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Abstract

Atrial fibrillation (AF), the most common arrhythmia globally, is characterized by irregular
and rapid electrical activity in the atria. AF is linked to increased morbidity, mortality, and
decreased quality of life. Although multiple modifiable risk factors have been associated
with a higher incidence of AF, there is a strong genetic component in the development of
lone AF. The effect of the intronic rs13376333 variant located within the KCNN3 gene
encoding for the small-conductance Ca?*-activated K* channel 3 (SK3) was investigated
with multielectrode array and optical mapping. Gene-edited human-induced pluripotent
stem cell-derived atrial cardiomyocytes (hiPSC-aCMs) harboring the rs13376333 variant
exhibited a prolonged action potential duration and a diminished response to apamin, an
SK channel blocker, compared to the isogenic wild-type hiPSC-aCMs measured with
optical mapping. The results of this project suggest that SK channels could be a

potential and more specific novel therapeutic target for the treatment of AF.
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Chapter 1.

General Introduction

1.1. Atrial Fibrillation Overview

Atrial fibrillation (AF), the most common arrhythmia globally, is characterized by
irregular and rapid electrical activity in the cardiac atria. AF is linked to increased
morbidity and mortality and is associated with decreased quality of life. According to the
Global Burden of Disease Study from 2010", AF has begun to emerge as a global
epidemic with estimated annual new cases at nearly 5 million highlighting an increasing
burden of AF worldwide. Recognizing an increased incidence of AF and its burden on
the individual, healthcare system, and economy contributes to a growing number of
studies looking to identify personalized and specific treatments for AF. Among the
associated risk factors for developing AF are age, male sex, hypertension, diabetes,
obesity, myocardial infarction, and heart failure which puts certain populations at a much
higher risk.? Clinical presentation of AF can be asymptomatic or present with
palpitations, dyspnea, fatigue, dizziness, and/or angina. AF can be further subdivided
into three types: paroxysmal, persistent, and permanent. In paroxysmal AF, the episodes
last less than 7 days and typically resolve spontaneously. In contrast, persistent and
permanent AF are defined as episodes of AF of the duration longer than 12 months, with
permanent AF being resistant to treatments and failure to be terminated.
Electrocardiogram (ECG) findings show poorly defined or absent P waves replaced by
irregular F (atrial flutter) waves, and elevated heart rate at typically > 100 beats per

minute (bpm) (Figure 1.1).
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Figure 1.1 Normal ECG and typical ECG findings in atrial fibrillation.

(A) Representative normal ECG trace with labeled P and T waves, QRS complex, and PR and
QT intervals. (B) ECG showing typical atrial fibrillation findings such as absent P waves replaced
by irregular atrial flutter F waves and irregular heart rate represented by variable R-R intervals.
Created with BioRender.com.

However, AF may also occur without any overt underlying structural or
electrophysiological pathologies or in fact be the precedent for these changes.
Therefore, the progressive nature of AF from paroxysmal to persistent or permanent
may be explained by electrophysiological and structural remodelling of the atria
occurring as a result of the arrhythmic behavior in the atria. Despite the high prevalence
of AF in older populations (9.33-fold higher risk for participants aged 80-89 compared to
50-59)", lone AF is documented in patients under 60. Based on the Framingham Heart
Study, lone AF constitutes 1.7% of all cases when defined as AF without evident
comorbidities without consideration for the age.? In other cases, lone AF is defined as

any AF in patients < 60 years without evident cardiac pathologies or known risk factors



and comorbidities and comprises from 1.6% to 30% of AF cases.*® This syndrome
demonstrates a strong genetic component in the development of atrial fibrillation. Lone
AF has been viewed as focal AF in which ectopic discharge, typically originating from the
pulmonary veins (PVs), serves as a single site from which the arrhythmia arises and
ultimately represents the trigger.* It is important to distinguish early-onset lone AF from
idiopathic AF, which is AF of an unknown etiology and in the absence of clinical risk

factors in adults > 60 years old.
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Figure 1.2 Heart anatomy and electrical pathways of the heart.

(A) Shows normal heart anatomy including the atria where atrial fibrillation originates; distal
structures such as ventricles can also be affected by atrial fibrillation. (B) Shows electrical
pathways of the heart including the sinoatrial (SA) node, atrioventricular (AV) node, bundle of His,
bundle branches, and Purkinje fibers. Created with BioRender.com.



1.2. Risk Factors

Amongst the unmodifiable risk factors for AF are genetics, age, sex, and racial
differences. AF has a strong genetic component demonstrated by identified rare familial
forms of AF on various genetic loci. A study examining the heritability of AF in Icelanders
showed familial aggregation of the disease with first-degree relatives having a four-fold
increased risk of developing AF before the age of 60 than the general population when
family history of lone AF is present.® To further identify the familial basis of AF, classic
Mendelian genetics and candidate gene approaches have been used, which led to the
discovery of a number of variants in genes encoding ion channels and structural proteins
important in maintaining healthy cardiac physiology. One of the most prominent risk
factors for increased prevalence and incidence of AF is advancing age which appears to
be the greatest risk factor for AF when compared to other risk factors.” The epidemiology
of AF differs between men and women: the Framingham Heart Study showed that AF
incidence in women is 1.6 cases per 1000 person-years compared to 3.8 cases per
1000 person-years in men accounting for a 1.5-fold higher risk of AF in men when
adjusted for age and predisposing conditions.” However, women tend to be more
symptomatic from AF with longer paroxysmal episodes as reported in the Analysis of
Canadian Registry of Atrial Fibrillation (CARAF) study.® Women who are suffering from
AF have a four-fold increased risk of stroke compared to men, as well as greater
mortality rate, both cardiovascular and all-cause.® The prevalence of AF in Hispanics,
Asians, and blacks older than 65 years old was reported to be 46% to 65% lower
compared to non-Hispanic whites in the Multi-Ethnic Study of Atherosclerosis (MESA).°
Marcus et al. used genetic analysis to determine whether the degree of European
ancestry in African Americans correlates with an increased risk of AF and reported that
for every 10% increase in European ancestry there was a 10% increased risk of incident
AF." This suggests that there is likely an undiscovered genetic predisposition to AF in

those of European descent.

There are many modifiable risk factors for AF that have been reported including
but not limited to hypertension and other cardiovascular diseases, diabetes mellitus,
smoking, and obesity. In the Framingham Heart Study cohort, hypertension was found to
be an independent risk factor for AF with an increased risk of 1.5 in men and 1.4 in

women.'2 Hypertension predisposes individuals to many cardiovascular complications



such as coronary heart disease and heart failure'®, both of which can contribute to the
development of AF, and leads to structural remodelling and profibrotic changes within

the left atrium and left ventricle.'*

1.3. Genetics of Atrial Fibrillation

Along with evidence that parental AF increases the risk of AF development in
offspring, which demonstrates familial clustering of the disease, multiple genetic loci
have also been linked to a higher susceptibility to AF in genome-wide association
studies (GWAS)." One of the early familial aggregation studies in an Icelandic
population showed that first-degree relatives of patients with AF <60 years to have a
higher than four-fold risk of having AF at age <60 than general population confirming
significant familial clustering of the disease.® However, it is important to consider the
genetic heterogeneity of AF when attempting to establish an association with new
variants as multiple genetic loci (e.g., KCNQ1, NPPA, TBX5, MYL4) have been linked to

the disease and may be co-present with new variants of interest."®

1.3.1. Genome-wide Association Studies (GWAS)

GWAS is a phenotype-first approach and commonly involves comparing two
large groups of individuals, one healthy control group and one case group. Genotyping
arrays are used to determine the status of many genetic variants or single nucleotide
polymorphisms (SNPs) throughout the genome and ultimately link a region or locus to
the disease of interest. The odds ratio (OR) is a measure of association between an
exposure and an outcome and is used to report effect size in a GWAS. With advances in
genetics and decreasing cost of genotyping arrays, GWAS have become more common,
and lone AF has been linked to variants found in or near genes coding for several ion
channels, including K* and Na* channels, and other proteins including transcription
factors. Interestingly, many of the identified SNPs are located in non-coding regions of
the genome and are likely involved in modifying the transcription of a nearby gene via
affecting the activity of the transcriptional regulatory element (e.g., enhancer or
repressor). In a study by Ellinor et al."®, a locus identified on chromosome 1q21
exceeded genome-wide significance and was linked to AF. However, there is a lack of

studies investigating the possible mechanism and pathophysiology of this variant. Of six



SNPs significantly associated with AF on chromosome 1921, the most significant one
was rs13376333 (C>T; OR=1.56)."® This non-coding variant is located within the KCNN3
gene, which encodes for the small conductance Ca?*-activated K* channel 3 (SK3), in
the intron between first and second exon of the gene. A meta-analysis has confirmed
that the rs13376333 variant is associated with increased risk of lone AF'7, and the
association has also been demonstrated to be significant in a Chinese Han population.®
Although the variant has been linked to AF in multiple genomic studies, it is important to
conduct functional studies to investigate a possible mechanism of SK channels being

involved in arrhythmogenesis and development of AF.

1.3.2. Zimmermann-Laband Syndrome 3 (ZLS3)

One known genotype-phenotype relationship is between gain-of-function de novo
missense KCNN3 variants and Zimmermann-Laband syndrome 3 (ZLS3) which is
inherited in an autosomal dominant pattern. De novo variants are variants that appear
for the first time in an individual and have not appeared in previous generations, and
missense variants are genetic alterations resulting in an altered codon which encodes
for a different amino acid due to a single base pair substitution. Zimmermann-Laband
syndrome 3 is a rare congenital disorder characterized by intellectual and developmental
disabilities along with gingival fibromatosis, hypoplastic or aplastic fingernails and
toenails, and coarse facial features. The de novo heterozygous mutations Lys269Gly,
Gly350Asp, and Ser436Cys were identified by Bauer and colleagues in three unrelated
patients with ZLS3."® All three identified de novo mutations appeared at highly
conserved residues, and functional analysis revealed a gain-of-function effect through a
four-fold increase in apparent Ca?* sensitivity of pathophysiological ion channels
compared to wild-type ion channels in intact cells. More novel de novo mutations were
identified later by Gripp and colleagues: Val555Phe, Val539del, and Ala287Ser.?°
Schwarz et al. further reported a de novo KCNN3 variant Ala536Thr in monozygotic
twins which is located within the part of the KCNN3 gene coding for the S6 channel

forming segment.?!



1.3.3. Intron Function and Pathogenic Intronic Variants — Possible
Mechanisms

An intron is a nucleotide sequence residing within a gene which does not code
for amino acids and therefore does not remain in the final mMRNA transcript. Precursor
messenger RNA (pre-mRNA) contains both exons and introns, the latter of which are
excised by the spliceosomes to form a coding sequence consisting of only exons that
can be further translated into a functional protein.?? A number of intronic functions have
been identified: (1) transcription initiation/termination and genome organization by
genomic introns, (2) transcription regulation and alternative splicing by spliced introns,
(3) expression of non-coding RNAs by excised introns, and (4) nonsense-mediated
decay (NMD) and nuclear export by exon-junction complex- (EJC-) harboring

transcript.?

EJCs form on pre-mRNAs and are found at the junction of two exons joined
together during RNA splicing. Nonsense-mediated decay acts as a quality control
process whereby a premature stop codon, or premature termination codon (PTC), that
would lead to a truncated protein triggers mMRNA degradation. PTCs act to halt
translation to prevent expression of an incorrectly translated gene. Exon-junction
complexes consist of four core proteins and get deposited upstream of spliced exon-
exon junctions to orient the nonsense-mediated decay machinery once the mRNA is
exported to the cytoplasm for translation-dependent inspection by nonsense-mediated
decay factors.?* When a premature termination codon is present, translation is stopped
upstream of the exon-junction complex which is retained, and nonsense-mediated decay
is induced. When the mRNA with stop codons is placed into site A of the ribosome,

protein synthesis is terminated.

A different combination of exons can be selected through the splicing of certain
introns resulting in alternative splicing variants. Proper alternative splicing is highly
dependent on the correct recognition of exons. Although introns historically have been
considered as non-functional sequences, there are a lot of conserved elements within
introns including splice site sequences, binding sites for regulatory proteins and
sequences of non-coding RNA transcripts which, when altered, can result in disruption of

final protein translation and expression.?®



One of the mechanisms of an intronic variant causing disease is by introducing
pseudo-exons. Pseudo-exon inclusion is triggered by intronic mutations that activate a
non-canonical splice site. With point mutations being more common than small intronic
deletions, pseudo-exon inclusion can introduce a novel donor or acceptor splice site or
create or disrupt an existing splicing enhancer or silencer elements.?® Another
pathophysiological mechanism acts by disrupting transcription regulatory motifs as
identified in multiple cases of genetic diseases such as demyelinating peripheral

neuropathy?’ and Bethlem myopathy?2.

1.4. Atrial Fibrillation Arrhythmogenesis

AF can be maintained by focal ectopic activity and re-entry, and the mechanism
sustaining AF usually involves a substrate and a trigger. Initially, AF presents as
paroxysmal with shorter episodes resolving spontaneously without pharmacological
interventions. In these cases, focal ectopic activity predominantly originates in the region
around the pulmonary veins.?® As the disease progresses, other functional and structural
substrates can result in persistent and permanent AF and the progression of the

disease.?®

1.4.1. Focal Ectopic Activity

Focal ectopic activity can be generated by enhanced automaticity, early
afterdepolarizations (EADs) or delayed afterdepolarizations (DADs). PVs have been
identified as the main site of enhanced automaticity and increased triggered activity
contributing to initiation and maintenance of paroxysmal AF.3° Other sources of focal
ectopic activity implicated in maintenance of AF include the vena cavae, the coronary
sinus, and the inter-atrial septum.3' PVs have distinctive action potential (AP) properties
which predispose them to arrhythmogenesis such as a less negative resting membrane
potential, a lower amplitude of the AP, and a shorter action potential duration (APD).3122
Automaticity is the basis of cardiac pacemaker function, and although various areas of
the heart can show automaticity, rhythmicity is normally controlled by the sinoatrial node
(SAN) in part because of its higher intrinsic frequency. When the depolarization rate is
increased, abnormal rapid firing may occur in the areas of the heart outside the SAN.3?

Generation of AF-inducing ectopic foci in the case of enhanced automaticity may also



occur due to changes in currents that maintain normal atrial resting potential such as
decreased inward rectifier K* current, /s, and pacemaker cardiomyocyte-specific “funny”
I currents.?® However, large I+ currents overdrive I current in normal atrial

cardiomyocytes and no manifest automaticity occurs.

