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Abstract

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a progressive heart
condition which causes ventricular arrhythmia, fibro-fatty myocardial scarring, and
sudden cardiac death. The pathophysiology of ARVC is not well understood,
particularly in early phases when arrhythmia can develop prior to structural
changes. As a result, treatments for ARVC are limited and poorly targeted. The aim
of this work was to generate a patient-derived induced pluripotent stem cell-derived
cardiomyocyte (iPSC-CM) model of ARVC harboring a never-before-studied variant
in DSG2 and apply it to glean insight into the roles that DSG2 and the variant of
interest play in important pathophysiological questions surrounding ARVC.

We created a novel iPSC-CM model of ARVC from a patient with a c.2358delA
variant in desmoglein-2 (DSG2) and found that these DSG2-mutant cells displayed
substantially altered action potentials and calcium transient dynamics. Mutant cells
also displayed aberrant DSG2 expression and atypical organization of contractile
proteins. We also sought to generate an isogenic control for the novel ARVC line by
using CRISPR-Cas9 to correct the mutant DSG2 allele. Despite passing all initial
quality control checks, deep characterization of the edited cell line led to the
discovery of hundreds of unexpected germline mutations, serving as a case study
on the importance of thorough validation of new stem cell lines, particularly those
that have undergone genome editing. An investigation into the effects of PB-

adrenergic signaling in our iPSC-CM model revealed that isoproterenol-induced
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effects on conduction and action potential upstroke observed in wildtype
cardiomyocytes were dampened in DSG2-mutants and that DSG2 suppression in
wildtype cells did not recapitulate these effects. Finally, we demonstrated that pro-
inflammatory cytokines are much more highly expressed in DSG2-mutant
iPSC-CMs, and that both canonical and noncanonical NFkB signaling pathways are
highly activated in mutant cardiomyocytes compared to controls. We also found
high levels of adipo-fibrokine expression in DSG2-mutants, which could reveal a
link between cardiomyocyte signaling and fibro-fatty changes to the myocardium.

In conclusion, our work suggests that differences in cellular electrophysiology,
immune signaling, and response to P-adrenergic stimulation could all play
important roles in ARVC pathophysiology. It also contributes new evidence that in
vitro models of ARVC vary in their behavior significantly and underscores the

challenge of defining ARVC in vitro in a way that is generalizable across models.
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Chapter 1 — Introduction

1.1 Overview

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a primarily
inherited cardiac disease estimated to account for more than 10% of cardiovascular
deaths in patients younger than 65 years old and approximately 1 in 4 cases of non-
traumatic sudden death in young athletes [1-5]. The pathophysiology of ARVC is
complex and poorly understood, so current therapies do not address underlying
mechanisms of the disease and instead primarily aim to prevent sudden cardiac
death by supportive means. Additionally, the disease course and penetrance are
highly variable making it difficult to identify common features and broadly useful
therapies. Induced pluripotent stem cells (iPSCs) derived from diagnosed patients

have emerged as a powerful tool to study ARVC, as these cells can be differentiated



into cardiomyocytes which can then be evaluated in vitro. However, the usefulness
of iPSC models has not been fully explored, since only a narrow range of ARVC-
associated mutations have been studied. The bulk of reports to-date have focused
on only one of the several genes with known pathogenic variants. Another issue is
that a definition of the ARVC phenotype in vitro has not been fully established,
making it very difficult to evaluate the effectiveness of an intervention in iPSC
models. Expanding and deepening our understanding of these models is critical in

the pursuit of insights that can improve patient care.

1.2 Arrhythmogenic Cardiomyopathy: Background
and Epidemiology

Arrhythmogenic cardiomyopathy (ACM) is an arrhythmic disease of the
myocardium which is not explained by ischemic, valvular or hypertensive heart
disease [6]. Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a
subcategory of ACM which is characterized by fibro-fatty infiltration and
replacement of the myocardium with particular involvement in the right ventricle,
which distinguishes it from the most cardiac conditions which disproportionately
affect the left ventricle. Clinically, patients with ARVC develop ventricular
arrhythmias which often present more frequently as the disease progresses [7].

Estimates for the prevalence of ARVC range from 1:1000 to 1:5000 with
significant variation between ethnic and geographic populations [8,9]. While ARVC

is primarily inherited in a dominant fashion, most known pathogenic mutations



display incomplete penetrance with only 50-66% of individuals with familial PKP2
mutations developing a diagnosable form of the disease [10-12]. The penetrance
is also highly age-dependent; very few patients present in childhood, but risk of
sudden cardiac death increases significantly in early adulthood and onward [13].
Definitive diagnosis of ARVC is traditionally made based on histological findings
of transmural fibrofatty infiltration of the right ventricular myocardium via biopsy
or necropsy, but clinical diagnosis largely relies on the International Task Force
criteria, most recently revised in 2019 [6,14]. These criteria include functional
measurements (e.g. right ventricular ejection fraction), incidence of spontaneous
arrhythmias, and electrocardiogram (ECG) findings (e.g. T wave inversion, delayed
repolarization, etc.). ARVC is associated with very high mortality rates, with an
estimated incidence of sudden cardiac death as high as 3% per year in adults [9,15].
Undiagnosed, ARVC is especially deadly, with as many as 50% of all diagnoses
made in patients after sudden cardiac death [9,16] largely due to the fact that it is
a progressive disease and frequently displays no symptoms until the late stages.
Treatment for ARVC is primarily targeted at preventing or limiting deadly
arrhythmias using anti-arrhythmic drugs and implantable defibrillators, when
indicated. Therapies which target more specific mechanisms of the disease and are
capable of slowing or reversing the pathological damage of ARVC are not yet

available.



1.3 ARVC Pathology

1.3.1 The desmosome and DSG2

Though, the pathophysiology underlying ARVC is still very poorly understood,
there has been general scientific consensus that the common final pathway of the
disease involves disruption of the cardiac desmosome, a cellular structure present
at the intercalated disc that is critical for intercellular mechanical and electrical
coupling between cardiomyocytes [6,17]. The intercellular linkage of the
desmosome is primarily formed by the desmosomal cadherins, desmoglein-2
(DSG2) and desmocollin-2 (DSC2), while intracellular linkages to the intermediate
filament involve plakophilin-2 (PKP2), plakoglobin (PG), and desmoplakin (DSP)
[18]. Mutations in the genes encoding each of these desmosomal proteins have
been linked to ARVC, and pathogenic or likely pathogenic mutations in these genes
have been identified in more than 60% of ARVC patients [10,13]. These variants
have a combined estimated prevalence of approximately 1.2 per 1000 in the general
population [19]. DSG2 is the second most common pathogenic variant found in
ARVC patients after PKP2, and together they account for 50-80% of the identifiable
pathogenic variants found in diagnosed patients [7,20].

One way in which these mutations might contribute to the pathophysiology
observed in ARVC is by disrupting the function of the desmosome and thereby
compromising the cell-cell cohesion needed for structural stability of the

myocardium. This has been supported experimentally; a single missense mutation



in the extracellular cadherin domain of Dsg2 (responsible for adhesion of the
desmosome complex to neighboring cells) was sufficient to recapitulate ARVC
features in mice [21]. Another study, though, found that baseline mechanical
properties (including cell-cell cohesion) were not substantially altered in NRVMs
expressing mutations in plakoglobin and plakophilin, but that the mutations did
alter the cells’ response to shear stress [22]. Some researchers have suggested that
plakoglobin expression is a key hallmark of ARVC, and several studies have
investigated the diagnostic usefulness of evaluating plakoglobin expression and
localization [23,24]. However, plakoglobin dysregulation has not been found in
every ARVC patient, and it has, in fact, produced false positives which turned out

to be cases of sarcoidosis instead of ARVC [25].

While patients with advanced ARVC develop severe myocardial scarring and
cardiomyocyte loss, which themselves can contribute to arrhythmic risk, substantial
evidence demonstrates that cardiac electrical abnormalities — and elevated risk of
dangerous arrhythmias — develop well before any overt structural deterioration can
be detected [26-28]. This “early concealed phase” suggests that in addition to the
structural defects, ARVC-associated mutations affect electrophysiology more
directly than is currently recognized; understanding the impact and mechanisms of
that effect could greatly improve our ability to diagnose ARVC early and to target
therapeutics more carefully. Desmoglein-2 might play a role in this phenomenon as
several reports have found that DSG2 mutations can cause compromised

connexin-43 localization and function, reduced sodium current density, and altered



potassium channel expression in isolated mouse cardiomyocytes and iPSC-derived

cardiomyocytes [26,29-31].

