3 days after infection, cell death
of few cells was observed. Attached cells resembled fibroblast morphologies and contin-
ued to proliferate. 5 days post- infection, 5x 10° infected fibroblasts were transferred onto
10 cm MEF- coated cell culture dishes and henceforward kept in hiPS medium with
bFGF. From day 8 onwards, cells began to appear in a rounder shape. Small groups of
cells were observed, most likely resulting from cell division. Cells continued to grow
clonally, with colonies reaching an average diameter of 0.5 mm on day 13 post- infection.
Colonies grew in a round shape with clear edges, with cells appearing homogenous and
closely attached to another. 23 days post- infection, colonies reached around 2.5 mm di-
ameter in size and were picked manually. Differentiated regions of colonies were re-
moved from undifferentiated areas and discarded. hiPSC clones were propagated further

separately from each other on MEF- coated cell culture dishes in hiPS medium.
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CALMI-F142L. CALMI-D130G

CALMI-F142L CALMI-D130G

Figure 7: Peripheral skin fibroblasts from day 0 of SeV infection to day 23 post- infection.

Representative PH microscope pictures of hiPSC colonies emerging from transduced skin fibroblasts of
patient CALM1-D130G and CALM1-F142L. dO to d13 scale bar 50 um, d20 scale bar 100 pm, d23 scale
bar 250 pm.

Expression of Sendai transgenes Sel virus, SeV- OCT3/4, SeV- SOX2, SeV-KLF4, SeV-
cMYC and GAPDH was evaluated by RT PCR in uninfected fibroblasts, infected fibro-
blasts and generated hiPSCs of passage 6. Gene expression of those Sel transgenes, also
known as Yamanaka factors, is necessary for the reprogramming process of fibroblasts
into hiPSCs, as described in Yamanaka’s publication °. First, total RNA was extracted
from cell samples and transcribed into cDNA. Transcripts of interest were amplified by
PCR and product was loaded on an agarose gel and visualised with a gel documentation

system.

As shown in Figure 8, PSFs of both patients do not show expression of Sel transgenes,
as expected, indicating no presence of virus or viral genes. Samples from both patients
analysed from fibroblasts 10 days after infection show bands for all Sel transgene lanes,
indicating the presence of Sel” and expression of viral genes necessary for the reprogram-
ming into hiPSCs. Analysis of gene expression in hiPSCs of passage 10 shows no more
detectable level of viral transgene expression in cells. Since the CytoTune Sendai virus is
a non- integrating RNA virus, it is expected that no more virus or virus particles are pre-

sent in the generated hiPSCs after some passages, as shown in Figure 8, lanes 3 and 4.
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The housekeeping gene GAPDH was detected in all samples at similar levels, demon-

strating successful and comparable PCR amplification within all samples.

hiPSC hiPSC
CALMI- CALMI-
PSF ISF  DI30G F142L

Sel
Sel-
OCT3/4
Sel-
SOX2
Sel-
KLF4
Sel-
cMYC

GAPDH

Figure 8: Representative agarose gel of RT PCR transcript expression of Se) transgenes in patient cells.

Whole RNA of skin fibroblasts (PSF, lane 1), infected skin fibroblasts (ISF, lane 2) and of hiPSC of pas-
sages 6 of patient CALM1- D130G (lane 3) and CALMI- F142L (lane 4) was extracted and transcribed into
cDNA. Transcripts of SeV gene, SeV- OCT3/4, SeV. SOX2, SeV- KLF4, SeV- cMYC and GAPDH were
amplified in a semi- quantitative manner and analysed on agarose gel.

To assess the presence of SeV HN proteins as a measure of reprogramming stage of
hiPSC, immunofluorescence staining of hiPSC colonies of passages 4 and 10 of CALM -
D130G and CALM1- F142L patient hiPSCs was performed. Colonies of patient lines were
grown until approximately 2.5 mm diameter in size and subjected to immunofluorescent
staining. Early passages colonies of both patient hiPSC lines show presence of SeV pro-
tein, indicating the virus still present in the cells (Figure 9). Patchy distribution of signal
may be caused due to single cells not being infected with the virus or to cells that have
already lost viral gene expression. The minority of cells within a well- infected colony
not undergoing the transition to pluripotency are expected to be lost during the time
course of continuous passaging and proliferation. Colonies examined at passage 10 did
not show presence any more of SeV proteins. This concludes to the virus not being present
in the cells anymore due to passaging and proliferation of the cells. Once colonies were
tested negative for SeV protein expression, a selection of clones per patient hiPSC line

was selected for further characterizations.
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Figure 9: Immunofluorescent staining of SeV HN proteins.

Representative pictures of immunofluorescent staining of CALMI- D130G and CALMI- F142L hiPSC
colonies at passages 4 and 10. Sendai protein (SeV) in green, DNA in blue, scale bar 500 um. Figure
adapted from Rocchetti et al. 133

4.1.2  Genetic characterization of generated hiPSC lines

To confirm the derivation of generated patient hiPSCs from their respective patients’ skin
fibroblasts, the presence of the CALMI- D130G and CALM]I- F142L mutations in the
genome of uninfected fibroblasts and resultant generated hiPSCs was confirmed by
Sanger sequencing. Fibroblasts and hiPSCs from each line were harvested and genomic
DNA was extracted. Genomic sequences around the loci of mutations were amplified by
standard PCR, using primer sets listed in the list of oligonucleotides (see 3.6). Retrieved
sequencing data was visualized and evaluated using the Chromas Lite MFC software. The
first panel of Figure 10 shows the sequencing result of ctr hiPSCs, which harbours an
Arginine (A) at ¢.389, translating together with the Guanine (G) and Thymine (T) into
the aa Aspartate (D). The sequence below depicts patient skin fibroblasts. The double
read present at ¢.389, symbolizing an A and G at the same position, results in a Glycine
(G) instead of an D on one allele, but translates into the wt D on the other allele. The same
heterogeneity is shown in the patient hiPSCs, confirming the lineage of the hiPSC- de-
rived from the patient fibroblasts and the homozygous mutation as previously described

by Crotti and colleagues '. The D130G mutation is located in exon 5 of the CALM1 gene.

The same sequence analysis was performed for the CALM - F142L patient cells. The C6
ctr sequence shows a C at ¢.398 of the CALM1 gene in exon 6. This nt translates together
with two Ts into the aa Phenylalanine (F). CALM1- F142L patient fibroblasts carry a C
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at position ¢.426 on one allele and a G on the other allele, as described in the above men-
tioned publication by Crotti and colleagues. This is confirmed by the double read at this
position in the sequencing track. The exchange of nt leads to the translation into the aa
Leucine (L), instead of F. The same double read is shown in the sequencing result of

CALMI- F142L hiPSCs.
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Figure 10: Confirmation of mutations by Sanger sequencing in patient PSFs and patient hiPSCs of both
mutant lines.

PSF of CALM1-D130G and CALMI- F142L patients were analysed with Sanger sequencing and mutations
were confirmed. Derived hiPSCs from both patient fibroblast lines were sequenced by Sanger sequencing
and mutations were confirmed. hiPSC cells of C6 were analysed as wt reference (wt). Figure adapted from
Rocchetti et al. 133

While culturing hiPSCs, alterations in the karyotype due to chromosomal instability are
an observed but unwanted effect, as described in various publications >33, These insta-
bilities can ultimately cause the cell line to behave differently in a variety of experiments
and analyses, not reflecting but rather distorting the phenotypical differences due to the

patients’ mutations when compared to ctr hiPSCs. The karyotype of two clones of the
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CALM1I-F142L hiPSC line and the ctr C6 hiPSC line was examined in collaboration with
the institute of human genetics at the Technical University Munich, in the group of Prof.
Meitinger. Karyotyping of clones of the CALM - D130G hiPSC was not executed, since
the focus of experiments was set on the CALM - F142L hiPSC line.

The karyogram depicted on the left side of Figure 11 shows the chromosomes of one
representative CALM - F142L hiPSC clone. The somatic number of 2n of this line is 46,
with all autosomal chromosomes present in 2 copies. All other characteristic features of
a normal karyotype, like band structure, position of centromeres and their length are pre-
sent and orderly. Since the donor of the cells is male, X and Y chromosomes are both
present. The right side of Figure 11 depicts the karyogram of the ctr hiPSC line C6, which
was mainly used as ctr line for later experiments. Chromatic structure, chromosome num-
ber and length of chromosomes are normal as well. The somatic number is 46, with no Y
chromosome present, since the donor is female. For the duration of the majority of the

experiments, hiPSCs were kept in culture on MEF feeders, since it is believed to stabilize

the karyotype °.
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Figure 11: Karyogram of CALM1- F142L hiPSCs and C6 hiPSCs.

Representative Karyogram of one clone of the CALM - F142L hiPSC line and of clone 6 of the ctr hiPSC
line (C6 hiPSC). Chromosomes are numbered, with chromosomes from 1- 22 and the X and Y chromosome
of CALM1I- F142L on the left side of the panel, and chromosomes 1- 22 and the X chromosome of C6 on
the right side of the panel. Figure adapted from Rocchetti et al. '*.
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4.1.3  Evaluation of pluripotency of generated lines

Alkaline phosphatase activity

The membrane bound enzyme alkaline phosphatase (AP, EC 3.1.3.1 orthophosphoric-
monoesterase, alkaline optimum) is highly expressed in pluripotent stem cells, including
ESCs, embryonic germ cells and iPSCs '3®. Whereas the specific role of AP in hiPSCs is
still unknown, it is suggested that AP plays an important role in the cascade of neuro-
transmitter y-aminobutyric acid synthesis, which is an important factor for the regulation
of proliferation and self-renewal in ES cells '*7. AP activity, as a traditional marker for
pluripotency, was assessed for different clones of both CALMI- hiPSC lines. In Figure
12, the left two panels show colonies of CALMI- D130G hiPSC, the right panel shows
colonies of CALM1- F142L hiPSCs. Colonies of both lines display a round morphology
with clear edges. The cells within the colonies appear homogenous and undifferentiated.
AP activity is detected in all areas of the colonies, at various levels. Especially the middle
areas are darker in colour than the edges, corresponding to highly pluripotent cells. Cells
with less AP activity around the edges are considered less pluripotent due to differentia-
tion. Those areas are expected to be lost within further passaging of the hiPSCs. Clones
displaying highest level of AP activity, hence pluripotency, were further cultured and
pluripotency was assessed more precisely by immunostaining, as described in the next

section.

CALMI-D130G CALMI-F142L

o,

Figure 12: AP staining for pluripotency in CALM1- D130G and CALM1- F142L hiPSC colonies.

Representative PH microscope images PH (top) and after AP staining (AP) (bottom). Left two panels de-
picts colonies from the CALM - D130G hiPSC line, right panels from the CALM - F142L line. Scale bars
500 pm. Figure adapted from Rocchetti ef al. 133.
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Expression of NANOG and TRA1-81 proteins

Immunofluorescence analysis of pluripotency markers NANOG and TRA1-81 was per-
formed in colonies of CALM1- D130G and CALM - F142L hiPSCs (Figure 13). The an-
tibody against TRA1-81 from BD recognizes the keratan sulfate core molecule, also
known as podocalyxin, expressed on the cell membrane of hiPSCs. As hiPSCs undergo
differentiation, TRA1-81 expression is lost (source BD Bioscience homepage). The anti-
NANOG antibody used recognizes the transcription regulator NANOG, which is an im-
portant factor for proliferation and self- renewal in pluripotent stem cells (source abcam
homepage). TRA1-81 and NANOG immunofluorescence stainings are a well- established
measure for assessing pluripotency of hiPSCs, as described before by Takahashi and col-
leagues '°. The cells of the colonies of both lines are stained homogenously in green, with
some cells expressing TRA1-81 slightly stronger on the membrane. The MEF feeder cells
surrounding the colonies are negative for TRA1-81 expression, acting as a negative ctr
for the staining. Overall expression of TRA1-81 in colonies of both hiPSC lines suggests
the hiPSCs of both lines being in an undifferentiated state. NANOG is expressed mainly
in the nucleus of cells, since it is a transcriptional regulator. The nuclear expression pat-
tern is well visible in colonies of both lines, suggesting an overall expression of the tran-
scription regulator and therefore pluripotency of the cells. Hoechst 22358 is a nucleic acid
stain intercalating with dsSDNA and emitting blue fluorescence when bound to dsDNA.
Hoechst 22358 fluorescent signal is limited to the nuclei of cells, highlighting the speci-
ficity of dsDNA staining. Some signal is observed in MEF feeder cells surrounding the

colonies, since the staining is not limited to human cells.
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CALMI- D130G CALM]I-F142L

Figure 13: Immunofluorescence analysis of pluripotency markers NANOG (red) and TRA1-81 (green) in
representative colonies of the CALM1- D130G and CALM1- F142L hiPSC lines.

The left side of the figure shows a representative colony of CALMI- D130G with anti-TRA1-81 (green),
anti-NANOG (red) staining and staining for DNA with DAPI (blue). Scale bar 500 um. Merged image is
the magnification of the framed area. Scale bar 50 um. The right side of the figure shows the same sequence
of stainings and magnifications, on a representative colony of CALMI- F142L hiPSC line. Figure adapted
from Rocchetti et al. 3.

Activation of endogenous pluripotency genes

Analysis of expression levels of endogenous pluripotency marker genes is one of the most
fast- forward measures to level of pluripotency in hiPSCs and well accepted throughout
literature as assay of pluripotency of hiPSCs. Transcription levels of ¢-MYC, KLF4,
OCT3/4,S0X2, NANOG, REXI and TDGF'I were analysed. c-MYC transgene expression
is believed to be an initiator for increased proliferation after induction of reprogramming
and one of the key reprogramming factors of Yamanaka in generation of hiPSC out of
somatic cells '*8, Together with KLF4, they are expected to be highly expressed as early
as 3 days after induction of reprogramming. Overexpression of those two factors is asso-
ciated with cancer '*°. Figure 14 shows expected expression values of the genes c-MYC
and KLF4 for all hiPSC clones. OCT3/4 and SOX2 are the other two reprogramming
transgenes previously described by Yamanaka. These two homeodomain transcription
factors are understood to “govern[s] pluripotency” !*, together with NANOG, and are
expected to be highly expressed throughout hiPSC culture. Figure 14 shows high expres-
sion values for OCT3/4, SOX2 and NANOG for all hiPSC clones compared to GAPDH
expression and relative to corresponding PSFs. These expression values are all within the
expected range, as previously described by Moretti and colleagues '%°. As described by
literature, REX1 is a transcription factor crucial in hiPSCs and mouse ESCs to maintain
pluripotency !4’ Expression values of REX/ are for all clones as expected. Expression

values of TDGFI are slightly lower, but within the expected range for all clones. The
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epidermal related growth factor protein TDGFI plays an essential role in embryonic de-
velopment and is among the other described endogenous associated genes for pluripo-
tency a well-recognized marker gene, as described before '%°. Endogenous expression of
all analysed pluripotency related genes of CALMI- D130G and CALMI- F142L hiPSC
clones are within the range of expected expression values. The ctr hiPSC clone C6 had
been characterized in before in the publication of Pane and colleagues *? and ranks as well

within the expected expression values for all genes.
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Figure 14: qRT PCR analysis on endogenous pluripotency genes.

gRT PCR analysis of endogenous genes associated with pluripotency (c-MYC, KLF4, OCT4, SOX2,
NANOG, REXI and TDGF1) in 2 different CALM1- D130G hiPSC clones (light red and dark red bars), in
2 different CALM1- F142L hiPS clones (light blue and dark blue bars) and ctr hiPSC clone (black bars).
Expression values are relative to corresponding primary skin fibroblasts (PSF, red and blue shaded bars),
normalized to GAPDH, and presented as mean +SEM, n= 3. Figure adapted from Rocchetti et al. '*>.

Genome- wide expression profile by Pluritest

As another measure of pluripotency, RNA was extracted from hiPSCs of each line and
analysed in the PluriTest assay, as described before in methods section 39. This assay was
performed by Dr. Parotta at Magna Gracia University, Catanzaro, Italy. RNA was hy-
bridised, loaded on Illumina HT12v4 microarrays and analysed against the ‘Stem Cell
Matrix-2’ (SCM2) data set, as described in the appendant publication by Miiller and col-
leagues '*°. PluriTest is described as “a robust open- access bioinformatic assay of plu-
ripotency in human cells based in their gene expression profiles” 13°. Patient hiPSCs were
compared against data sets of known pluripotent and non- pluripotent genes and depicted
in a graph on a scale from -100 to 50, with -100 being the most non- pluripotent. Gene
expression profiles were also compared to data sets of well- characterized pluripotent
stem cells to determine the novelty of the sample cells. A novelty score of 4 is marking
cells with unknown gene expression profiles, whereas a novelty score of 1 is describing
the typical expression patterns of genes of pluripotent stem cells. Figure 15 shows the

result of PluriTest analysis. The red cloud defines the expression profile of pluripotent
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cells in the SCM2 data set, the blue cloud represents expression profiles of somatic cells,
defining a very high novelty score when compared to pluripotent cells. Newly repro-
grammed hiPSCs of good pluripotency are expected to be situated within the red cloud.
Both lines show pluripotency values of around 40. Both hiPSC lines are well repro-

grammed, since they express expected genes of pluripotency and resemble expression

patterns of hiPSCs.
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Figure 15: PluriTest analysis of representative clones of CALMI- D130G and CALM1- F142L hiPSCs.