EADs involve abnormal secondary depolarizations during the repolarization
phase of an occurring AP. The main mechanism behind EADs is prolongation of AP
duration which typically allows L-type Ca?* channels (LTCCs) to recover from
inactivation, reactivate, and result in a depolarizing inward current of Ca?* ions. On the
contrary, DADs are spontaneous depolarizations occurring after completion of cellular
repolarization and are predominantly caused by abnormalities in Ca?* handling and
depolarizations resulting from Na*/ Ca?* exchanger, NCX1, extruding one Ca?* using the
energy from the influx of 3 Na*.>* When DADs become large enough to reach threshold
potential for activation of Na* channels and therefore initiate depolarization, AP firing
occurs in the form of either a single ectopic beat or sustained tachycardia. In healthy
atrial cardiomyocytes, ryanodine receptors (RyR2) located in the sarcoplasmic reticulum
(SR) membrane open through Ca?*-induced Ca?*-release (CICR) mechanism during
systole when Ca?* enters the cell via voltage-gated LTCCs. The opening of RyR2
channels then allows for Ca?* release from the SR further increasing cytosolic Ca?*
concentration during cardiac contraction. RyR2 are normally closed during diastole but
may open and lead to SR Ca?* leak if they are defective or when the SR stores are Ca?*
overloaded. The concept of SR Ca?* leak due to overloaded SR stores is known as
store-overload-induced Ca?* release (SOICR). NCX1 is activated in response to SR Ca?*
leak during diastole causing a net depolarizing inward current underlying DADs. SR Ca?*
overload is seen in congestive HF resulting in DADs and incidence of AF.3* Furthermore,
DAD-promoted AF can be a result of RyR2 variants associated with catecholaminergic

polymorphic ventricular tachycardia and other ion channels.3®

1.4.2. Atrial Fibrillation and Re-Entry

Re-entry is another arrhythmogenic mechanism by which AF can be promoted.
Re-entry requires a trigger, which is typically a premature ectopic beat, and a vulnerable
substrate, which can be created by altered structural or electrical properties of the atria.
AF can be the result of either a single localized re-entry circuit or multiple functional re-

entry circuits located spatially and temporally different. Under normal conditions, a
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premature ectopic beat travels through the cardiac tissue, and its conduction time is
shorter than the refractory period such that the impulse cannot re-enter. However, an
ectopic beat can encounter refractory tissue (e.g., fibrosis) when propagating in one
direction while able to conduct in the direction of a faster-recovering tissue creating a
unidirectional block. Conduction time, determined by the circuit path length and
conduction velocity, must be greater than the longest refractory period in the circuit for
re-entry to be maintained. Re-entry can be further subdivided into anatomical and
functional type re-entry. Anatomical re-entry typically occurs due to a unidirectional block
or slow conduction, which are the conditions often encountered in the atria of patients
with AF, making the wavelength shorter than the length of the circuit.>! Alternatively,
functional re-entry occurs without underlying substrates and anatomical obstacles and is
the result of a dysfunctional or structurally altered ion channels which disrupts electrical

conduction in the heart.

1.4.3. Arrhythmogenesis Hypotheses and Models

The “leading circle model” was first proposed in 1977 and states that there are
centripetal waves moving toward the centre of the circuit maintaining it in a refractory
state.® The circular movement in one direction is initiated by a unidirectional block in
tissue, and the impulse is able to spread inward and outward to sustain the circuit and to
activate adjacent myocardium. This model illustrates functional re-entry as the refractory

area forms a functional barrier.

Another model is the spiral wave model, wherein re-entry is promoted by reduced
refractory period through accelerating and stabilizing spiral-wave rotors.*® Rotors
represent a special type of functional re-entry in which the wavefront is spiral, and the
wavefront and wavetail meet at a focal point called a phase singularity.®” A rotor,
however, is not fixed in space like a re-entrant circuit in the leading circle model, which
contributes to arrhythmogenesis. This is another type of functional re-entry as the tissue
core is unexcitable due to high wavefront curvature and slow conduction velocity at the

phase singularity creating a functional block.3’

The “multiple wavelet hypothesis” was initially described in 1959 by Moe et al.®
and is currently the most accepted hypothesis underlying AF arrhythmogenesis. This

theory assumes that if some number of re-entrant wavefronts existed in an appropriate
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atrial substrate, these wavefronts could continuously re-excite the atria and result in
fibrillatory conduction.3® Therefore, these multiple waves are randomly occurring
throughout the atria causing wavebreaks and giving rise to new wavelets. This theory
complements the leading circle model because both wavelength and atrial size

determine the number of re-entrant circuits that can be sustained.

1.5. Current Treatments

Despite advances in healthcare as well as biomedical and pharmaceutical
research, treatment options are limited by one-fits-all approach and the lack of efficacy
resulting in a variety of serious side effects including life-threatening ventricular
arrhythmias. According to the Clinical Practice Guideline for the Management of Patients
with Atrial Fibrillation (2019) developed and published by the American Heart
Association (AHA), current pharmaceutical treatments typically include anticoagulation
medications such as warfarin or more recently non-vitamin K Novel Oral Anti-Coagulants
(NOACSs) to reduce the risk of stroke. In addition to prevention of thromboembolic event,

antiarrhythmic drug therapy is necessary to restore and maintain sinus rhythm.*°

Rate control, which is the first-line treatment option, primarily focuses on limiting
the rate of atrioventricular conduction and keeping the ventricular beating rate below 100
bpm by administering B-blockers, calcium channel blockers, and/or digitalis, a potent
Na*/K* ATPase inhibitor.*® The rhythm control therapy which aims to restore sinus
rhythm can be achieved via either electrical or pharmacological cardioversion, and
catheter- and surgery-based invasive procedures.® The current stage of AF and other
factors such as patient’'s age, symptoms, and comorbidities should be considered when
deciding to introduce rhythm control therapy in addition to rate control. Patients who
have persistent symptoms despite adequate rate control therapy, younger patients (<50

years), and patients with lone AF are particularly suitable for rhythm control strategy.*'42

In cases where AF cannot be corrected with first-line less invasive treatment,
catheter ablation (radiofrequency ablation or cryoablation) may be recommended to
reduce the burden of AF. The procedure normally involves advancing catheters through
the femoral vein to the heart and using radiofrequency heating energy to create lesions
and disrupt abnormal electrical signals. Catheter ablation of AF is centred on electrical

isolation of arrhythmogenic sites typically within PVs which are the most common
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anatomical sources of ectopic atrial beats that can trigger episodes of paroxysmal AF.3°
Although catheter ablation procedure has become safer and more optimized over the
past decade, its efficacy differs on patient-by-patient basis and varies greatly on the type
and presentation of AF at the moment of consideration of catheter ablation. The general
guideline is to reserve more invasive procedures for patients with symptomatic AF with
the goal of improving quality of life.** A more recent study by Andrade et al. for the Early
Aggressive Invasive Intervention for Atrial Fibrillation (EARLY-AF) study showed that
catheter cryoballoon ablation had a significantly lower rate of AF recurrence when used
as initial treatment of symptomatic paroxysmal AF compared to antiarrhythmic drug
therapy at one year of follow-up.** These findings were further confirmed over three
years of follow-up with catheter cryoballoon ablation being associated with a lower
incidence of AF or atrial tachyarrhythmia when compared to initial use of antiarrhythmic

drugs alone.®

However, there are a few disadvantages of each treatment option. For instance,
antiarrhythmic medications might not be as effective in reducing the symptoms due to
the lack of target specificity, or there might be a need for a repeat procedure of catheter
ablation for the long-term management of AF and improving quality of life. For catheter-
based and surgical procedures there remain risks associated with any surgical
intervention: hemorrhage, infection, deep vein thrombosis, pulmonary embolism, and
death. Risks specific to catheter ablation of AF include cardiac tamponade, pulmonary
vein stenosis, injury to phrenic nerve, mitral valve, and/or esophagus, as well as

vascular access complications and stroke.*°

1.6. Atrial Action Potential and lon Channels

Action potentials are changes in the membrane potential of excitable cells such
as neurons, cardiac, and skeletal muscle cells. Cardiac APs, both atrial and ventricular,
consist of five distinct phases: rapid upstroke, or depolarization (phase 0); early rapid
repolarization (phase 1); plateau phase (phase 2); repolarization (phase 3); and return to

resting membrane potential (phase 4).

Phase 0 is driven by an influx of Na* through Nav1.5 channels encoded by
SCN5A. Nav1.5 channels conduct the main depolarizing current, /na, in the atria and

ventricles. Nav1.5 channels are voltage-dependent and activate quickly at membrane
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potentials around -55 mV and this current is reflected in the rapid upstroke phase of the

action potential .

Fast inactivation of Nav1.5 channels and activation of the transient outward K*
current (/o) are responsible for the initial or early repolarization phase. /o current can be
further subdivided into /o, fast and o, siow based on their inactivation kinetics, however both
activate at membrane potentials above -30 mV.#” The fast component of transient
outward current is conducted through Kv4.2 and Kv4.3 channels encoded by the KCND2
and KCND3 genes, respectively, with the additional accessory subunit KChIP2
(KCNIP2) required for a fully functional o, fast. Kv1.4 (KCNA4) is responsible for the slow
component of the transient outward current. An additional ultra-rapid current I
produced by Kv1.5 channels is seen specifically in the atria.*®-%° This current also
contributes to phases 2 and 3 of the atrial action potential due to its slow and partial

inactivation.®'

Compared to phase 2 of the action potential in ventricular cardiomyocytes, the
plateau phase in atrial cardiomyocytes is shorter but both are maintained primarily by the
LTCC current.5? Cardiac L-type Ca?* channels (Cav1.2) are primary voltage-gated Ca?*
channels in the heart conducting inward Ca?* current and are encoded by the CACNA1C
gene. Additionally, atrial cardiomyocytes express another type of Ca2* channel a -
subunit, Cav1.3 (CACNA1D), which is significantly more abundant in the atria and
Purkinje fibers than in the ventricles.%® Cav1.2 LTCC a-subunits remain the primary
expressed subunits in both atria and ventricles, with atrial cardiomyocytes expressing
Cav1.3 at significantly lower levels compared to Cav1.2.5 Cav1.3 channels have been
shown to be expressed in the SA and AV nodes and demonstrated to have an important
role in the SA and AV node automaticity and firing frequency.®*>° A combination of
inward Ca?* current through these channels along with a reduction in inward rectifying /1
current is necessary to maintain the plateau phase. Additionally, Cav1.2 channels use
extracellular calcium to increase cytosolic Ca2* and are critical in excitation-contraction

(EC) coupling since their activation by depolarization triggers CICR from the SR.60¢1

During phase 3 of the atrial AP, there is an increase in outward K* currents such
as Ik, Iks and Ik1 and concurrent decrease in inward Ca?* current due to inactivation of
LTCCs. Ik and Iks are rapid and slow components of delayed rectifier outward K* current,

respectively, and are conducted by two distinct ion channels. kk.is conducted by the
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hERG channel (Kv11.1) which is a gene product of the KCNH2 gene and exists in
several splice variants. The slow K* outward current ks is conducted via Kv7.1 channels
(KCNQT). The I+, inward rectifier current, is conducted via Kir2.1 (KCNJ2), Kir2.2
(KCNJ12), Kir2.3 (KCNJ4) and Kir2.4 (KCNJ14). Additionally, Ik acn current is present
during the repolarization phase of the atrial AP. These are acetylcholine-gated K*
channels consisting of two Kir3.1 (GIRK1) and two Kir3.4 (GIRK4) subunits with
increased expression in the sinoatrial (SA) node, atrioventricular (AV) node, and atria
compared to the ventricles.>*%2-%4 astly, Kv1.5 (KCNA5) channels are responsible for
the ultrarapid delayed rectifier current Ik, which contributes to repolarization in the atria
and is significantly large compared to the corresponding current produced by the Kv1.5

channels in the ventricles.?

Finally, the resting membrane potential, which ranges between -65 to -80 mV in
atrial cardiomyocytes is achieved primarily by the increase in inward rectifying potassium

channels and K* leak channel currents.

1.7. Small Conductance Ca?*-activated K* (SK) Channels

1.7.1. Structure and Function of SK Channels

Small-conductance Ca?*-activated K* (SK) channels were first identified in the
central nervous system by Kohler et al. and are known to be sensitive to the neurotoxin
apamin found in bee venom.®® The sequences of the identified SK channel paralogs
(SK1, SK2, and SK3 encoded by the KCNN1, KCNN2, and KCNN3 genes, respectively)
are highly conserved with variations being found predominately in their NH2- and
COOH-terminal domains. These channels represent a unique family of K* channels as
they are regulated by microdomain-specific Ca?* concentration ([Ca?*];) in a voltage-
independent manner providing a link between changes in [Ca?*]i and membrane
potential. The three SK channels have very similar sensitivities to Ca?* (ECs values of
0.3-0.5 yM)®® and share a common calcium-gating mechanism. In the central nervous
system, SK channels play various roles in neural signaling and development.®® Similar in
structure to voltage-gated K* channels, SK channels consist of six transmembrane
segments S1-S6 and a single pore loop with the N- and C-termini oriented towards the
cytoplasm. Four subunits are needed to form a central pore to constitute a functional

homotetrameric channel, however heteromultimers consisting of SK2 and SK3 subunits
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have been reported.®” The mechanism of SK channel activation by a rise in [Ca?*]; is not
fully understood. Calmodulin (CaM), an intermediate calcium-binding messenger protein,
has been found to be associated with SK channels through a CaM-binding domain
(CaMBD) in the C-terminus of an SK channel subunit.®¢ CaM has two globular domains
(in the N- and C-termini), each containing a pair of EF hands, and is able to bind two
Ca?* molecules per globular domain. An SK channel is activated when Ca?* binds the EF
hands in the N-terminus of CaM, which has a lower binding affinity for Ca?* than the EF
hands in the C-terminus. While SK channels are voltage insensitive, they are altered by
binding of activated CaM thus allowing membrane potential to respond to changes in the
cytosolic calcium signals. Calcium gating is further regulated by serine/threonine-
selective proteins casein kinase 2 (CK2) and protein phosphatase 2A (PP2A).%%70 Allen
and colleagues showed a complex arrangement and interaction of SK2 subunits, CaM,
CK2, and PP2A.7° The results of their study suggested there is a single lysine residue in
the N-terminal of SK2 that functions as a molecular switch to activate CK2 in a state-
dependent manner and phosphorylate CaM when channels are closed decreasing their
activity. For PP2A to function within the SK2 channel complex, it is required to directly

bind to the C-terminal domain of the SK2 channel.

Furthermore, SK2 channels have been shown to be functionally coupled to an L-
type Ca?* channel via the cytoskeletal protein a-actinin 2.”' A study by Lu et al.
demonstrated that a-actinin 2 interacts with CaMBD in the C-terminus of SK2 channels
and can co-exist or compete with apo-CaM, or calcium-free calmodulin, at the CaMBD.”?
Another cytoskeletal protein that has been documented to interact with SK channel
subunits, specifically with the N-terminal domain, is filamin A.” Interestingly, both a-
actinin 2 and filamin A increase the surface membrane expression of SK2 channels

through recycling pathways as demonstrated in HEK 293 cells.”
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Figure 1.3. SK channel structure and location of the rs13376333 variant.