1.3.2 Inflammation and immune signaling in ARVC

Altered immune signaling and cellular homeostasis have also been proposed as
important mechanisms underlying ARVC pathology. Studies have found very strong
representation of immune cells and elevated immune cytokines in the myocardium
of ARVC patients [25,32-34]. In fact, ARVC is frequently misdiagnosed as other
cardiac diseases associated with high levels of inflammation, including myocarditis
and sarcoidosis [25,35]. Some researchers have proposed that it is this
inflammation that is actually responsible for the cell death and myocardial scarring
seen in ARVC. This has been supported by studies showing that in some ARVC
patients, periods of very high inflammatory activity lead to acute acceleration of
fibrosis and loss of cardiomyocytes [36].

Pilichou et al. discovered that Dsg2 variants associated with ARVC cause
necrosis of cardiomyocytes in mice in a dominant-negative fashion [37] and more
recent studies by Chelko et al. support a link between DSG2 mutation and cell
death, though their results emphasize apoptosis over necrosis, mechanistically
[38,39]. Inflammatory infiltration by immune cells has been shown to play an
important role in pathologic remodeling of the myocardium in ARVC in
experimental models. In those Dsg2-mutant mice, inhibition of nuclear factor-xB

(NFxB) via the small molecule antagonist, Bay11-7082, prevented NFkB-mediated



cytokine storm and inflammatory infiltration of the myocardium, and recent studies
have indicated that ARVC iPSC-CMs produce and secrete inflammatory cytokines

via innate activation of NFkB, even in the absence of specialized immune cells [39].

1.3.3 Role of exercise and adrenergic stimulation in ARVC

Altered response to exercise and adrenergic signaling has emerged as a very
consistent feature of ARVC. Exercise has been shown to drastically exacerbate the
progression of ARVC and the risk of sudden cardiac death in both mice [38,40] and
human patients [10,41]. While there is strong consensus that ARVC patients should
be advised to avoid strenuous exercise, there is still no robust mechanistic
understanding of how exercise contributes to the disease progression [6]. One
primary physiologic feature of exercise is a sharp stimulation of P-adrenergic
signaling, which has itself been shown to affect ARVC patients detrimentally.
Isoproterenol and other B-adrenergic agonists cause premature ventricular
complexes and induce ventricular arrhythmia in ARVC patients so consistently that
isoproterenol testing has been proposed as a diagnostic tool for ARVC [42,43].

We still understand little about why ARVC patients respond so differently to
adrenergic signaling but recent studies offer a few clues. At a cellular level, B-
adrenergic signaling has been shown to increase desmoglein-2 trafficking to the
cellular membrane in wildtype mouse cardiomyocytes [44]. That same work
showed that this effect was dependent on plakoglobin expression and

phosphorylation at a specific site, which is of note since plakoglobin disruption is a



common feature of ARVC pathology. Studies in Dsg2-mutant mice found that
exercise triggers extensive cardiomyocyte apoptosis mediated by activation of Ca**-
dependent cysteine protease, CAPN1. That study also found that exercise greatly
increased the amount of inflammation and fibrosis in the Dsg2-mutant mice, while

wildtypes experienced no such effect.

1.4 In vitro models of ARVC

Determining the pathogenic mechanisms underlying ARVC has proven difficult,
for several reasons. The study of human tissue is challenging, as ARVC is frequently
diagnosed in later stages of disease (i.e. after extensive myocardial scarring has
developed) when retrieval of a myocardial biopsy would present significant risk of
cardiac perforation. Several animal models of ARVC have been established,
including in mice [38,39,45,46] and dogs [47,48], which have proven useful in
studying specific pathophysiologic processes. However, these models are limited
due to substantial differences in cardiac electrophysiology between small animals
and humans and the expensive and low-throughput nature of large animal studies
[49].

Human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs)
present a powerful model for studying cardiac disease. Cells from a donor patient
can be reprogrammed into induced pluripotent stem cells (iPSCs) and then

differentiated into cardiomyocytes using established protocols. These cells then



allow us to study human cardiomyocytes that share a complete genetic background
with a patient of known phenotype.

Importantly, iPSC-CM models derived from ARVC patient-specific iPSCs have
been shown to recapitulate key characteristics observed in human disease [50,51].
Studies have demonstrated that PKP2-mutant iPSC-CMs display reduced membrane
localization of plakophilin-2 and plakoglobin, in conjunction with disrupted
desmosomal structure [52,53], as has been observed in studies of human tissue.
These models have also revealed a number of electrical defects which could
potentially explain the predisposition for arrythmia in these patients. PKP2-mutant
iPSC-CM models display altered calcium homeostasis and connexin-43 function
[46] while both PKP2- and DSG2-mutant iPSC-CM models have demonstrated
slower action potential upstrokes and reduced sodium current density [31,54].
Recent studies have indicated that PKP2-mutant iPSC-CMs produce and secrete
inflammatory cytokines via innate activation of NFkB [39], which supports the
findings of mouse studies, and is consistent with altered immune signaling observed
in the hearts of human ARVC patients [25,35,38,39].

iPSC models offer several other advantages in studying ARVC. With the most
advanced differentiation protocols, iPSCs can yield highly pure populations of
cardiomyocytes, which allow researchers to study their behavior without the
confounding effects of resident non-cardiomyocytes, such as fibroblasts and
immune cells. They also allow for genomic manipulation which enables the

association of phenotypic shifts with specific genetic changes. In addition to these



advantages, iPSC-CMs can be efficiently expanded to produce a large number of
cells. This feature offers a high-throughput alternative to animal models and allows
for larger screening experiments and, potentially, more efficient drug development.
These cells also offer amazing potential contributions to personalized medicine, as
an individual patient’s disease could be modeled, and potential therapies could be
screened in vitro.

The primary drawback of iPSC-CMs is the fact that current differentiation
protocols produce cardiomyocytes at an approximately late-embryonic or neonatal
state of maturation, with less developed metabolism, organization and
electrophysiology than in adult cells [55,56]. Our ability to further mature these
cells using electromechanical stimulation and metabolic training is improving
rapidly, but we can already extract great value from these models by comparing
cell lines at similar levels of maturity and by focusing on aspects of disease that are
less affected by immaturity or for which differences might even be accentuated
early in maturity such as cell-cell connectivity and intrinsic beating rate. Another
major hurdle in developing and improving these models is the fact that there is no
accepted definition of ARVC “disease” behavior in vitro. Having a set of phenotypic
characteristics that reflect an ARVC disease state across distinct cell lines with
varying pathogenic variants would enhance the utility of these models in testing

the efficacy of interventions.

We hope that by generating and studying iPSC-CMs harboring unique

pathogenic variants associated with ARVC, we can begin to uncover the
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mechanisms by which these variants contribute to myocardial pathologic changes
and to arrhythmia in the early concealed phase of ARVC, possibly revealing new

potential targets for therapeutic intervention.

1.5 Dissertation Overview

The overall aim of this work is to generate a patient-derived iPSC-CM model of
ARVC harboring a never-before-studied variant in DSG2, thoroughly characterize
that model, and apply it to gain insight into the roles that DSG2 and the variant of
interest play in important pathophysiological questions surrounding ARVC. Chapter
2 contains the bulk of this work, detailing the ARVC patient donor’s clinical history,
the generation and validation of the DSG2-mutant iPSC line, and our evaluation of
the baseline electrophysiological and biomolecular phenotypes of the novel line. In
that chapter, we also compare the effects of the c.2358delA variant against global
DSG2 mRNA suppression. Chapter 3 describes our effort to create an isogenic
control for the DSG2-mutant line, details our careful validation and discovery that
we had not fully accomplished that goal, and attempts to lay out lessons that can
be learned from that process. In Chapter 4, we explore the ways in which B-
adrenergic stimulation exerts different effects on the behavior of control vs. ARVC
iPSC-CMs. Finally, Chapter 5 focuses on our work to characterize the inflammatory
landscape of the DSG2-mutant iPSC-CMs and to identify pathways by which

signaling from cardiomyocytes might contribute to ARVC pathophysiology.
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Substantial portions of the data reported in Chapters 2 and 5 have been published

in The Journal of Clinical Medicine [57].
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Chapter 2 — Physiological impact of
familial DSG2 variant in patient-
specific iPSC-CMs

2.1 Background

Advancements in technology surrounding induced pluripotent stem cells and
cardiomyocyte differentiation, offer a powerful opportunity to study ARVC in vitro
with patient-derived iPSC-CMs. The purpose of the work detailed in this chapter
was to identify the effects of a known familial pathogenic mutation in desmoglein-2
— DSG2 ¢.2358delA - on the physiology of iPSC-derived cardiomyocytes. For these
experiments we focused on a novel iPSC line derived from a clinically diagnosed
ARVC patient with a familial mutation in DSG2 in comparison to two wildtype

control lines. Our goals were to: 1) compare the electrophysiological properties of
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control and DSG2-mutant cardiomyocytes, 2) evaluate the expression and
localization of desmoglein-2 and other key proteins involved in cell-cell connections
and electrophysiology in DSG2-mutant iPSC-CMs, and 3) compare the physiological
effects of DSG2 ¢.2358delA mutation with global DSG2 mRNA suppression. We
hypothesized that the DSG2-mutant iPSC-CMs will display slower conduction
velocities and reduced excitability as well as impaired desmosomal formation and
accompanying impairment of intercalated disc organization.