The left side of the figure shows the CALMI- D130G hiPSC sample (black circle) in a graph for pluripo-
tency (y-axis) and novelty (x-axis). The right side shows the analysis of a representative CALMI- F142L
hiPSC clone. The red cloud symbolises standard pluripotency values, the blue cloud symbolises expected
expression patterns for somatic cells. Figure adapted from Rocchetti ef al. '3,

Expression of marker genes specific of all three germlayers upon spontaneous
differentiation

One major characteristic of pluripotent stem cells is the ability to differentiate into cells
of all three germ layers. As described in multiple publications before, analysis of upreg-
ulation of lineage marker genes of the three germlayers endoderm, mesoderm and ecto-
derm in embryonic bodies at day 21 after induction of differentiation is a well-established
assay to characterize the pluripotent quality of hiPSC lines further >*%2°. Endodermal
marker genes include PDXI, a marker for pancreatic cells, SOX7, representing cells of
the hemogenic lineage, and 4FP, marking perinetal liver cells. Mesodermal marker genes
analysed were CD31, expressed in blood platelets, DES, present in muscle- specific fila-
ments, ACTA2, also known as gene expressing smooth- muscle protein Actin, SCL, a gene
involved in heamatopoiesis and MYL2, expressing the myosin light chain protein. Ecto-
dermal gene expressions evaluated included the marker genes KRT14, mostly expressed

in keratinocytes of the skin, NCAM1, marking neuros, TH, encoding for an enzyme ex-
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pressed in the central nervous system and GABRR?2, involved in neuronal activity regula-
tion (source: genecards.org). Depicted in Figure 16 are one analysed clone of each gen-
erated hiPSC line out of three clones. Similar results have been obtained for all clones
and one clone per hiPSC line was chosen for further experiments. PDX1, SOX7 and AFP
expression levels are very comparative and within the expected range for all three ana-
lysed lines. CD31, ACTA2 and SCL marker genes are shown to be at similar levels of all
lines. Minor differences are observed at DES and MYL expression levels. All three lines
produce beating CMs upon induction of differentiation, therefore minor differences in
expression values are attributed to differences in differentiation efficiencies between bi-
ological replicates. KRT14, NCAM1, GABRR?2 and TH are expressed at similar levels for
all lines and range within the anticipated fold values. Overall gene expression patterns are

comparable to the previously characterized and described C6 hiPSC line.
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Figure 16: qRT- PCR analysis of markers of the three germ layers in embryonic bodies.

qRT PCR analysis was performed on marker genes of the three germ layers, endoderm (PDX1, SOX7 and
AFP), mesoderm (CD31, DES, ACTA2, SCL, MYL?2) and ectoderm (KRT14, NCAM1, TH and GABRR?) in
embryonic bodies (EBs) at day 21 of differentiation from representative CALMI- D130G (red bars) and
CALM1-F142L hiPSC clones (blue bars) and ctr C6 (black bars). Expression values are normalized to
GAPDH and relative to corresponding undifferentiated hiPSC clones, presented as mean +SEM, n= 3. Fig-
ure adapted from Rocchetti et al. 133,

The above mentioned assays and analyses were performed on a subset of clones of each

hiPSC line and the two most promising clones were chosen for further analysis and dif-

ferentiation into CMs.
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4.2 Differentiation of CALM - hiPSCs into CMs

Differentiation of hiPSCs into CMs was performed as described in methods section 3.2.4.
Production of CMs was evaluated as the last and most important characteristic of pro-
duced patient’s hiPSCs. 2 months after differentiation of hiPSCs into CMs, cells were
dissociated and immunofluorescence staining of cardiac muscle proteins cTNT and a-
Actinin was performed. Expression patterns of representative clones of both patients’
lines was compared to ctr clone C6. ¢cTNT is the biggest of all three troponin subunits and
is encoded by the TNNT gene. cTNT is known to bind to the tropomyosin subunit within
the troponin complex '*!. The antibody is detecting the localization of the protein on the
actin thin filament of cardiac muscles, thereby marking the A- band of the sarcomeres. A
striated pattern of immunofluorescent signal is expected (source Thermo Fisher Datasheet
for antibody). a- Actinin is a connecting protein of actin to the Z- lines in cardiac and
skeletal muscle cells. This microfilament protein is visible in a striated pattern, when de-
tected by immunofluorescence *2. Figure 17 depicts immunofluorescence microscopic
images of representative 2 months old CMs. The CALMI- D130G CM shows the ex-
pected striated pattern of cTNT and a- Actinin, staining the muscle filaments, and the
blue coloured nucleus in the centre of the cell. The shape of the CM suggests for a still
more fetal state of the muscle cell, since adult CMs present themselves in a more rod-
shape. 2 months old hiPSC- derived CMs are however expected to resemble a more fetal
phenotype. The same striated patterns are visible with ¢cTNT and a- Actinin in the
CALMI- F142L CM. The CM presents itself with 2 nuclei, indicative of a terminally
differentiated fetal CM phenotype, or of a cell undergoing cell division. Binucleation is
regularly observed in hiPSC- derived CMs '*. The C6 hiPSC- derived CM, also shows
as a binucleated cell. Immunofluorescence staining of cTNT and a- Actinin are compa-
rable to the other two hiPSC- derived CMs. Magnifications in all three pictures shows the
crosslinking of filaments with the adjacent sarcomeres of the red stained a- Actinin pro-
teins and the green stained troponin complexes within the thin filaments. Nuclei are visi-

ble with clear boarders by blue staining of the contained DNA.
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CALMI-D130G CM CALMI-F142L CM C6 CM

Figure 17: Representative immunofluorescence images of sarcomeric proteins cardiac Troponin T (cTNT,
green) and a-Actinin (red) in CMs.

Nuclei are stained with Hoechst 33528 (blue). Top row images represent from left to right: CALM1-D130G
CM, CALMI- F142L CM and C6 CM. Bottom panels are a magnification of the area framed in the upper
images. Scale bars 25 pm (top panels) and 10 um (bottom panels). Figure adapted from Rocchetti et al. '33.

43 Evaluation CALM1- CM phenotype

After thorough hiPSC characterizations of both CALM1I- hiPSC lines and their derived
CMs, evaluation of the LQTS phenotype was performed in the CALMI- F142L line. The
following results are therefore shown on the CALMI- F142L hiPSC line and the C6 ctr

line, unless stated otherwise.

lon channel transcript expression

To evaluate the LQTS phenotype of CMs derived from CALMI- F142L hiPSC, expres-
sion levels of CALM genes, as well as selected CM genes were evaluated in hiPSC- de-
rived CMs of 2.5 months age. Total RNA was extracted from CMs and cDNA was tran-
scribed. Target genes chosen for evaluation were CALM1, CALM?2, CALM3, SCN5A4,
KCNQI1, CACNAIC, RYR, SERCA, PLN, SLC8A1, PMCA4 and cTNT. The proteins of
these target genes represent a subset of proteins considered important for cardiac AP gen-
eration, Ca®" handling, and excitation-contraction (EC) coupling. Alterations of gene ex-
pression levels of these target genes as a downstream effect of mutant CaM was analysed
on CMs from both hiPSC clones of the CALMI1- F142L lineage and compared to C6
hiPSC- derived CMs of the same age (Figure 18). No differences in transcription of the

analysed key genes were observed between patient and ctr line CMs.
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Figure 18: qRT PCR analysis of CALM and key myocytic genes in CMs.

gqRT PCR analysis of C6 ctr CMs (black bars) and CALMI-F142L CMs (blue bars) on CALM1, CALM?,
CALM3,SCN5A, KCNQI1, CACNAIC, RYR, SERCA, PLN, SLC8A41, PMCA4 and cTNT. Expression values
are normalized to GAPDH, relative to average GAPDH and presented as mean +SEM, n= 3. CMs from
both CALM1I- F142L clones were pooled together. Figure adapted from Rocchetti et al. 133

The 3 genes CALM1, CALM?2 and CALM3 encode for an identical 149 aa CaM protein in
the human organism, with a total of 17 protein coding transcripts and 5 transcripts trans-
lating into the 149 aa or 150 aa protein. To investigate possible differences in the tran-
script expression levels in the CALM - F1421L- CMs compared to ctr CMs, primer pairs
were designed to specifically amplify the different transcripts encoding the 149 aa or 150
aa CaM protein. Two main transcripts encoded by the CALM gene were investigated. 1
transcript of the CALM?2 gene was included in the analyses and 2 primer pairs were de-
signed to amplify CALM3 transcript 1 and CALM3 transcript 3. All transcripts were de-
tected in both lines with fold to GAPDH values above 0 (Figure 19). No statistical differ-
ences were measured for any of the transcripts between patient and ctr, computed by the
2- sided T- test. Transcript 1 of each of the CALM genes had the highest expression level

in both lines.
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Figure 19: qRT PCR analysis of CALM transcripts in CMs.

gRT PCR analysis of C6 ctr CMs (black bars) and CALM1-F142L CMs (grey bars) on CALM] transcript 1
(CALMITI), CALM]I transcript 2 (CALMI1T2), CALM? transcript 1 (CALM2TI1), CALM3 transcript 1
(CALM3T1) and CALM3 transcript 3 (CALM3T3). Expression values are normalized to GAPDH, relative
to average GAPDH and presented as mean +SEM, n= 3.

4.3.1  CaMKII activity measurements

The CaM- dependent kinase II (CaMKII) is a CaM- dependent protein kinase. It plays a
major role in Ca®" cycling in CMs and influences Ca** uptake and release from the SR
during EC coupling "**!%. To investigate effects of mutated CaM on CaMKII activation,
patient hiPSC- derived CMs were transduced with lentivirus encoding Camui- CR, a
FRET- based biosensor that allows assessment of dynamic changes in CaMKIId activa-
tion state 46, Figure 20 A shows representative fluorescent pseudocolour images of ctr
CMs expressing RFP and GFP signals. Working principle of Camui- CR FRET is de-
picted below. Upon binding of Ca- CaM to FRET- coupled CaMKII, conformational
changes result in the loss of the FRET signal. Figure 20 B shows fluorescent ratios of
background- corrected RFP to GFP emission in CMs of ctr C6 cells, as well as CMs
derived from CALMI- F142L hiPSCs. The RFP/ GFP ratio of C6 CMs is higher than for
patient CMs. The Mann- Whitney Test was executed to estimate statistical significance

between ctr and patient values. Calculated p- value is 0.004 and therefore statistically
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significant. This translates to a significantly increased CAMKIIS activity in CALMI-
F142L CM compared to ctr CMs.
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Figure 20: FRET- based CaMKII activity measurement in 2.5 months old hiPSC- derived CMs.

(A) Representative fluorescence images of ctr CMs expressing the CaMKII reporter. Pseudocolour images
from RFP and GFP fluorescence signals shown in red and green. Scale bars 25 pm. Schematic of Ca- CaM
mediated activation of CaMKII, following structural reorganization and loss of FRET signal. (B) 10 hiPSC-
derived CMs of the CALM1- F142L hiPSC line were analysed for fluorescent RFP to GFP ratio and com-
pared to ctr C6 CMs. Background fluorescence was subtracted and p- values were calculated corresponding
to C6 values. n= 24, from 8 independent experiments. Error bars represent 95% confidence intervals. Figure
adapted from Rocchetti ez al. .

4.3.2  Analysis of electrophysiological phenotype

Electrophysiological analyses were performed by Dr. Rocchetti and colleagues at the de-
partment of Biotechnology and Bioscience, University of Milano- Bicocca in Milan, Italy.

All work presented in chapter 4.3.2 is in reference of the publication by Rocchetti ef al.
133

Two clones (c1 and c2) of patient’s hiPSCs were analysed for Icar characterization. Since
results were closely comparable, following electrophysiological analyses was performed

on CMs pooled from both clones. Ctr values were obtained from C6 healthy ctr hiPSCs.

Icar properties

Figure 21 shows IcaL properties for both clones of CALMI- F142L patient in 2.5 months
old CMs. Panel A shows the steady- state Icar I/V relationship. No significant differences
in peak Icar density were measured between cl, c2 and ctr, however, the sustained Icar

component was significantly larger '*3. Panel B shows the steady- state dependent Icar

activation/ inactivation curves for both CALM - F142L clones and ctr C6 CMs. CALM1-
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F142L c1 and c2 show positively shifted and incomplete Icar inactivation compared to ctr
CMs. Inactivation of Icar was measured slower in mutant clones than in ctr CMs. Sus-

tained Icar is therefore longer present in mutant CMs 33
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Figure 21: Ic. I/V relationships and I, steady- state activation and inactivation curves.

IcaL characterization performed on C6 ctr CMs and CALMI- F142L CMs of 2.5 months age. Ctr values
depicted in filled dots (n= 11), clone 1 of patient in open dots (n= 12), clone 2 of patient in open triangles
(n=13). (A) peak Ica I/V relationships. (B) Ica steady- state activation and inactivation curves. Right small
panel of (B) is the magnificaton of boxed area of the graph. Figure and figure legend adapted from Rochetti
etal '3,

To evaluate CDI, Calcium/ Barium current density tracings were performed on patient
hiPSC- derived CMs from both clones and compared to C6 hiPSC- derived CMs. Figure
22 shows representative IcaL and Igar tracings performed within the same cell and at 0

mV. Dashed area was estimated to determine CDI !33,

x CTR C6 CALMI-F142L cl CALMI-F142L c2
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Figure 22: Icar and Ipar tracings.

Icar and Ipar tracings of ctr C6 CM, CALMI- F142L clone 1 CMs and CALM1- F142L clone 2 CMs of 2.5
months age. Tracings for Icar and Iga were recorded at 0 mV within the same cell. Traces were normalized
for their peak value. Dashed area represents CDI and was measured as the difference between Igar and Icar.
Figure and figure legend adapted from Rochetti ez al. '33.

Icar and I ar traces were recorded at different test potentials, normalised for their peak
value and CDI estimated as dashed area between IcaL and Igar curves. Current remaining
at 100 ms (r100) and 300 ms (r300) was plotted as a function of the test potential (Figure

23). Higher r100 and 1300 values for both mutant clones compared to ctr values indicate
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slower IcaL inactivation, due to weaker CDI. The longer sustained Icar due to the posi-
tively shifted and incomplete inactivation converge to a sustained Ica. component in mu-

tant hiPSC- derived CMs !33
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Figure 23: Remaining peaks of Ic.. and Ig.. at 100 ms and 300 ms and their proportions.

“Proportion of peak Icar and Igar remaining at 100 ms (r100) and 300 ms (r300), plotted as the function of the

test potential. The insets show CDI as a function of test potential” 3. Figure adapted from Rochetti et al.
133

Sample tracings at -80 mV and -50 mV interpulse potentials were recorded up to 6000
ms, as depicted in Figure 24 A. Panel B shows the recovery time course for total IcaL at -
80 mV and -50 mV. At short diastolic intervals, a larger proportion of total Ica. was avail-
able in mutant CMs. This stands in concurrence with the observed defective CDI in pa-
tients” hiPSC- derived CMs '*?. Panel C shows the recovery kinetics of the inactivating
component alone. Here, no difference in recovery kinetics between ctr C6 and CALMI-
F142L CMs was detected. At -80 mV, the recovery is observed to be faster and the non-

inactivating component is smaller than at -50 mV '3,
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Figure 24: Ic,. inactivation recovery.

Recovery of inactivation was measured at interpulse potentials of -80 and -50 mV. (A) tracings of samples
at -80 mV and -50 mV, protocol in the inset. (B) recovery of total Ic.r. (C) analysis of the recovery of the
inactivating component. Ctr C6 CMs displayed with filled dots (n>9), CALM1- F142L CMs displayed as
open dots (clones 1 and 2 pooled) (> 10), figure and figure legend adapted from Rochetti et al. '33.

Electrical activity of cardiac bodies

Field potentials were recorded from spontaneously beating cardiac bodies (CBs) of ctr
C6 and CALM1- F142L hiPSCs to mimic tissue environment. Analysis was performed at
baseline conditions and under - adrenergic stimulation by isoproterenol. Effects of Iso-
proterenol (Iso) were analysed at concentrations ranging from 0.05 to 1.6 uM 33, Figure
25 A depicts representative field potentials from ctr C6 (top) and CALMI- F142L (bot-
tom) CBs. QT and RR intervals were analysed, statistic shown in Figure 25 B. Clearly
visible are the prolonged RR and QT intervals of CBs from CALMI- F142L patient hiP-
SCs compared to ctr C6. QT was estimated to be at around 1.5 s for mutant CBs and
around 0.5 s for ctr CBs. This demonstrates a statistically significant result with p< 0.05.
RR intervals were estimated at around 8 in mutant CBs and at around 2 in C6 ctr CBs,

hence also being statistically relevant prolonged '*.
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Figure 25: Field potentials and statistics for QT and RR intervals in CBs.

(A) Examples of field potentials from ctr C6 (top) and CALMI- F142L 2.5 months old CBs (bottom). (B)
Statistics for QT and RR intervals under basal conditions. ctr C6 in black bars (n= 18), CALMI- F142L in
white bars (n= 8). Figure and figure legend adapted from Rochetti et al. '33.

Plotting the relation between RR and QT intervals by linear fitting shows a steeper func-
tion for CALMI- F142L CBs then for C6 CBs, as depicted in Figure 26 A '3, The slope
for the mutant line is 0.22 = 0.05 and for C6 CBs 0.09 £ 0.02. These values are of statis-

tical significance at p< 0.05, as depicted in panel B '3,
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Figure 26: QT- RR relationship.

(A) QT- RR relationship of ctr C6 and CALMI- F142L in 2.5 months old CBs. Ctr C6 CM displayed with
filled dots, CALM1- F142L CM displayed as open dots. (B) QTc statistics, *p< 0.05. Black bar represents
ctr C6, white bar represents CALMI- F142L. Figure and figure legend adapted from Rochetti et al. '*3.

The effect of the - adrenoreceptor agonist Isoproterenol on QT and RR intervals in mu-
tant and ctr CBs was evaluated at different concentrations and displayed as function, as
shown in Figure 27. Panel A shows effects of Iso on 2.5 months old CBs. Iso concentra-
tions tested range from 0 to 1.6 uM. The effect of Iso on QT and RR reached saturation
at 0.05 pM. QT and RR remained larger in mutant CBs than in ctr C6 CBs 33, The QT-
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RR relationship is plotted and displayed in panel B of Figure 27. Clearly visible by plot-
ting QT(s) (y- axis) versus RR(s) (x- axis) is the difference in steepness in CALM - F142L
CBs under Iso influence when compared to ctr C6. The QT/RR steepness in mutant CBs
was calculated at 0.49 = 0.07 with p< 0.05 vs -Iso, for C6 CBs at 0.08 = 0.04 and no
statistical significance versus -Iso '¥. QT/RR steepness was therefore significantly in-

creased under influence of Iso in CALM - F142L CBs, but not in ctr C6 CBs.
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Figure 27: Modulations by isoproterenol.

(A) Effect of isoproterenol (Iso) on QT and RR. n=5 for all concentrations in both groups. Ctr C6 CMs
displayed with filled dots, CALMI- F142L. CMs displayed as open dots. (B) Plotted QT- RR relationships
at increasing Iso concentrations from baseline (-Iso, black symbols) to 1.6 uM Iso (+Iso, red symbols), in
ctr C6 (left side) and CALMI- F142L (right side) 2.5 months old CBs. Figure and figure legend adapted
from Rochetti ef al. '+,

Electrical activity in single hiPSC- derived CMs

APs were recorded in isolated hiPSC- derived CMs at different pacing rates during Ik:
injection via Dynamic Clamp (DC), as shown in a representative graph in Figure 28 A
133 Mature- like, ventricular AP traces were recorded under Ik; injections in CALMI-
F142L and ctr C6 hiPSC- derived isolated CMs of 2.5 months age. Panel B displays AP
duration values, calculated as APDso and APDy, at different pacing rates. CMs of
CALM1I- F142L hiPSC had significantly longer APDs under DC at all pacing rates below
3 Hz, when compared to ctr C6 CMs ¥, The Eqias values are similar for both lines with

no significant differences.
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Figure 28: AP and APD statistics in isolated CMs.