Each SK channel subunit comprises six transmembrane domains S1-S6 with both N- and C-
termini facing the cytoplasm. Calmodulin (CaM) is associated with the C-terminus of an SK
channel subunit through calmodulin-binding domain (CaMBD). Cytoskeletal proteins a-actinin 2
and filamin A are shown interacting with C-terminus and N-terminus domains, respectively.
Created with BioRender.com.

1.7.2. SK Channel Expression and Function

It has been proposed that SK1-3 channels are involved in the late repolarization
phase of the atrial AP and contribute to APD shortening when cytosolic Ca?* rises. In a
study conducted by Zhang et al., the SK3 contribution to the repolarization phase of the
atrial AP was tested using a genetically engineered mouse model with a tetracycline-
based switch (the Tet-Off system) that allowed for the control of SK3 channel expression
by administering dietary tetracycline to block transcription of the downstream KCNN3
locus.” In the Tet-Off system, the gene harboring inserted tetracycline-controlled
transactivator protein (tTA) and the tetracycline operator (tetO) is expressed normally
unless tetracycline, or its analogue doxycycline (DOX), is administered. In this model,
homozygous SK3"" mice showed a 50-fold increase in the SK3 mRNA expression in
both atrial and ventricular tissues compared to wild-type animals.”>"® APD was
shortened in SK3™" mice compared to wild-type animals, specifically through decreased
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repolarization at 90%, APDgo, and prolonged in SK3”" mice with administration of
DOX.”® Additionally, atrial fibrillation was successfully induced using programmed
stimulation in SK3™7 animals but not in wild-type mice.”® Interestingly, SK2 current
appeared to be decreased with the knock-out of SK3 channels which suggests that the
two paralogs may form heteromultimers in vivo, and both may contribute to the late
phase of the atrial AP repolarization.”® These results are in agreement with the study
done by Tuteja et al. where they demonstrated that SK2 and SK3 paralogs may form
heteromultimers and co-localise in clusters in both atrial and ventricular mouse and
human cardiomyocytes.®” However, one of the main disadvantages of using a small
mammalian model, such as mice, is that their cardiac electrophysiology differs
significantly from large mammalian species, as a consequence, in part, because the
heart rates are almost an order of magnitude higher. Therefore, it is important to create a
human physiological model to verify the existing evidence pertaining to the effect of SK3

channels on atrial APD and therefore AF in humans.

The pattern of SK channel expression throughout the heart remains
controversial. In mouse models, SK2 channel presence in atrial and ventricular
cardiomyocytes was documented by the Chiamvimonvat group.”” They later reported
MRNA expression profiles of SK channels in isolated mouse atrial and ventricular
cardiomyocytes.”® The results showed KCNN7 and KCNN2 paralogs being
predominantly expressed in the atrial tissue, whereas KCNN3 was reported to be
expressed at a low level in both atrial and ventricular cardiomyocytes.’®
Immunocytochemistry labeling with anti-SK2 and anti-SK3 antibodies further confirmed
SK2 and SK3 channels residing in the intracellular non-junctional sarcoplasmic reticulum
in mouse atrial cardiomyocytes.”® Another study reported SK1-SK3 paralogs expressed
at both mRNA and protein levels in dog right atrial appendage (RAA) and pulmonary
vein cardiomyocytes.®° The results reported no significant difference in the levels of SK1
and SK3, whereas SK2 mRNA transcript was significantly elevated in PV samples
compared to RAA.&

Cardiac mRNA expression profiling of the SK channels has also been done in
porcine models. A study looking at the effect of SK channel inhibition in vernakalant-
resistant porcine model of AF reported the presence of KCNN1 transcript in diminutive
amounts in all chambers of both healthy control and pigs with sustained AF.8! The

KCNN?2 transcript was found in both atria and ventricles with a higher level in the left
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atrium compared to the left ventricle and the right atrium versus the right ventricle.®’
KCNN3 transcript was also expressed in both atria and ventricles without being affected

by tachypacing and the presence of AF in any of the chambers.?'

In native human cardiomyocytes obtained from right atrial tissue, SK2 and SK3
expression levels were reported to be significantly higher compared to SK1.82 In the
same study, Skibsbye et al. further hypothesised that the structural and electrical
remodelling of the atria associated with long-term AF resulted in decreased expression
of these channels as seen in patients with chronic AF (cAF).82 It is possible that SK3
expression may be initially upregulated at the early paroxysmal AF stages contributing to
electrophysiological and structural remodelling of the atrial tissue. This would promote
AF and ultimately result in a downregulation of these channels in cAF (i.e., AF begets
AF). In agreement with the proposed hypothesis, RAA and left atrial appendage (LAA)
cardiomyocytes obtained from cAF patients had been reported to show significantly
decreased mRNA and protein levels of SK1 and SK2 channels with no significant
difference in SK3 mRNA and protein expression compared to sinus rhythm controls.® A
later study by Shamsaldeen et al. using immunocytochemistry showed significant
overlap of SK2 and SK3 subunits, both being expressed at approximately the same level
across the human atrial cardiomyocytes suggesting the presence of SK2-3 heteromeric
channels.?* Heijman et al. found a significantly increased apamin-sensitive current, /s,
and a stronger apamin effect on the prolongation of AP in cAF versus control
cardiomyocytes. However, this increase in Isk was not attributed to increases in mRNA
or protein levels of SK channel subunits. An increase in sk was attributed to reduced
CaM-Threonine 80 phosphorylation due to increased PP2A levels in the SK channel
complex.® No chamber-selective mRNA expression of KCNN2 and KCNN3 has also
been reported, whereas the KCNN1 transcript was found to be significantly decreased in
control left ventricle compared to control RAA and left atrium.® When comparing AF and
sinus rhythm tissue samples, KCNN1 and KCNN3 transcripts did not show a significant
difference, while KCNN2 was downregulated.®® Of interest are the results of a study
done by Bentzen et al. showing that the rs13376333 variant, which has been linked to an
increased risk of AF'®, is associated with increased mMRNA expression of KCNN3 in

human atrial tissue based on expression quantitative trait loci (eQTL) analysis.®’
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1.8. hiPSC-Derived Atrial Cardiomyocytes Model

A variety of animal models have been implemented to study inherited cardiac
arrhythmias including murine, canine, and porcine models. One of the advantages of
implementing an intact animal model is having the interaction between organ systems
allowing one to study drug responses and effects on multiple metabolic processes. It is
particularly important to have access to organ systems to study hepatotoxicity of the
drugs and their ability to cross the blood-brain barrier. However, animal models cannot
fully recapitulate human physiology and have a number of limitations including a different
ion channel expression profile and therefore different cardiac physiology including a

much higher heart rate than in humans.

Human-induced pluripotent stem cells (hiPSCs) are commonly obtained from
human fibroblasts or peripheral blood mononucleated cells (PBMCs) for further
reprogramming and differentiation allowing to obtain patient- and disease-specific
phenotype cell lines. hiPSC-derived cardiomyocytes (hiPSC-CMs) have been
increasingly popular in studying and modeling heart diseases and arrhythmias. Aside
from providing a significant advantage in being widely commercially available, hiPSC-
CMs have a more physiologically relevant ion channel expression profile and heart rate.
hiPSC-CMs model is the closest model to native cardiomyocytes and cardiac tissue
which are limited and difficult to obtain due to ethics and eligible patients undergoing

heart surgeries.

1.9. Objectives and Hypothesis

I hypothesize that the rs13376333 variant is a loss-of-function variant of the
KCNN3 gene that will result in irregular beating, mimicking the AF phenotype, with a

prolonged APD in genome edited hiPSC-aCMs when compared to their isogenic control.

In order to test this hypothesis, there are three objectives: (1) To genome edit
hiPSCs using CRISPR-Cas9 technology to produce a new cell line carrying the
rs13376333 variant within the KCNN3 gene and its isogenic control; (2) To determine
the effect of the rs13376333 variant on field potential duration, beat rate, spike
amplitude, and conduction velocity with and without drug treatments (e.g., SK channel

blocker/positive modulator) using a multielectrode array (MEA) instrument; (3) To
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determine the effect of the rs13376333 variant on action potential duration and
morphology using confocal () optical mapping (OM) assay, including changes in

electrophysiology of the cells in response to electrical stimulation.
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Chapter 2.

Materials and Methods

2.1. hiPSC Cell Culture

2.1.1. Coating Plates

Non-tissue culture treated 6-well plates (Corning) were coated with Geltrex
matrix (Gibco) diluted in DMEM/F12 medium (Gibco) to a final concentration of 1 mg/mL.
Following coating, Geltrex was left to set for 1 hour prior to adding 1 mL/well of
DMEM/F12 and storing in an incubator at 37°C and 5% CO; for up to two weeks before

use.

2.1.2. hiPSC Thawing

Wild-type and genome-edited hiPSC lines were stored as 1 mL aliquots in
cryovials in liquid nitrogen. To thaw frozen hiPSCs, a cryovial was removed from the
liquid nitrogen tank and placed in a warm bead bath to gently thaw the cells until small
ice crystals were visible. The contents of the cryovial were then transferred to a 50 mL
Falcon tube (Corning) and 10 mL of mTeSR Plus (STEMCELL Technologies) was gently
added while slowly rotating the tube to avoid excessive osmotic stress. The cell
suspension was centrifuged for 4-5 minutes at 1200 rpm at room temperature, and the
supernatant was aspirated following centrifugation. The cell pellet was resuspended in 2
mL of mTeSR Plus supplemented with Rho-associated kinase (ROCK) inhibitor Y-27632
(Tocris Bioscience). Resuspended cells were then added to one well of a Geltrex coated

6-well plate for further maintenance and passaging.

2.1.3. hiPSC Maintenance and Passaging

Low passage wild-type hiPSCs were acquired from the Knollmann Lab where
they were obtained from a healthy male donor (C2 control) in his late 20s (Caucasian,
non-Hispanic). Cells were maintained in 6-well plates in mTeSR Plus medium which was
changed daily. Upon reaching mature morphology and confluency of about 60-70% as

seen in the microscope, cells were passaged using ReLeSR selection and passaging
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reagent (STEMCELL Technologies). ReLeSR was added at 1 mL/well, aspirated, and
hiPSCs were allowed to incubate for 4-6 minutes at 37°C and 5% CO,. mTeSR Plus (1-2
mL/well) was added to stop the dissociation reaction and the cells were then manually
detached by tapping the plate and collecting them with a 5 mL serological pipette. Lifted
hiPSCs were further transferred to a 50 mL Falcon tube and triturated by gently pipetting
up and down. Clumps of a few hiPSC colonies were seeded at a split ratio of 1:10-1:20
in a 6-well plate containing 2 mL of mTeSR Plus supplemented with 1 pM of the ROCK
inhibitor Y-27632.

2.2. Genome Editing Using CRISPR-Cas9

A low passage hiPSC line was used to introduce the variant of interest
(rs13376333, C>T) using CRISPR-Cas9 technology. Benchling software was used to
design a CRISPR-Cas9 construct including sequencing primers, single-stranded
oligodeoxynucleotides (ssODNs) and single-guide RNAs (sgRNAs) specific to the
KCNN3 gene and region of interest. The protocol kindly provided by the Lynn lab at BC
Children’s Hospital Research Institute was adapted to introduce the variants in our
hiPSC line.

2.2.1. hiPSC DNA Sequencing

Prior to initiating the genome editing protocol and introducing the variant, a
specific region of interest containing location of the rs13376333 variant was sequenced
to ensure the wild-type genotype of our cell line. Following hiPSC dissociation as
described above (Method 2.1.3), DNeasy Blood & Tissue Kit (Qiagen) was used to
extract DNA from a cell pellet. The following polymerase chain reaction (PCR) contained
10 uM forward (FWD) and reverse (REV) sequencing primers, DNA template obtained
using the DNeasy Kit, Taq 2X Master Mix (New England BioLabs), SYBR Safe DNA Gel
Stain (Invitrogen), and double-distilled H2O (ddH»0). The PCR reaction contained steps
for initial denaturation, denaturation, primer-specific annealing, extending and final
extension. The correct PCR product was confirmed with gel electrophoresis, purified

using QlAquick PCR Purification Kit (Qiagen) and sent for DNA sequencing.
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2.2.2. Designing rs13376333 CRISPR-Cas9 Construct

To design the construct, the human DNA sequence of the KCNN3 gene and the
location of the rs13376333 variant was looked up on Benchling. Then a protospacer
adjacent motif (PAM) sequence (5’-NGG-3’), recognized by the Cas9 protein, was found
along with the cut site, which should optimally be about 3-4 nucleotides upstream of the
PAM site. To improve efficiency of the homology-directed repair (HDR) instead of non-
homologous end joining (NHEJ), a silent mutation was introduced into the PAM site
(AGG > AGA; Arginine) to prevent Cas9 from re-cutting the region after the point
mutation had been inserted. sgRNA pairs were run through the Benchling algorithm and
the most optimal ones were picked based on their on- and off-target effects, length (25
base pairs, bp), GC content, and melting temperatures (Tm). The ssODN was designed
around the cut site as indicated in Figure 2.1 with one PAM-proximal 91 bp arm and one
PAM-distal 36 bp arm. The sequences for the primers, ssODN, and sgRNAs CRISPR-
Cas9 design for the rs13376333 variant insertion can be found in Table 2.1.

Cas9 Cut Site

ATCGGCAGGTTCTGCTCCTTCCTCAT|ICTGACAATGCCATTTAAGTTCTCTCCAGAGCAAAGCCTTG!
TAGCCGTCCAAGACGAGGAAGGAGTAGACTGTTACGGTAAATTCAAGAGAGGTCTCGTTTCGGAAC!
SERNA

> PAM
| 91 bp PAM-proximal ssODN

-

36 bp PAM-distal ssODN
KCNN3

|
| Tatl Restriction Digest Site | rs13376333 154,841,900

Figure 2.1 CRISPR-Cas9 construct design within intronic region between exon
1 and 2 of the KCNN3 gene.

A zoomed in portion of the intronic region between exon 1 and exon 2 of the KCNN3 gene

showing the location of the rs13376333 variant and CRISPR-Cas9 construct design. Two arms of

the ssODN, proximal and distal to PAM, are labeled in pink; PAM is labeled in dark green along

with sgRNA in yellow and Tatl restriction digest site in blue. Visualized using Benchling.