We believe that a deeper understanding of the role desmoglein-2 plays in human
cardiomyocytes will provide important insight into ARVC pathophysiology and that
finding commonalities with better-studied PKP2-mutant cell lines would advance

our goal of creating a phenotypic definition of ARVC in vitro.

2.1.1 Family history and clinical phenotype of ARVC patient donor

For these studies, we selected a patient with diagnosed ARVC, who harbors a
familial genetic variant in DSG2." The patient (JHUO13) is a 48-year-old woman of
South Asian heritage. She was diagnosed with ARVC at age 45 after a diagnosis in
her sister (the proband for this family) prompted a thorough cardiac evaluation.
Despite the relatively recent diagnosis, patient JHUO13 had abnormal cardiac
function for many years prior. Her 12-lead ECG was positive for T wave inversions,

which were initially observed at age 22, although they have been consistently

" Thank you to Dr. Cynthia A. James for their work coordinating with the ARVC registry and

maintaining the patient clinical data for this project.
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negative for epsilon waves. She also began experiencing paroxysmal dizziness and
palpitations at age 32. In her most recent exam, her ECG showed T wave inversions
in anterior precordial leads V1-V4 with inferior repolarization abnormalities in
leads II, III, and aVF (Fig. 2.1, Table 2.1). Cardiac magnetic resonance (CMR)
imaging demonstrated mild dilation of the right ventricle and dyskinesia of the right
ventricular free wall (118 mL/m? RV EDVi; Table 2.1) with microaneurysm
formation along the right ventricular outflow tract (Fig. 2.2B). CMR was also
notable for extensive delayed gadolinium enhancement involving the right
ventricular free and inferior walls, suggesting significant fibrosis in those regions.
However, no ventricular wall fat infiltration was observed. Notably, as of her last
follow-up, patient JHUO13 had no documented history of sustained ventricular

arrhythmia.
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Figure 2.1 Electrocardiogram for ARVC patient donor. 12-lead ECG of patient JHU013 showing
T wave inversion in leads V1-V4 (red markers), a classic feature in ARVC patients. Dashed box inset

highlights T wave inversion in lead V1.
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Figure 2.2 Cardiac MRI for ARVC patient donor. Images obtained at last clinical follow-up. (A)
Four-chamber, bright blood, steady-state free precession cardiac MRI (CMR) image showing mild
RV enlargement. (B) Extensive RV enhancement of the anterior and inferior walls on short axis post-
contrast late enhancement CMR. (C-D) End-systolic axial images obtained from cine CMR showing

regions of RV outpouching secondary to dyskinesia (arrows).”

" Thank you to Dr. Stefan Zimmerman for their help acquiring and interpreting this CMR data.
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Demographic

Gender

Female

Race / Ethnicity

South Asian

Presentation (age [yrs.]:

22: anterior precordial T wave inversions noted on ECG.

Ssymptoms) 43: dizziness, palpations
Age at ARVC diagnosis (yrs.) 45
Age at last follow-up (yrs.) 51

2010 Task Force Criteria
Fulfillment [14]

ECG Repolarization Abnm.

Major: Inverted T waves in right precordial leads (V, Va,
V3, and V4)

ECG Depolarization Abnm.

None

Arrhythmia

Minor: = 500 PVCs per 24 hours on Holter monitor

Structural

Major: Regional RV dyskinesia + RV EDVi > 100 ml/m?

Family History

Major: ARVC confirmed in a first-degree relative who

meets current Task Force criteria

Cardiac MRI (at last follow-

up)

RV EDVi (ml/m?) 118

RV EDVi / LV EDVi 2.62

RV wall-motion Abnm. Regional dyskinesia, aneurysms
LV wall-motion Abnm. None

RVEF (%) 44

LVEF (%) 57

Delayed enhancement

Extensive delayed enhancement in RV free wall and

inferior wall

Events

Sustained ventricular arrythmia No
Cardiac transplant No
Death No

Table 2.1 Demographic data and clinical history of patient JHUO13. Abnm.: abnormalities, PVC:

premature ventricular complex, RV: right ventricle, LV: left ventricle, RVEF: right ventricular

ejection fraction, LVEF: left ventricular ejection fraction, EDVi: end diastolic volume indexed to body

surface area.

17




Familial genetic screening revealed that several members of the donor family
harbored a heterozygous single nucleotide deletion mutation in DSG2. This variant
— DSG2 ¢.2358delA — was identified in the donor patient, her sister (the proband),
her two children, her mother, and her niece and nephew (Fig. 2.3). As of last follow-
up no one in the family besides patient JHUO13 and her sister had been definitively
diagnosed with ARVC. Their children (ages 13-20 at last follow-up) were below the
age at which we would expect to see phenotypic expression due to the incomplete
age-related penetrance of ARVC. However, the younger family members have
experienced some notable cardiac abnormalities. The proband’s son (age 20)
experienced 420 premature ventricular complexes (PVCs) over a 24-hour period,
which was high but did not quite reach the 2010 Task Force criteria of >500 over
24 hours. The proband’s daughter (age 17) has a history of palpitations, while the
donor’s daughter (age 16) has a history of palpitations as well as T wave inversions

in V1 and V3 on ECG.

I:' /O Male/female - unaffected
. ARVG diagnosis

Q Cardiac symptoms not meeting
+ ARVC criteria

D DSG2 c.2358delA genotype

)’
Proband

Figure 2.3 Family pedigree for iPSC donor. Family pedigree of patient JHUO13 (dashed circle)
harboring a pathogenic variant in desmoglein-2 (DSG2 c.2358delA). Arrow signifies proband.
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2.1.2 The DSG2 c.2358delA variant

Sequence analysis shows that the DSG2 ¢.2358delA variant harbored by patient
JHUO13 - identified in ClinVar as NM_001943.5(DSG2):c.2358del (p.Asp787fs) —
causes a frameshift mutation resulting in the formation of a premature stop codon
21 codons downstream. This frameshift produces a truncation in the intracellular
cadherin-like domain (ICD) of the desmoglein-2 protein (Fig. 2.4). This variant was
evaluated in line with standards of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology [58,59] and classified as
“likely pathogenic”. That classification was based on the satisfaction of these

criteria;

1) PVS1: Null variant (nonsense, frameshift, canonical +/—1 or 2 splice
sites, initiation codon, single or multi-exon deletion) in a gene where
loss of function (LOF) is a known mechanism of disease.

2) PM2: Absent from controls (or at extremely low frequency if
recessive) in Exome Sequencing Project, 1000 Genomes or ExXAC.

3) PP3: Deleterious effect on the gene or gene product (conservation,
evolutionary, splicing impact, etc.) supported by multiple lines of

computational evidence.

Cascade screening and clinical criteria are consistent with the DSG2 loss of function

contributing to the pathogenesis of both the proband and JHU013.
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Figure 2.4 The DSG2 c.2358delA variant. A) Schematic protein structure of desmoglein-2. EC1-4:
extracellular cadherin domains, EA: extracellular anchor domain, TM: transmembrane domain, IA:
intracellular anchor domain, ICD: intracellular cadherin-like domain, LD: linker domain, RUD:
repeat unit domain with six repeats, TD: terminal domain, DUR: DSG unique region; Red arrow
indicates location of truncation caused by the DSG2 ¢.2358delA variant. (B) Sanger sequencing of
DSG2 in control and JHUO13 iPSCs showing the c.2358delA mutation. Yellow oval highlights ¢.2358

nucleotide under investigation. ‘N’ indicates heterozygosity at that location.

2.2 Methods

2.2.1 iPSC line generation

Whole blood samples were collected from patient JHUO13 by members of the

Johns Hopkins ARVC Registry team. Peripheral blood mononuclear cells (PBMCs)
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were isolated using Ficoll-Paque PLUS density gradient media (GE Healthcare,
Waukesha, WI, USA) and plated at high density in PBMC growth media (PBMC-M;
see Table 2.2 for formulation). PBMCs were expanded for 10 days before being
harvested and reprogrammed using the Cytotune 2.0 Sendai virus kit containing
Yamanaka factors (Thermo Fisher Scientific, Waltham, MA, USA), per

manufacturer’s protocol.