(A) Representative APs under DC at different pacing rates. Arrows indicate the direction of rate increase.
Left graph ctr C6 CMs, right graph CALMI- F142L CMs. (B) Statistics for APDsg (left), APDog (center)
and Egias (right) in 2.5 months old ctr C6 and and CALM - F142L CMs. Filled dots represent ctr values (n=
>6), open dots represent CALM - F142L values (n> 10). Figure and figure legend adapted from Rochetti
etal '3,

Panel A of Figure 29 represents sequences of APs of ctr C6 (top) and CALMI- F142L
(bottom) CMs at 3 Hz pacing. Prolongation of APs and failed response to pacing are
visible in traces of CALMI- F142L CMs only. Statistical analysis of cells failing to follow
pacing at 3 Hz is displayed in panel B. 10% of ctr C6 cells and 50% of CALM1- F142L
cells did not follow pacing at 3 Hz, representing a statistically difference between lines

with a p- value of p< 0.005. This is due to failure of adequate APD shortening '¥.
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Figure 29: AP sequences and percentage of cells failing to follow pacing.

(A) Representative sequences of APs in 2.5 months old ctr C6 CMs (top) and CALM - F142L CMs (bottom)
evoked at 3 Hz. (B) Percentage of cells failing to follow pacing at 3 Hz. *p< 0.05 vs ctr C6. Ctr values
depicted in black bar, CALM1- F142L values depicted in white bar. Figure and figure legend adapted from
Rochetti ef al. '3,
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Intracellular Ca’* handling and Ca’* dynamics

Since CaM is influencing Ca?" dynamics in CMs by participating in intracellular Ca*"
regulation ', effects on Calcium handling in mutant CMs was evaluated. Figure 30 de-
picts analyses of intracellular Ca*" dynamics. Representative traces of Icar (top) and Ca**
transients (CaT, bottom) of 2.5 months of CALMI- F142L CMs versus ctr C6 CMs are
shown in Panel A. An increased Ca®" influx is observed in CALM1- F142L CMs, as well
as larger Ca®" transients. This is supported by the statistically relevant difference in CaT
amplitude and Car influx between CALM - F142L CMs and C6 CMs, as depicted in panel
B. No statistically relevant difference was detected in excitation- release (ER) gain be-

tween the two lines, and therefore no effect on SR Ca?" content '*3.
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Figure 30: Ic,, Ca®" transients and statistics of Ca?" dynamics.

(A) Representative traces of Ica (top) and Ca?" transients (CaT, bottom), voltage steps applied from -50
mV to 0 mV. Dotted line represents CaT peak, Ca;, was measured from Ica. up to the CaT peak. (B) Am-
plitude of CaT, Car, and their ratio in ctr C6 (n> 12) and CALM1- F142L (n>9). Figure and figure legend
adapted from Rochetti et al. '3.

Addition of a caffeine pulse was used to measure SR Ca** content and NXC conductance.
No differences in Casr Ca**decay kinetics, and NCX conductance were observed between
CALM1I- F142L CMs and C6 CMs, as shown in Figure 31 '3, Panel A shows representa-
tive traces of Ca®" transients (top) and Inx current (bottom) induced by caffeine at -50 mV
in ctr and CALMI- F142L CMs. Incx vs Ca®* plots are displayed in panel B of this figure.
The slope of this function was used to estimate the NCX “conductance” '**. Results of
SR content estimation (left) and slope estimation of Incx/Ca’" relations (right) are de-

picted as bar graph in panel C. No statistical relevance was detected with *p< 0.05 vs ctr

Ce.
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Figure 31: Incx measurements.

(A) Ca*" and current (Incx) transients induced by caffeine at -50 mV. (B) “Cumulative Incx integrals (top,
used to estimate Casr) and plots of Incx vs Ca?" (bottom, slope used to estimate NCX “conductance”)” 133
(C) Casr and Incx/Ca®" slope relations in ctr C6 (n= 12) and CALMI- F142L (n=13) CMs. *p< 0.05 vs ctr
C6. Figure and figure legend adapted from Rochetti ef al. '33.

Rescue of the LOT phenotype with pharmacological measures

Sensitivity to the Ca®" channel blocker verapamil was assessed in a dose- dependent man-
ner in 2.5 months old CALMI- F142L CBs and compared to ctr C6 CBs of the same age
by MEA recordings '*. Sample tracings of CALMI- F142L CBs at verapamil concentra-
tions of 150, 100 and 50 nM are depicted aligned on the x- axis in panel A of Figure 32.
Effects on the field potential in a dose- dependent manner are visible. Statistical analysis
of n= 8 measurements for 50 nM verapamil and n=4 measurements for 100 nM verapamil
on the QT shortening of CALM - F142L CBs shows statistical relevance with p<0.05 vs
baseline 33, When compared to effects of verapamil at the same concentrations on ctr C6
CBs, a statistical relevant difference at 50 nM verapamil is detected only in CALMI-
F142L CBs but not in ctr C6 CBs (Figure 32, panel B), suggesting that the mutation in-

duces a sensitivity to repolarization to verapamil.
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Figure 32: Effect of verapamil on the LQTS phenotype.

(A) Effect of verapamil in a dose- dependent manner on the field potential of a CALM - F142L CBs. Num-
bers indicate various verapamil concentrations. Tracings are aligned on the time axis (left side). QTc short-
ening, expressed as A% from baseline, by verapamil at 50 and 10 nM (*p< 0.05 vs baseline, n> 4) (right
side). (B) QTc and verapamil dose-dependency in ctr C6 (n> 5) and CALMI- F142L 2.5 months old CBs.
*p< (.05 vs baseline. Figure and figure legend adapted from Rochetti et al. '33.
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4.4  Genome- editing of the CALM1 locus

Differences in genetic background between unrelated ctr lines and the patient- derived
hiPSC line can confound disease phenotypes, especially if investigated mutations cause
only minor phenotypic alterations. The genome- editing technology enables the genera-
tion of isogenic ctr lines by correcting disease- causing mutations in patient hiPSCs. Abol-
ishment of the disease phenotype after correction of the suspected causative mutation

furthermore proves the mutation to cause the phenotype.

Single- cell adaptation

Prior to genome- editing approaches, hiPSCs need to be adapted to single- cell growth in
order to be able to perform clonal analysis and expansion of targeted clones. Single- cell
adaption was performed on CALMI- D130G and CALM - F142L hiPSCs as described in
chapter 3.2.3. Figure 33 shows representative images of single- cell adapted CALMI-
D130G hiPSCs and CALM1- F142L hiPSCs on MEF feeders and in feeder free conditions
on Geltrex. Single- cell adapted hiPSCs are able to grow colonies out of a single cell in a
clonal manner. 1 day after splitting, small clonal colonies are visible. 5 days after splitting,
colonies have become bigger and are ready to be split again. General morphology of sin-
gle- cell adapted hiPSCs is rounder than hiPSCs growing in colonies. Cell- cell borders
remain clearly visible even at higher confluency. Cells plated on Geltrex in feeder- free
conditions remain growing as monolayer until a higher confluency is reached. Cells on
Geltrex tend to become more differentiated and unstable after 15 passages of single- cell

splitting. Cells on MEF feeders remain stable for longer passages.

91



Results

MEF feeder Geltrex
CALMI-D130G CALMI-F142L CALMI-D130G CALMI-F142L

dl

ds

Figure 33: Representative PH images of single- cell adapted hiPSCs on MEF feeders and Geltrex, 1 day
and 5 days after splitting.

Top row of images represent hiPSCs 1 day after single- cell splitting (d1), bottom row images of hiPSCs 5
days after single- cell splitting (5d). CALMI- D130G hiPSCs labeled as CALMI- D130G, CALMI- F142L
hiPSCs as CALM1- F142L. Compared are cells growing on MEF feeders to cells growing on Geltrex. Top
row images scale bar 50 pm, bottom row images scale bar 250 pm.

4.4.1  CALMI genomic locus targeting by homologous recombination

Correction of the CALM - F142L patient’s mutation in hiPSCs in vitro was first endeav-
oured by the classical homologous recombination strategy, using the BAC recombineer-
ing approach. Figure 34 shows the strategy for targeted genomic correction of the
CALMI- F142L mutation and CALMI- D130G mutation. A gene targeting vector was
designed that included the wt A and C nts at CALM1 c¢.A389 and c.C426. Either mutant
patient hiPSC line can be targeted with this vector to correct the CALM1 mutations. The
linearized targeting construct was delivered into cells by electroporation. Targeted clones
were identified by PCR- screening that amplified a novel junction fragment between the
genomic DNA of exon 4 and the integrated targeting vector generated following homol-
ogous recombination. Primers a and b of Figure 34 are listed under ColScrShortFW and
ColScrNeoRev in the primer list, as well as positive ctr primers ¢ and d (PosCtrHom-
RecFW, PosCtrHomRecRV). The G418- resistance cassette can be excised by Cre re-

combinase transfection.
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Figure 34: Gene targeting by homologous recombination in CALM mutated hiPSCs.

Strategy for classical homologous recombination using target vector recombination at the CALM] locus.
Top line, structure of CALM1 locus. Numbered grey boxes indicate exons 4- 6. Exon 5 is mutated (red star)
in CALM1- D130G patient hiPSCs by exchange of A to G at position ¢.389, exon 6 is mutated (red star) in
CALM1- F142L patient hiPSCs by exchange of C to G at position ¢.426. Gene targeting vector for correct-
ing both mutations has the wt A and C nts. NeoR, the PGK- Neo cassette encoding G418 resistance flanked
by loxP sequences (blue tringles), was inserted in the reverse direction. PCR primers (a, b), amplifying a
2.8 kb sequence, were used to identify the targeted clone. PCR primers (c, d) were used as positive ctr.
Gene targeting vector has homology arms of 2 kb 3” homology arm) and 10 kb (5’ homology arm), indicated
as arrows.

The homologous recombination approach was performed in parallel on cells on G418-
resistant MEF feeders in hiPS medium and on Geltrex in E8 medium and targeted colo-
nies were selected using G418 antibiotic selection. Figure 35 shows electroporated cells
of the CALM1I- F142L hiPSC lineage from 4 days after electroporation up to 2 days after
antibiotic selection. Cells were electroporated in parallel with the targeting construct
(CALMI- F142L targ.) and with no construct as negative ctr (CALMI- F142L mock).
Emerging colonies are visible in pictures of all conditions. No colonies of cells electro-
porated under mock ctr conditions survived after antibiotic selection. Targeted cells on
Geltrex grew faster than on MEF feeders. In total, from two experiments of each 10x 10°
electroporated cells, 47 colonies emerged on Geltrex. From one experiment with 10x 10°
electroporated cells that were plated on MEF feeders, 11 clones emerged. Recovery effi-
ciency of hiPSCs on Geltrex was therefore better than of cells on G418 resistant MEF

feeders.
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Figure 35: Electroporated CALM - F142L hiPSCs with targeting construct and no construct on MEF feed-
ers and Geltrex from dO of G418 selection to d2 post- G418 selection.

Representative images of CALM - F142L hiPSCs after electroporation with targeting construct (CALM1-
F142L targ.) and after mock electroporation (CALMI- F142L mock), 2 days after electroporation (d0
G418), scale bars 250 um, 1 day into G418 selection (d1 G418), scale bars 50 um, 4 days into selection (d4
G418), scale bars 250 pm, and 2 days post- selection (d2 post G418), scale bars 250um. Left two lanes of
pictures represent cells plated on MEF feeders, with the left side targeting construct- electroporated cells
and the right lane negative ctr cells. Right half of the figure shows cells plated on Geltrex, left lane targeting
construct electroporated, row of cells on the very left is the according mock electroporated negative ctr.

Picked colonies were split in separate wells and around 20 cells per colony were used for
colony screening. PCR for specific amplification of the targeted CALMI genomic se-
quence was performed. Annealing positions of the primers used for identification of tar-
geted clones, as well as positive ctr primers is indicated in Figure 34. PCR products were

loaded on an agarose gel and analysed.

Figure 36 depicts a representative agarose gel picture of 2 CALM - F142L clones picked
from Geltrex after electroporation with targeting construct and G418 selection. No band
of amplified DNA product is detectable on the gel in either of the lane. Since the Colony
Screening primer for the homologous recombination approach were designed to only an-
neal if homologous recombination happened, this result is to be interpreted as negative

for both clones. PCR amplification with positive ctr primers shows a band. This positive
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ctr serves also as a ctr for DNA content in the lysates used. Lack of a band with negative
ctr PCR sample confirms absence of DNA contamination in the PCR reagents. The faint

and out of focus signal at around 0.1 kb represent primer dimers.

[kb] cl c2  posctr negctr

L

Figure 36: Representative colony screening agarose gel picture of 2 colonies recovered after electroporation
and antibiotic selection.

2- log DNA ladder was used as ladder (L) in lane 1. Lane 2 shows PCR amplified lysate DNA of clone 1
(c1), lane 3 shows PCR amplified lysate DNA of clone 2 (c2). Lane 4 shows DNA lysate amplified with
positive ctr primer (pos ctr), fifth lane shows negative ctr sample with no DNA input in the PCR reaction
(neg ctr).

Three independent experiments were performed, out of which a total of 67 colonies were
derived and screened for homologous recombination. All derived clones were tested neg-
ative. The promising new gene targeting method CRISPR/ Cas9 was subsequently pur-

sued.

4.4.2  Genome- editing in CALM - hiPSCs using CRISPR/ Cas9

4.42.1 CALMI mutation correction
Genome- editing by CRISPR/ Cas9 requires the target cell to express the Cas9 endonu-

clease protein, as well as the gRNA. The gRNA forms a complex with the Cas9 protein
and binds to the homologous region, enabling the Cas9 endonuclease to perform a DSB
at the point of interest. By providing a homologous repair template, the cell repairs the
DSB by HDR using the template. Figure 37 gives an overview of Cas9/ gRNA- mediated
gene correction on the CALMI- F142L locus. The first panel shows a schematic of the
Cas9/ gRNA complex annealing to the target CALM - F142L locus. ¢.C426G mutation
is written in green. The gRNA binds to the DNA target sequence and Cas9 induces the
DSB 3 nt upstream of the PAM. The required PAM motif NGG is produced by the
¢.C426G mutation, therefore the CALM - F142L correction gRNA is allele- specific for
the mutated allele and will not bind the target sequence of the healthy allele. Panel B of

95



Results

the figure displays the HDR repair pathway provoked by DSB and presence of a ssODN
repair template. ssODN repair templates can be designed to specific needs. For this mu-
tation- correction approach, the corrections of the point mutations for each patient were
included, as well as restriction enzyme cutting sites to enable fast screening of success-
fully gene edited clones.
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Figure 37: Schematic of Cas9/ gRNA- mediated gene correction of the CALM - F142L mutation.

(A) Schematic of the Cas9/ gRNA complex annealing to the DNA target within CALMI, exon 6. 20 nt
guide sequence of CALMI- F142L correction gRNA displayed in blue, gRNA scaffold in red. Guide se-
quence binds to DNA target sequence (blue bar on top strand), directly upstream of PAM motif (red bar).
Cas9 protein (in yellow) mediates DSB 3 bp upstream of the PAM sequence (red arrows). F142L point
mutation depicted in green within the PAM sequence. (B) DSB (red arrows) induced by Cas9 endonuclease
(yellow) and guided by gRNA (red and blue) at DNA target sequence. After end resection of cut DNA
strands, a supplied ssODN repair template (blue) is used for HDR. Precise gene modifications (red star)
can be included by ssODN design, which will then be integrated in the genomic DNA upon DNA repair.
Figure adapted from Ran et al. ®.
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120 bp sequences of ssODNs were designed for each patient, as depicted in Figure 38.
Panel A shows 120 bp ssODN for CALM - D130G correction. The nt exchange to abolish
the point mutation is written in red. Green letter marks the alteration made in the se-
quence, generating the EcoRV restriction cutting site without changing the aa sequence
of the gene. Panel B shows the ssODN design for correction of the F142L mutation. Red
cytosine marks position of the patient’s point mutation. An exchange from A to T was
made to generate the Xmnl restriction recognition site, this change doesn’t alter the aa

sequence of the gene.

A

gRNA- specific sequence 5’gRNA scaffold

120bp ssODN to correct D130G v GACGGACRAGTCAACTATGA
CAAACTTAGGAGARARACTAACAGATGAAGAAGTAGATGARATGATCAGAGARGCAGATATCGATGGAGACGGACAAGTCAACTATGAAGGTAARACTARATTCTCTGAGCTCAGTGTTT

G T
B
gRNA- specific sequence 5"gRNA scaffold

120bp ssODN to correct F1421 TATATTTGTCTITTCAGAAT
CATTAAAGCTGTTTTCAAAGATAACCAAAAGTTACTATTATATTTGTCTTTTCAGAATTCGITCAGATGATGACT GCAAAATGAAGACCTACTTTCAACTCCTTTTTCCCCCCTCTAGAA

G A

Figure 38: gRNA sequences and ssODN sequences for CALM1- D130G and CALMI- F142L corrections.

(A) 120 bp ssODN for correction of D130G mutation. ¢.A389G mutation in red. Change of nt from T to C,
generating the EcoRV restriction enzyme cutting site written in green. ECoORV restriction recognition se-
quence (GATATC) underlined in green. (B) 120 bp ssODN for correction of F142L mutation. c.C426G
mutation in red. Change of nt from A to T, generating the Xmnl restriction enzyme cutting site written in
green. Xmnl restriction recognition sequence (GAANNNNTTC) underlined in green.

gRNAs need to be tested for efficient guidance and induction of DSBs by Cas9 at the
point of interest, since online design tools only provide computational predictions of ef-
ficiency. Chromatin structure and secondary structure of gRNAs can also greatly influ-
ence accessibility of the DNA by the CRISPR/ Cas9 complex. Delivery methods of plas-
mids encoding Cas9 and gRNAs need to be optimised for every hiPSC line separately, as
well. Cell cycle length, level of pluripotency and passage number of hiPSCs influence

delivery efficiency, cleavage efficiency and cell survival.

Testing of gRNA efficiencies

gRNAs to target genomic locus c.A39G in CALM1- D130G patient hiPSCs and gRNAs
to target genomic locus ¢.C426G in CALMI- F142L patient hiPSCs were designed as
described in methods section 3.3.6 and the most promising gRNA was each cloned into
the Addgene gRNA delivery vector backbone. Sequences of designed and cloned gRNAs
are listed under 3.6. To test gRNA efficiency and functionality, the gRNA expression
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plasmid was co- transfected together with the Cas9 nuclease plasmid (2- plasmid system)

in hiPSCs. Cells were harvested 24h later and cleavage detection analysis was performed.