Table 2.1. rs13376333 CRISPR-Cas9 Design

FWD Sequencing Primer 5 CCTGTTATTCCATCACAGAGCCC 3
REV Sequencing Primer 5 AAGGTTCTGGTTTGGAGCACTCCC 3
sSODN (+) /5Phos/GGGGCTGTGCAGGGCTGGGGAGAGCGGGCTGAGTGTGT

GCAGATGGCCTATTGGGAGGTCATGGGATCGGCAAGTACTGCTC
CTTTCTTATCTGACAATGCCATTTAAGTTCTCTCCAGAGCAAAGC

sgRNA FWD 15Phos/CACCGTTAAATGGCATTGTCAGATG

sgRNA REV 15Phos/AAACCATCTGACAATGCCATTTAAC
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Note: FWD = forward; REV = reverse; underlined is restriction digest site (GGTTCT = AGTACT). Silent PAM mutation
(C>T).rs13376333 variant (C>T)

2.2.3. Designing KCNN3 Knock-out CRISPR-Cas9 Construct

The CRISPR-Cas9 construct for the knock-out of the SK3 channel was designed
based on modifying exon 6 of the KCNN3 gene to have a premature stop codon. Similar
to designing a genome editing construct for the insertion of the rs13376333 variant, a
PAM sequence was found along with the cut site located 3 nucleotides upstream of it. A
silent mutation was introduced into the PAM site (GTC—-> GTT; Valine) to improve
efficiency of the HDR and prevent Cas9 from re-cutting the region following the insertion
of the point mutation. sgRNA pairs were run through the Benchling algorithm and the
most optimal ones were picked based on their on- and off-target effects, length, GC
content, and Tm. The ssODN was designed around the cut site as indicated in Figure
2.2 with PAM-proximal and PAM-distal arms. The sequences for the primers, ssODN,
and sgRNAs CRISPR-Cas9 design for the SK3 channel knock-out can be found in Table
2.2.

The point mutation for the knock-out construct replaced the third nucleotide of
Tryptophan (TGG - TGA) to introduce an early stop codon in the exon 6 of the KCNN3
gene and activate the NMD pathway.

Cas9 Cut Site

TCTTTAGCAGCTTTGTGTGTTTATAGATTAACCATGTTTCCICGAAGGACATTGGCTGCAGCATTCTTGATCTAAGGAAGAATAAATAAAGT
AGAAATCGTCGAAACACACAAATATCTAATTGGTACAAAGGGCTTCCTGTAACCGACGTCGTAAGAACTAGATTCCTTCTTATTTATTTCA
. KL L KTHKYTIULWTE L VNAAANKTI

Bsm Restriction Digest Site |

SgRNA PAM < |
36 bp PAM-proximal ssODN KO 91 bp PAM-distal ssODN KO
KCNN3-@01 Exon 6

KCNN3

| !
154,714,950 J - = 154,715,000
Point mutation
(G>A)

Figure 2.2 CRISPR-Cas9 construct design to produce a point mutation within
exon 6 of the KCNN3 gene.

A zoomed in portion of exon 6 of the KCNN3 gene showing the CRISPR-Cas9 construct design

for SK3 knock-out. Two arms of the ssODN, proximal and distal to PAM, are labeled in blue; PAM

is labeled in bright green along with sgRNA in yellow and Bsml restriction digest site in orange.

Visualized using Benchling.
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Table 2.2. SK3 Channel Knock-Out CRISPR-Cas9 Design

FWD Sequencing Primer 5 CCCAGTCTGGTCATCTGATG 3
REV Sequencing Primer 5 GTGCCCGGCCTTAATCATCTT 3
sSODN (+) /5Phos/CCACAAAAATGAACCTAAGAAAATGAACCTGATAGCAGCCT

ACTTTATTTATTCTTCCTTAGATCAAGAATGCTGCAGCCAATGTTCT
TCGGGAAACATGATTAATCTATAAACACACAAAGCTGCT

sgRNA FWD 15Phos/CACCGAGATTAACCATGTTTCCCGA
sgRNA REV 15Phos/AAACTCGGGAAACATGGTTAATCTC

Note: FWD = forward; REV = reverse; underlined is restriction digest site (GAATGCT). Silent PAM mutation (C—=>T).
rs13376333 variant (G>A)

2.2.4. sgRNA Preparation

sgRNAs were annealed into a duplex containing forward and reverse sgRNAs by
setting up a PCR reaction and cycling at 95°C for 5 minutes followed by a ramp down to
25°C at a rate of 5°C/min. The duplex was then cloned into the pCCC vector using

Golden-Gate cloning.

2.2.5. hiPSC Transfection

hiPSCs were transfected in a 6-well plate using Lipofectamine 3000 (Invitrogen)
reagents combined with 5000 ng pCCC-KCNN3 and 10 pmol ssODN according to the
outlined protocol. Positive control condition contained 5000 ng of pmax Cloning Vector
and control plasmid containing GFP (Lonza). Transfected cells were sorted using a
fluorescence-activated cell sorting (FACS) instrument (BD FACS Aria Il) and seeded into
a new 6-well plate containing 2 mL mTeSR Plus, 1x CloneR (STEMCELL Technologies),
and 100 uM penicillin-streptomycin antibiotic (Gibco). Following cell sorting, the cells
were allowed to reach confluency and colonies were manually picked into 96-well plates
(clonal isolation). The cells were observed and wells containing viable colonies noted
and passaged into two 96-well plates for DNA sequencing and further expansion. DNA
was extracted using QuickExtract DNA Extraction Solution (Lucigen) and amplified with
a PCR reaction before sending the lysate for sequencing. Wild-type and positive
homozygous and heterozygous clones were expanded and frozen for future

experiments.
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2.3. hiPSC Differentiation

To seed hiPSCs for differentiation, cells were dissociated from a 6-well plate
according to the passage methods described above (Method 2.1.3). Resuspended
hiPSCs were manually broken down into single cells or colonies of few cells by gently
pipetting up and down prior to seeding for differentiation. Cells were seeded at seeding
density of 200,000 cells/mL/well of a 6-well plate and maintained with daily changes of
mTeSR Plus medium until 80% confluency was reached. Differentiation was then
initiated (day 0) using a GSK® inhibitor and Wnt signaling pathway activator CHIR99021
(Tocris Bioscience) at 12 yM in Roswell Park Memorial Institute (RPMI)-1640 basal
medium with L-glutamine (Gibco) supplemented with B27 minus insulin (Gibco). The
medium was replaced 24 hours later (day 1) with RPMI-1640 and B27 minus insulin. On
day 3, half medium change (conditioning) was performed with RPMI-1640 and B27
minus insulin supplemented with 5 yM Wnt inhibitor IWP-4 (Tocris Bioscience). hiPSCs
were differentiated into atrial cardiomyocytes (aCM) according to our lab’s optimized
version of existing differentiation protocols.?88° To produce hiPSC-aCMs, a protocol
using retinoic acid (RA) at early stages of differentiation was implemented since it has
shown to promote mostly atrial and some nodal cell programming.® To facilitate
differentiation into aCMs, 0.75 uM RA (dose timing and concentration were optimized by
former lab members Sarabjit Sangha and Marvin Gunawan) was added days 4-6 of
differentiation with RPMI-1640 and B27 minus insulin medium changes at day 5 and 6.%°
On day 7, the medium was changed to maintenance medium RPMI-1640 supplemented
with B27 with insulin. Thereafter, the maintenance medium was changed every 3 days.
To purify hiPSC-derived aCMs from fibroblasts, a metabolic selection protocol with
RPMI-1640 containing L-glutamine and no D-glucose (Gibco) supplemented with 5 mM

sodium L-lactate (Sigma) and B27 with insulin was induced on day 10.
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Figure 2.3 Differentiation of hiPSCs into hiPSC-derived atrial cardiomyocytes.
hiPSCs were seeded at a specific cell density and allowed to reach about 80% confluency before
initiating differentiation. Differentiation was started with the activation of the Wnt pathway with the
small molecule CHIR99021 which is later deactivated with another small molecule IWP-4.
Retinoic acid was used to activate cellular pathways leading to atrial-like hiPSC-derived CMs. To
decrease the presence of cell types other than hiPSC-aCMs, chemical metabolic selection was
implemented by utilizing the ability of hiPSC-aCMs to use L-lactate as energy source. The cells
were further maintained in RPMI-1640 medium supplemented with B27 and insulin. Created with
BioRender.com.

2.4. Multielectrode Array

A Maestro Pro (Axion BioSystems) multielectrode array (MEA) instrument was
used to assess any changes in field potential duration (FPD), beat period, spike
amplitude (SA), and conduction velocity (CV) of wild-type isogenic control hiPSC-aCMs
and heterozygous rs13376333*- hiPSC-aCMs.

2.4.1. MEA Plate Coating

Fibronectin (STEMCELL Technologies) was used to coat 24-well CytoView MEA
plates (Axion BioSystems). Fibronectin that was diluted to a final concentration of 50

Mg/mL was kept on ice while coating MEA plates to prevent the matrix from solidifying.
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Sterile ddH,O was added to the outside rim of the plate which was then placed in a 37°C
and 5% CO- incubator for 1-2 hours. Following incubation time, the plate was used

immediately for hiPSC-aCMs replating.

2.4.2. Cell Replating on MEA Plates

Following metabolic selection, the hiPSC-aCMs were dissociated from 6-well
plates for replating onto 24-well CytoView MEA plates. First, the cells were incubated in
TrypLE Express Enzyme (Gibco) for 8-12 minutes and RPMI-1640 supplemented with
B27 and insulin was added to stop the reaction. The cells were manually dissociated
from the wells using a 5 mL serological pipette and transferred into a 50 mL Falcon tube.
The cells were then centrifuged for 4-5 minutes at 1200 rpm at room temperature. The
supernatant was aspirated, and the cell pellet resuspended in RPMI-1640 with B27
containing insulin and supplemented with Y-27623 and triturated by manually pipetting
up and down with a 5 mL serological pipette to achieve single-cell clumps. The cells
were seeded at 50,000 cells/mL per each well of the 24-well CytoView plate. The

medium was changed the next day and thereafter replaced every 3 days.

2.4.3. Drug Treatment Preparation and Dilution

All drugs were dissolved in DMSO, with the exception of apamin which was
dissolved in ddH,O and diluted to stock concentrations for storage in small aliquots
stored at -20°C. Stock concentrations varied based on desired working concentrations to

avoid exceeding a final concentration of 0.1% DMSO in prepared solutions.

2.4.4. MEA Recordings

Replated hiPSC-aCMs were allowed to adhere and stabilize following replating
for 7 days prior to obtaining data. Recordings were made prior to (pre-treatment) and
following application of drug treatments (post-treatment) including spontaneous and
electrically paced conditions for 60 seconds per recording. AxIS Navigator Software
(Axion BioSystems) was used to analyze hiPSC-aCMs behaviour in real time,
manipulate electrical stimulation, and to collect data for FPD and contractility
configurations. The following parameters were set and maintained for electrical

stimulation at 1 Hz, 2 Hz, and 3 Hz: stimulus duration = 400 ys; voltage = 800 mV; max
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current = 40 pA. The following treatments were tested using the MEA assay: DMSO
control (0.1%), apamin (100 nM), CyPPA (1 uM), and ivabradine (2 uM). The

concentration of DMSO did not exceed 0.1%.

2.5. Optical Mapping

Two setups of optical mapping (OM) were utilized to analyze Ca?* transients
(CaTs) and AP morphology in hiPSC-aCMs: high-speed (1000 fps) optical mapping (HS-
OM) and confocal optical mapping (MOM). Data collection was performed on hiPSC-

aCMs from at least three independent differentiation batches.

2.5.1. Coating Dishes and Coverslips

Geltrex was used as the matrix of choice for both 35 mm polymer u-dishes (Ibidi)
and custom-ordered 25 mm polymer coverslips (Ibidi) and the coating was done with
Geltrex diluted in DMEM/F12 medium as described above for monolayer adherence.

Coated dishes and coverslips were left to set for 1 hour prior to replating.

2.5.2. Cell Replating on Dishes and Coverslips

Metabolically selected hiPSC-derived aCMs were dissociated from a 6 well plate
for replating onto polymer dishes and coverslips. The cells were incubated with TrypLE
Express Enzyme for 8-12 minutes, and the dissociation reaction was stopped with
RPMI-1640 medium supplemented with B27 and insulin. The cells were manually
dissociated from the wells using a 5 mL serological pipette and transferred into a 50 mL
Falcon tube. Following centrifugation for 4-5 minutes at 1200 rpm at room temperature,
the supernatant was aspirated, and the cell pellet was resuspended in RPMI-1640 with
B27 containing insulin and supplemented with Y-27623. Cell suspension was triturated
by manually pipetting up and down with a 5mL serological pipette to achieve single-cell
clumps. The cells were seeded at 300,000 cells/mL per each dish and coverslip. The

medium was changed the next day and thereafter replaced every 3 days.
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2.5.3. Imaging Solution Preparation

Ca?" Tyrode’s solution was made in-house and stored at -20°C in 50 mL aliquots.
The following ion concentrations were used (in mM): 117 NaCl, 5.7 KCI, 4.4 NaHCOs3,
1.5 NaH2PO4-H20, 1.7 MgClz, 10 Na-HEPES (CgH1sN204S), 5 glucose, 5 creatine, 5 Na-
Pyruvic acid, 1.8 CaCl,. The media was replaced with Ca?* Tyrode’s solution prior to
imaging and allowed to equilibrate for 20 min in a 37°C and 5% CO; incubator. Ca?*
Tyrode’s solution containing MOPS was used for yOM to control for 5% CO.

concentration due to limitations of the setup.

2.5.4. High-Speed Optical Mapping

High-speed OM utilized a SciMedia rig with a frame rate of 1000 fps with a

CMOS camera. The setup included environmental chamber to control for 37°C
temperature and 5% CO. gas concentration. Isogenic control and heterozygous variant
hiPSC-aCMs replated on 35 mm polymer dishes were imaged using Calbryte 520 (AAT
Bioquest) calcium indicator and physiological probe (Ex: 493 nm, Em: 515 nm).
Parameters such as Ca?* transients (CaTs) along with activation maps and space maps
of the atrial potential conduction, and conduction velocity vectors were measured for
spontaneous beating and electrical stimulation conditions of 1 Hz, 2 Hz, and 3 Hz. Each

recording had a duration of 10 s.

2.5.5. Confocal Optical Mapping

Confocal OM, or yOM, setup was based on a Leica SP8 confocal microscope
and was used to record CaT, Ca?* sparks and voltage at a lower temporal resolution
(100 fps or 10 ms). Prior to imaging, coverslips containing replated wild-type and
heterozygous variant hiPSC-aCMs following metabolic selection were loaded with two
fluorescent probes: Calbryte 630 (Ex: 607 nm, Em: 624 nm) (AAT Bioquest), a Ca?*
probe, and FluoVolt (Invitrogen), a membrane potential (Vm) probe (Ex: 491 nm, Em:
516 nm; FITC spectrum). The parameters were recorded at spontaneous beating rate
and electrically stimulated 1 Hz, 2 Hz, and 3 Hz. Sample coverslips were contained
within a temperature-controlled environmental chamber (LCI, Seoul, Korea) maintained
at 37°C and 5% CO, was controlled with in-house made MOPS Tyrode’s solution.

Recordings were made before adding any drug treatments (pre-treatment) from multiple
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regions of interests (ROIs) in the following order: spontaneous beating; electrical

stimulation at 1 Hz, 2 Hz, and 3 Hz. Treatments were further added at specified

concentrations and allowed to equilibrate for 5-10 minutes before proceeding with

recordings. lvabradine was the first treatment added following by a media change

containing apamin. Post-treatments recordings were made accordingly at spontaneous

beating rate and electrically stimulated 1 Hz, 2 Hz, and 3 Hz.