PBMC Growth media (PBMC-M) formulation

IMDM/F12 (Life Technologies, Frederick, MD, USA)

2 mg/mL recombinant human albumin (Sciencell, Carlsbad, CA, USA)
1% v/v chemically defined lipid concentrate (Life Technologies)
10 pg/mL recombinant human insulin (Corning)

100 pg/mL recombinant human transferrin (Corning)

15 ng/mL sodium selenite (Corning)

64 pg/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich)

450 uM 1- thioglycerol (Sigma-Aldrich)

100 ng/mL SCF (PeproTech, Cranbury, NJ, USA)

10 ng/mL IL-3 (PeproTech)

2 U/mL EPO (R&D Systems, Minneapolis, MN, USA),

40 ng/mL IGF1 (PeproTech)

1 uM dexamethasone (Sigma-Aldrich)

Table 2.2 PBMC growth media formulation.

After 24 hours, the cells were resuspended in PBMC-M media, seeded into
Synthemax-treated tissue plates (Corning, Corning NY, USA), and cultured for six
days with media changes every other day. On day 7 after viral reprogramming, the
media was replaced with a 1:1 mixture of PBMC-M and Essential 8 media (ES;
Thermo Fisher). The cells were harvested with TrypLE Select Enzyme (Thermo

Fisher) and plated in E8 supplemented with 10 uM Y-27632 dihydrochloride
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(Tocris Bioscience, Bristol, United Kingdom) on plates coated with Geltrex matrix
(Thermo Fisher). Colonies were then picked by pipette under a microscope, re-
plated into separate wells of a tissue culture plate and expanded until passage 10.
DNA was then isolated to verify the loss of the Sendai virus and, clones were

screened via Sanger sequencing and karyotyping.

2.2.2 iPSC-CM differentiation and culture

iPSCs were plated into 6-well tissue culture-treated polystyrene plates coated
with Geltrex diluted 1:200 in DMEM/F-12, HEPES (Thermo Fisher). For the first
18-22 hours, iPSCs were maintained in E8 with 10 uM Y-27632 dihydrochloride.
Monolayers of iPSCs were rinsed with DMEM/F-12 and fed with fresh E8 daily. On
the fourth day after plating, when cells had reached about 70-90% confluency, the
media was replaced with RPMI 1640 medium supplemented with B-27 supplement
minus insulin (“B27-minus”, Thermo Fisher) plus 6 uM CHIR-99021 (Selleck
Chemicals, Houston, TX, USA) to initiate differentiation; this marks day O of
differentiation. Thereafter, media was changed as follows: B27-minus on day 2,
B27-minus with 5 uM IWR-1 (Sigma-Aldrich Corp) on day 3, B27-minus on day 5
and d7ay , and RPMI 1640 medium with B-27 supplement with insulin (“B27+";
Thermo Fisher) on day 9 and every other day afterwards. Spontaneous beating was
observed in monolayers starting at day 7 to day 9.

Between day 11 and day 13, wells of differentiated iPSC-CMs were washed with

0.5 mM EDTA (Thermo Fisher) in calcium-free phosphate buffered solution (“PBS”;
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Thermo Fisher) and incubated in EDTA solution for 5-10 minutes at 37 °C.
Afterwards, the EDTA was aspirated off and 0.05% Trypsin-EDTA (Corning) was
added for 3-5 minutes at 37 °C. Cells were triturated before defined trypsin
inhibitor (“DTI”; Life Technologies) was added to stop digestion. The resultant
suspension was centrifuged at 200 G for 5 minutes. After aspirating off the
supernatant, the cell pellet was resuspended in B27+ into a homogenous
suspension of cells and distributed over 6-well plates or T-75 flasks freshly coated
with 1:200 Geltrex at a surface area ratio of approximately 1:1.5.

On day 14 and day 16, media was replaced with “lactate medium consisting of
glucose-free DMEM media supplemented with 4 mM L-lactate, 1x non-essential
amino acids (Thermo Fisher), and 1x GlutaMAX (Thermo Fisher) to select for and
purify cardiomyocytes in culture. After four cumulative days in lactate medium,
iPSC-CMs were switched back to B27+ media, and media was replaced every 2-3
days thereafter.

On day 28, cells were passaged as above, using Trypsin-EDTA and DTI,
centrifuged and resuspended in fresh B-27+ media with 10 uM Y-27632
dihydrochloride. Cells in suspension were counted using a Countess automatic cell
counter (Invitrogen) and plated at 250,000 cells per cm? of surface area into tissue
culture plates coated with 1:200 Geltrex. For imaging and optical mapping
experiments, Thermanox plastic coverslips (Thermo Fisher) were placed into 24 or
48-well plates before Geltrex coating to allow easy removal of the monolayers at

the time of analysis.
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2.2.3 Biomolecular assays

For immunostaining, samples were fixed in 4% paraformaldehyde (Thermo
Fisher), permeabilized in 0.5% Triton-X for 5 minutes and probed using standard
immunocytochemistry techniques. iPSCs were stained for OCT3/4, SOX2, and
Nanog, and iPSC-CM monolayers were stained for desmoglein-2, plakoglobin,
plakophilin-2, cardiac troponin I, a-actinin and nuclei (see Table 2.3 for primary
antibody details). Images were acquired via confocal microscopy. For images being
compared, confocal laser and gain settings were held constant across all groups. To
assess Z-line length in iPSC-CMs, 400 um? regions of interest were selected from
high magnification images at random by computer script, and a-actinin-
immunopositive lines were measured by a blinded observer using image analysis
software.

For RT-gPCR experiments, total RNA was extracted from iPSC-CMs on
differentiation day 37-39 using a column preparation (RNeasy Mini Kit; Qiagen
Sciences, Germantown, MD, USA), and reverse transcription was performed using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). cDNA was
amplified using PowerUp SYBR Green PCR master mix (Applied Biosystems) and a
QuantStudio 7 Flex RT-PCR system (Applied Biosystems) under manufacturer’s
recommended protocol. All assays were performed with three technical replicates
and a minimum of three pooled cell samples. GAPDH and 18S rRNA were used in

combination as internal controls; all primer sequences are listed in Table 2.4.
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For Western blots, total protein was extracted from iPSC-CMs using RIPA lysis
buffer. Samples were prepared and run under denaturing conditions on NuPAGE
4-12% Bis-Tris gels (Thermo Fisher) in MOPS buffer using manufacturers
recommended reagents and protocol. Proteins were transferred to PVDF
membranes using the Trans-Blot Turbo system (Bio-Rad Laboratories, Hercules, CA,
USA), probed with primary antibodies (Table 2.3) and visualized with fluorescent
secondary antibodies (LI-COR, Lincoln, NE, USA). Images were obtained and

analyzed using a LI-COR Odyssey CLx imaging system.

Target Manufacturer Product # Application
a-actinin (ACTN2) Abcam ab137346 ICC, WB
Phospho-CaMKII (The286) Cell Signaling 12716 WB
Cardiac Troponin-I (cTnI) United States Biological T8665-13F ICC
Desmoglein-2 (DSG2) Proteintech 21880-1-AP ICC, WB
Desmoglein-2 — extracellular  Invitrogen 326100 ICC
Desmoglein-2 — C-terminus Abcam ab150372 ICC
GAPDH Abcam ab9483 WB
Nanog BioLegend 674001 ICC
OCT3/4 Santa Cruz Bio. SC-5279 ICC
Phospho-PKA C (Thr197) Cell Signaling 5661 WB
Plakoglobin Abcam ab184919 WB
Plakoglobin (JUP) MiliporeSigma P8087 ICC
Plakophilin-2 (PKP2) Abcam ab220840 ICC, WB
SOX2 Thermo Fisher Scientific 14-9811-80  ICC

Table 2.3 Primary antibodies

for immunocytochemistry and Western blot.

Immunocytochemistry; WB: Western blot.
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Gene

Forward (5’23’)

Reverse (5’23’)

GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
18S rRNA  CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT
ATP2A ATGGGGCTCCAACGAGTTAC TTTCCTGCCATACACCCACAA
CACNAIC GAAGCGGCAGCAATATGGGA TTGGTGGCGTTGGAATCATCT
CAMK2A  ATTGAAGCCATAAGCAATGGAGA  TTCCGGGACCACAGGTTTTC
CASQ2 GGCAGAAGAGGGGCTTAATTT GAAGACACCGGCTCATGGTAG
DSG2 ACGTAGAAGTTACGCGCATAAA GGGTCACAATTCCTTCGTTAGTT
GJA1 ACAGGTCTGAGTGCCTGAAC CGAAAGGCAGACTGCTCATC
JCTN CATGGAGGACACAAGAATGGG CCAAACGACAGCTACAGATGT
JUP TCTCCAACCTGACATGCAACA CATAGTTGAGACGCACAGAGTTC
KCNH2 TTCGACCTGCTCATCTTCGG CGATGCGTGAGTCCATGTGT
KCNJ2 GTGCGAACCAACCGCTACA CCAGCGAATGTCCACACAC
KCNQ1 GCGTCTCCATCTACAGCACG GAAGTGGTAAACGAAGCATTTCC
PKP2 ATGACATGCTAAAGGCTGGCA GGGAGCTGTACTGTGCTGTTC
PLN ACCTCACTCGCTCAGCTATAA CATCACGATGATACAGATCAGCA
RYR2 ACAACAGAAGCTATGCTTGGC GAGGAGTGTTCGATGACCACC
SCN5A GTGCCCAGAAGCAGGATGAG GGACATACAAGGCGTTGGTG
SLCSA1 ACAACATGCGGCGATTAAGTC GCTCTAGCAATTTTGTCCCCA
SLN ATGGTCCTGGGATTGACTGAG GTGCCCTCGGATGGAGAATG
TRDN TCACAGAAGACATAGTGACGACG ~ TGGCAATAGAGCTTGCTGAAA

Table 2.4 RT-qPCR primer sequences.