100 ng of input DNA of each sample was digested using the detection enzyme and ana-
lysed on a 1.5% agarose gel, as shown in Figure 39. Cleavage detection primers for
CALM]1 correction guides were designed to amplify a 542 bp stretch of genomic DNA
around the point of indels. Primers are used for both mutant lines, with expected cleaved
bands at 149 bp and 393 bp for CALMI- D130G gRNA and at 183 bp and 360 bp for
CALMI- F142L gRNA. Analysis of cleaved band intensities was performed using Im-
agelJ, according to the manufacturer’s manual. Estimated cleavage efficiency (CE) of
CALMI- D130G gRNA is 88%, of CALMI- F142L gRNA 37% and the ctr hybrid DNA
included in the Genomic Cleavage Detection Kit is cleaved with an efficiency of 83%.
Both gRNAs designed are working in appropriate efficiencies and were used subse-

quently in genome- editing experiments.

gRNA  gRNA
[kb] L  DI30G FI42L posectr

|

0.5

0.2
0.1

CE 88% 37% 83%

Figure 39: Cleavage detection analysis of correction gRNAs in mutant hiPSCs.

1.5% Agarose Gel detecting cleaved bands by Genomic Cleavage Detection Kit of Cas9 nuclease plasmid
and correction gRNA plasmids for CALM1- D130G (gRNA D130G) and CALMI- F142L (gRNA F142L).
From left to right: 2- log DNA ladder (L), CALMI-D130G hiPSCs incubated with correction gRNA D130G
(gRNA D130G), CALM1I- F142L hiPSCs incubated with correction gRNA F142L (gRNA F142L), positive
ctr sample (pos ctr). Cleavage efficiencies (CE) in percent of each Cas9/ gRNA complex listed below.

Double plasmid approach versus all- in one plasmid approach

DNA load, and therefore also number of plasmids that need to be delivered into cell nu-
clei, is an important aspect to consider for successful genome- editing. High DNA con-
centrations have toxic effects on hiPSCs and are to be averted. Delivery efficiency drops
significantly by increasing numbers of plasmids needed to be brought into cell nuclei.
The gRNA cloning vector #41824 from Addgene was cloned into the CRISPR/ Cas9

plasmid #44719 from Addgene. Genomic Cleavage detection analysis was performed
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subsequently and cleavage efficiencies were evaluated for all- in one plasmids for each
patient’s gRNAs. Calculated cleavage efficiency (CE) is 61% using the all- in one Cas9
correction gRNA D130G plasmid. This is a decrease in cleavage efficiency compared to
the 2 plasmids approach, shown in Figure 39. CALM - F142L hiPSCs targeted by all- in
one Cas9 correction gRNA F142L plasmid shows cleavage efficiency of 53%. Here, the
all- in one plasmid to target the F142L mutation is more efficient than the 2 plasmids with
the same gRNA. The same ctr was used as in Figure 39. Since cleavage efficiencies for
both all- in one plasmids were calculated to be over 50%, the following genome- editing

experiments performed were done using the CRISPR/ Cas9 all- in one plasmids.

gRNA gRNA
[kb] L D130G FI142L pos ctr

1

0.5

0.2
0.1

Figure 40: Cleavage detection analysis of correction gRNAs in all- in one Cas9 plasmids.

1.5% Agarose Gel detecting cleaved bands by Genomic Cleavage Detection Kit of Cas9 all- in one nuclease
plasmids for CALMI- D130G (gRNA D130G) and CALMI- F142L (gRNA F142L). From left to right: 2-
log DNA ladder (L), CALMI- D130G hiPSCs incubated with correction gRNA D130G (gRNA D130G),
CALM1- F142L hiPSCs incubated with correction gRNA F142L (gRNA F142L), positive ctr sample (pos
ctr). Cleavage efficiencies (CE) in percent of each Cas9/ gRNA complex listed below.

Delivery of Cas9/ gRNA plasmid by electroporation and selection of

transduced cells by FACS sorting

Delivery of Cas9/ gRNA plasmids was first performed by electroporation, as described
in methods section 3.2.7. Cas9/ gRNA plasmids used for CALMI mutation correction are
carrying a GFP encoding gene, therefore, successful delivery of plasmids into hiPSCs can

be analysed by FACS.

Amount of hiPSCs expressing the Cas9/ gRNA GFP plasmid was assessed 24h and 48h
after electroporation, to determine the optimal time point for FACS sorting. To further
validate functionality of all- in one Cas9 gRNA plasmids, the identical electroporation
experiments were performed in parallel with all- in one Cas9 plasmids, as well as with
the separate plasmids encoding Cas9 and gRNAs. Figure 41 shows representative FACS
blots of CALM - D130G hiPSCs 24h after electroporation. Shown are cells electroporated
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with a negative ctr plasmid, versus D130G- patient hiPSCs electroporated with the
CALMI- D130G all- in one plasmid and F142L- patient hiPSCs electroporated with the
CALM1- F142L all- in one plasmid. Cell populations were first gated for size and single-
cell status. Cells emitting auto- fluorescence measured in the FL10 channel were disre-

garded, as they represent dead cells. Cells within gate C were considered true GFP+.

The mock electroporated sample does not include GFP+ cells. GFP+ CALMI- D130G
cells and GFP+ CALM1I- F142L cells make up approximately 5.99% and 1.09% of all
gated cells. Identical experiments were performed for CALMI- D130G and CALMI-
F142L with 2 separate plasmids encoding the Cas9 and the gRNA. GFP+ populations

were determined each 24h of post- electroporation, as well as 48h post electroporation.
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Figure 41: Representative FACS analysis of CALM1-D130G hiPSCs and CALM - F142L hiPSCs 24h after

electroporation with Cas9 all- in one plasmids.

First gating shows selection of cells by their size in forward scatter (FS) and pulse width (gate A). Second
gating was set within the size- selected cells measured in the forward scatter (FS) and sideward scatter (SS)
on a linear scale (gate B). Following gate C was set for FL1 positive cells, translating to GFP+ cells at 488
nm emission, versus FL10 positive cells, for auto- fluorescent cells appearing in the PE channel. GFP+/PE-
cells from gate C were sorted and plated for further analysis. Upper row of plots depicts CALMI- D130G
hiPSCs negative ctr after 24h, middle row depicts CALMI- D130G hiPSCs treated with Cas9 all- in one
nuclease plasmid 24h after electroporation, last row depicts CALM1- F142L hiPSCs treated with Cas9 all-

in one nuclease plasmid 24h after electroporation.
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Figure 42 compares the percentage of GFP+ cell populations in both mutant lines 24h and
48h after electroporation, using Cas9/ gRNA all- in one plasmids and the 2 plasmid- sys-
tem. After 24h, 3.5% of the total cell population was detected GFP+ after treatment with
the Cas9/ gRNA CALM1I- D130G all- in one plasmid. 6.1% of cells were detected GFP+
with both separate plasmids penetrated. After 48h, 8.1% of cells showed GFP+ signal,
expressing the all- in one plasmid. 6.9% were estimated to GFP+ 48h after electroporation
with both separate plasmids. The biggest GFP+ population of cells is therefore achieved,
when electroporated with the all- in one plasmid and sorted 48h after electroporation for
the CALM1- D130G cell line. 3% of total cells were measured GFP+ 24h after electro-
poration when targeted with the Cas9/ gRNA CALMI- F142L all- in one plasmid. Due to
cell quality issues, the analysis of CALM - F142L hiPSCs 24h after electroporation with
both separate plasmids was not feasible. 48h after electroporation, 4.9% of cells electro-
porated with the all- in one plasmid was detected GFP+, 0.7% of cells electroporated with
both separate plasmids were counted. Most promising conditions for CALM1- F142L
hiPSC were therefore determined to be electroporation with CALMI- F142L all- in one
plasmid and subsequent sorting 48h after delivery of the plasmid.
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Figure 42: Percentage of GFP+ cells 24h and 48h after electroporation under different conditions.

CALM1- D130G hiPSCs electroporated with Cas9/ gRNA all- in one plasmid (black bars) and separate
Cas9 and gRNA expressing plasmids (grey bars). Left side represents % of total cells 24h after electro-
poration, right side 48h after electroporation. (B) CALM1- F142L hiPSCs electroporated with Cas9/ gRNA
all- in one plasmid (black bars) and separate Cas9 and gRNA expressing plasmids (grey bars). Left side
represents % of total cells 24h after electroporation, right side 48h after electroporation. n=1 for all exper-
iments.

Recovery of hiPSCs after FACS sorting is an important aspect when optimising the ge-
nome- editing efficiency. Different plating conditions were evaluated and compared to
each other by calculating the recovery efficiency. Recovery efficiency was calculated by

counting the number of single- cell emerged colonies in relation to total number of GFP+

102



Results

single cells plated after FACS sorting. Recovery efficiency is displayed as % of amount
of plated cells. Figure 43 shows recovery efficiencies of patient hiPSC lines, when plated
as single cells per well into 96- well plates coated with MEF feeders in comparison to 6
cm cell culture plates coated with MEF feeders. CALM1- D130G cells showed a recovery
efficiency of 4.4% when plated on 96- well plates and of 2.5% when plated on 6 cm
plates. These results are not statistically significant. CALM1- F142L hiPSCs plated on
96- well MEF plates after FACS sorting showed an average recovery efficiency of 8.8%.
Recovery efficiency on 6 cm MEF plates was determined at 0.1%. Due to the higher
deviation of experiments, there is no statistical significance of recovery efficiency be-
tween the plating types for CALM - F142L. Both mutant cell lines show better recovery
efficiencies when plated on 96- well MEF plates after FACS sorting.
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Figure 43: Percentage of recovery efficiency after FACS sorting on 96- well MEF vs 6 cm MEF cell culture
plates.

% recovery efficiency counted as number of colonies emerging in relation to number of single cells plated
after FACS sorting on 96- well plates with MEF feeders (black bars) versus 6 cm cell culture dishes with
METF feeders (grey bars) for CALMI- D130G and CALM1- F142L cell lines. n= 4 for FACS sorting on 96-
well MEF plates, n= 2 for FACS sorting on 6 cm MEF plates. 2- sided T-test showed no statistical signifi-
cance.

To elucidate possible positive effects on recovery efficiency further, efficiencies were
analysed when plated on Matrigel- coated 96- well cell culture plates. This experiment
was only performed with hiPSCs of the CALM - F142L line, since the focus of this study
was put on this line. Average recovery efficiency of CALM1- F142L hiPSCs plated on
96- well Matrigel plates of 2 independent experiments was 5.8%. Therefore, plating sin-
gle cell hiPSCs on 96- well MEF coated plates is the most efficient, at 8.8%, as shown in
the previous paragraph. No statistical significance was calculated between the two plating

conditions.
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Figure 44: Percentage of recovery efficiency after FACS sorting on 96- well MEF vs 96- well Geltrex
plates.

% recovery efficiency counted as number of colonies emerging in relation to number of single cells plated
after FACS sorting on 96- well plates with MEF feeders (black bar) versus 96- well plates coated with
Matrigel (grey bar) for CALMI- F142L hiPSCs. n= 4 for FACS sorting on 96- well MEF plates, n=2 for
FACS sorting on 96- well Matrigel plates. 2- sided T-test shows no statistical significance.

CALM]1 correction approaches by CRISPR/ Cas9 was performed under optimised condi-
tions. Experiments were performed with single- cell adapted cells that underwent electro-
poration with all- in one plasmids including tested gRNAs and 120 bp ssODN repair tem-
plates. 48h after electroporation, cells were sorted for GFP positivity and plated on 96-
well plates coated with MEFs. Cell lysates were generated according to corresponding
methods section 3.3.7. Genomic DNA was amplified using the RA_CRISPR_F and RA-
CRISPR R primer and products were digested with either EcoRV or Xmnl restriction
enzymes for clones derived from CALMI- D130G and CALMI- F142L targeted hiPSCs.
Correction of mutations by HDR would incorporate designed enzyme restriction sites into
the targeted loci, as well as the exchange of nt to correct the mutations. By digestion of
amplified genomic loci with restriction enzymes, a cleaved band is visible if HDR oc-
curred. Positive identified clones are then further analysed by Sanger sequencing. Positive
ctr samples are amplified genomic DNA within the CALM1 gene, naturally containing
EcoRV or Xmnl restriction cutting sites. This ctr serves as an enzymatic digestion ctr.
Primers are listed under 3.6. Figure 45 shows representative screened clones of CALM -
D130G hiPSCs and CALM - F142L hiPSCs. Expected bands after EcoRV digestion in
corrected CALM - D130G clones would show at 539 bp and 486 bp. Corrected CALM -
F142L clones would show bands at 695 bp and 330 bp in Xmnl- digested samples. Posi-
tive ctr samples of CALM - D130G and CALM - F142L show expected bands at 592 bp
and 580 bp, and 702 bp and 392 bp.
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[kb] L pc CALMI-D130G CALMI-F142L L [kb]

Figure 45: Representative colony screening agarose gel of CALM1- D130G and CALMI- F142L clones.

Colony screening agarose gel image of representative clones picked after targeting with either Cas9/ gRNA
and ssODN template for mutation correction of the CALM - D130G (left) and CALMI- F142L (right)
hiPSC lines. L: 2- log DNA ladder, pc: according positive ctr sample for each line.

For correction of the CALMI- D130G mutation, a total of 4 independent experiments
were performed. Overall were 228 single- cell- derived clones screened, but tested nega-
tive for correction of the mutation. These numbers conclude to a calculated average of 57
clones retrieved per experiment performed. 14 independent experiments were performed
to correct the CALMI- F142L mutation. A total of 636 single- cell- derived clones were
screened negative for correction. This translates to an average of 45.4 clones recovered
per experiment. These numbers clearly indicate the inefficiency of correction experiments
by electroporation and FACS sorting in hiPSCs. To further optimise conditions for ge-
nome- editing on hiPSCs, nucleofection as delivery method and puromycin selection as

single- cell selection method was evaluated.

Delivery of Cas9/ gRNA plasmid by nucleofection and selection of transduced cells by
puromycin resistance

Delivering Cas9/ gRNA plasmids into hiPSCs by electroporation showed a maximum of
8.1% GFP+ cells. After FACS sorting of GFP+ cells, recovery efficiencies of up to 8.8%
were reached. To further optimise delivery and recovery efficiencies, nucleofection set-
tings and selection of cells by antibiotic resistance was elucidated. A subset of buffers

was first analysed for best delivery and recovery efficiency using a GFP ctr plasmid.

0.8 x 10° CALMI- F142L hiPSCs were nucleofected in Buffer 1 or Buffer 2 of the Human
Stem Cell Nucleofector Kit from Lonza and plated each into 2 wells of a Geltrex- coated
4- well plate. PH images were taken 24h later, as shown in Figure 46. Mutant hiPSCs
nucelofected in buffer 1 are attached after 24h. Cell shape is elongated and cells are gath-
ered loosely in groups of cells. Many dead cells are floating and dying cells show granu-
lous cytoplasm. Cell morphology and distribution of cells nucleofected with Buffer 2 is

similar to Buffer 1. Slightly more cells are attached and viable, less are dead and floating
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than in the left image. The overall appearance of cells nucleofected with Buffer 2 is more

positive than cells nucleofected with Buffer 1.

Buffer 1 Buffer 2

CALM]I- F142L hiPSCs

Figure 46: Representative PH images of CALM - F142L hiPSCs nucleoporated in Buffer 1 and Buffer 2.

Images of single- cell adapted CALM - F142L hiPSCs nuceloporated in Buffer 1 (left) and Buffer 2 (right)
24h after nucleofection. Scale bars represent 100 pm.

Number of GFP+ cells was analysed after 24h of nucleofection, using a flow cytometer.
24h after nucleofection of GFP ctr plasmid with Buffer 1, 7% of cells were measured
GFP+. When nucleoporated with Buffer 2, 41% of total cells were expressing GFP. De-
livery efficiency in CALMI- F142L hiPSCs nucleoporated with program B16 of the
Amaxa Nucleofector II in combination with Buffer 2 was therefore most efficient. The

following

Table 10 summarises delivery efficiencies in tested buffers:

Human Stem Cell GFP+ cells out of
Nucleofector Kit Buffer | total [%]

1 7

2 41

Table 9: Delivery efficiency of nucleofection buffer combinations in CALM - F142L hiPSCs.

Same amount of CALMI- F142L hiPSCs was nucleofected with either buffer and a ctr GFP plasmid and
% of GFP expressing cells was measured after 24h by FACS. Left column lists the two buffers tested,
right column lists the percentage of GFP expressing cells out of total cells analysed (GFP+ cells out of
total [%]).

For further experiments, CALM1- F142L hiPSCs were nucleoporated in Buffer 2 with

program B16 in the Amaxa 2D Nucleofector from Lonza.

The Addgene Cas9 plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene, #62988)
used for delivery with nucleofection carries a puromycin resistance gene. In order to es-
timate the concentration most suitable for selecting hiPSCs carrying the plasmid and ex-

pressing puromycin resistance, a kill- curve was analysed. Single- cell adapted CALM1-
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F142L hiPSCs were nucleoporated with the Cas9- puro plasmid and with no plasmid as
negative ctr and plated as described before. Figure 47 shows many cells attached after
nucleofection, but floating dead cells are visible in both conditions. After 12h of incuba-
tion with puromycin, more cells are still attached that were treated with the plasmid, than
in the ctr condition. After 48h of antibiotic treatment, no more live cells survived the
puromycin treatment under ctr conditions. Some cells treated with plasmid are still at-
tached, many dead cells are floating. A slowed cell- division rate in surviving cells was
noted even after removal of puromycin. For further CRISPR experiments with the Cas9-

puro plasmid, antibiotic selection for 24h with 0.2 pg/ ml was performed.

no puro _ 24h puro

neg ctr

Cas9-puro

Figure 47: Representative puromycin kill- curve of CALM1- F142L hiPSCs ranging from no puromycin to
24h of puromycin incubation.

PH microscopic images of CALMI- F142L hiPSCs nucleofected with no plasmid (neg ctr; top row) and
with CRISPR/ Cas9 puro plasmid (Cas9- puro; bottom row). First column shows images of cells before
puromycin treatment (no puro), second column after 12h of incubation (12h puro) and third column after
24h puromycin incubation (24h puro). Scale bars 250 um.

Effects of SCR7 on HDR

The chemical compound SCR?7 is described in literature to inhibit NHEJ by targeting the
DNA ligase IV *8, HR by HDR is therefore favoured during the DNA repair process,
increasing the efficiency of correcting mutations by CRISPR/ Cas9 together with an oligo
repair template. This positive effect was investigated on CALM - F142L hiPSCs with the
corresponding Cas9/ gRNA puro correction plasmid and the 120 bp ssODN template
DNA. Nucleofection and puromycin selection was performed as described in the methods
section 3.2.7 and 3.2.8. SCR7 was purchased from Tocris Bioscience (Cat No. 14892-97-
8) and diluted to 1 pM working concentration. After nucleofection and plating of the cells
in 4- well plates, 1 pM of SCR7 was added to the culture medium for 24h, as described
in the publication by Maruyama and colleagues '*®. 4 nucleofections were performed out

of which 302 single- cell colonies emerged and were analysed for mutation correction.
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All screened colonies were tested negative for correction of the CALM - F142L mutation.