Table 2.2 Confocal OM Leica SP8 settings.
Leica SP8 Settings
Logical size of the 256 (X-direction) x 128 | Refractive index 1.451
image (Y-direction) pixels
Pixel size 0.181 um Zoom 4
Field of view X:46.13 um; Y: 22.98 | Pinhole 102.8
pm
Scan mode xyt Pinhole airy 1AU
Scan direction and Bidirectional; 8,000 Hz | Laser WLL 70%

speed

Objective/immersion

63x/1.30 GLYC 37°C

Laser: Calbryte 630
(HyD4)

Ex=607nm/Em=615-
740nm; Gain=50.6;
Gating=0.3ns-6ns

NA

1.3

Laser: FluoVolt (HyD2)

Ex=488nm/Em=500-
567nm; Gain=50.6;
Gating=0.3ns-6ns

2.6. Statistical Analysis

Data were reported as mean + SEM unless noted otherwise. All data were

analyzed using Microsoft Excel, R, and GraphPad Prism using a two-way ANOVA test

unless specified otherwise. Normality of the data was analyzed visually and using

Shapiro Wilk test in R, and an F-Test was applied to test for equal variance assumption

for parametric tests. The yOM data for AP were averaged from 10 consecutive cycles

and normalized to convert fluorescence intensity to the scale of 0 to 1. Duration

measurement for waveform and duration analysis starts at 50% of upstroke and ends

with the indicated percentage of repolarization. Where applicable, p-value was reported

for two-way ANOVA tests. Significance levels for all statistical analysis were set at
*p<0.5, **p<0.01, ***p<0.001, ****p<0.0001.
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Chapter 3.

Results

3.1. Genome Editing Using CRISPR-Cas9 Technology

3.1.1. Fluorescence-Activated Cell Sorter (FACS) Analysis

FACS was used to select for and separate hiPSCs expressing GFP from hiPSC
colonies that did not successfully undergo Lipofectamine 3000 transfection with the
designed ssODN which includes the desired nucleotide base changes such as point
mutations, silent PAM mutations, and restriction digest site. Both negative and positive
controls were included to confirm the absence of contamination with other DNA and to
ensure plasmid insertion, expression, and adequate GFP expression in our cell line. The
hiPSC population transfected with the rs13376333*- construct contained 0.1% GFP-
positive cells (Figure 3.1) which were successfully seeded into a new 6-well plate for
further manual colony picking and DNA sequencing to confirm correct insertion of the
variant. hiPSCs transfected with the CRISPR-Cas9 construct designed to produce a
functional knock-out of the SK3 channel had a similar efficiency of 0.1% GFP-positive
events of the total population (Figure 3.2) which were seeded into a 6-well plate for

manual colony picking and DNA sequencing.
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Figure 3.1. FACS of rs13376333*- hiPSCs 72 hours post-transfection with
Lipofectamine 3000.

Fluorescence-activated cell sorting (FACS) of hiPSCs transfected with a CRISPR-Cas9 construct

containing the ssODN carrying the rs13376333 C->T variant; GFP positive events constitute

0.1% of total events.
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Figure 3.2. FACS of SK3 knock-out hiPSCs 72 hours post-transfection with
Lipofectamine 3000.

Fluorescence-activated cell sorting (FACS) of hiPSCs transfected with a CRISPR-Cas9 construct

containing ssODN carrying the premature stop codon for the SK3 knock-out; GFP positive events

constitute 0.1% of total events.

3.1.2. Sanger Sequencing of GFP-Positive Clones to Confirm the
Genotype of the Transfected hiPSC Cell Line

Following FACS, hiPSCs transfected with the rs13376333 variant and the knock-
out constructs were allowed to sufficiently grow for manual colony picking and expansion
of the individual clones. Sanger sequencing was used to identify isogenic control clones
and clones which were either homo- or heterozygous for the insertion of the respective

construct. All of the 21 hiPSC colonies picked for potential insertion of the knock-out
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construct showed wild-type genotype and NHEJ. Therefore, there was no successful
insertion of the SK3 knock-out construct. There were 19 hiPSC colonies that survived
through expansion and passaging which were picked from the 6-well plate containing
potentially positive clones for the rs13376333 variant insertion. Two of these colonies
showed successful heterozygous insertion of the intronic rs13376333 variant as well as
silent PAM mutation and Tatl restriction digest site (Figure 3.3). One of the two clones
(B11) showed better survival and growth in culture, as well as more efficient and
successful differentiation into hiPSC-aCMs as demonstrated by a uniform 2D

spontaneously beating monolayer and was picked for all further experiments.

A DNA Sequencing — TN WT Isogenic Control

ATCGGCAGGTTCTIGCTCCTTICCTCIATCTG

B DNA Sequencing — TN rs13376333*-

ATCGGCAAGTTCT|IGCTCCTTI|ICCTTIATCTG

Figure 3.3. DNA sequencing results of the intronic region between exon 1 and 2
of the KCNN3 gene.

(A) Sanger sequencing results confirming the wild-type genotype in an isogenic control clone; (B)

Sanger sequencing results from the rs13376333 variant B11 clone showing successful

heterozygous insertion of the ssODN containing the variant (C>T), silent PAM mutation (C>T),

and Tatl restriction digest site (GGTTCT > AGTTCT). Sequences visualized using SnapGene

Viewer.
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3.2. MEA

To compare and analyze the differences between beat period, FPD, and other
parameters in wild-type (WT) and rs13376333*" hiPSC-aCMs, one-minute recordings
were made using the MEA instrument including both no electrical stimulation and
electrical stimulation (1 Hz, 2 Hz, 3 Hz) conditions with and without addition of drug
treatments. In this MEA assay, FPD reflects the time (ms) from the depolarization spike
to the peak of the T-wave, whereas beat period (ms) is measured as the time between
successive depolarizations. Spike amplitude (mV) is the peak-to-peak (positive plus
negative) amplitude of the depolarization spike. Conduction velocity (CV; mm/ms) is
measured as the speed of depolarization propagation across the culture. Data from the
Axion MEA recordings were extracted using Axion Metric Plotting Tool software, and the
GraphPad Prism software was used to produce the boxplots for the beat period mean,
FPD mean, spike amplitude velocity mean, and CV mean in WT and heterozygous
variant hiPSC-aCMs.

3.2.1. Intrinsic Beating Rate is Increased in rs13376333*- hiPSC-aCMs

A high intrinsic beating rate (>60 bpm) affected the ability of hiPSC-aCMs to fully
entrain to lower frequencies of electrical field stimulation frequencies below the intrinsic
beating rate. None of the wells containing WT hiPSC-aCMs were observed to entrain to
1 Hz; 18/18 wells entrained to 2 Hz and 3 Hz electrical field stimulation. Within
rs13376333*- hiPSC-aCMs wells, none entrained to 1 Hz, 3/24 wells entrained to 2 Hz
and 20/24 wells entrained to 3 Hz electrical field stimulation. For this reason, data points
collected with electrical stimulation at 1 Hz in both wild-type and rs13376333 hiPSC-

aCMs were excluded from analysis.

The average pre-treatment beating rate of WT hiPSC-aCMs was 113 £ 1 bpm
which was significantly slower (p<0.001) than the average pre-treatment beating rate of
rs13376333*" hiPSC-aCMs of 150 + 7 bpm. Additionally, both FPD (wt: 134 + 3 ms; rs:
94 + 3 ms; p<0.001) and beat period (wt: 534 + 3 ms; rs: 416 + 15 ms; p<0.001) were
significantly reduced in the variant-carrying hiPSC-aCMs compared to the control
reflecting the observed higher beating rate of the hiPSC-aCMs with the rs13376333
variant. Prior to addition of any drug treatments, FPD was also significantly reduced in
rs13376333+/- hiPSC-aCMs compared to WT hiPSC-aCMs when electrically stimulated
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at 3 Hz (wt: 128 + 2 ms; rs: 96 + 3 ms; p<0.001). There was no significant difference
between spike amplitude of WT and rs13376333*- hiPSC-aCMs without electrical
stimulation and when paced at 2 Hz and 3 Hz. No difference was observed between CV
of WT and rs13376333+/- hiPSC-aCMs except when paced at 3 Hz (wt: 0.29 + 0.01
mm/ms; rs: 0.33 £ 0.01 mm/ms; p<0.05).

Most drug solutions were made using DMSO as a solvent, therefore the effect of
the maximum DMSO concentration (0.1%) was tested. There were no significant
differences in FPD, beat period, spike amplitude, and CV without and with electrical field
stimulation at 2 Hz, or 3 Hz in WT and rs13376333*- hiPSC-aCMs with addition of 0.1%
DMSO (Figure 3.4).

A No electrical stimulation B 1Hz C 2Hz D 3Hz

8139

P BT

Figure 3.4 Field potential traces of wild-type and rs13376333*- hiPSC-aCMs
before and after treatment with 0.1% DMSO.
Representative field potential (FP) traces obtained with the Axion MEA instrument of wild-type
(wt, top panel) and rs13376333*- (rs, bottom panel) hiPSC-aCMs before and after treatment with
0.1% DMSO. Representative traces of (A) non-electrically stimulated hiPSC-aCMs, (B) paced at
1 Hz, (C) paced at 2 Hz, and (D) paced at 3 Hz. Each beat waveform is an average of 5 beats
from the stable region. Black traces represent pre-treatment recordings, while post-treatment
recordings are showed in red. Vertical lines indicate FPD measurement.

3.2.2. Apamin Increases FPD in Wild-Type hiPSC-aCMs with No Effect
on rs13376333*- hiPSC-aCMs

Apamin (100 nM) did not produce a significant increase in FPD of WT hiPSC-
aCMs without electrical pacing (before: 129 + 6 ms; after: 152 £ 5 ms) and paced at 2 Hz
(before: 132 £ 4 ms; after: 156 + 3 ms), and 3 Hz (before: 119 = 5 ms; after: 135 £ 4 ms)

(Figure 3.8B). Furthermore, application of 100 nM apamin did not have an effect on beat
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period of WT hiPSC-aCMs without electrical stimulation (before: 524 + 0 ms; after: 538 +
0 ms) (Figure 3.10B). Spike amplitude was not significantly altered in WT hiPSC-aCMs
with addition of 100 nM apamin without pacing (before: 4.9 + 0.3 ms; after: 5.4 + 0.4 ms)
and when paced at 2 Hz and 3 Hz (Figure 3.11B). There was no effect of 100 nM
apamin on conduction velocity in WT hiPSC-aCMs without electrical stimulation, and
with pacing at 2 Hz and 3 Hz (Figure 3.13B).

Treatment with 100 nM apamin did not result in any change in FPD, beat period,
spike amplitude, and CV in rs13376333*- hiPSC-aCMs without pacing and paced at 2
Hz and 3 Hz (Figures 3.8B, 3.10B, 3.11B, 3.13B).
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Figure 3.5 Field potential traces of wild-type and rs13376333*- hiPSC-aCMs
before and after treatment with 100 nM apamin.
Representative field potential (FP) traces obtained with the Axion MEA instrument of wild-type
(wt, top panel) and rs13376333*- (rs, bottom panel) hiPSC-aCMs before and after treatment with
100 nM apamin. Representative traces of (A) not electrically stimulated hiPSC-aCMs, (B) paced
at 1 Hz, (C) paced at 2 Hz, and (D) paced at 3 Hz. Each beat waveform is an average of 5 beats
from the stable region. Black traces represent pre-treatment recordings, while post-treatment
recordings are showed in red. Vertical lines indicate FPD measurements.

3.2.3. CyPPA Decreased Conduction Velocity in Wild-Type and
rs13376333*- hiPSC-aCMs

CyPPA is an SK channel positive modulator which binds within the CaM-CaMBD
interface and increases channel activation via Ca?* regulation®. FPD of WT hiPSC-
aCMs was not significantly changed without electrical stimulation and paced at 2 Hz and
3 Hz. In rs13376333+/- hiPSC-aCMs, addition of 1 uM CyPPA did not significantly alter

FPD when the cells were not electrically stimulated and when paced at 2 Hz and 3 Hz.
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Furthermore, beat period was not significantly increased or decreased in non-stimulated
WT hiPSC-aCMs treated with 1 yM CyPPA (before: 535 + 0 ms; after: 560 + 0 ms).
There was no significant effect of 1 uM CyPPA on beat period of rs13376333*- hiPSC-
aCMs.

In WT hiPSC-aCMs, treatment with 1uM CyPPA resulted in a significant
decrease in CV when paced at 3 Hz (before: 0.29 + 0.01 mm/ms; after: 0.23 + 0.01
mm/ms; p<0.001) but not without pacing and pacing at 2 Hz. Conduction velocity was
not significantly changed before and after the addition of 1 yM CyPPA in rs13376333*"
hiPSC-aCMs without electrical and paced at 2 Hz and 3 Hz.

There were no significant changes in spike amplitude with the addition of 1 yM
CyPPA in both WT and rs13376333*" hiPSC-aCMs with either no electrical stimulation
or pacing at 2 Hz and 3 Hz (Figure 3.12A).
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Figure 3.6 Field potential traces of wild-type and rs13376333+/- hiPSC-aCMs
before and after treatment with 1 yM CyPPA.
Representative field potential (FP) traces obtained with the Axion MEA instrument of wild-type
(wt, top panel) and rs13376333*- (rs, bottom panel) hiPSC-aCMs before and after treatment with
1 uM CyPPA. Representative traces of (A) not electrically stimulated hiPSC-aCMs, (B) paced at 1
Hz, (C) paced at 2 Hz, and (D) paced at 3 Hz. Each beat waveform is an average of 5 beats from
the stable region. Black traces represent pre-treatment recordings, while post-treatment
recordings are showed in red. Vertical lines indicate FPD measurements.

3.2.4. Ivabradine Increases FPD and Beat Period and Decreases Spike
Amplitude and Conduction Velocity

The effect of 2 uM ivabradine, an HCN blocker, on FPD, beat period, spike
amplitude, and CV of hiPSC-aCMs was tested using MEA. HCN4 is the principal cardiac
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paralog of the HCN17-4 ion channels and contributes to generating the pacemaker I
current in the SAN. Although HCN4 is expressed primarily in the SAN, it is also
expressed in hiPSC-CMs.®! Ivabradine inhibits all HCN1-4 isoforms with similar ICso
values and decreases heart rate by increasing the diastolic interval without affecting AP
duration.®?-** In mice, ivabradine was documented to have an effect on variability of the
heart rate in addition to increased diastolic intervals and therefore reduced heart rate.%
Ivabradine was used in this study in an attempt to decrease the observed high intrinsic
beating rate (>60 bpm) in our hiPSC-aCMs without affecting APD.