2.2.4 RNA-sequencing

iPSC-CMs cultured to differentiation day 35 were gently dislodged with a cell
scraper, suspended in TRIzol reagent and flash frozen for storage. RNA was then
extracted and processed by an outside vendor (GENEWIZ, South Plainfield, NJ,

USA). RNA across the samples had a mean RIN of 9.2. RNA-seq libraries were
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prepared using a standard poly-A selection protocol for isolating mRNAs. Final
libraries were sequenced as 2x150bp paired-end sequencing on an Illumina HiSeq.
Samples were sequenced to a depth of ~30-40 million paired reads/cell. Libraries
were mapped to the human genome (GRCh38) using STAR (2.3.1a) [60] with two-
pass mode, and then counted using featureCounts (2.0.0) through the Subread
package [61,62]." Identification of differentially expressed genes was done using
DESeq2 [63], with genes identified as differentially expressed by Benjamini-
Hochberg-adjusted p-value < 0.05. KEGG pathway maps were made using the
Pathview package (1.26.0) [64]. All raw RNA-sequencing data as well as count
tables and sample information are available on GEO at accession number:

GSE176209.

2.2.5 Electrophysiological studies

All staining and mapping steps were performed in Tyrode’s solution (see Table
2.5 for formulation) containing 10 uM blebbistatin (PeproTech) to suppress
contraction and prevent motion artifact. For voltage mapping, coverslips with
iPSC-CM monolayers were stained with either 10 um di-4-ANNEPS (all non-siRNA-
treated samples) or 10 um di-8-ANEPPS (all siRNA-treated samples) for 10 minutes.
For calcium mapping, coverslips were stained with calcium indicator Rhod-2 AM (1

uM; Thermo Fisher), for 15 minutes. To aid cell loading, all staining solutions were

" Thank you to Suraj Kannan for performing the processing and initial analysis of RNA-sequencing

data.
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supplemented with 0.05% Pluronic F-127. After incubation in the staining solution,
coverslips were gently washed and transferred to a 35 mm petri dish with fresh
mapping solution. The dish was placed on a stage heated to 37 °C for the remainder
of the experiment. iPSC-CM monolayers were stimulated from one edge with a
bipolar palladium line electrode delivering 10 V, 10 ms monophasic anodal
rectangular pulses at predetermined cycle lengths including: 2000, 1000, 700, 500,
and 333 ms. Optical mapping recordings were taken using a 100x100 pixel CMOS
camera (MiCAM Ultima-L; SciMedia, Costa Mesa, CA, USA) and analyzed using
custom MATLAB scripts.

Intensity recordings at each pixel were de-noised using a Bayesian
L,-regularized global filter and convolved with a 5x5 spatial Gaussian filter.
Activation times were defined as the moment where maximum of the derivative of
membrane potential (dV/dt) occurs. Histograms of local conduction velocities for
each sample were fitted to a Gaussian curve, and the mean of the curve was defined
as the average conduction velocity (CV). Action potential durations — measured as
the time from the moment of maximal upstroke velocity to the moment of 80% or
30% recovery from peak to resting membrane potential (APDgy, APDs,) — were
determined for all local traces over the recording region for each monolayer and fit
with Gaussian curves to determine the mean value for each sample, as described
for CV measurements. Peak relative upstroke velocity was calculated by
normalizing the action potential trace at each pixel such that it varied between 0

and 1, calculating the differential along the curve and selecting the point in the
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upstroke where d/dt was maximized. For calcium mapping data, time-to-peak was
measured by identifying the time point at which the calcium transient begins to rise
and the point at which it reaches its highest signal value and taking the difference.
The calcium decay rate (), i.e. T") was measured by fitting the portion of the
calcium transient between 30% and full decay to an exponential curve and
extracting the exponential constant. Spatial heterogeneity of all parameters was
measured using Gaussian fits; for each parameter and each sample, the standard
deviation of all measurements within the recording region was divided by the mean,

providing the relative standard deviation (RSD) of that parameter.

Tyrode’s Media Formulation

5 mM HEPES

1 mM magnesium chloride hexahydrate
5.4 mM potassium chloride

135 mM sodium chloride

0.33 mM sodium phosphate

1.8 mM calcium chloride

5.0 mM glucose

Table 2.5 Tyrode’s media formulation. Combine all solutes in Milli-q filtered water and warm to
37 °C. Once at temperature, add hydrochloric acid dropwise, to adjust pH to 37. Expected osmolarity
is ~293 mmol/kg.

2.2.6 siRNA-mediated DSG2 knockdown

Pre-designed siRNA oligos targeted against DSG2 as well as a universal negative
control siRNA were purchased (MilliporeSigma, St. Louis, MO, USA). A cocktail of
three distinct anti-DSG2 oligos (see Table 2.6 for oligo sequences) was complexed

for transfection using TransIT-siQUEST transfection reagent (Mirus Bio, Madison,
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WI, USA) and Opti-MEM reduced serum medium (Thermo Fisher). On
differentiation day 35, iPSC-CM monolayers were fed with B27+ media
supplemented with siRNA complexes for a final concentration of 50 nM. The
monolayers were incubated with the siRNA complexes and transfection reagent for
48 hours, the media was then replaced with fresh B27+ media, and the samples
were analyzed the following day (72 hours total treatment time). For preliminary
experiments, siRNA was covalently labelled with Cy5 fluorophores using the Label

IT siRNA Tracker kit (Mirus Bio) to allow for visual evaluation of transfection

efficiency.
Mat. # - Line Forward (5°23’) Reverse (5’23°)
VC30002-001 GAAAUUGAGCAGAGACAAA UUUGUCUCUGCUCAAUUUC
VC30002-004 CUUCUACCUUGGUAGAUCA UGAUCUACCAAGGUAGAAG
VC30002-007 CUACUCUGGCCAUGCCUAA UUAGGCAUGGCCAGAGUAG

Table 2.6 siRNA oligo sequences. Purchased from MilliporeSigma.

2.2.7 Statistics

RT-qPCR data is presented as mean * standard deviation of the mean. Unless
otherwise indicated, all other summary data is presented as mean = 95%
confidence interval, calculated in R. Continuous variables were compared using
unpaired, unequal variance Student’s t-test with a Holm-Bonferroni family-wise
error correction. For RT-qPCR data, normalized relative quantities and their
standard errors were calculated using the EasygpcR software package [65]. P<0.05
in two-tailed analysis was considered significant. *: p<0.05, **: p<0.01, ***:

p<0.001.
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2.3 Results

2.3.1 Establishment of a patient-specific iPSC-CM model with
novel pathogenic variant DSG2 c.2358delA

In order to determine the functional and pathological consequences of DSG2
c.2358delA, we generated an iPSC line from the affected patient.” Briefly,
peripheral blood mononuclear cells were isolated from the donor’s blood, induced
to form blast cells and reprogrammed into pluripotency via transfection with Sendai
virus vectors containing the Yamanaka factors. These cells were re-plated at low
density and clonal colonies were selected and expanded. Basic characterization of
these clones was then performed.

Chromosomal analysis of this new DSG2-mutant iPSC line (referred to as
“JHUO013” henceforth) demonstrated a normal karyotype, and Sanger sequencing
showed a heterozygous DSG2 c.2358delA variant present in the reprogrammed
cells, as was expected based on the donor’s genotype (Fig. 2.5). We then measured
canonical markers of pluripotency via immunostaining and RT-qPCR in JHUO13
iPSCs. Immunofluorescent images showed strong nuclear expression of SOX2,
Nanog and OCT3/4, while RT-qPCR experiments demonstrated very high
expression of OCT3/4, SOX2, NANOG, and LIN28 compared to human primary

cardiac fibroblasts, which are terminally differentiated.