Therefore, no conclusion can be drawn about the effect of SCR7.

After all optimisations established for correcting the CALMI mutations in the mutant
hiPSC lines with no success, the approach to knock -out the mutated CALM1 gene in
patient hiPSCs was elucidated.

4.4.2.2 Generation of CALM1 knock- out line
Gene knock- outs can be achieved by causing erroneous DNA repair due to NHEJ within

the first exons of a gene. Resulting insertions or deletions often cause a frameshift, leading
to different aa orders of the protein and premature stop codons. These alterations in nt
sequence and aa order often cause the cell to dissipate the mRNA even before translation
into mutated proteins can occur. Knocking out CALM]I by provoking indels within the
first exons of the gene was attempted. The Addgene plasmid #62988, pSpCas9(BB)-2A-
Puro (PX459) V2.0 was delivered by nucleofection. Figure 48 displays schematic of
Cas9/ gRNA- mediated gene knock- out of the CALM1I gene.
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Figure 48: Schematic of Cas9/ gRNA- mediated gene knock- out of the CALM1 gene.

(A) Schematic of the Cas9/ gRNA complex annealing to the DNA target within CALM]I, exon 2. 20 nt
guide sequence of CALMI- KO gRNA 1 displayed in blue, gRNA scaffold in red. Guide sequence binds to
DNA target sequence (blue bar on top strand), directly upstream of PAM motif (red bar). Cas9 protein (in
yellow) mediates DSB 3 bp upstream of the PAM sequence (red arrows). (B) DSB (red arrows) induced by
Cas9 endonuclease (yellow) and guided by gRNA (red and blue) at DNA target sequence. Cellular repair
pathway NHEJ is executed, which can result in random indel mutations (green) at the site of DNA repair.
Indels can result in frameshifts, creating premature stop codons (red) in the coding region of genes and
therefore resulting in gene knock- outs. Figure adapted from Ran et al. .

Two independent gRNAs were designed to achieve CALMI knock- outs, as shown in
Figure 49. CALMI- KO sgRNA1 anneals on negative genomic DNA strand, CALMI- KO
sgRNA 2 anneals on positive strand of the CALM1 locus. Both target sequences lie within
exon 2. Sequences of these gRNAs are listed under 3.6. Cleavage Detection analysis was
performed, as described before, and cleaving efficiencies for both guides were determined

to be sufficient to commence with attempting the knock- out.
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CALM]I genomic locus
CALMI-KO sgRNA 2

Intron 1-2 Exon 2 TTCTTGTCTAACGACCATTC Intron 2-3
Ll
5¢ .. tc ataqGCTGATCAGCTGACCGAAGAACAGATTGCTGY Jttd 3¢
3¢ ... agaaagaagtatatdCGACTAGTCGACTGGCTTCTTGTCTAACGACIcattca . 5

rrrrreerrrrrrrrtrrrre
CTGACCGAAGAACAGATTGC

CALMI-KO sgRNA 1

Figure 49: CALM1- KO sgRNA 1 and CALM1I- KO sgRNA 2 annealing schematic.

Both gRNAs anneal for the most part within exon 2 of the CALM1 genomic locus. Introns are depicted in
small grey letters, exon 2 is depicted in capital letters and framed in blue. CALMI- KO sgRNA 1 anneals
on the negative strand, CALM - sgRNA 2 on the positive strand. Target- specific nt sequences of the gRNAs
are depicted, sgRNA scaffolds depicted as dashed lines.

Nucleofection was performed with Buffer 2 and program B16, as tested best for CALM -
F142L hiPSCs before. Puromycin selection was conducted with 0.2 pg/ ml for 24h and

colony screening was executed on emerging colonies.

Colony screening

5 independent CALM1 KO experiments were performed. The Cas9 plasmid carrying KO
gRNA 1 was used in 2 experiments, the KO gRNA 2 plasmid was used in 3 experiments.
A total number of 98 single- cell- derived colonies emerged from those experiments,
translating to an average of 19.6 colonies per experiment. 9 colony screened clones tar-
geted with Cas9 and gRNA 1 were found to be edited in exon 2. 5 colonies targeted with
Cas9 and gRNA 2 showed indels in exon 2. Figure 50 shows the average editing effi-
ciency as percentage of edited clones in relation to number of single- cell- derived clones
per gRNA. 16.3% of screened clones targeted with Cas9 and gRNA 1 were edited. 33.3%
of colonies targeted with the Cas9 plasmid carrying gRNA 2 showed to carry indels in
exon 2. Concluding this analysis, CALM - KO gRNA 2 was better in producing indels in
exon 2 in CALM - F142L hiPSCs, however not with statistical significance.
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Figure 50: Editing efficiency as percentage of edited clones for CALMI- KO gRNA 1 and 2.

Graph representing % of edited clones retrieved from nucleofection and puromycin selection with Cas9
CALM1- KO gRNA 1 plasmid (gRNAI, black bar, n=3) and Cas9 CALMI- KO gRNA 2 plasmid (gRNA
2, grey bar, n=2). 2- sided T-test shows no statistical significance.

4.42.3 TIDE analysis
After sequencing of retrieved clones, indels were analysed using the TIDE software, as

described before in section 3.3.8. Figure 51 depicts a representative sequencing result of
a single- cell- derived clone from CRISPR/ Cas9 editing using the CALM - KO gRNA 1.
The predicted point of indel was calculated to be between ¢.29T and ¢.30T, as indicated
with a red arrow. Underlying double peaks are visible in targeted clone sample from ¢.29
onwards. The original wt nt string is written out below, with no double peaks. The se-
quence string written out below the wt sequence illustrates a predicted frame shift (red
arrow) on one allele, caused by insertion of an A (red boxed green A) at position ¢.29. An
insertion (.29 30insA) of the nt A at this position causes all following nts to move one
position further downstream. Resulting double peaks are visible from position of insertion
onwards. Double peaks are approximately one- third of the height of the wt sequence
peaks, suggesting a still more prominent wt population of cells instead of a homogenous

heterozygous population of edited cells.
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Predicted point of indel
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Insertion C.29_301]JSA Frame Shift 1 nt —

Figure 51: Representative sequencing result of wt clone and edited CALMI- KO clone.

CALM1 exon 2 sequence around expected indel. Wt nt sequence written out below the corresponding se-
quencing reads. gRNA target sequence labelled in red (gRNA 1 target sequence). Predicted point of indel
between ¢.28T and c.30T, indicated by a red arrow. PAM sequence marked with red box. Sequence string
below depicts CALM1 exon 2 edited sequence (Edited CALM1 exon 2). Wt and edited nt sequence are listed
below. Red boxed A depicts insertion of an A at position ¢.30 and a resulting frame shift of 1 nt (Insertion
at 29 30insA, Frame Shift 1 nt; red arrow).

By loading a negative ctr sequencing track of an untargeted clone and the sequence of a
potentially targeted single- cell- derived clone into the TIDE software, genome- editing
can be assessed in a quantitative manner. Figure 52 depicts the sequence decomposition
of the representative sequence shown in Figure 51. TIDE analysis of this representative
CALMI- KO clone estimated a 37.5% efficiency of targeting, labelled as total eff.= 37.5.
35.4% of the sequences are predicted to harbour a frameshift caused by insertion of 1 nt
(red bar). Statistical significance with p< 0.001 was estimated for the insertion with an R?
value of 0.97. 59.7% of sequences were not edited, as depicted by the pink bar. Analysis
of the +1 insertion is depicted in the upper right inset. The probability of a T insertion
was estimated at 5.4% (red segment of bar). Insertion of a G happened with 36.3% prob-
ability (black segment of bar), C is estimated at 2.3% (blue segment) and 56.0% proba-
bility was calculated for an insertion of A (green segment of bar). The most likely inser-
tion of an A concurs with the sequence comparison of Figure 51, where an insertion of
an A at ¢.29 30insA would cause a frameshift of 1 nt and can be followed by resulting
double peaks. Statistically insignificant deletions of 2 nts and 3 nts are depicted by low

black bars, with significance of p> 0001.
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Figure 52: Output of TIDE analysis of a representative CALM - KO clone.

X-axis depicting number of nts inserted or deleted. Y- axis depicting % of sequences edited. Red bar rep-
resenting 35.5% of sequences with an insertion of 1 nt with p< 0.001 significance. Black bars representing
insignificant deletions. Inset in right upper corner depicts probability of nts inserted. Red bar stands for T,
black for G, blue bar for C, green bar A.

TIDE analysis of edited CALM - KO clones showed a range of editing efficiencies from
6.6% up to 45.3% with different distributions of insertions and deletions. The maximum
percentage of editing reached by one insertion itself was 35.4%. None of the clones edited
with 20% efficiency or higher remained stable in culture and could be propagated by
standard hiPSC culturing methods. Neither culturing the edited clones on Geltrex in E8
medium, nor culturing them on MEF feeders in hiPSC medium were successful. Further
culturing of less edited clones and repeated sequencing after several passages showed the

loss of % of edited cells within hybrid colonies.

4.5 Genome- editing of the MEIS] locus

4.5.1  Generating MEISI knock- out line

Due to the difficulties to successfully manipulate patient- specific hiPSCs at the CALM1
locus, CRISPR/ Cas9 editing was investigated in healthy ctr cell lines with the aim to
knock- out the MEISI gene. Healthy ctr hiPSC lines available within the work group were
C6, Nul, Nu3, HAK and Ctr25. All lines were adapted to feeder free culture and single-
cell growth. Nul and Nu3 hiPSCs were not stably culturable as single cells. Nucleofection

protocols were tested on all cell lines and lines were evaluated for delivery efficiency and
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recovery efficiency. Only the ctr cell line HAK grew stably on Geltrex in E§ medium and
showed a high delivery efficiency and recovery when nucleofected with a ctr GFP plas-

mid.

Single- cell adaptation

Single- cell adaptation of HAK ctr hiPSCs was performed under feeder- free conditions,
as described in methods section 3.2.3. Figure 53 depicts representative HAK cells before
and after single- cell adaptation captured by phase contrast microscopy. 4 days after col-
ony splitting, cells grow in round colonies with cells gathering closely to each other. Clear
edges of the colony are visible. Morphology of colonies closely resemble appearance of
colonies of CALMI- D130G and CALM1I- F142L hiPSCs on Geltrex in ES8, as shown in
Figure 33. Cells adapted to single- cell growth grow in a monolayer. Cells appear more
rod- shaped with some spikes connecting smaller groups of cells with each other. The
HAK ctr hiPSC line is stably kept in culture as single cells for more than 20 passages.
However, for further experiments, cells not exceeding single- cell passage 15 were used
to exclude accumulation of karyotype abnormalities and acquired mutations due to longer

feeder- free and single- cell culturing.

Colonies Single cell adapted

HAK ctr hiPSCs

Figure 53: Representative PH images of HAK ctr cells grown on Geltrex in E8 medium as colonies and as
single cells.

Left image depicts a HAK ctr hiPSC colony 4 days post- spitting (Colonies). Right image depicts single-
cell adapted HAK ctr hiPSCs 4 days post- splitting (Single- cell adapted). Scale bar 100 um.

Testing gRNA efficiencies

The attempt to knock- out the MEISI gene in the HAK ctr hiPSC line was pursued by
ordering a gRNA knock- out library from Addgene. This library was kindly deposited by
the group of Prof. Zhang and described previously in their publication by Shalem et. al
149 Targeting efficiencies of MEISI- KO gRNAs HGLibA 28870, HGLibA 28871,
HGLibA 28872 and HGLibB 28829 were tested after cloning into Addgene’s Cas9 plas-
mid #62988, pSpCas9(BB)-2A-Puro (PX459) V2.0, carrying the puromycin resistance
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cassette. Plasmids were named Cas9 MEISI- KO gRNAI1, carrying HGLibA 28870
gRNA, Cas9 MEISI- KO gRNA2, carrying HGLibA 28871 gRNA, Cas9 MEISI- KO
gRNA3, carrying HGLibB 28872 gRNA and Cas9 MEISI- KO gRNA4, carrying
HGLibB 28829 gRNA. Figure 54 depicts annealing positions of MEIS1-KO gRNAs 1-
4. gRNAs 2 and 3 target within exon 2, gRNAs 1 and 4 target within exon 3 of the MEIS]

gene.
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Figure 54: MEIS1- KO sgRNAs annealing schematic.

Shown are the MEISI- KO gRNAs 1- 4 annealing to each target sequence within exon2 or 3 of the MEIS]
locus. gRNA 2 and 3 target exon 2 (blue framed), gRNAs 1 and 4 target exon 3 (blue framed). Introns are
depicted in small grey letters. MEISI- KO sgRNA 1, 2 and 4 anneal 5°-3’ on negative strand, gRNA 1 on
positive strand. Target- specific nt sequences of the gRNAs are depicted, sgRNA scaffolds depicted as
dashed lines.

Targeting efficiencies were tested by Genomic Cleavage Detection Kit, as described un-
der methods section 3.3.8 and analysed using the ImageJ software to determine cleavage

efficiencies in percent. The following

Table 10 summarises cleavage efficiencies of the four tested MEISI- KO gRNAs deter-

mined by cleavage detection analysis:

Cas9 MEISI- KO Cleavage efficiency
gRNA [%]

gRNAI1 61

gRNA2 35

gRNA3 23

gRNA4 59

Table 10: MEISI- KO gRNA cleavage efficiencies in HAK ctr hiPSCs.
Analysed were cleavage efficiencies of gRNA1, gRNA2, gRNA3 and gRNA4 for the MEISI- KO

approach. Left column lists gRNAs used for cleavage detection testing, right column lists calculated
cleavage efficiency in percentage when compared to overall DNA loaded (Cleavage efficiency [%]).

The Cas9 construct carrying MEISI- KO gRNAT1 was used for gene knock- out experi-

ments, since it achieved the best cleavage efficiency.
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Optimising recovery and delivery efficiency after Nucleofection

Nucleofection protocol was optimised for HAK ctr hiPSCs for optimal delivery and re-
covery efficiency. HAK hiPSCs were nucleofected with a GFP expressing ctr plasmid in
order to analyse percentage of cells carrying the plasmid, as described before. 0.8x 10°
HAK ctr hiPSCs were nucleofected in each buffer and plated into 2 wells of a Geltrex-
coated 4- well plate. 24h after nucleofection, PH microscopic images were taken of wells
to compare amount of cells attached. hiPSCs nucleoporated in either buffer attached well
with only some dead cells floating in the wells. Cell death due to nucleofection is expected
to some degree. There are no significant differences visible concerning recovery effi-

ciency between the two conditions.

Buffer 1 Buffer 2

HAK ctr hiPSCs

Figure 55: Representative phase contract images of HAK ctr hiPSCs nucleoporated in Buffer 1 and Buffer
2.

PH images of single- cell adapted HAK ctr hiPSCs nuceloporated in Buffer 1 (left) and Buffer 2 (right) and
a GFP ctr plasmid. Pictures taken 24h after nucleofection. Scale bars represent 100 pm.

HAK ctr hiPSCs were nucleofected with a GFP ctr plasmid, to analyse delivery efficiency
of plasmids into the hiPSCs by FACS. Nucleofection and FACS analysis was performed
as described before. Nucleofection protocol B16 was assessed in combination with Buffer
1 or Buffer 2 of the Human Stem Cell Nucleofection Kit from Lonza. The following table
lists percentages of GFP+ cells compared to total cell numbers. 21% of analysed HAK
ctr hiPSCs were detected GFP+ when nucleofected in Buffer 1. 40% of total cells nu-
cleofected in Buffer 2 were detected to be GFP+. The nucleofection protocol for HAK ctr

hiPSCs was set to program B16 in combination with Buffer 2 for further experiments.
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Human Stem Cell GFP+ cells out of total
Nucleofection Kit [%]

Buffer

Buffer 1 21

Buffer 2 40

Table 11: Delivery efficiencies using nucleofection Buffers 1 or 2 in HAK ctr hiPSCs.

Same amount of HAK ctr hiPSCs were nucleofected with either buffer and a GFP ctr plasmid. % of GFP
expressing cells was measured after 24h. Left column lists the two buffers tested, right column lists the
percentage of GFP expressing cells out of total cells analysed (GFP+ cells out of total [%]).

Puromycin selection

A puromycin kill- curve was conducted to estimate the optimal puromycin concentration
for selecting HAK ctr hiPSCs 24h after nucleofection for 48h. Kill- curve was executed
as described before and optimal puromycin concentration for selection was set to be 0.4

ug/ ml.

Colony screening

To achieve a MEISI knock- out in HAK ctr hiPSCs, one nucleofection experiment was
performed with Cas9 MEISI- KO gRNA1, which gave rise to 16 colonies after puromycin
selection. Colony screening of those 16 colonies by Sanger sequencing revealed indels at
the expected point of editing in 9 out of 16 clones. This translates to an editing efficiency

of 56.3%.
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TIDE analysis

TIDE analysis was performed as described before on all edited clones. The following

Table 12 lists editing efficiencies and percentages of efficiencies of single events per

clone.
Clone number | total efficiency single
efficiency event [%]
[%]
1 56.4 322 (-4nt)
2 35 15.7 (-4 nt)
3 335 7.1 (-9 nt)
4 22.9 59 (-4nt)
5 37 15 (- 10 nt)
6 62.6 22.2 (-7 nt)
7 64.2 35.2 (- 7 nt)
8 47.7 37.2 (- 7nt)
9 63.8 31 (- I nt)

Table 12: Total gene editing efficiencies and single event editing efficiencies in HAK ctr hiPSCs targeted
with Cas9 MEISI- KO gRNAI construct.

Left column lists clone number (clone number), middle column lists total gene editing efficiencies at
investigated genomic locus (total efficiency [%]), right column lists gene editing efficiencies of most
single event at targeted locus (efficiency single event [%]). Efficiencies are stated as % of all analysed
sequencing tracks. Right column also states type of editing of most common editing, with negative
number indicating a deletion event and number of nts deleted.

Clones 7, 8 and 9 showed most efficient editing with highest % of single editing events.
Deletions of 4 nts (- 4 nt) and 7 nts (- 7 nt) are most abundant among all clones analysed.
For further analysis, clones 1, 6, 7, 8 and 9 were kept in culture and propagated for more
passages. Only clones 7, 8 and 9 were stable enough to propagate as undifferentiated
hiPSCs further, clones 1 and 6 were lost in the course of passaging due to ungovernable
differentiation and apoptosis. After 4 passages, clones 7, 8 and 9 were investigated for
homogeneity by taking 2- 3 random cell samples per clone from 80% confluent 3.5 cm
dishes. PCR amplified genomic DNA was sequenced by Sanger sequencing again and
TIDE analysis was performed once more to monitor changes in total editing efficiencies.
Clone number 7 showed in both independent samples a total editing efficiency of over
96%. This was mainly ascribable to a single editing event of a 6 nt deletion of around
90% in both samples. Figure 56 displays the TIDE analysis result of one of the two ran-
dom samples analysed from clone 7. The total editing efficiency is calculated with 96.3%,

with 91.5% contribution of the 6 nt deletion editing event. The R? value for this sample
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was estimated at 96.3%. The 6 nt deletion is statistically relevant with a p value of p<

0.001. These results suggest a homogenous knock- out of 6 nts on both alleles.
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Figure 56: Representative TIDE analysis of MEISI- KO clone 7.