Ivabradine significantly prolonged FPD in WT hiPSC-aCMs without electrical
stimulation (before: 137 + 4 ms; after: 183 £ 6 ms; p<0.01) and when paced at 2 Hz
(before: 146 £ 1 ms; after: 188 £ 5 ms; p<0.01) but not at 3 Hz (before: 137 £ 0 ms; after:
169 + 6 ms) (Figure 3.9A). In rs13376333* hiPSC-aCMs, ivabradine increased FPD
when the cells were not electrically paced (before: 96 £ 6 ms; after: 131 £ 9 ms; p<0.01),
and when paced at 2 Hz (before: 99 + 7 ms; after: 135 + 11 ms; p<0.01) and 3 Hz
(before: 94 + 4 ms; after: 121 £ 5 ms; p<0.05) (Figure 3.9A). lvabradine was the only
drug treatment that affected beat period in both WT and variant-carrying hiPSC-aCMs. In
WT hiPSC-aCMs, the addition of 2 uM ivabradine resulted in prolonged beat period
under conditions of no electrical stimulation (before: 539 £ 0 ms; after: 918 + 0 ms;
p<0.0001). Beat period was also increased in rs13376333*- hiPSC-aCMs after the
addition of 2 uM ivabradine when the cells were not electrically stimulated (before: 443 +
0 ms; after: 731 £ 0 ms; p<0.0001).

41



A No elecirical stimulation B 1Hz c

Figure 3.7 Field potential traces of wild-type and rs13376333*- hiPSC-aCMs
before and after treatment with 2 yM ivabradine.
Representative field potential (FP) traces obtained with the Axion MEA instrument of wild-type
(wt, top panel) and rs13376333*- (rs, bottom panel) hiPSC-aCMs before and after treatment with
2 uM ivabradine. Representative traces of (A) not electrically stimulated hiPSC-aCMs, (B) paced
at 1 Hz, (C) paced at 2 Hz, and (D) paced at 3 Hz. Each beat waveform is an average of 5 beats
from the stable region. Black traces represent pre-treatment recordings, while post-treatment
recordings are showed in red. Vertical lines indicate FPD measurements.

Spike amplitude was decreased in WT hiPSC-aCMs electrically stimulated at 3
Hz (before: 5.3 £ 0.2 mV; after: 4.5 £ 0.1 mV; p<0.001) but not without stimulation and
pacing at 2 Hz after treatment with 2 uM ivabradine (Figure 3.12A). Ivabradine did not
result in altering spike amplitude of rs*- hiPSC-aCMs without pacing and when paced at
2 Hz and 3 Hz (Figure 3.12A).

Furthermore, CV of WT hiPSC-aCMs was not significantly changed under
conditions of no electrical stimulation and when the cells were electrically stimulated at 2
Hz and 3 Hz after the addition of 2 uM ivabradine (Figure 3.14A). In rs13376333*"
hiPSC-aCMs, CV was not changed with addition of 2 uM ivabradine without pacing and
when paced at 2 Hz and 3 Hz (Figure 3.14A).
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Figure 3.8 Field potential duration in wild-type and rs13376333*- hiPSC-aCMs
treated with control DMSO solution and apamin.
Mean field potential duration (FPD) (ms) comparison between wild-type (wt, blue) and
rs13376333*"- (rs, orange) hiPSC-aCMs. Each plot shows data from wt and rs hiPSC-aCMs
treated with (A) DMSO 0.1% and (B) 100 nM apamin. Electrical stimulation conditions are
indicated in each graph in Hz (0, 2, 3). Error bars reflect standard error of means (SEMs).
Samples from at least 3 different differentiation batches of wild-type and rs13376333*- hiPSC-
aCMs were used. Significance level for the two-way ANOVA was determined as following:
*p<0.5, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.9 Field potential duration in wild-type and rs13376333*- hiPSC-aCMs
treated with ivabradine and CyPPA.

Mean field potential duration (FPD) (ms) comparison between wild-type (wt, blue) and

rs13376333*- (rs, orange) hiPSC-aCMs. Each plot shows data from wt and rs hiPSC-aCMs

treated with (A) 2 uM ivabradine and (B) 1 uM CyPPA. Electrical stimulation conditions are

indicated in each graph in Hz (0, 2, 3). Error bars reflect standard error of means (SEMs).

Samples from at least 3 different differentiation batches of wild-type and rs13376333*- hiPSC-

aCMs were used. Significance level for the two-way ANOVA was determined as following:

*p<0.5, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.10 Beat period in wild-type and rs13376333*- hiPSC-aCMs without
electrical stimulation.
Mean beat period (s) comparison between non-paced wild-type (wt, blue) and rs13376333*" (rs,
orange) hiPSC-aCMs before and after administering drug treatments. Each plot shows data from
wt and rs hiPSC-aCMs treated with (A) DMSO 0.1% (control), (B) 100 nM apamin, (C) 2 uM
ivabradine, and (D) 1 uM CyPPA. Error bars reflect standard error of means (SEMs). Samples
from at least 3 different differentiation batches of wild-type and rs13376333*- hiPSC-aCMs were
used. Significance level for the two-way ANOVA was determined as following: *p<0.5, **p<0.01,
***p<0.001, ****p<0.0001.
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Figure 3.11 Spike amplitude in wild-type and rs13376333*- hiPSC-aCMs treated
with control DMSO solution and apamin.
Mean spike amplitude (mV) comparison between wild-type (wt, blue) and rs13376333*" (rs,
orange) hiPSC-aCMs. Each plot shows data from hiPSC-aCMs treated with (A) DMSO 0.1% and
(B) 100 nM apamin. Electrical stimulation conditions are indicated in each graph in Hz (0, 2, 3).
Error bars reflect standard error of means (SEMs). Samples from at least 3 different
differentiation batches of wild-type and rs13376333*- hiPSC-aCMs were used. Significance level
for the two-way ANOVA was determined as following: *p<0.5, **p<0.01, ***p<0.001,
****n<0.0001.

46



wt
8_
rs
Fokokk sk seokk seokokok
| | 1 ]
g := ° ° ®
- LN ]
= ™ HICHEY [ %%‘
3 o 4 SI;‘ .
ﬁ ® | & .
34
£
£
<
22
(=1
w
. 0' L | T
Ivabradine (uM) 0 2 0 2 0o 2 0 2 0 2 0 2
Hz g » © 6 2 2 Z 2 4 3 3 3
B
e wt
3_
“ors
t. " '. [ ] .o
; ® Y LY e o
.§.6-3' = ] .‘ ®
c
g ele
s
o [
3
E‘
<
[= %
7]
0 o|® o||e o||e®
CyPPA@M) o0 1 o0 1 0 1 0 1 0 1 0 1
Hz o 0 0 0 2 2 2 2 3 3 3 3

Figure 3.12 Spike amplitude in wild-type and rs13376333*- hiPSC-aCMs treated
with ivabradine and CyPPA.
Mean spike amplitude (mV) comparison between wild-type (wt, blue) and rs13376333*" (rs,
orange) hiPSC-aCMs. Each plot shows data from hiPSC-aCMs treated with (A) 2 uM ivabradine
and (B) 1 uM CyPPA. Electrical stimulation conditions are indicated in each graph in Hz (0, 2, 3).
Error bars reflect standard error of means (SEMs). Samples from at least 3 different
differentiation batches of wild-type and rs13376333*- hiPSC-aCMs were used. Significance level
for the two-way ANOVA was determined as following: *p<0.5, **p<0.01, ***p<0.001,
****0<0.0001.
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Figure 3.13 Conduction velocity in wild-type and rs13376333*- hiPSC-aCMs
treated with control DMSO solution and apamin.
Conduction velocity mean (mm/ms) comparison between wild-type (wt, blue) and rs13376333*"
(rs, orange) hiPSC-aCMs. Each plot shows data from hiPSC-aCMs treated with (A) DMSO 0.1%
and (B)100 nM apamin. Electrical stimulation conditions are indicated in each graph in Hz (0, 2,
3). Error bars reflect standard error of means (SEMs). Samples from at least 3 different
differentiation batches of wild-type and rs13376333*- hiPSC-aCMs were used. Significance level
for the two-way ANOVA was determined as following: *p<0.5, **p<0.01, ***p<0.001,
****p<0.0001.
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Figure 3.14 Conduction velocity in wild-type and rs13376333*- hiPSC-aCM
treated with ivabradine and CyPPA.
Conduction velocity mean (mm/ms) comparison between wild-type (wt, blue) and rs13376333*"
(rs, orange) hiPSC-aCMs. Each plot shows data from hiPSC-aCMs treated with (A) 2 uM
ivabradine and (B)1 uM CyPPA. Electrical stimulation conditions are indicated in each graph in
Hz (0, 2, 3). Error bars reflect standard error of means (SEMs). Samples from at least 3 different
differentiation batches of wild-type and rs13376333*- hiPSC-aCMs were used. Significance level
for the two-way ANOVA was determined as following: *p<0.5, **p<0.01, ***p<0.001,
****n<0.0001.
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3.3. Confocal Optical Mapping

The functional properties of isogenic WT control and rs13376333*" hiPSC-aCMs
were assessed using yOM using FluoVolt fluorescent dye for measurement of

membrane voltage (Vm) as described in the Methods section 2.5.5.

A 1 ~

—wt hiPSC-aCMs, 1Hz

rs hiPSC-aCMs, 1Hz

Normalized Fluorescence

Time (ms)

B R C

—wt hiPSC-aCMs, 2Hz

rs hiPSC-aCMs, 2Hz

Normalized Fluorescence
Normalized Fluorescence

200 300 4 N 20 3
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Figure 3.15 Wild-type and rs13376333*- hiPSC-aCMs APD morphology in
response to electrical field stimulation.

Representative traces of (A) APD morphology in wild-type (wt, blue) and rs13376333*- (rs,

orange) hiPSC-aCMs when paced at 1 Hz, (B) APD morphology in wt and rs hiPSC-aCMs when

paced at 2 Hz, and (C) APD morphology in wt and rs hiPSC-aCMs when paced at 3 Hz. AP

traces were recorded on pOM with FluoVolt.
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Figure 3.16 Comparison of APD2y, APDsy, and APDg in wild-type and
rs13376333*- hiPSC-aCMs in response to electrical field stimulation
in JOM.

Violin plots of (A) APD2o, (B) APDso, and (C) APDso in wild-type (wt, blue) and rs13376333*- (rs,

orange) hiPSC-aCMs in response to 1 Hz, 2 Hz, and 3 Hz electrical stimulation. Samples from at

least 3 different differentiation batches of wild-type and rs13376333*- hiPSC-aCMs were used.

Significance level for two-sample t-test was determined as following: NS. = not significant, *p<0.5,

**p<0.01, ***p<0.001. n=11, n=20, n=15 for wt hiPSC-aCMs stimulated at 1 Hz, 2 Hz, and 3 Hz,

respectively; n=17, n=19, n=7 for rs hiPSC-aCMs stimulated at 1 Hz, 2 Hz, and 3 Hz,

respectively.

3.3.1.rs13376333*- hiPSC-aCMs Have Prolonged APD

AP durations at 20%, 50%, and 80% of repolarization (APD2y, APDso, and APDsgo,
respectively) were recorded and analyzed in WT and rs13376333*- hiPSC-aCMs to
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determine if the variant increases AP duration (Figure 3.8). AP duration was analyzed at
three different points: early repolarization (APD2g), mid-repolarization (APDs), and late
repolarization (APDgo). AP duration at early repolarization (APD2o) was significantly
prolonged in the rs13376333*" hiPSC-aCMs compared to the WT hiPSC-aCMs,
respectively, at conditions with no electrical stimulation (200 £ 26 ms vs.124 + 12 ms;
p<0.05), and stimulation at 1 Hz (198 + 26 ms vs. 122 + 19 ms; p<0.05), 2 Hz (134 £ 15
ms vs. 92 + 8 ms; p<0.05), and 3 Hz (117 £ 10 ms vs. 74 £ 6 ms; p<0.01). Furthermore,
rs13376333*" hiPSC-aCMs showed prolonged APDs, when the cells were not electrically
stimulated (rs: 282 + 28 ms; wt: 202 + 16 ms; p<0.05), at 2 Hz (rs: 221 + 21 ms; wt: 155
1+ 11 ms; p<0.01), and 3 Hz (rs:183 =+ 10 ms; wt:120 £ 6 ms; p<0.001). At 1 Hz, there
was no difference in AP duration at 50% of repolarization in the variant-carrying (287 +
33 ms) and wild-type cells (220 + 23 ms). Interestingly, APDsgo of rs13376333*" hiPSC-
aCMs was not significantly different from APDgg of the isogenic control with no electrical
stimulation (336 + 32 ms vs. 277 £ 17 ms), 1 Hz (357 + 37 ms vs. 336 + 16 ms), and 2
Hz (269 + 21 ms vs. 230 + 12 ms). However, APDgo was significantly prolonged in the
variant-carrying cells (226 £ 7 ms vs. 184 £ 9 ms; p<0.01) when paced at 3 Hz.
Compared to the wild-type hiPSC-aCMs AP morphology, APs recorded from the rs*"
hiPSC-aCMs appear to have a prolonged plateau phase reflected in significantly
prolonged APDy with electrical stimulation at 1 Hz, 2 Hz, and 3 Hz (Figure 3.12).
Furthermore, rs13376333+/- hiPSC-aCMs had a significantly lower beating rate
compared to WT hiPSC-aCMs prior to addition of drug treatments (wt: 68 £ 6 bpm; rs: 49
* 4 bpm; p<0.01).
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Figure 3.17 APD2y, APDso, and APDg in wild-type and rs13376333*- hiPSC-aCMs.
Action potential duration at 20%, 50%, and 80% repolarization (APD20, APDso, and APDso,
respectively) in wild-type (wt, blue) and rs13376333*- (rs, orange) hiPSC-aCMs measured using
MOM. (A) represents data collected without electrical stimulation, (B) through (D) show data
collected with 1-3 Hz electrical stimulation. Each black circle represents an averaged value of an
APD from a 10 sec recording from one region of interest. Colored circles and bars represent
mean and standard error of mean (SEM), respectively. Samples from at least 3 different
differentiation batches of wild-type and rs13376333*- hiPSC-aCMs were used. Significance level
for two-sample t-test was determined as following: NS. = not significant, *p<0.5, **p<0.01,
***p<0.001. n=25, n=11, n=20, n=15 for wt hiPSC-aCMs without pacing and stimulated at 1 Hz, 2
Hz, and 3 Hz, respectively; n=20, n=17, n=19, n=7 for rs hiPSC-aCMs without pacing and
stimulated at 1 Hz, 2 Hz, and 3 Hz, respectively.