" iPSC reprogramming was largely performed by Deborah Disilvestre and other members of the

Tomaselli laboratory.
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Figure 2.5 Normal karyotype and expression of pluripotency markers in JHUO013. (A)

Chromosomal analysis of JHU013 iPSCs. (B) RT-gPCR analysis showed abundant expression of
pluripotency-associated transcripts in JHUO13 iPSCs relative to terminally differentiated control
cells (primary neonatal human cardiac fibroblasts, HcF). ***p < 0.001 via unpaired t-test. (C)
Confocal images of JHUO13 iPSCs depicting immunopositivity for canonical markers of
pluripotency: SRY (sex determining region Y)-box 2 (SOX2), homeobox NANOG, and Octamer
binding transcription factor-3/4 (OCT3/4).

To establish control lines for our experiments, we used an iPSC line derived
under an identical protocol from a healthy, Caucasian volunteer who, like patient

JHUO13, was a female in her early 50s at the time of donation (JHU0O1). We also

selected a widely available wildtype control line derived from a healthy East Asian
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male donor in his early 30s (WTC11, “WTC”). iPSCs from all three lines were
subjected to a Wnt-mediated cardiogenic differentiation protocol and began to beat
on approximately day 8. On days 10-14 the cardiomyocyte (CM) population was
enriched metabolically via lactate purification as previously described [66].
Cardiomyocytes formed a syncytial monolayer after being plated onto coverslips on
day 28 and were cultured until day 35-39, when they were analyzed. Differentiated
iPSC-CMs were measured by flow cytometry to be >90% positive for cardiac
troponin T (cTnT) on day 35, indicating high purity of cardiomyocytes, with no
differences in differentiation efficiency noted between control and JHU013 iPSC
lines (Fig. 2.6A). The mean spontaneous beating rates for the iPSC-CM monolayers
were similar among all lines on differentiation day 38 (67.6+5.7 beats per minute
{BPM} in JHUO13 vs. 68.4 =12.1 and 64.8+=5.8 BPM in JHUOO1 and WTC,

respectively) (Fig. 2.6B).
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Figure 2.6 Baseline characterization of iPSC-CM model. (A) Cardiac Troponin T expression in
iPSC-CMs. iPSC-CMs were fixed on differentiation day 35, stained, and analyzed via flow cytometry.
CMs from all three lines demonstrated >90% cTnT-positivity indicating high cardiomyocyte purity.
(B) Mean spontaneous beating rate of iPSC-CM monolayer on differentiation day 38. Measured from
phase contrast video taken using a Lumascope incubator microscope. Beating rate was not

significantly different between the lines. For (B) JHUOO1 (n=12), WTC (n=12) JHU013 (n=14).
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2.3.2 Electrophysiological characterization of JHU013 iPSC-CMs

On day 28 of differentiation, iPSC-CMs from each line were plated onto
coverslips and cultured for another 9-11 days to allow confluent monolayers to
develop. At day 37-39, optical mapping recordings were taken using a CMOS
camera to measure the electrophysiological characteristics of the monolayers. For
these experiments, membrane potential was measured using voltage sensitive dye
Di-4-ANEPPS, while calcium transients were measured using Rhod-2 AM. For all
experiments, pacing stimulation was applied using a bipolar palladium line
electrode at cycle lengths ranging from 250 ms to 2000 ms. For most experiments,
data for the 500 to 1000 ms range is presented, as these are the rates at which we
most consistently achieved capture.

One of the most striking findings from these experiments was that the action
potentials of the JHUO13 monolayers was substantially shortened compared to both
wildtype controls. Action potential duration at 80% repolarization (APDg,) was
significantly reduced in JHU013 CMs compared with both control lines (220+24
ms in JHUO13 vs 311+27 ms in JHUOO1 and 365+26 ms in WTC at 1000 ms
pacing) as was APDs, (13415 ms in JHUO13 vs 213+21 ms in JHUOO1 and
227+25 ms in WTC at 1000 ms pacing; Fig. 2.7). This result indicates considerable

differences in repolarization behavior in the DSG2-mutant iPSC-CMs.
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Figure 2.7 Action potential shortening in DSG2-mutant iPSC-CM monolayers. (A)
Representative voltage traces for JHUO13 and both control lines. (B) Action potential duration
(APD) measured at 30% and 80% repolarization at three different pacing rates. JHUOO1 (n=8),
WTC (n=13) JHU013 (n=9).

Optical mapping experiments showed similar conduction velocities in all lines
and no differences in conduction heterogeneity, as measured by the relative
standard deviation (RSD) of conduction velocity values within each sample (Fig.
2.8A,B). There were also no significant differences in relative upstroke velocity (Fig.
2.8C,D). However, we did find that the upstroke velocity in the JHU013 iPSC-CMs
was more variable across each monolayer on average (RSD= 0.27+0.1 in JHU013
vs 0.15+0.01 in JHUOO1 and 0.13%=0.06 in WTC at 1000 ms pacing, Fig. 2.8D).
This implies substantial spatial heterogeneity of excitability or electrical coupling
in these cells. The latter seems less likely because of the lack of measurable
differences in conduction heterogeneity, but small differences in heterogeneity

could potentially be masked by the safety factor of the syncytium.
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Figure 2.8 Normal conduction but increased upstroke heterogeneity in JHU013 iPSC-CM
monolayers. (A) Representative activation maps. Isochrone lines spaced 5 ms apart. (B) Mean
conduction velocity and conduction heterogeneity measurements at 1000 ms pacing. Heterogeneity
calculated as the relative standard deviation (RSD) of all measurements within each sample. (C)
Traces of the action potential upstroke in all three lines. (D) Relative upstroke velocity measured at

1000 ms pacing and spatial heterogeneity of upstroke velocity. JHU0OO1 (n=8), WTC (n=13)
JHUO013 (n=9).
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Figure 2.9 Altered calcium transient behavior in DSG2-mutant iPSC-CMs. Representative
calcium traces. (B) Average time-to-peak Ca** (C) Ca®* decay rate A (i.e. T). JHUOO1 (n=10), WTC
(n=7), JHUO13 (n=9).



Mapping the relative intracellular calcium concentration in iPSC-CM
monolayers during excitation revealed significant differences in calcium dynamics.
Time-to-peak Ca** was considerably shorter in JHUO13 CMs than in controls
(98+18 ms in JHUO13 vs 170+40 and 183+32 ms in JHUOO1 and WTC; Fig. 2.9B).
At faster pacing rates JHUO13 CMs also displayed slowed Ca** transient decay (Fig.

2.9C), though this effect was not observed at 1000 ms pacing.

2.3.3 Biomolecular characterization of JHU013 iPSC-CM

We first characterized the expression and localization of key desmosomal
proteins and cardiac ion channels in the DSG2-mutant iPSC-CM model. Specifically,
RT-qPCR analysis showed that mRNA expression of DSG2 was significantly reduced
in the mutant iPSC-CMs compared to both JHUOO1 and WTC (35.2% and 49.6%
lower expression, respectively), using a primer targeted to a site upstream of the
DSG2 c.2358delA location (Fig. 2.10). Sodium and potassium channel genes SCN5A
and KCNQ1 were more highly expressed in JHU013 CMs compared to JHUOO1, but
not WTC, as was Ca**-handling gene CAMK2A. In other Ca**-handling genes, we
observed increased RYR2 expression and reduced CASQ2 and SLN expression in
JHUO13 CMs compared to controls. These changes are very interesting in
consideration of the different calcium transient dynamics we observed in JHU013

CMs.
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Figure 2.10 RT-qPCR analysis of JHU013 CMs. Expression calculated relative to JHUOO1. n=3 for

each group, with three technical replicates per sample.