X-axis depicting number of nts inserted or deleted. y- axis depicting % of sequences edited. Red bar repre-
senting 91.5% of sequences with a deletion of 6 nts with p< 0.001 significance. Black bars representing
insignificant deletions.

3 randomly taken cell samples of a dish from clone 8 were equally sequenced and ana-
lysed. TIDE analysis revealed total editing efficiencies ranging from 8.8% to 23.3%. Most
promising single editing event of a deletion of 8 nts was estimated at only 7.9% efficiency.
Single editing events among the three samples were not concordant. These results suggest
a very heterogeneous clone, losing the fraction of edited cells in the course of passaging.
3 randomly taken cell samples were likewise taken and analysed from clone 9, which was
previously estimated at 63.8% total edited efficiency. After 4 passages, this clone did not
show any editing anymore in the three independent samples analysed. Total editing effi-
ciency of all three was measured at 0%. This concludes, that the clone lost all edited cells
in the course of propagation. The focus for further analysis was therefore put on clone

number 7. This clone is subsequently named MEISI- KO clone.

By comparing the edited nt sequence of the MEISI- KO clone with the corresponding wt
nt sequence, information on changes in nt and therein changes in protein sequence were
gathered. Figure 57 depicts the sequence comparison of wt and edited clone 7. Predicted
point of indel is c.G306- c.A307. There are no double peaks visible in the sequencing

track following that point, indicating the editing to be homogenous on both alleles. The
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wt nt sequence listed below is marked by red boxes at the positions were editing was
predicted. A deletion of 6 nts was predicted by the TIDE analysis. The analysis tool does
not distinguish between deletions of connected 6 nts or a total of 6 nts that can be distrib-
uted along the analysed sequence. By comparison of the edited sequence with the wt se-
quence, a deletion of the 4 nts AGCC from ¢.A307- c.C310 is apparent. This deletion is
marked in the wt nt sequence by a red box. In the edited nt sequence below, the position
of deletion is marked by a red cross. The missing nts are listed below under a red paren-
thesis, labelled Del 4 nt. 2 more deletions at positions ¢.G20 and c.C23, translating to a
G and C, are visible by comparing the sequences. Those single nt deletions are boxed in
red in the wt sequence and marked by red crosses at the respective positions and red
arrows in the edited sequence. Taken together, a total of 6 nts were deleted in clone 7, as
predicted by the TIDE program. Exchanges of nts are not detectable by the TIDE loga-
rithm. However, comparing the sequences with each other, an exchange of GT to TA at
c.G15 and ¢.T16 is apparent, as indicated by a red box in the wt and mutated sequence
and red arrows. Taken together, 8 nts were altered either by deletions or exchanges in

clone 7.

120



Results

Predicted point of indel
c.G306- c.A307

Aaanl!
VY \n[\ﬂ 0
MEIS] exon 3 S

wt sequence T CTTGT cccccce CG GCCGGIGGGEG TG GO GGGCOCG

gRNA 1 target sequence PAM

Edited
MEIS] exon 3

wtsequence T CTTGT CCCCCCGCG' GCC}’;GGG'GT'GGCG

Ex2 nt Del 1 nt

Edited sequence T CTTGTACC CC CCGCGXGGGGEGGCIGGXGGGG CG
Del 4 nt lT
GCcC GT G C

Figure 57: Representative sequencing result of wt clone and edited MEISI- KO clone.

MEISI exon 3 sequence. wt nt sequence written out below the corresponding sequencing reads (wt se-
quence). gRNA target sequence labeled in red (gRNA 1 target sequence). Predicted point of indel between
¢.G306- c.A307 indicated by a red arrow. PAM sequence marked with red box. Sequence string below
depicts MEISI exon 3 edited sequence (Edited MEISI exon 3). wt and edited nt sequence are listed below
(wt sequence; edited sequence). Red boxed nts depicts edited nts. Deletion of 4 nts marked by red arrow
and parenthesis (Del 4 nt), exchange of 2 nts marked by red box and arrows (Ex 2 nt), deletions of twice 1
nts marked by arrows, labelled Del 1 nt.

These analysed alterations in nt sequence translate to altered aa sequences. The following
Figure 58 compares the wt aa sequence to the resulting aa sequence of edited clone 7. The
red nts display the missing or exchanges nts, red aas stand for altered aas. Those changes
in nt sequence cause a premature stop codon at protein position 105. The resulting MEIS]-
KO protein is therefore predicted to be 104 aa in size instead of the wt MEIS] protein of
390 aa.
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MEISI exon 3 p.G105
c.G313—Ic.G3l4
aa P R E P G A% A G G D \Y% C
wt CCC CGC GAG CCG GGG GTIG GCG GGC GGG GAC GTIC TGC
KO CCC CGC G-~ =~-G GGG TAG GC- GG~ GGG GAC GIC TGC
Edited MEISI exon 3 p.G105Stop

c.G3 13T|- c.G314

aa shift ... P R G G  STOP
KO
shift .. CCC CGC GGG GGT TAG

Figure 58: Comparison of nt and aa sequence of wt MEIS!I exon 3 to edited MEISI- KO clone.

Top panel lists aa sequence from p.P101 to p.C112. According nt sequence below labelled as wt. Edited
sequence written out below with alterations marked in red (KO). Panel 2 shows resulting aa sequence and
nt sequence including changes (Edited MEIS exon 3). Altered and shifted aa sequence (aa shift), altered
and shifted nt sequence (KO shift). Resulting aberrant aas and nts marked in red.

Off- target analysis

Genomic regions that show high similarity to the target sequence might become edited
due to gRNAs guiding the Cas9 protein mistakenly to those highly similar regions. The
online CRISPR design tool (crispr.mit.edu) used for designing gRNAs for the CALM1
correction and knock- out approach was also utilised to find predicted off- targets to
MEISI- KO gRNAL. In order to rule out unwanted editing events in the DNA, regions
spanning predicted exonic off- targets were sequenced. The CRISPR design tool identi-
fied one potential exonic off- target region targeted by the MEISI- KO gRNA on chro-
mosome 5, position -140856454. The predicted off- target sequence was namely GACTT-
GTACCACGCGCGTGCCGAQG. This off- target sequence contains 4 mismatching nts at
positions 1, 11, 13 and 18 compared to the MEISI- KO gRNA1 target sequence. Region
spanning predicted off- target was sequenced using primers listed under 3.6. TIDE anal-
ysis was performed as described before. Figure 59 depicts TIDE analysis of off- target
region with an estimated total efficiency of editing of 3.5%. No deletions or insertions
with statistical significance were found. 92.8% of all sequences analysed are predicted to
be wt. The not covered 3.7% and statistically insignificant deletion and insertion of 1 nt
each can be accounted to background noise of sequencing. This results concludes the

predicted off- target not being affected.
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Figure 59: TIDE analysis of MEISI- KO off- target sequence.

X-axis depicting number of nts inserted or deleted. Y- axis depicting % of sequences edited. Red bar rep-
resenting 92.8% of sequences with no editing with p< 0.001 significance. Black bars representing insignif-
icant deletions. R? value at 0.96. Total editing efficiency estimated at 3.5%.

gRT PCR analysis of MEIS1 transcript expression

TIDE analysis and sequence comparison with wt sequences revealed the editing to result
in a premature stop codon and a shortened MEIS1 protein. Since MEISI expression peaks
at 48h of cardiac differentiation of hiPSCs (see 4.5.2), qRT PCR analysis on MEIS] tran-
script expression in 48h differentiated MEISI- KO hiPSCs was performed with primers
covering the region before the mutation (Nterm MEIS), after the mutation (Cterm MEIS)
and one primer pair spanning the region with the point of indel in the middle of the am-
plified sequence (KO MEIS). Cardiac differentiation was performed using the PSC CM
Differentiation Kit. Sequences of designed primers are listed under 3.6. Figure 60 depicts
measured expression values in HAK ctr hiPSCs (HAK CTR) and MEISI- KO hiPSCs
(MEIS KO). Statistical differences were calculated for all three primer pairs between ctr
and KO hiPSCs MEISI expression. These results suggest a degradation of the edited
MEIS| transcript in the MEIS1- KO hiPSCs line. To further characterise the MEISI- KO

hiPSC line, protein levels are investigated and compared to ctr HAK samples.
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Figure 60: qRT PCR analysis of MEIS] transcript expression in HAK ctr hiPSCs and MEISI- KO hiPSCs
differentiated for 48 h.

Nterm MEIS representing expression of the N- terminal region of MEIS! transcript, KO MEIS amplified
region spanning the region of genome- editing, Cterm MEIS representing expression of the C- terminal
region of MEIS] transcript. Values of HAK ctr hiPSCs illustrated in black bars, MEIS1- KO hiPSCs in grey
bars. Values normalized to GAPDH, and presented as mean +SEM, n= 3.

WB analysis

Homeobox protein Meis] expression was analysed in wt HAK hiPSCs and MEISI- KO
hiPSCs 48h after induction of cardiac differentiation using the PSC CM Differentiation
Kit. After induction of differentiation, cells were harvested and protein content was esti-
mated, as described in the methods section 3.3.3. Samples were separated by protein size
on a SDS PAGE gel and transferred to nitrocellulose membrane, as described before.
Antibodies specific for the N-terminal region of the human MEIS1 protein and specific
for the human C- terminal MEIS1 protein were probed with the blotted samples and bands
were detected by HRP reaction and development on film. Figure 61 shows a representa-
tive WB of human MEIS1 protein detection in the wt HAK and MEISI- KO line. First
two lanes depict probing of samples with MEIS1 antibody against the C-terminal part of
the MEIS1 protein. A band at the expected size of 40 kDa is visible in the wt HAK sample
(HAK CTR). No band is visible in the MEISI- KO sample (MEIS KO). Lane 3 and 4
from the left show a representative probing in lysate of both lines with the N-terminal
MEISI antibody. A band at 40kDa is visible in the HAK ctr sample, no band is detected
in the MEIS1 KO sample lysate. The antibody detecting the N-terminal part of the MEIS1
protein is more sensitive. The same amount of protein was loaded for all samples and
lanes. Last two lanes represent the loading ctr probed with HSP90 antibody. The band
detected in samples of wt HAK lysate is more faint than for the MEISI- KO samples,
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enhancing the statement of absence of MEIS1 protein expression in the MEISI- KO
hiPSC line. This Blot is a representative WB performed in 3 biological replicates.

C-term MEIS1 Ab N-term MEIS1 Ab HSP90 Ab
HAK CTR MEISKO HAK CTR MEIS KO HAK CTR MEIS KO

T—— ——— |90kDa

Figure 61: Representative WB of C-terminal MEIS1, N-terminal MEIS1 and HSP90 protein in HAK ctr
and MEISI- KO hiPSCs.

Whole cell lysates of 48h differentiated hiPSC of wt HAK and MEISI- KO hiPSCs were probed with anti-
bodies specific for human c-terminal MEIS1 protein (C-term MEIS Ab) and N- terminal MEIS1 protein
(C-term MEIS Ab). Detected MEIS1 protein is visible at 40 kDa, loading ctr HSP90 is visible at 90 kDa.

Expression intensities of human MEIS1 protein detected with antibodies directed against
the C- terminal and N- terminal part of the protein was examined in 3 biological replicates
with samples of wt HAK hiPSCs and MEISI KO hiPSCs differentiated for 48h. Semi-
quantitative protein expression analysis was performed using the Image J software. A
statistically significant difference in N-terminal MEIS1 protein level and in C- terminal
protein level was calculated between wt HAK and MEIS1 KO samples. These results stay
in concordance with the previously shown MEIS] transcript expression levels shown in
Figure 60. MEIS1 gene transcript levels are degraded in MEISI KO hiPSCs and translate

to an absence of MEIS1 protein expression in these lines.
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Figure 62: Semi- quantitative WB evaluation of N-terminal and C-terminal MEIS1 protein expression in
HAK and MEISI- KO hiPSCs after 48h differentiation.

Three biological replicates of MEIS1 protein detection by WB was evaluated using Image J. Black bars
represent HAK ctr hiPSC protein samples, grey bars depict values for MEISI- KO hiPSC line. Protein was
probed with antibodies for N-terminal MEIS1 protein detection (N-term MEIS1 Ab) and C-terminal MEIS1
protein detection (C-term MEIS1 Ab). Values were normalized to HSP90 detection levels. Standard error
presented as mean +SEM, n= 3.
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4.5.2  Investigating the role of MEISI during human cardiogenesis in vitro

In order to investigate the role of MEISI during human cardiogenesis in vitro, hiPSCs of
the HAK ctr line and of the generated isogenic MEISI- KO cell line were differentiated
using the PSC Cardiomyocyte Differentiation Kit for 9 days and cardiac progenitors as

well as CMs were analysed.

MEISI expression profile in HAK ctr line

Firstly, MEISI expression during human cardiogenesis in vitro was analysed using the
HAK ctr hiPSC line. Cells were differentiated and total RNA was extracted on d0, d1,
d2, d3, d4, d6, d8 and d12 of cardiac induction. cDNA was transcribed from each sample.
The MEIS| transcript expression was analysed for each time point. Figure 63 depicts
MEIS] transcript expression profile from dO to d12 of cardiac differentiation. No MEIS1
transcript was measured at dO0 and d1 of differentiation compared to GAPDH expression
levels. An increase of 0.24- fold to GAPDH is observed at d2 of differentiation. Another
peak is visible at d4, with 0.11- fold expression of the transcript. d3 and d5 show almost
no fold increase in expression. A slow increase from d6 to d12 is measured subsequently.
Prominent errors bars indicate the high heterogeneity between biological replicates im-

pacting MEIS| transcript expression levels.

MEIS1

0,6 1
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Figure 63: qRT PCR analysis of MEISI expression in HAK ctr hiPSCs during differentiation.

gRT PCR analysis of wt ctr cells at d0, d1, d2, d3, d4, d5, d6, d8 and d12 of cardiac induction (black line).
Expression values are normalized to GAPDH, fold to GAPDH and presented as mean +SEM, n= 3.
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Gene expression profile in MEIS1- KO line

Secondly, changes in transcript expression patterns during induction of cardiac differen-
tiation in MEISI- KO hiPSC line compared to isogenic wt ctr line (HAK CTR) was in-
vestigated by performing qRT PCR on samples taken at d0, d1, d2, d3, d4, d5, d6, d8 and
d12 of cardiac differentiation, shown in Figure 64. BRY expression patterns between the
KO and ctr lines is concordant. BRY is a marker for early mesodermal formation and
greatly influencing cardiac progenitor cell formation . MESPI expression patterns are
mostly concordant, however increase and decrease of transcript expression are less steep
in the KO line. Differences at the peak on d3 are not significant. MESPI plays a central
role in cardiac precursor migration out of the primitive streak and cardiovascular progen-
itor specification '°°. ISL] expression pattern seems to be shifted 24h earlier in KO than
in ctr lines. Peaking already at d5 in KO line, but at d6 in the ctr line. Fold expression is
similar again by d12. Overall, no significance is determined at either time point for /SL/
expression. ISL] marks SHF cardiac progenitor cells and contribute to formation of the
primitive heart tube, atria and ventricles in the developing human heart *°. Nkx2.5 is a
secondary master regulator, driving myocardial differentiation °!. Expression values for
NKX2.5 are similar between the lines. Only day 12 of differentiation shows a higher value
in MEISI- KO samples, however with high error bars, marking the difference statistically
not significant. By qRT PCR evaluation, overall no statistically significant differences
were detected for the examined gene transcripts between the two lines. High error bars
throughout experiments conclude a high variability between differentiations. A higher

number of biological replicates is necessary.
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Figure 64: qRT PCR analysis of BRY, MESPI, ISL1 and NKX2.5 expressions in MEISI- KO hiPSC and wt
ctr hiPSCs during differentiation.

gqRT PCR analysis of MEISI- KO cells at d0, d1, d2, d3, d4, d5, d6, d8 and d12 of cardiac induction (grey
line) and wt ctr hiPSCs (black line). Expression values are normalized to GAPDH, fold to GAPDH and
presented as mean +SEM, n= 3.

Differentiation potential of MEIS1- KO hiPSC line into CMs and proliferative capacity
of CMs

Since MEIS1 has been reported to play an important role in the cell- cycle exit of adult
CMs '%_ differentiation potential of MEISI- KO hiPSCs into CMs and proliferative ca-
pacity of CMs were investigated first. Beating loci were observed in all samples starting
from day 7 of differentiation. Cells were harvested and stained for cTNT and EdU using
the Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit. Stained cell populations
were measured in a Flow Cytometer from Beckman Coulter and analysed using the Ka-
luza Flow Cytometry Analysis software. Figure 65 depicts a representative FACS analy-
sis. 25.31% of cells were analysed cTNT+ and are considered CMs in the ctr sample.
33.4% of gated CMs were EdU+, categorizing them as proliferative CMs. Out of all gated
cells, 23.77% were measured cTNT+/ EAU+. 33.12% of MEIS1- KO cells were measured
cTNT+. Out of this CM population, 10.17% of cells were EQU+ and therefore considered
proliferative CMs at the moment of fixation. In the MEISI- KO sample, more cells were
gated as CMs, but less within this group were measured as EQU+, when compared to the
isogenic HAK ctr cell population. This analysis represents one of multiple executed

FACS analysis performed on HAK ctr and MEIS- KO 9d CMs.
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Figure 65: Representative FACS analysis of cTNT+ and EDU+ CMs of HAK ctr and MEISI- KO line 9
days after induction of differentiation.

First gating shows selection of cells by their size in forward scatter (FS) and sideward scatter (SS). Second
gating was set with cells measured in the FL6 channel (FL6) for 647 nm emission for cTNT+ stained pop-
ulations (CM). Following gate was set for FL1 positive cells, translating to EdU+ cells (CM EdU+). Last
plot shows fluorescent intensity of 488 nm emitting cells (FL1) versus cell number (count). Upper row of
plots depicts 9d CM of HAK ctr line, lower panel of MEIS! KO CM.

FACS analysis of 9d CMs of both lineages was performed in 4 independent experiments
for the HAK ctr line and in 6 independent experiments for the MEISI- KO line. Figure
66 depicts mean values of percentage of cTNT+ cells of each line in panel A, as well as
percentage of cTNT+/EdU+ cells of each line in panel B. 33.5% cells of the isogenic
HAK ctr lineage were measured cTNTH, 27.7% of the MEIS1- KO lineage were measured
c¢TNT+. This difference is not statistically significant. Mean percentage of double- posi-
tive CMs in the isogenic HAK ctr CMs was calculated at 23.5%. Double- positive MEIS1-
KO cell population represent 14.1% of cells analysed. This difference is also not statisti-
cally significant. Some variation between experiments was noted and is represented by

the error bars. These differences are referring to variations within differentiations.
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Figure 66: Evaluation of differentiation and proliferation capacity of MEISI- KO hiPSC into CMs com-
pared to HAK wt line.