3.3.2. Apamin Increases APDgo in Wild-Type hiPSC-aCMs with No
Effect on rs13376333*- hiPSC-aCMs

Apamin is a known pore blocker of SK channels with SK2 and SK3 channels
having a slightly higher sensitivity to the drug compared to SK1 channels.®® The effect of
apamin on APD in both wild-type and rs13376333*- hiPSC-aCMs was investigated by
comparing APD2o, APDso, and APDsgy before and after addition of 100 nM apamin (Figure
3.16 and 3.17). Treatment with 100 nM apamin significantly increased APDsgo in WT
hiPSC-aCMs when not electrically stimulated (before: 388 + 27 ms; after: 494 + 31 ms;
p<0.01), and with electrical stimulation at 1 Hz (before: 373 + 20 ms; after: 428 + 20 ms;
p<0.01) and 2 Hz (before: 273 + 7 ms; after: 303 + 11 ms; p<0.01). Apamin did not affect
APD2, and APDsg in WT hiPSC-aCMs except when the cells were not electrically
stimulated where addition of 100 nM apamin significantly increased APDs (before: 243 +
20 ms; after: 291 £ 20 ms; p<0.05). There was no significant effect of 100 nM apamin on
APDg in the rs13376333* hiPSC-aCMs with no electrical stimulation (before: 391 + 38
ms; after: 412 + 40 ms), and with electrical stimulation at 1 Hz (before: 396 + 29 ms;
after: 401 £ 37 ms) and at 2 Hz (before: 282 + 18 ms; after: 292 + 17 ms). Repolarization
at 20% and 50% was not affected with addition of 100 nM apamin in the rs13376333*"
hiPSC-aCMs. AP morphology of both wild-type and rs*- hiPSC-aCMs reflects
prolongation of late repolarization (APDgo) but not early and mid-repolarization (APD2g

and APDso, respectively) at 1 Hz and 2 Hz of electrical stimulation (Figure 3.15).
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Figure 3.18 AP traces of wild-type and rs13376333*- hiPSC-aCMs comparing the
effect of 100 nM apamin.
Representative AP traces of (A) wild-type (wt) hiPSC-aCMs paced at 1 Hz with (light blue) and
without (dark blue) 100 nM apamin, (B) wt hiPSC-aCMs paced at 2 Hz with (light blue) and
without (dark blue) 100 nM apamin, (C) rs13376333*- (rs) hiPSC-aCMs paced at 1 Hz with (light
orange) and without (dark orange) 100 nM apamin, and (D) rs hiPSC-aCMs paced at 2 Hz with
(light orange) and without (dark orange) 100 nM apamin. AP traces were recorded on pOM with
FluoVolt.
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Figure 3.19 APD2, APDsy, and APDg in wild-type hiPSC-aCMs before and after
100 nM apamin treatment.
Action potential duration at 20%, 50%, and 80% repolarization (APD20, APDso, and APDso,
respectively) in wild-type (wt) hiPSC-aCMs before (dark blue) and after (light blue) treatment with
100 nm apamin (apa) measured using JOM. (A) represents data collected without electrical
stimulation, (B) and (C) show data collected with 1 Hz and 2 Hz electrical stimulation. Each black
circle represents an averaged value of an APD from a 10 sec recording from one region of
interest. Colored circles and bars represent mean and standard error of mean (SEM),
respectively. Samples from at least 3 different differentiation batches of wild-type hiPSC-aCMs
were used. Significance level for two-sample t-test was determined as following: NS. = not
significant, *p<0.5, **p<0.01, ***p<0.001. n=24, n=23, n=20 for wt hiPSC-aCMs without pacing
and stimulated at 1 Hz and 2 Hz, respectively.
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Figure 3.20 APD2, APDso, and APDg in rs13376333*- hiPSC-aCMs before and
after 100 nM apamin treatment.
Action potential duration at 20%, 50%, and 80% repolarization (APD20, APDso, and APDso,
respectively) in rs13376333*" (rs) hiPSC-aCMs before (dark orange) and after (light orange)
treatment with 100 nm apamin (apa) measured using yOM. (A) represents data collected without
electrical stimulation, (B) and (C) show data collected with 1 Hz and 2 Hz electrical stimulation.
Each black circle represents an averaged value of an APD from a 10 sec recording from one
region of interest. Colored circles and bars represent mean and standard error of mean (SEM),
respectively. Samples from at least 3 different differentiation batches of wild-type hiPSC-aCMs
were used. Significance level for two-sample t-test was determined as following: NS. = not
significant, *p<0.5, **p<0.01, ***p<0.001. n=16, n=15, n=15 for rs hiPSC-aCMs without pacing
and stimulated at 1 Hz and 2 Hz, respectively.
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3.3.3. Ivabradine Increases APDgo in Wild-Type hiPSC-aCMs

An intrinsic beating rate higher than 60 bpm limits the ability of hiPSC-aCMs to
entrain to electrical field stimulation of 1 Hz, 2 Hz, and 3 Hz. AP duration (APD2o, APDso,
APDgo) was analyzed before and after treatment with 4 uM ivabradine in wild-type and
rs13376333*" hiPSC-aCMs (Figure 3.19 and 3.20). lvabradine prolonged APDg in wild-
type hiPSC-aCMs at conditions with no electrical stimulation (before: 277 + 17 ms; after:
388 1+ 27 ms; p<0.001), and at 1 Hz (before: 336 + 16 ms; after: 373 + 20 ms; p<0.001)
and 2 Hz (before: 230 + 12 ms; after: 273 = 7 ms; p<0.001) of electrical stimulation.
Addition of ivabradine did not significantly affect APD2o, APDso, and APDsgp in
rs13376333*" hiPSC-aCMs except increasing APDgo when paced at 2 Hz (before: 269 +
21 ms; after: 282 + 18 ms; p<0.05). AP morphology obtained with yOM show
prolongation of APDgo without changes in APD2y and APDsg in both wild-type and
variant-carrying hiPSC-aCMs (Figure 3.18), although only changes in APDg, of the wild-

type samples showed to be significantly different with addition of 4 uM ivabradine.
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Figure 3.21 AP traces of wild-type and rs13376333*- hiPSC-aCMs comparing the
effect of 4 yM ivabradine.
Representative AP traces of (A) wild-type (wt) hiPSC-aCMs paced at 1 Hz with (light blue) and
without (dark blue) 4 uM ivabradine, (B) wt hiPSC-aCMs paced at 2 Hz with (light blue) and
without (dark blue) 4 uM ivabradine, (C) rs13376333*" (rs) hiPSC-aCMs paced at 1 Hz with (light
orange) and without (dark orange) 4 uM ivabradine, and (D) rs hiPSC-aCMs paced at 2 Hz with
(light orange) and without (dark orange) 4 uM ivabradine. AP traces were recorded on pgOM with
FluoVolt.
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Figure 3.22 APD3o, APDso, and APDg in wild-type hiPSC-aCMs before and after 4
MM ivabradine treatment.
Action potential duration at 20%, 50%, and 80% repolarization (APD2o0, APDso, and APDso,
respectively) in wild-type (wt) hiPSC-aCMs before (dark blue) and after (light blue) treatment with
4 uM ivabradine (iva) measured using yJOM. (A) represents data collected without electrical
stimulation, (B) and (C) show data collected with 1 Hz and 2 Hz electrical stimulation. Each black
circle represents the mean APD value from a 10 sec recording from one region of interest.
Colored circles and bars represent mean and standard error of mean (SEM), respectively.
Samples from at least 3 different differentiation batches of wild-type hiPSC-aCMs were used.
Significance level for two-sample t-test was determined as following: NS. = not significant, *p<0.5,
**p<0.01, ***p<0.001. n=24, n=23, n=20 for wt hiPSC-aCMs without pacing and stimulated at 1
Hz and 2 Hz, respectively.
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Figure 3.23 APD2, APDso, and APDg in rs13376333*- hiPSC-aCMs before and
after 4 uM ivabradine treatment.
Action potential duration at 20%, 50%, and 80% repolarization (APD20, APDso, and APDso,
respectively) in rs13376333*" (rs) hiPSC-aCMs before (dark orange) and after (light orange)
treatment with 4 uM ivabradine (iva) measured using yOM. (A) represents data collected without
electrical stimulation, (B) and (C) show data collected with 1 Hz and 2 Hz electrical stimulation.
Each black circle represents an averaged value of an APD from a 10 sec recording from one
region of interest. Colored circles and bars represent mean and standard error of mean (SEM),
respectively. Samples from at least 3 different differentiation batches of wild-type hiPSC-aCMs
were used. Significance level for two-sample t-test was determined as following: NS. = not
significant, *p<0.5, **p<0.01, ***p<0.001. n=15, n=15, n=13 for rs hiPSC-aCMs without pacing
and stimulated at 1 Hz and 2 Hz, respectively.
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Chapter 4.
Discussion

This study aimed to provide insight into the effect of the GWAS-identified intronic
rs13376333 variant in hiPSC-aCMs and possible underlying mechanisms in its
contribution to the development of early-onset AF. Studies based on investigating AF
linked to genetic variations can improve our knowledge of the pathophysiological

mechanisms underlying AF and lead to improved treatment of the disease.

4.1. hiPSC Gene Editing Using CRISPR-Cas9

One of the initial aims of my project was to establish a genome-edited hiPSC line
with the intronic rs13376333 variant, an SK3 knock-out hiPSC line, and isogenic control
hiPSC lines using CRISPR-Cas9. In 2020, the Noble Prize in Chemistry was awarded to
Emmanuelle Charpentier and Jennifer Doudna for the development of the CRISPR-Cas9
gene editing technology for precise gene editing. There are many applications of this
gene editing technology where precise nucleotide changes are needed such as
precision therapeutics and personalized medicine to treat and cure a variety of diseases.
My results show a successful generation of the heterozygous rs13376333*- hiPSC line
and its respectful isogenic control hiPSC line which were used for MEA and yOM
experiments. This confirms that the gene editing protocol and construct for the
rs13376333 variant insertion were optimized and may be repeated in other hiPSC lines.
Although the insertion of the intronic variant was successful, generation of the SK3
knock-out proved to be challenging. None of the SK3 knock-out transfected hiPSC
clones showed homozygous insertion in the Sanger sequencing results. This reflects the
need to optimize the gene editing construct and to increase the number of colonies
picked for expansion and Sanger sequencing due to the low efficiency of HDR-based
repairs in CRISPR-Cas9 gene editing. In case CRISPR-Cas9 technology proves to be
suboptimal for an SK3 knock-out generation in this case, other gene editing techniques
such as base and prime editing developed by the David Liu lab can be considered when

attempting to insert a point mutation or a premature stop codon®:%".
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4.2. MEA - A High-Throughput Assay for Studying Inherited
Heart Arrhythmias

The MEA instrument has multiple advantages including its high-throughput
ability, field electrical stimulation allowing for continuous pacing of the hiPSC-aCMs, and
ability to screen for drug treatment effects with a higher number of replicates at a given
time. In my study, the MEA was used to fine-tune and optimize protocols for uOM
including adjusting drug treatment concentrations and assessing the ability of hiPSC-
aCMs to entrain to electrical stimulation from 1 Hz to 3 Hz. Another advantage of the
MEA system is its ability to record and export a variety of endpoints. Four endpoints
were chosen to be analyzed in the MEA experiments: field potential duration, beat

period, spike amplitude, and conduction velocity.

Prior to the addition of drug treatments, the rs13376333*- hiPSC-aCMs had a
significantly higher spontaneous beating rate when compared to wild-type hiPSC-aCMs.
In the MEA experiments, the FPD and beat period of the rs13376333*- hiPSC-aCMs
were significantly reduced reflecting the observed increased spontaneous beating rate.
To account for differences in maturation and therefore spontaneous beating rate
between the two groups, the cells were of the same age post-differentiation upon
replating onto MEA plates. Although the spontaneous beating rate of the rs13376333*"
hiPSC-aCMs was considerably higher than that of the wild-type hiPSC-aCMs, both cell
lines demonstrated a high beating rate compared to hiPSC-derived ventricular
cardiomyocytes and the heart rate of a healthy adult (>100 bpm vs. 60-100 bpm). The
beating rate of our hiPSC-aCMs resembled that of the fetal heart rate which falls
between 110 and 160 bpm reflecting the lack of maturation of the cells. Based on the
MEA measurements of conduction velocity, there was no significant difference between
CV of the rs13376333 hiPSC-aCMs and the control hiPSC-aCMs. Interestingly, both
measured at around or higher than 0.3 m/s demonstrating a feature of adult

cardiomyocytes.®®

Recently, SK channel inhibitors began to emerge as a potential novel
pharmacological therapy for AF. Compared to the established antiarrhythmic therapies
that can be classified as blockers of Na* channels, B-adrenergic receptors, K* channels,
and Ca?* channels, apamin inhibitors have the potential to selectively target SK channels

which are predominantly expressed in the atria.””® This can aid in reducing the harmful
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side effects of the traditional treatments such as life-threatening ventricular arrhythmias.
AP30663 is the first proposed SK channel inhibitor in development for conversion of AF
into normal sinus rhythm.®® Several studies using animal models report the
antiarrhythmic effects of SK channel inhibitors with a dose-dependent prolongation of
atrial ERP.80.81.100-103 |n my study, apamin was used to investigate the effect of blocking
SK channels on the electrophysiological properties of the hiPSC-aCMs. Apamin did not
result in a significant prolongation of FPD in wild-type and rs13376333*" hiPSC-aCMs.
The lack of an observed increase in the FPD of the wild-type cells in response to apamin
was not expected since it is known to be an SK channel pore blocker. Additionally, |
expected the rs13376333* hiPSC-aCMs to not have a significant response to 100 nM
apamin which supports the hypothesis that the variant acts through a loss-of-function
mechanism and increases AP duration. It is important to note that FPD reflects the time
from the depolarization spike to the peak of the T-wave, which represents repolarization.
Therefore, it is challenging to distinguish which phase of the action potential is prolonged
in response to apamin using the MEA instrument. Interestingly, there was no significant
differences in the FPD of wild-type and rs13376333*- hiPSC-aCMs with the latter having
higher variability within the FPD measurements. In rs13376333*- hiPSC-aCMs, no effect
of apamin was observed on all measured parameters: FPD, beat period, spike

amplitude, and conduction velocity supporting the loss-of-function hypothesis.

Treatment with 1 yM CyPPA, a positive modulator of SK channels selective for
SK2 and SK3, resulted in rather unexpected results in MEA experiments with wild-type
and heterozygous variant hiPSC-aCMs. While addition of CyPPA did not result in any
changes in spike amplitude in both WT and rs13376333*- hiPSC-aCMs, conduction
velocity of WT hiPSC-aCMs was significantly reduced with pacing at 2 Hz and 3 Hz.
Since CyPPA is a positive modulator of SK2 and SK3 channels, these results were not
expected. As there is a lack of studies investigating the effect of positive modulators of
SK channels, more thorough experiments should be done on SK channel inhibitors and
positive modulators to determine how these drug treatments affect the electrophysiology
of the hiPSC-derived CMs.

Lastly, the effect of ivabradine on the above parameters was tested. Ilvabradine is
a proposed pharmacological treatment for AF which acts by suppressing pacemaker
current, I, during the diastole to lower the heart rate and maintain normal sinus

rhythm.'® However, recent meta-analyses of clinical studies have shown that ivabradine
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is associated with an increased incidence of AF, highlighting the need for more studies
on its effect on cardiac electrophysiology.'® In our MEA assay, addition of 2 yM
ivabradine resulted in increased FPD and beat period in both wild-type and
rs13376333*- hiPSC-aCMs. The increase in beat period, and therefore a reduction in
beating rate, is expected and is in agreement with other studies demonstrating the effect
of ivabradine on heart rate. Preliminary pharmacological tests of the ivabradine effect on
these parameters was important to consider before moving on to yOM experiments

since changes in the above parameters can have a proarrhythmic effect.