JHUOO1

WTC

JHUO13

Figure 2.11 Visualization of desmosomal components in iPSC-CMs. Confocal images of iPSC-CM
monolayers stained for desmosome components: (A) desmoglein-2, (B) plakoglobin, and (C)
plakophilin-2. Yellow arrows highlight presence of desmosomal proteins at cell-cell boundaries;

yellow arrowheads highlight perinuclear localization of DSG2. White scale bars: 10 um.
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Immunofluorescent imaging illustrated reduced overall signal intensity of
desmoglein-2 in JHU013 iPSC-CMs, in addition to reduced localization at the cell
membrane in conjunction with perinuclear accumulation (Fig. 2.11A). The latter
finding suggests defects in trafficking of DSG2 in these cells, as has been previously
reported in Dsg2-mutant mouse models and in human ARVC patients with
pathogenic variants in DSG2 [40,67]. Western immunoblot analysis demonstrated
much lower expression of full-length (~130kDa) desmoglein-2 in JHU013 CMs but
retained lower molecular weight bands of desmoglein-2-immunopositive protein
(Fig. 2.12). This implies either enhanced degradation of desmoglein-2 or
substantial translation of incomplete protein.
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Figure 2.12 Western blot analysis of desmosomal and contractile proteins in JHU013 and
control iPSC-CMs. Whole lysate Western immunoblots of JHU013 and JHUOO1 iPSC-CMs, probed
for desmosomal proteins, a-actinin (ACTN2), and calcium handling regulators pCaMKII and pPKA-
C. Quantification of signal intensity relative to GAPDH and normalized to JHU0OO1. DSG2 quantified

using the full-length 130 kDa band. n=3 for each cell line.
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We found mRNA abundance of desmosomal components PKP2 and JUP to be
slightly increased and unaffected, respectively, in JHUO13 cells, but observed no
difference in protein expression of either gene product by immunostaining (Fig.
2.11B,C) or Western blot studies (Fig. 2.12). We also measured the abundance of
two key calcium handling proteins, Ca®*/calmodulin-dependent kinase II and PKA-
C in their active forms (pCaMKII and pPKA-C, respectively) and found pCaMKII
abundance was not significantly different among the three lines and that JHU013
iPSC-CMs displayed similar levels of pPKA-C compared to JHUOO1, but more than
WTC.

Immunostaining for a-actinin and cardiac troponin I in JHUO13 iPSC-CMs
showed narrower myofibrils than normal iPSC-CMs (Fig. 2.13), although Western
blots demonstrated that a-actinin protein abundance was not altered in JHU013
CMs. To assess myofibril diameter, we measured the length of Z-lines, denoted by
a-actinin immunopositivity, in randomly selected regions across several high
magnification confocal images. We found myofibril diameter in both control lines
to be in agreement with measurements reported in the literature [67] but
confirmed that Z-line length, i.e. myofibril width, was significantly shorter in
JHUO013 CMs compared to controls (0.76+0.08 um in JHUO13 vs. 1.17+0.2 um in
JHUOO1 and 1.22+0.23 um in WTC; Fig. 2.13).

In search of further validation for the theory that myofibril organization is
dysregulated in JHUO13 iPSC-CMs, we queried an RNA-sequencing dataset which

was initially generated as part of the investigation detailed in Chapter 3.
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Figure 2.13 Visualization of contractile architecture in iPSC-CMs. Confocal images of iPSC-CM
monolayers stained for a-actinin and cardiac troponin T. Bar graph depicts the mean Z-line lengths
quantified from o-actinin immunostaining. Shorter Z-lines in JHU013 cells correspond to narrower
myofibrils. Two regions were randomly selected for quantification from three different images of

each line. White scale bars: 5 pm. While length markers highlight sarcomere width in each image
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Figure 2.14 Contraction-related genes are differentially expressed in JHU013 iPSC-CMs. A
volcano plot showing the expression genes associated with the three contraction-related GO terms
(listed to the right) identified in RNA-seq enrichment analyses. Each point represents a gene that
was found to be differentially regulated between JHUO013 and JHUOO1 iPSC-CMs. Red points to the
right of the vertical red lines are genes which were upregulated in JHUO13 by at least two-fold, and
blue points to the left are genes which were downregulated in JHUO13 by at least two-fold. The

horizontal red line applies a more stringent cutoff value so that everything above that line has a p-

value < 1073.
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The dataset includes bulk RNA-seq data for JHUOO1 and JHUO13 iPSC-CMs
harvested on differentiation day 35 (see Section 2.2.4 for methods details). We
compared the data for JHUOO1 and JHUO13 iPSC-CMs, identified all genes that
were differentially expressed between them, and performed a gene ontology
enrichment analysis to get a sense of which gene sets are particularly different
between the two lines. In that analysis three of the top ten most over-enriched gene
ontology terms were: actin filament bundle (G0:0032432), contractile actin
filament bundle (GO:0097517), and actomyosin (GO:0042641). This was
noteworthy as actin filaments and actomyosin complexes are integral components
of the myofibril structure. The volcano plot in Figure 2.14 highlights the genes from
those three gene ontology sets that were the most differentially expressed between

JHUO0O01 and JHUO13 iPSC-CMs in our analysis.

2.3.4 Effect of siRNA-mediated silencing of DSG2 expression

We next sought to interrogate the role that the DSG2 c.2358delA mutation plays
in mediating the biomolecular and electrophysiological changes observed in
JHUO13 iPSC-CMs as compared to the effects of overall DSG2 expression. To
achieve this, we used small interfering RNA (siRNA) to suppress expression of DSG2
in JHUOO1 iPSC-CMs. After 72 hours, siRNA transfection of JHU0OO1 iPSC-CMs
substantially reduced DSG2 expression at both the transcriptional and protein
levels. The 81% decrease in mRNA abundance we measured (Fig. 2.15A) was a

greater reduction than we saw in the JHUO13 cells at baseline relative to controls.
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We did not observe a significant change in the localization of desmoglein-2 in
response to DSG2 knockdown (DSG2-KD), nor did we find any effect on the
expression or localization of plakoglobin (Fig. 2.15B).

DSG2 knockdown resulted in altered abundance of RNAs encoding several ion
channels including reduced SLC8AI (Incx) and increased KCNJ2 (Ix;) (Fig. 2.15A),
but notably its effects on SCN5A and KCNQ1 transcript levels, which were altered
in JHUO13 CMs (Fig. 2.10), were not statistically significant. Expression of calcium
handling genes RYR2, and SLN, which were all differentially expressed in JHUO13

CMs, were not significantly affected by DSG2 suppression.
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Figure 2.15 Effects of DSG2 knockdown on gene expression in JHU0O1 iPSC-CMs. (A) Relative
mRNA expression of key cardiac markers in iPSC-CMs, with and without DSG2 knockdown. n=3 for
each group. (B) Confocal images of JHUOO1 iPSC-CM monolayers stained for DSG2 and JUP. White

scale bars, 20 um.
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Figure 2.16 Action potential and conduction effects of DSG2 knockdown. (A) Representative
action potential traces are shown for JHUOO1 and JHUO13 iPSC-CMs. Bar graphs depict summary
statistics for action potential characteristics. (B) Isochrone maps for JHUOO1 and JHUO013 iPSC-CMs
and mean conduction velocity and conduction heterogeneity. All data shown is from recordings
taken at 1000 ms pacing cycle length. JHUOO1: Neg. Control (n=9), DSG2-KD (n=8). JHUO013: Neg.
Control (n=5), DSG2-KD (n=>5).

Optical voltage mapping showed that DSG2 knockdown in wildtype iPSC-CM
monolayers shortened the action potential duration (Fig. 2.16A). At 1000 ms pacing

rates, APD;, was reduced by 47 ms and APDg, was reduced by 40 ms in JHUOO1
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CMs, similar to the differences seen between untreated control and DSG2-mutant
CMs. However, unlike our observation in JHUO13 cells, DSG2-suppressed JHUOO1
cells displayed slower conduction velocities (Fig. 2.16B) and slower action potential
upstroke velocity, without significant effect on the spatial heterogeneity of either
parameter. Interestingly, similar action potential and conduction effects were
observed in JHUO13 iPSCs in response to DSG2 knockdown (Fig. 2.16).

We also performed calcium mapping and discovered that calcium transients in
JHUOO1 CMs were not substantially altered by DSG2 knockdown; times-to-peak
Ca** and Ca** decay rates were similar between treated and untreated monolayers
(Fig. 2.17). In JHUO13, there was also no observable effect on calcium decay, but

there was a slight shortening effect on the time-to-peak Ca*".
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Figure 2.17 Calcium transient effects of DSG2 knockdown. Representative Ca** traces are shown
for JHUOO1 and JHUO13 iPSC-CMs. Bar graphs depict summary statistics for calcium transient
characteristics. All data shown is from recordings taken at 1000 ms pacing cycle length. JHU0O1:
Neg. Control (n=9), DSG2-KD (n=8). JHU013: Neg. Control (n=9), DSG2-KD (n=9).

45



2.4 Discussion

In this chapter we established a novel patient-specific iPSC model of ARVC from
an individual with a pathogenic variant in DSG2, the second most common gene
associated with ARVC [68]. We performed a broad -characterization of
cardiomyocytes derived from these iPSCs, evaluating their biomolecular features as
well as their electrophysiological behaviors in monolayer cultures. Our studies
confirmed reduced DSG2 expression and disrupted localization in JHU013 CMs,
with no apparent changes in expression or localization of other key desmosomal
components. We also found that these cells have aberrant electrophysiology and
altered Ca** handling when compared to wildtype cells, including shortened action
potential duration and time-to-peak calcium.