Black bars represent HAK ctr CMs (HAK CTR) of 9 days age of 4 independent experiments. Grey bars
represent MEIS1- KO CMs (MEIS KO) of 9 days age of 6 independent experiments. Error bars presented
as mean +SEM. (A) Percentage of cells measured cTNT+. (B) Percentage of cells measured double- posi-
tive for cTNT and EdU.
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V. Discussion

5.1 Importance of disease modelling in CALM - hiPSC lines

LQTS is a congenital genetic disorder, causing life- threatening arrhythmias and posing
a high risk of sudden cardiac death ''®. Without therapy, 21% of symptomatic patients die
within one year of the first syncope, defining LQTS as one of the leading causes of early
and sudden death in infants '8, Lia Crotti and her colleagues first identified mutations of
the CALM1 gene to be associated with LQTS and cardiac arrest in children !. Two young
patients carrying mutations in proximity within the CALM1 gene were chosen as donors
of somatic cells to generate patient- specific hiPSCs for disease modelling. The technol-
ogy to reprogram somatic cells into patient- specific hiPSCs and to further differentiate
them into hiPSC- derived CMs is creating the opportunity to investigate mechanisms of
cardiovascular disease pathogenesis in vitro in the diseased cell type without the need to
obtain those cells directly from the patients. Not only can altered molecular mechanisms
be revealed, but new treatment options and drug screenings can be explored and made of

use to tailor medical therapy for each patient individually.

hiPSC lines of LQTS patients carrying the D130G and F142L mutation were successfully
generated (Figure 10). hiPSC lines were tested positive for pluripotency by different ap-
proaches (Figure 14, Figure 12, Figure 13, Figure 15 and Figure 16), and generated CMs
were shown to meet all criteria to be categorized as hiPSC- derived CMs (Figure 17,
Figure 18). Patient- specific hiPSC- derived CMs carrying the F142L mutation recapitu-
late the disease phenotype in vitro. CaM acts in CMs directly on RyR2 receptor channels,
the Cay1.2 channel, and influences CaMKII activation, among many other targets '47. We
demonstrated in Figure 30 and Figure 31, that mutated CaM in hiPSC- derived CMs did
not cause RyR2 instability, even though expected. Compensation of wt CaM is suggested
to secure normal RyR2 function. Findings by heterologous expression studies support this
proposal, since diastolyic RyR2 stabilisation is performed by Ca** bound CaM and de-
pendent on high affinity Ca®" binding to the C- lobe of CaM !'°. Ca?* binding was shown
to be impaired by the F142L mutation, further supporting the idea of compensation to
stabilise RyR2 !. CDI is a mechanism mediated by Cay1.2 channels under apoCaM pre-
association !, apoCaM possesses an increased affinity for binding Cay1.2, affecting di-

rectly AP duration and influencing the balance between Ca** influx and K" efflux '°!. CDI
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is shown to be strongly impaired in patient hiPSC- derived CMs (Figure 22). Considering
only 1/6 of CaM- encoding alleles to produce mutant CaM protein, a strong dominant
negative effect is obvious. It is suggested that mutant apoCaM is predominant in the pre-
bound apoCaM pool due to its weaker Ca** binding affinity and strong Ca,1.2 binding
affinity, by which Cay1.2 modulation is mediated '**. The observed lack of negative effect
on CaMKII activation in mutant CMs further supports the theory of compensation by
upregulation of wt CaM, even resulting in an increase of wt CaM- CaMKII complexes.
A gain in Ca?" influx by impaired CDI triggers the small raise in CaMKII activation ',
An unchanged NCX “conductance” (Figure 31), unaffected SR Ca*" content (Figure 31),
but yet a defective CDI (Figure 22) imply the functional reserve of existing NCX suffi-
cient to balance higher Ca®" influx. Enhanced recruitment of NCX is likely attributed to
the higher Ca** influx itself. Other ion channels were not upregulated on the transcrip-
tional level (Figure 18). Overall “[...] CDI may not be essential for homeostasis of Ca**

content in hiPSC- CMs.” 133,

Characterization of the LQT phenotype in hiPSC- derived CMs showed prolonged QTc
(Figure 25), a steeper QT/ RR relation (Figure 26) and a higher sensitivity to isopro-
terenol. These features recapitulate the phenotype of the F142L patient !. The failure to
shorten APD at high rates (Figure 29 B) and the abnormal constancy of IcaL availability
shown in isolated hiPSC- CMs point to an abnormality in repolarization in mutant CMs.
Figure 29 A depicts resulting effects of these abnormalities, causing irregularities and
failure in AP sequences. Contradictory results shown in Figure 25 are explained by a
limitation of spontaneous beating rate due to delayed repolarisation in CBs '**. Another
inconsistency in results was the steeper QT/ RR and APD/ CL relations, as displayed in
Figure 25- Figure 29. It is known that pro- arrhythmic risk is brought about by a strong
rate- dependency of repolarization !>, yet steeper APD rate dependency is provoked itself
by APD prolongation '*3, However, “[...] defective CDI might contribute to enhance sen-

sitivity to B-adrenergic stimulation.”!33.

Taken together, the acquired results from patient- specific hiPSC- derived CMs conclude
that the patient’s arrhythmogenesis is solemnly caused by excess IcaL and its effect on
repolarization. Due to those conclusions, the effect of the calcium channel blocker vera-

pamil was tested. Indeed, a reversal of the mutation phenotype was observed (Figure 32).

In previous studies on LQTS, fetal murine cells harbouring the D130G mutation in the

CALM]1 gene failed to follow pacing at slow rates. B- adrenergic stimulation showed a
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reversion of this potential arrhythmogenic feature, concluding 38— adrenergic stimulation
to be the suggested therapeutic approach '!°>. The same study however showed murine
cells harbouring the F142L mutation to behave only limited in that way, just like the
F142L hiPSC- derived CMs. Since B- adrenergic stimulation involves an increase in pro-
arrhythmic risk '*2, this therapeutic approach is not suggested for the patient carrying the
F142L CALM1I mutation. A heterologous study in guinea pig ventricular CMs overex-
pressing CaM with F142L mutation resulted in prolonged APD and increased Ca** cur-
rent ''® which lies in conformity with our findings. However, they also describe an in-
creased SR Ca?" load, which is not the case in our hiPSC- derived CMs. It becomes clear,
that heterologous systems have their limitations in accuracy of unveiling underlying path-
ogenic mechanisms. Using overexpression plasmids to imitate mutated protein expression
can never achieve intracellular mutant protein concentrations and subcellular localisation
comparable to the patient’s system !*3. Gene and protein expression profiles in human

CMs are unique and differ from all other established model systems >,

Greatly divergent results highlight the importance of disease modelling in patient- derived
hiPSC- CMs to tailor therapeutic appliances. It furthermore proves limitations and inac-
curacy of heterologous systems to investigate disease mechanisms. Especially when af-
fected cells are not easily available, such as CMs, taking advantage of patient- derived
hiPSC generation and differentiation into patient- specific target cells displays state- of

the art science.

5.1.1  Optimal control lines: knock- out and correction of the mutated allele

The newly discovered gene editing technology CRISPR/ Cas9 opens up uncountable pos-
sibilities from disease modelling, over functional analyses and drug screening platforms
up to therapeutic treatment options. Disease modelling in patient- derived hiPSCs is a
potent technology to investigate pathogenic mechanisms within the genomic background
of the patient. Many complex disease phenotypes underlie the impact of not only one
single genetic mutation, but are presumably a composite of many genetic and epigenetic
aspects '*°. However, discrimination between disease related variations and background
related variations in the appearance of the phenotype can be challenging with hiPSCs,
above all when the genetic variant under study has a subtle effect ®. Choosing several
unrelated, healthy ctr hiPSC lines as reference would only help to a limited degree. The
discovery of technologies to enhance efficiency of HR in hiPSCs, ZFN, TALEN and
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CRISPR/ Cas9 opened up the possibility to not only create corrected hiPSC lines and
providing therewith the ideal isogenic ctr for disease modelling in hiPSCs, but to rescue
the disease phenotype. Previous publications demonstrated successful cardiac disease
modelling by comparing mutated hiPSC- derived CMs with their isogenic ctrs on LQTS
60 and familial cardiomyopathy '>®. Efforts have been made to generate isogenic hiPSC
lines to characterize cardiac disease for mitochondrial cardiomyopathy 7, dilated cardi-
omyopathy due to titin mutations '*® and phospholamban mutations causing cardiomyo-
pathy %, Gene- correction as a means of disease modelling was also shown for other
diseases, for example for characterizing gyrate atrophy '°°, Duchenne muscular dystrophy
161 and sickle cell disease '®2. However, it has to be emphasized, that genome- editing in
hiPSCs has been proven a challenging task due to low HDR efficiencies and the fragile
nature of hiPSCs. The low number of publications on successfully generated isogenic
hiPSC lines and corrected patient hiPSC lines since the advent of the CRISPR/ Cas9 tech-
nology impressively reflects these challenges. While CRISPR/ Cas9 has become a highly
effective tool for generation of mouse knock- out and disease models, efficient and pre-
cise genome- editing in hiPSCs still remains a labour- intensive and demanding task. Pro-
tocols are still being improved and refined methods are needed to improve efficiencies in

hiPSCs further.

To correct the CALM1 F142L mutation in patient- derived hiPSCs, different approaches
were endeavoured including classical homologous recombination and CRISPR/Cas9. It
was observed, that F142L hiPSCs were only stable in culture for 10 to 15 passages as
single cells, limiting the time window to perform correction experiments significantly.
F142L hiPSCs were noted to be more sensitive and would react by uncontrollable differ-
entiation compared to ctr hiPSC lines, regardless of culturing on MEF feeders or in
feeder- free conditions on Geltrex. Attempts to correct the mutation by classical homolo-
gous recombination were unsuccessful. This is primarily believed to be due to sensitivity
of cells against electrical current induced pore formations and the inability to tolerate
being electroporated with great amounts of DNA. Transfection of DNA is stressful to
cells and can trigger cyclic GMP-AMP cyclase activation '%*. Reduced cell survival is a
known disadvantage of electroporation and has been described to be difficult to use for
high- throughput usage '*. Only 67 colonies were derived out of 3 experiments (see page
91 and following). The CRISPR technology is described as a faster and more efficient

method to edit genomes compared to the classical homologous recombination approach
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69.165.166 It was therefore refrained from further optimising the classical homologous re-
combination technology. The CRISPR genome- editing approach was first carried out by
electroporation of hiPSCs with Cas9 expressing plasmids encoding a GFP signal and a
separate gRNA expression plasmid (section 4.4.2), in dependence on publications of Ran
et al. ® and Davis et al. *!. Upon optimisations by using all- in one plasmids encoding
both the Cas9 protein and the gRNA sequence on one plasmid, delivery efficiencies of up
to 6.9% were reached (Figure 42), with recovery efficiencies of up to 8.8% (Figure 43
and Figure 44). However, all screened colonies did not show correction of the F142L
mutation in the patient’s hiPSCs. In other publications, gene correction efficiencies using

CRISPR in hiPSCs were reported ranging only from 0.5- 10% 148135167

, strongly depend-
ing on the genomic locus to be targeted, cell quality and equipment provided to perform
experiments in a high throughput manner. Especially cell sorting by FACS is believed to
cause high incidence of cell death, resulting in a low recovery efficiency. Taking together
the low delivery and recovery efficiencies reached in hiPSCs carrying the F142L mutation
and the low reported efficiencies of successful gene mutation corrections in literature,
finding no corrected clone among 636 screened clones is ascribable to limitations in per-
forming experiments at a larger scale. In order to increase clone numbers to be screened,

an upscaling of experimental setup is necessary, but very challenging. The very fragile

nature of the CALM - F142L hiPSC line further complicated experiments.

A cruder and yet more efficient way of studying the impact of a genetic mutation within
a certain genetic background are loss- of function studies, by knocking- out the gene of
interest. In our specific case of a heterozygous mutation in one of the 3 genes encoding
CaM, which is clearly acting in a dominant-negative way, knock- out of the mutated
CALM!]1 allele or both would be very informative. While gene correction by the CRISPR/
Cas9 system requires the presence of an exogenous DNA template for repairing DSB by
HDR, knocking- out a gene with CRISPR/ Cas9 uses the NHEJ pathway, which will often
lead to indels and therefore evoking premature stop codons by frameshifts and exchanges
of nts '8, Previous publications report knock- out efficiencies between 15% and 64% in

hiPSCs, using different CRISPR/ Cas9 systems 48133169170,

Figure 50 displays editing efficiencies in the CALM - F142L hiPSC line of up to 33%.
By knocking- out the mutated CALM1 gene and examining the resulting phenotypic and
molecular pathway changes, conclusions can be drawn on the negative dominant effect

of the mutation. After eliminating the expression of mutated CaM in hiPSC- derived CMs,
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a rescue of the disease phenotype would be expected, if the cells react by compensating
CaM concentrations from other gene transcripts. If the cell is not able to compensate for
the loss of transcript from the mutated CALM1 gene, an even greater electrophysiological
imbalance is expected. Many electrophysiological processes, such as CDI, CDF, AP
propagation, but also changes in transcriptional regulation are influenced by CaM ! and
would be heavily disturbed. It might be well possible that hiPSCs not being able to com-
pensate for the loss of one allele expressing CALM 1 become instable and won’t be culti-
vable as hiPSCs or as CMs. In a total of 14 colonies genomic alterations were detected,
which are assumed to have led to a CALM1 knock- out on one or even both alleles. The
fact, that none of the edited clones of the CALM1 knock- out approach remained stable in
culture, but underwent apoptosis or differentiation, supports the theory, that all three
CALM genes are crucial for cell survival. The strongly conserved identity of CaM across
species 7! and discovery of severe disease phenotypes provoked by mono- allelic point

mutations within CALM genes '-!1%115:172-174 fyrther support this theory.

Since the discovery of CRISPR/ Cas9 potential in precise genome- editing, many great
publications showed gene modifications in different cell types. However, the majority of
genome- editing in human cells is performed in HEK293 cells or human neonatal fibro-
blasts, since those cells are easily manipulated and transfected '>°. The paucity of publi-
cations describing genome- editing in hiPSCs mirrors the difficulties one faces in target-
ing hiPSCs genomes. hiPSCs are difficult to culture as single cells and selection methods
are harsh on fragile hiPSCs. Single- cell clonal expansion, that is necessary in order to
isolate targeted clones, is very labour intensive and not always successful. Many edited

clones might not be stable enough to succeed in clonal expansion '7>.

5.1.2  Off- target analysis

Other aspects of CRISPR/ Cas9 genome- editing approaches in hiPSCs that need to be
considered include unwanted off- target gene editing events. Since the discovery of the
potential of CRISPR/ Cas9, several research groups investigated the incidence of un-
wanted DSBs in the DNA caused by misguidance of Cas9 76180 Off- target events are
provoked by binding of the Cas9 nuclease to genomic sites that share homology with the
target sequence due to misguidance of the designed gRNA. Off- target cleavage of the
DNA will cause the cell to initiate DNA repair mechanisms, which can cause gene muta-

tions and chromosomal dislocations '”’. Even though incidence of off- target effects in
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hiPSCs have been reported to be very low '8, efforts have been made to most accurately
screen for those events. In silico online software tools perform bioinformatics- based off-
target side prediction 8182 however do not take in vivo situations like accessibility of
the genetic locations into account. Epigenetic status of the locus affects performance of
the Cas9 endonuclease 32184, Many other strategies were developed to detect off- target
events, including IDLV !85, GUIDE- seq. '7°, HTGTS '#, or BLESS '¥, just to name a
few. It becomes clear by the amount of research put into the matter of detecting off- target
events, that generated off- target events represent a drawback in the potential of CRISPR

in basic research, but even more so in clinical applications.

Since genome- editing approaches in CALM - F142L hiPSCs did not result in stable cor-
rected or knock- out hiPSC clones, no conclusion can be drawn on the off- target potential
when targeting the CALM1 locus. Designing the gRNAs for correction and knock- out
approaches using the crispr.mit.edu online software, potential exonic off- target loci were
carefully noted and would have been investigated appropriately. Primers were designed
to sequence predicted off- target locations and screen for unwanted editing events. Ge-

nome wide sequencing would also be considered necessary.

5.1.3 New CRISPR versions

Since the advent of CRISPR/ Cas9 as editing tool, many studies have investigated editing
efficiencies and off- target effects in different model systems. Variants of Cas9 have been
developed to further refine this tool. One of the first alterations on the Cas9 protein was
the development of the mutant Cas9n nickase by Zhang and colleagues '*®. By producing
single strand DNA breaks instead of DSBs, unwanted off- target effects are being reduced
and HDR is promoted. Another refined Cas9 model makes use of a high fidelity version
of Cas9 (SpCas9- HF1), described to target the genome with the same efficiency but re-
ducing off- target events to a minimum '®. If no classical PAM sequence is available
close enough to the targeting point, Cas9 proteins originating from other host organisms
can be made of use. SaCas9 originates from Staphylococcus aureus, is over 1kb shorter
and recognizes a PAM of NNAGAAW, nevertheless has been shown to reach editing
efficiencies close to SpCas9 '*°. Another variation of this SaCas9, namely KKH SaCas9,
recognizes NNNRRT as PAM, increasing its targeting range 2- to 4- fold '°!. Increased
specificity in human cell systems has been reported by using truncated gRNAs and di-
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meric RNA-guided Fokl nucleases '°2. CRISPR- Cpfl is one of the most recent develop-
ments in gene targeting tools. This endonuclease produces cohesive double- strand breaks
and is guided by a single- RNA (crRNA) %3, All above mentioned nuclease adaptations
are just a selection of developments in this rapidly forward moving field of research.
Considering Cas9 genome- editing in hiPSCs for disease modelling is however mostly
limited by the difficulty of reaching a high editing efficiency in hiPSCs, rather than the
concern of off- target events. While knocking- out genes is achieved with higher effi-
ciency by using paired gRNA approaches '*, knocking- in or correcting genomes in

hiPSC still poses a bigger challenge.

One of the most recent advances in CRISPR/ Cas9 genome engineering described is the
delivery of Cas9 mRNA/ gRNA or pre- complexed Cas9 protein/ gRNA ribonucleopro-
tein complexes (Cas9 RNPs) through liposome-mediated transfection or electroporation
195 This method is described in producing indels at 79% efficiency, with less off- target
events. It is supposed to be especially suitable for human cell lines and sensitive cells like
hiPSCs. 2- fold more colonies were recovered in hESCs using this method ®. Since
CALM1- F142L hiPSCs were observed to be more sensitive to DNA delivery via electro-

poration, delivery of Cas9 RNPs might be a more favourable approach.