4.3. Confocal Optical Mapping for Studying Action Potential
Morphology and Duration

In yOM, AP durations at 20%, 50%, and 80% of repolarization (APD2o, APDso,
and APDgog, respectively) were recorded and analyzed on the hiPSC-aCMs to determine
if the rs13376333 variant increases AP duration and therefore acts through a loss-of-
function mechanism. A loss-of-function variant affecting an ion channel responsible for
repolarizing outward K* current would delay repolarization and promote Ca?* mediated

afterdepolarization triggering AF.

Pre-treatment analysis of APD2o, APDso, and APDg, showed prolonged plateau
phase (APDa) in rs13376333*- hiPSC-aCMs when compared to their isogenic control.
Mid-repolarization phase (APDsg) of the AP was also prolonged except when the variant-
carrying hiPSC-aCMs were electrically stimulated at 1 Hz. However, APDgo was only
prolonged in the rs13376333*" hiPSC-aCMs with 3 Hz electrical stimulation. Based on
the studies demonstrating SK channels being primarily active during the late
repolarization (APDso) phase of the AP77-7982 | expected this parameter to be increased
in the rs13376333*- hiPSC-aCMs. However, SK channel current increases when
calcium is elevated since they are voltage-independent and calcium-activated ion
channels. Therefore, given that SK channels primarily contribute to the early
repolarization phase (APD2o) instead of the late repolarization phase (APDgo), and that
the variant acts through a loss-of-function mechanism, the observed increase in APD2g
can be expected. Generally, the heterozygous variant hiPSC-aCMs showed a higher
variability reflected in increased SEM compared to the wild-type hiPSC-aCMs. A study
looking at determining the role of SK channels in atrial arrhythmias using a canine model

showed that SK channel blockade promotes arrhythmia which could be attributed to
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increased APD heterogeneity. %197 Our results are supportive of this phenomenon,
where APD heterogeneity might lead to increased susceptibility to arrhythmia
demonstrated by the presence of EADs in rs13376333*- hiPSC-aCM action potential

traces compared to the control.

The other goal of this study was to investigate the effect of apamin on the
electrophysiology of the rs13376333*" and wild-type hiPSC-aCMs. All three SK channels
(SK1-SK3) are sensitive to apamin with SK2 being the most sensitive (ICso ~ 40 pM)
followed by SK3 (ICso ~ 1 nM) and SK1 (ICso ~ 10 nM) channel which has the least
sensitivity.'81%° Therefore, treatment with apamin at 100 nM concentration was
expected to significantly block all SK channels. Apamin significantly increased late
repolarization (APDgo) in wild-type hiPSC-aCMs without a significant effect on APD2o,
APDso, and APDgg of the rs13376333*- hiPSC-aCMs, which is consistent with the MEA
results. This is supportive of the hypothesis that the rs13376333 variant acts through a
loss-of-function mechanism and affects the function and expression or trafficking of SK3
channels. This might suggest that the heterozygous variant hiPSC-derived aCMs have a
lower amount of functional SK channels or SK channels with decreased function
compared to the wild-type hiPSC-aCMs. The importance of these results lies in the
application of an SK channel inhibitor for the treatment of AF in patients with the
rs13376333 variant. In these cases, it might not be as effective as it would be in patients
without the variant and preliminary genetic screening might be needed. Notably, the
rs13376333 variant appears to primarily affect the plateau phase as reflected in the
prolongation of the AP duration at 20% repolarization. This contradicts the results of the
effect of apamin on AP duration at different points of repolarization, where apamin
prolonged APDsgo and not APDy in the control but not the rs13376333*- hiPSC-aCMs.
SK channels activate in a voltage-independent manner and are responsive to changes in
cytosolic Ca?*. Therefore, the effect of 100 nM apamin was expected to be the greatest
in the control hiPSC-aCMs at higher electrical stimulation frequencies (i.e., 2 Hz) due to

greater SK channel activation in response to an increase in Ca?*.

One of the possible mechanisms of the variant affecting SK channels could be its
effect on the transcription or translation of the KCNN3 gene. Splice-altering intronic point
mutations can be divided into different subtypes based on their effect on splicing: (1)
point mutations creating a consensus splice donor or acceptor site, (2) point mutations

creating an exonic splice enhancer, and (3) point mutations creating an acceptor site
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resulting in the inclusion of a cryptic 3’ terminal exon.''® Some deep intronic variants are
known to cause loss-of-function and result in disease phenotypes. For instance, a
biallelic intronic variant c.5457+81T>A in the gene TRIP11 which encodes for the Golgi
microtubule-associated protein 210 causes the lethal chondrodysplasia
achondrogenesis type 1A characterized by short trunk, narrow chest, and craniofacial
malformations.'"" This variant was found to affect transcript splicing, reduce TRIP11
mMRNA and protein levels, and result in highly compacted Golgi apparatus in affected
fibroblasts.'" Another de novo intronic variant in the ARCN7 gene which encodes the
coatomer subunit delta protein, a component of the COPI coatomer complex involved in
retrograde vesical trafficking from the Golgi complex to the endoplasmic reticulum,
causes rhizomelic short stature with developmental delay."'? This de novo variant was
identified through whole-genome sequencing and resulted in a splicing defect of the
ARCN1 mRNA in the proband. Therefore, more in-depth studies on the effect of the

variant on transcriptome and proteome are needed.

Although some studies suggest that ivabradine does not affect AP morphology
but in fact acts to decrease heart rate by increasing the diastolic interval, our results are
not in agreement with these studies and suggest that ivabradine significantly prolongs
APDg in hiPSC-aCMs.""3 In murine models, administration of ivabradine resulted in
reduction of the heart rate and increase in its variability as seen in increased R-R interval
duration and variability of the R-R intervals demonstrated by increased standard
deviation.®® Furthermore, ivabradine had an effect on the TP interval, the duration
between the end of the T wave and the beginning of the following P wave, and therefore
affected the diastolic interval.®® This is important to consider when interpreting our data
since apamin treatment was administered following addition of ivabradine and a full
washout of ivabradine cannot be confirmed. A study investigating potentially effective
drug treatments for short QT syndrome (SQTS) showed that ivabradine significantly
increases late repolarization phase of the AP (APDgg) and having no effect on APDsg in
patient-derived hiPSC-CMs.""* Our yOM studies are in agreement with these results and
show ivabradine significantly increasing APDgo. In our ygOM experiments, ivabradine
increased APDgyo when WT hiPSC-aCMs were not electrically stimulated and when
paced at 1 Hz and 2 Hz. Application of 4 uM ivabradine also increased APDg in the
variant-harboring hiPSC-aCMs when they were paced at 2 Hz. Both APD2, and APDsg

were not affected by ivabradine treatment. The observed increase in the late
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repolarization phase of the AP may be explained by ivabradine increasing the beating
rate and the AP being prolonged due to AP restitution when the cells are electrically

stimulated at a certain frequency.

4.4. Limitations

One of the limitations encountered with yOM experiments was a challenge to
accomplish excitation-contraction uncoupling to reduce motion artifact while avoiding
altering functional properties of hiPSC-derived aCMs. Motion artifact can greatly affect
AP and CaT measurements in optical mapping experiments. Our lab has recently tested
the use of 5 yM mavacamten to produce excitation-contraction uncoupling in hiPSC-
derived ventricular CMs. Concentrations up to 20 uM of mavacamten did not affect
excitation-contraction coupling and did not successfully remove motion artifact in the
optical mapping experiments of hiPSC-aCMs. Alternatively, (-)-blebbistatin, a small
molecule non-muscle myosin IlA inhibitor, has been used frequently in optical mapping
studies. Para-amino-blebbistatin, a more stable and less phototoxic form of (-)-
blebbistatin known to be degraded to an inactive product via cytotoxic intermediates by
prolonged exposure to blue light (450-490 nm), was also tested.''®''® However, one of
the advantages of the described optical mapping experiments using co-labelling with
FluoVolt and Calbryte 630 is to simultaneously measure APs and CaTs. The excitation
wavelength for FluoVolt falls on the further end of the blue light spectrum (peak
excitation at 490 nm), therefore inactivating both (-)-blebbistatin and para-amino-
blebbistatin over time. Although blebbistatin is routinely used in optical mapping
experiments, it remains unclear as to whether blebbistatin has an adverse effect on
physiological properties on cardiac tissue with conflicting evidence in rabbit and rat
models.""-"1% Electrophysiology of the hiPSC-aCMs can be affected with addition of a
drug treatment for the purpose of facilitating excitation-contraction uncoupling and

reducing motion artifact due to a limited knowledge in this area.

Furthermore, intrinsic beating rate of hiPSC-aCMs highly affects the ability of the
cells to entrain to electrical stimulation (1 Hz, 2 Hz, and 3 Hz). lvabradine, which is an
HCN blocker, was used to slow down the spontaneous beating rate by blocking /s current
produced by pacemaker cells. lvabradine decreased the spontaneous beating rate of the

hiPSC-aCMs sufficiently to allow for more consistent entrainment to 1 Hz electrical
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stimulation. However, more studies should be done to study the effect of ivabradine on

electrophysiology of hiPSC-derived cardiomyocytes.

A lack of a microfluidic device to exchange imaging solution and drug treatment
media was a limitation in our yOM experiments. It is unknown whether ivabradine is
removed upon a washout and a media change to deliver the next drug treatment such as
apamin, therefore the effect of ivabradine on the electrophysiology of the hiPSC-aCMs

may overlap the effect of apamin.

Replating of matured hiPSC-aCMs proved to be challenging thereby limiting the
ability to collect data on matured samples. The main and persistent issue was
aggregation and clumping of the cells when replating onto CytoView MEA plates or
coverslips for optical mapping experiments. Optimization of the dissociation and
replating protocols should be considered to repeat these experiments on mature hiPSC-
aCMs.

Lastly, one of the general limitations of the hiPSC model for studying inherited
cardiac arrhythmias is its inability to recapitulate the complexity of the 3D structure of the
atria and ventricles. The complexity of 3D structure compared to 2D structure lies in a
lack of 3D cell-to-cell interaction between multiple cell types, and immature and fetal-like
phenotype and gene expression profile. However, hiPSCs are more commonly used to
investigate cellular and molecular mechanisms underlying excitability alterations in

diseased hiPSC-CMs and 3D cultures are becoming a more common approach.
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Chapter 5.
Future Directions

In addition to generating a heterozygous rs13376333*- hiPSC line, it would be
beneficial to generate a homozygous rs13376333** and SK3 knock-out hiPSC using
CRISPR-Cas9 or other gene editing technologies such as base or prime editing. The
choice of the gene editing method would depend on the complexity of the construct, the
final goal of the edit (e.g., point mutation, deletion, insertion, etc.), and accessibility of
the gene editing site. The experiments of this project can be repeated, and results
validated using a homozygous variant hiPSC line. The results of this project can be
further expanded by investigating the effect of the rs13376333 variant on the
transcriptomic and proteomic profiles, as well as apamin-sensitive currents as can be

studied using patch clamping.

To investigate how the variant affects mRNA and protein levels of the KCNN3
gene, it would be useful to quantify the base level of KCNN1-KCNN3 mRNA and protein
expression in wild-type hiPSC-aCMs to improve our hiPSC-aCM model of atrial
fibrillation. The research investigating mMRNA and protein levels of SK1-SK3 channels in
human hiPSC-derived cardiomyocytes and native tissues is limited. This is particularly
important considering the controversy around whether SK channel blocking has a
proarrhythmic or antiarrhythmic effect, and the variant being located in an intronic region
of the KCNN3 gene. The results of this project can lead to improving our knowledge of
the genetic component of AF, improving screening approaches to identify the risk
variants before the onset of AF, and developing precise treatments in patients with the
rs13376333 variant. Studies using an hiPSC line with the SK3 knock-out would greatly
facilitate our understanding of the role of SK3 ion channels in a normal physiological
environment as well as extending the knowledge on the role of SK channels in inherited

cardiac arrhythmias in hiPSC-derived CM model.

Patch clamp of the hiPSC-aCMs can be used to investigate apamin-sensitive
currents in hiPSC-aCMs. Based on the results of my project, the rs13376333 variant

prolongs AP duration, particularly at 20% repolarization. Therefore, these results can be
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investigated further by assessing apamin-sensitive currents using patch clamping

variant-harboring hiPSC-aCMs and their isogenic control cells.

Lastly, there is a trend towards generating and culturing 3D cardiac organoids
(cardioids) and using 3D bioprinting to study a variety of diseases. The gene-edited
hiPSC-aCMs can be used for both cardioids and 3D bioprinting and allow to generate

lab-grown tissues carrying the variant of interest and their isogenic control.

5.1. High-Speed Optical Mapping

High-speed optical mapping (1000 fps) is a useful and high throughput tool to
investigate Ca?* transients and AP duration and morphology. While some setups only
consist of a single-channel camera, it is possible to add a second-channel camera to be
able to use different dyes for imaging both Ca?* and AP parameters. Figures 5.1 and 5.2
show an example of the resolution and Ca?* transients recorded on our HS-OM rig using
Calbryte 520. Activation maps and conduction velocity maps, as well as Ca?* transient
and AP analysis can be done with the Workbench software. This tool can be particularly
useful in assessing hiPSC-CMs for arrhythmias by looking for re-entry loops and
evaluating the effect on drug treatments on Ca?* transients, AP duration, and conduction

velocity.
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Figure 5.1 High-speed optical mapping of wild-type hiPSC-aCMs.

Representative calcium transients of wild-type (wt) hiPSC-aCMs stimulated and entrained to 1 Hz
recorded with high-speed optical mapping. Top panel shows a snapshot preceding a calcium
transient on the left, and peak calcium transient on the right. Bottom panel shows representative
calcium transients traces during a 10 second recording.
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Figure 5.2 High-speed optical mapping of rs13376333*- hiPSC-aCMs.

Representative calcium transients of rs13376333*- (rs) hiPSC-aCMs stimulated and entrained to

1 Hz recorded with high-speed optical mapping. Top panel shows a snapshot preceding a
calcium transient on the left, and peak calcium transient on the right. Bottom panel shows
representative calcium transients traces during a 10 second recording.
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Chapter 6.
Conclusion

In this study, | successfully gene edited an hiPSC line to contain the
heterozygous rs13376333 variant for further experiments such as multielectrode, optical
mapping, patch clamping, transcriptome, and proteome assays. In my study, |
investigated the effect of the variant on multiple parameters using MEA and yOM. My
results suggest that the rs13376333 variant acts through a loss-of-function mechanism
and increases AP duration at 20% repolarization, increases variability within
electrophysiological parameters of the hiPSC-aCMs, but did not affect spike amplitude
and conduction velocity. Both increased AP duration and beat-to-beat variability have a
potentially proarrhythmic effect. Overall, my study contributed to expanding the
knowledge of the genetic basis of AF and using hiPSCs as a model to study inherited

cardiac arrhythmias.
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