5.2 Applications of CRISPR/ Cas9 to investigate genes of cardiogenesis
n vitro

CRISPR/ Cas9 was applied in the healthy ctr hiPSC line HAK, that remained stable in
culture after adaption to single- cell growth (Figure 53). The MEIS1 gene was chosen for
a knocking- out approach by CRISPR/ Cas9 in hiPSCs to shed light on the role of MEIS1
during cardiogenesis. KO gRNA sequences were chosen from the KO gRNA library and
cloned into the Addgene CRISPR backbone #62988. Nucleofection delivery efficiencies

of 40% were reached (

Table 11) under optimised conditions, editing efficiencies of 56.3% were shown. TIDE
analysis of a selected clone revealed this KO clone to be edited on both alleles. Both
alleles harbour the same editing, a deletion of 4 nts, an exchange of 2 nts, followed by
deletions of twice 1 nt (Figure 57). Sequencing results without underlying double reads

clarify identical editing on both alleles (Figure 57). When translating the edited sequence
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into corresponding aa sequences, the changes result into a premature stop codon, as de-
picted in Figure 58. This was further confirmed by qRT PCR. Significantly less transcript
of MEISI was present in KO cells compared to untargeted HAK hiPSCs (Figure 60).
Remaining transcript levels are interpreted as alternate splice variants missing the tar-
geted region and therefore not being affected by the KO. According to the genome
browser ensembl.org, 5 transcripts encode for an orthologue MEIS1 protein in the human
organism. 9 additional transcripts are described as processed, however they don’t possess
an ORF and are therefore most likely not transcribed. Those variants are made accounta-
ble for insignificant transcript detection in the qRT PCR. Most importantly it is shown by
WB analysis, that no more MEIS1 protein is present in MEISI- KO CMs derived from
MEIS1- KO hiPSCs, affirming the sequencing and qRT PCR results (Figure 62). Further
effects of knocking- out MEIS1 were elucidated by qRT PCR.

5.2.1  The role of MEISI in cardiogenesis

MEIS|1 is described in literature as a member of HOX genes, encoding a TALE homeo-
domain transcription factor protein °. This family of transcription factor proteins is
known to act as key regulators of cardiac development during embryogenesis °’. Before
MEIS1 was attributed to heart development, it was described to be involved in hemato-
poietic stem cell quiescence, activation of oncogenic genes and cellular hyper- prolifera-
tion in myeloid leukaemia cells . Global Meis! knock- out studies in mice revealed
Meis1 contributing to embryonic haematopoiesis and heart development *°, *8, Mahmoud
and colleagues identified “[...] Meisl as a potential transcriptional regulator of neonatal
heart regeneration.” %, Following studies identified the role of Meis1 in CM cell cycle
post-natal in KO mice. Meis1 expression is reported from day 1 to day 7 postnatal by qRT
PCR, as well as by immunostaining starting from d4 after birth and throughout adulthood
100 Aeis] deletion in KO mice resulted in an increase in CM proliferation, measured by
staining and quantification of pH3+ TnnT2+ cells as a marker for mitosis. An increase in
sarcomere disassembly as indication of proliferation, the cytokinesis marker Aurora B
kinase and an increase in BrdU+ cells were found as well '®°. While total number of CMs
stayed the same, the percentage of mononucleated cells increased compared to binucle-

ated cells %, This was interpreted as proliferative mononucleated CMs population 71,

Investigating the transcriptomic influence of MEIS1 on CM proliferation revealed a large

proportion of cardiac enhancers binding to NKX2.5 also sharing binding sites with
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MEIS1 2%, Dupays and colleagues further speculate NKX2.5 and MEIS1 to share a com-
mon set of gene targets in mouse and in the human system. During the transition from
cardiac progenitors to differentiated CMs many changes in gene expression and cell cycle
have been documented °72°!-23, The reported changes coincide with a switch from MEIS1
to NKX2.5 expressions and their shift in binding to common enhancer regions. It is spec-
ulated, that therefore the subgroup of MEIS1 regulated genes is associated with the tran-
sition of proliferation to differentiation of CMs during cardiogenesis 2*°. Another publi-
cation supporting this theory suggested cardiac development being co- regulated by Meis/
Hox and Gata factors in mouse embryonic stem cell- derived CMs due to an overlap of
TF binding sites at enhancer regions 7. Tbx20 overexpression studies in adult mouse
CMs showed that Tbx20 binds and represses Meis! expression, contributing to Tbx20-

induced CM proliferation 2%4.

Taken together, it becomes eminent that MEISI is a transcription factor playing a crucial
role in cardiogenesis. Even though most studies were performed in mice as model sys-
tems, an equally important role of MEIS1 in the human organism during cardiogenesis is
to be expected. Knock- out studies in hiPSCs represent an opportunity to investigate the
role of this transcription factor during differentiation stages from pluripotent stem cell via

cardiac progenitor cells up to CMs in the human system.

5.2.2 Effects of MEISI knock- out on hiPSC cardiac differentiation

MEISI- KO hiPSCs were differentiated into CMs for 9 days and harvested to analyse the
number of cTNT+ and proliferating cells. Cell populations were gated for cell size, cTNT
positivity and EdU positivity, representing proliferative CMs at the time point of analysis
(Figure 65). No statistically significant difference was noted regarding cTNT/EdU double
positive cell number between wt ctr and isogenic MEISI- KO CMs (Figure 66). Mahmoud
and colleagues report a decrease in CM cell size in mice MEIS1- KO CMs 14 days post-
natal, as well as an increase in proliferation in those CMs in mice '®. This observation
was not made in hiPSC- derived CMs after 9 days of differentiation. As shown in Figure
65, on average 23.5% of HAK CMs and 14.1% of MEISI KO CMs were detected
c¢TNT/EdU double positive. However, hiPSC- derived CMs 9 days after induction to car-
diac differentiation are considered to be in an early embryonic state, rather than a post-
natal CM state and proliferate at a similar pace to embryonic or fetal CMs 205207 hiPSC-

derived CMs are described to possess 10% proliferative capacity even after 4 weeks in
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culture 2°02%_ Therefore, no direct comparison in proliferative capacity due to MEISI
gene KO can be made between the Meis/- KO mice CMs at d14 after birth '®° and the
hiPSC- derived CMs analysed in this study. The same accounts for the difference noted
in cell size between wt and KO post- natal mouse CMs. No difference in cell size was
noted between the ctr versus KO hiPSC CMs. Further investigation using wt and MEIS1-
KO hiPSC-derived CMs at several months of differentiation (which resemble more
closely late-embryonic/ post-natal CMs) will be necessary to draw conclusions on the

proliferative effects provoked by MEIS1 gene knock- out in human CMs.

One conclusion that can be drawn from the experimental results presented in this study is
that MEISI is dispensable for hiPSC cardiac differentiation. MEISI- KO hiPSCs were
able to generate CMs upon cardiac induction and specify progressively to mesoderm,

cardiac mesoderm, and cardiac progenitor cells.

Specifically, no differences in transcript expression level of the early mesoderm marker
BRY was noted between wt control and isogenic MEIS1- KO hiPSCs at the beginning of
cardiac induction (Figure 64). Differences in expression levels of MESPI transcript, as
marker of early cardiac mesoderm, are not significant. However, the increase in MESP]
transcript expression in KO cells was less steep and does not reach the same maximum
value as in the wt ctr line. Decline of fold change is also slower in the KO hiPSCs than in
wt control. The measured difference in expression between ctr and MEISI KO line might
be the result of knocking- out MEISI. Mespl1 is described as activator of Meis1 expression
in mouse ESC- derived endothelial cells 2. Furthermore, MESP1 is a marker for early
cardiovascular progenitors 2'°, promotor for cardiovascular development during embryo-
genesis and cardiac differentiation of stem cells '*°. It is believed, that “[...] Mesp1 re-
sides at the top of the cellular and transcriptional hierarchy that orchestrates MCP (mul-
tipotent cardiovascular progenitor) specification.” '*°. Disturbance of expression of this
key regulator in the MEISI- KO lines is easily believed to majorly influence cardiac dif-
ferentiation. Understanding the underlying mechanisms, by which a lack of MEIS1 ex-
pression would negatively influence MESP1 expression demands a more detailed inves-

tigation.

ISL1 expression, marking a specific population of cardiovascular progenitor cells known
as second heart field (SHF) progenitors 2'!, shows a steady increase in both lines over the
time course analysed. Expression patterns between the two lines are shifted, however, no

significant difference is measured between the lines. To further elucidate, if differences
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are due to the effects of MEISI- KO or rather due to variabilities between biological rep-
licates, a more detailed investigation is necessary. Insignificance of differences point to-
wards MEISI- KO neither influencing specification of ISL1 expressing cardiac progeni-

tors, nor to regulate ISL/ transcription itself.

The same is true for NKX2.5, a key regulator of both cardiac progenitor cells and cardi-
omyocytes. The steady increase in NKX2.5 transcript expression is similar in both wt and
MEISI- KO line. Differences at d12 of differentiation between the control and KO line

are not significant due to prominent error bars.

The steady increase of expression of MEIS] from day 4 post- induction of cardiac differ-
entiation of hiPSCs proposes a role of MEIS1 at a cardiac progenitor stage and during the
transition from cardiac progenitor to differentiated CMs. Further experiments are war-
ranted to exploit the function of MEIS1 in this context. Reports by Dupays and colleagues
on the impact of Meis1 on cardiac differentiation 2%, as well as findings of Mahmoud and
colleagues support a role of Meisl in regulating postnatal cell cycle arrest 1%, Another
interesting finding promoting the theory of Meisl playing an important role in cardiac
differentiation is the statement by Paige and colleagues *°. They identified MEIS2 to har-
bour histone modification patterns identified as cardiac regulatory genes by ChiP-seq of
hESC undergoing cardiac differentiation *°. Belonging to the same MEIS class protein
family of TALE homeobox genes, they are highly conserved throughout species and share
a high sequence homology *'*. A common profile in cardiac development can be assumed

and 1s worth examining further.

5.2.3  Multiple and conditional gene targeting as analysis tool for cardiogenesis

Deciphering transcriptional processes that drive human cardiogenesis is a difficult task,
taken the limiting accessibility of human fetal material. The combination of hiPSCs and
CRISPR/ Cas9 technologies can be made of use to precisely investigate gene interplay
during human organogenesis. Not only preventing transcription by gene knock- out, but
activation of transcription can be controlled by the endonuclease Cas9. Different Cas9-
gRNA systems have been developed to influence activation of transcription, namely Cas9
using SAM as guide RNA, scRNA or epitope based Cas9- gRNA systems like SUpernova
or SunTag 213215, By fusing activation domains to Cas9 variants without endonuclease
activity (dCas9), several genes important for neurogenesis in hiPSCs were specifically

activated. A significantly increased neuronal differentiation capacity was observed as a

142



Discussion

result 2!%. Protocols on how to clone up to 4 gRNAs into expression vectors for activation
of transcription studies in hiPSC lines are readily available 2!”. This system allows induc-
tion of transcriptional activation of up to 4 different genes in human cells ?!”. Even sim-
ultaneous activation and repression of transcription was shown in HEK293 cells 2!°. The
group by J. Zalatan developed CRISPR- associated modular scaffold RNAs that enable
to influence multigene transcriptional programs. By using orthogonal Cas9 proteins, that
use different gRNA sequences for recognition ’?, in combination with RNA binding mod-
ules, multiple genes can be activated and repressed simultaneously 2!°. They demonstrate
this advance in yeast model organisms and propose optimisation of metabolic engineer-
ing, but also suggest applications for genetic reprogramming to influence cell fates 2'°.
Combining these newly advanced methods to influence master regulators with inducible
Cas9 systems would provide the possibility to control pathways on multiple genes in a
temporal manner. Different groups have published work about chemically inducible Cas9
systems. Liu and colleagues developed an inducible Cas9 by fusion with the hormone
binding domain of the ERT2 receptor 2'¥. Others make use of doxycycline- inducible Cas9
vectors 2!°. A great advantage of inducible Cas9 systems is the very low off- target effi-

ciency due to a limited active time span of the endonuclease protein 2!°.

The potential of temporally controlled, multi- gene targeting pathway stimulation by
CRISPR/ Cas9 opens up great new experimental opportunities. Cardiac differentiation
could be optimised, as described for neural differentiation in Chavez’s publication 2!®, by
enhancing transcription of cardiac genes like ISLI or NKX2.5. To promote differentiation
into a specific cardiac subtype, one can imagine to enhance expression of HAND, NKX2.5
and /RX4 to promote ventricular cell differentiation, or to investigate pro- atrial differen-
tiation effects when stimulating COUP-TFII expression 2*°. Effects on cardiogenesis by
influencing gene pathways and expression profiles could be studied more precisely by
influencing gene expression in a temporal manner. Up to date, over 40 cardiovascular
disorders have been identified as monogenetic disorders, however many diseases display
a clinical or phenotypical heterogeneity, mainly accounted to secondary genetic factors
221 Gene variants and polymorphisms may act on gene promotor regions, influencing
gene expression or enzymatic processes, disturbing cardiogenesis 2?2 Inducible scaffold
CRISPR/ Cas9 systems acting simultaneously on causal genes and suspected modifier
genes of the genetic background would greatly facilitate the understanding of many car-

diovascular disorders.
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5.3 Future outlook of CRISPR/ Cas9

The fast pace of advancement of the CRISPR/ Cas9 technology throughout many research
areas reflects the high potential that is yet to be taken advantage of. As demonstrated
impressively by Barrangou and Doudna in their publication by a bar graph (Figure 67),
the number of manuscripts published since 2002, including CRISPR, ZFN or TALEN as
keywords, has been increasing exponentially 22> .While many researchers focus on elim-
inating off- target effects by optimising the endonuclease activity of Cas9 or altered PAM
recognition, the greatest hurdle to efficiently use this system in disease modelling in hiP-
SCs is the low efficiency of HDR. Great differences in HDR efficiencies are noted be-
tween lines and differ pivotal between genomic loci to be targeted. Protocols have to be
adapted for every hiPSCs line. The sensitive nature of hiPSCs challenges delivery and
selection methods. Analysis of targeted clones through clonal expansion is very work
intensive and difficult with fragile hiPSCs. These objections in CRISPR/ Cas9 genome-

editing in hiPSCs have also become eminent for this study.

Future use of CRISPR/ Cas9 for hiPSC disease modelling will involve improving effi-
ciency of delivery methods, which will subsequently cancel out the necessity for selection
of targeted cell populations. Using Cas9- gRNA protein complexes is believed to have a
high potential of increasing delivery and therefore also targeting efficiency in hiPSCs.
Transfection as a means of DNA or protein delivery into hiPSCs is a much more sensitive
approach when compared to nucleofection or electroporation, a higher cell survival after
treatment is expected !>, Recent research already provides new nanoparticle- creating
reagents to deliver Cas9 protein- mRNA complexes (Cas9 RNPs) and show high success
rates of genome- editing 2%*. Increasing delivery efficiencies will contribute greatly to
multiple- gene targeting approaches using CRISPR/ Cas9 to investigate transcriptional
influences and pathways during differentiation processes. The commercial availability of
hiPSC lines stably expressing an inducible Cas9 by integration of the endonuclease en-
coding gene into safe- loci further simplifies protocols using CRISPR on hiPSCs ?*. Gen-
eration of reporter hiPSC lines by knocking- in long donor DNA templates encoding flu-
orescent proteins or protein tags is still challenging, but by embracing more efficient de-
livery methods of gRNAs within nanoparticles and usage of iCRISPR platforms, efficient
generation of reporter lines is possible. Possibilities of CRISPR/ Cas9 applications in
hiPSC and cardiac disease modelling are innumerable considering these recent techno-

logical progresses.
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Figure 67: Number of manuscripts published including CRISPR, ZFN or TALEN as keywords since 2002.

Manuscripts per year published about CRISPR (blue bars), ZFN (yellow bars) and TALENs (red bars),
from 2002 until 2015. Figure published by Barragou et al. 2.

Apart from mentioned application ranges of CRISPR/ Cas9 in hiPSC disease modelling,
this promising tool is utilized in many other research and development areas, as illustrated
by Barrangou and colleagues 2> Large gRNA libraries are used for genome- wide screen-

ings in loss- of function, transcriptional repression and activation studies 4226228, Loss-

of function screens successfully identified genes involved in tumor growth 2%

, impres-
sively highlighting the great potential of this technology. By expansion of this library
generation into lentiviral delivery methods, many other model platforms can implement
this research technique. Many great discoveries are to be expected in the future by
CRISPR- based screenings of the non- coding genome. Acting modalities of regulatory

sequences and enhancer elements will be deciphered 23%23!,

Moving from in vitro to in vivo disease modelling with CRISPR/ Cas9 is a challenging
but very promising development. CRISPR/ Cas9 genome- editing has been established
fast in creating mouse models, whereas applications in larger animal models are demand-
ing. A high potential for disease modelling in pigs and primate models is offered by the
combination of CRISPR with somatic cell nuclear transfer 232, Other application models
range from xenograft studies to development of therapeutic strategies and drug safety
research 2332>>, Moving this technology further into the clinic for therapeutic appliances
remains a great challenge. The most recent approved clinical trials include genetic alter-
ations of patients’ immune cells to render them effective against cancer 2*. Main concerns
towards off- target effects, DNA- based toxicity and eventual unforeseen side- effects of
edited human cells re- introduced into the patient need to be very carefully discussed and

precluded. It is to be expected that more clinical trials will be approved in the coming
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years, however likely including cells and tissues that are more easily targeted with current
targeting methods, like blood cells, muscles or the eye 22°. Further development of the
CRISPR/ Cas9 technology will most likely include reducing off- target effects, increasing
HDR rates and involving strictly spatio- temporal acting mechanisms to control the action

radius of this editing tool further.

Outside of medical research applications, the gene editing tool has been employed to in-
crease livestock efficiency by e.g. making them less susceptible to viruses or remove
horns *”23¥_ Crops are improved in yield, draught tolerance, nutritional value and other
traits to meet higher agricultural aims 2*°?*°, Genome edited bacteria, yeast and fungi are
harnessed to produce products ranging from biofuel to probiotic cultures 2*!?*2, Even po-
tential data storage by capturing DNA sequences in bacterial genomes has been demon-

strated by electroporating bacteria with Cas proteins >*.

The capability of naturally occurring CRISPR/ Cas variants for use in multidisciplinary
research and development is by far not fully capitalized. What started with an “[...] odd
genomic feature [.] ” ¢7 in prokaryotic cells, that happened to be identified as prokaryotic
adaptive immune system, quickly turned into a “ [...] fundamental component of the bi-
ologist’s toolkit [...] ” ?** with the potential to have an unforeseen impact on everybody’s

life.
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