The DSG2 c.2358delA variant results in a frameshift and early termination in
the intracellular cadherin-like domain of DSG2, which would result in the loss of
the C-terminus from proteins translated from that allele. It has been previously
demonstrated that the distal C-terminal domains are critical in stabilizing
desmoglein-2 at the cell membrane, and that deletion of those downstream regions
results in increased protein internalization and consequently weakened cell-cell
cohesion [69]. Our observations are consistent with loss of desmoglein-2 stability
at the cell membrane and dysfunctional protein trafficking; we found that in
JHUO13 iPSC-CMs, desmoglein-2 accumulates intracellularly, primarily near the
nucleus, whereas it was predominantly localized at myocyte-myocyte junctions in

controls (Fig. 2.11).
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Advanced ARVC has several well-established pathological markers in human
myocardium; however, establishing a definition and criteria constituting a faithful
in vitro model of ARVC has proven difficult. Some authors have proposed using
reduced plakoglobin expression at cell boundaries as a key component of that
definition, since this feature has been documented in both animal [40] and iPSC
[70] models and has even been evaluated as a potential diagnostic marker in
humans [23,24,71]. However, plakoglobin dysregulation has not been observed
universally, and notably the extent of dysregulation has been variable among
pathogenic variants studied [25,54]. In our model, plakoglobin expression was not
appreciably altered in transcription, protein abundance, or in its localization, which
conflicts with the use of plakoglobin as a universal marker of ARVC in vitro (Fig
2.10 and Fig. 2.11). Although, given that iPSC-CMs do not form mature intercalated
discs at baseline, these results are difficult to extrapolate to human and animal
models, and it is still very possible that plakoglobin disruption is a useful marker
for advanced disease [56].

Interestingly though, cytoskeletal organization did seem to be affected in
JHUO13 iPSC-CMs. We found myofibrillar diameter was significantly reduced in
DSG2-mutant cells compared to both control lines, which hints at disruption in the
production, localization or assembly of myofibrillar proteins. We did not find
evidence that cardiac troponin T or a-actinin protein abundance was altered, but
RNA-sequencing revealed that genes involved in regulating myofibril assembly

were expressed very differently in JHUO13 CMs compared to control (Fig. 2.14).
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Studies of myocardial biopsies of ARVC patients have shown altered or degraded
myofibrillar structure and some forms of ARVC are associated with myofibrillar
myopathy [72-74]. Irregular organization of myofibrils has been noted in at least
two previous studies of ARVC in iPSC-CMs; one study used a PKP2-mutant iPSC
line and the other used a line with a rare mutation in OBSCN [75,76]. If similar
myofibrillar differences continue to be identified in diverse iPSC models of ARVC,
it could offer a novel criterion for defining ARVC phenotype in vitro.

Prior studies of ARVC iPSC-CMs have reported a range of electrophysiological
characteristics. An iPSC-CM model harboring a compound pathogenic variant in
PKP2 showed abnormal sodium channel function as indicated by slowed upstroke
speeds and reduced total sodium current [54]. A study of DSG2 p.G638R iPSC-CMs
found similar defects, and another study evaluating iPSC-CMs derived from a
patient with a rare homozygous DSG2 variant (p.R119X) found very slow
conduction velocities compared to an isogenic line with one wildtype DSG2 allele
[31,77]. In our model, we did not observe any differences between the DSG2-
mutant CMs and control CMs in terms of their conduction velocity or relative action
potential upstroke velocity, though we did find that the JHUO13 CMs displayed
much greater upstroke heterogeneity within each monolayer compared to the
controls (Fig. 2.8). Because the cardiomyocyte monolayers used in this study
possess electrically connected myocytes and display syncytial behavior, our metrics
of excitability also reflect source-load current effects and, therefore, can differ from

single-cell measurements of excitability. Nevertheless, when considered alongside
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our finding that expression of the primary sodium channel (SCN5A) was not
reduced in JHUO13 cells, these results are inconsistent with major sodium current
dysfunction as reported in those prior studies.

In the study of DSG2 p.G638R iPSCs, the authors also found reduced expression
and activity of multiple potassium currents, including I,,, Isx, and Ixarp [31], but they
did not report any significant differences in repolarization dynamics in those cells.
In our study we measured substantially shortened action potential durations in our
DSG2-mutant CMs as compared to controls (Fig. 2.7), however the mechanisms
responsible for that difference are not entirely clear. JHUO13 CMs displayed slightly
higher mRNA expression of KCNQ1, the gene encoding the channel responsible for
Iy, which is one of the major repolarizing currents of the action potential (Fig.
2.10). JHUO13 CMs also had significantly shorter time-to-peak calcium, which
could reflect reduced influx of L-type calcium current resulting from the shortened
action potential duration or could itself potentially be a contributor to those
shortened action potentials (Fig. 2.9).

Another possible explanation for the differences in action potential
characteristics in our model compared to other DSG2-mutant models may be
related to ion channel trafficking. Desmoglein-2 and plakophilin-2 trafficking has
been linked to the expression and trafficking of several key ion channels, including
Nav1.5, through the formation of macromolecular complexes [26,78]. The different

excitability effects in our model as compared to other DSG2-mutant models, could
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be explained by variation in how different mutations affect the ability of
desmoglein-2 to form and influence these complexes.

Interestingly, our action potential findings in JHUO13 iPSC-CMs is consistent
with the ECG data available for the donor. The donor of the JHU013 line has shown
evidence of T wave inversions on ECG for decades (Fig. 2.1). T wave inversions are
considered to be indicative of aberrant repolarization behavior, and their presence
satisfies the 2010 ARVC task force criteria for “Repolarization abnormalities” (Table
2.1) [79]. Meanwhile, her clinical history offers no sign of altered cardiac
depolarization, such as epsilon waves or prolongation of terminal activation
duration on ECG. Our iPSC-CM experiments found altered repolarization
(shortened APD) but no defects in depolarization (unchanged conduction and
upstroke velocity). While inverted T waves do not imply globally shortened APDs
in the heart (in that case, we would expect to see QT interval shortening), they can
reflect abnormalities in the dispersion of APDs throughout the organ, which is
difficult to capture in an iPSC-CM monolayer model, but would be consistent with
our results.

Abnormal Ca**-handling can promote arrhythmia via a number of different
mechanisms and has been implicated in a broad range of acquired and inherited
cardiovascular diseases [80]. Several studies have suggested that calcium signaling
pathways play an important role in arrhythmia associated with ARVC, in particular
[45,81]. Previously reported iPSC-CM models of ARVC have exhibited slower

calcium relaxation [53], disrupted calcium homeostasis [46], and increased
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susceptibility to epinephrine-induced proarrhythmic calcium events (i.e. delayed
afterdepolarizations) [31]. Our findings further support the theory that
cardiomyocyte calcium regulation is altered in ARVC. In addition to displaying
much shorter time-to-peak Ca®* and slower Ca®** decay (Fig. 2.9), RT-qPCR
experiments showed overexpression of RYR2 and reduced expression of SLN, which
encode the ryanodine receptor and sarcolipin, respectively (Fig. 2.10). Ryanodine
receptors regulate calcium release from the sarcoplasmic reticulum (SR), and
sarcolipin regulates SR calcium uptake; both are critical for calcium homeostasis
[82-84]. High levels of cytosolic Ca®>* has been shown to enhance Iy, in rabbit
cardiomyocytes, which could possibly explain the action potential duration
shortening observed in JHUO13 iPSC-CMs [85].

Ultimately there are many ways in which the cellular- and syncytial-level
electrophysiological differences we observed in JHU013 iPSC-CMs could increase
susceptibility to ventricular arrhythmia if replicated in patient myocardium. The
shortened action potential durations in JHUO13 CMs implies that the cells are in
their refractory period for less time than the controls [86]. Therefore, these cells
would be more likely to respond to an ectopic beat which could allow an event that
would normally be damped by refractory myocardium to propagate into fulminant
arrhythmia [87,88]. We can infer from the upstroke velocity data that excitability
is more heterogeneous in JHUO13 monolayers than in control. Heterogeneity of
excitability is known to contribute to arrhythmia by increasing the susceptibility of

the substrate to unidirectional block and consequent reentry [89]. Our findings also
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suggest that Ca*" homeostasis is disrupted in the DSG2-mutant iPSC-CMs, which
can contribute to increased occurrences of early and delayed afterdepolarizations.
This “triggered activity” is one of the major mechanisms by which arrhythmias are
initiated [90,91].

In our model, overall expression of DSG2 was lower in the JHU013 CMs than in
the controls. This made it very difficult to assess which of the effects we observed
were related to the specific DSG2 mutation (and defective protein product) we are
studying in this patient and which effects might be linked to an across the board
reduction in DSG2 expression. To isolate the contributions of a gross difference in
DSG2 expression from the potentially dominant-negative effects of the c.2358delA
variant, we used siRNA targeted against DSG2 mRNA to transiently suppress DSG2
expression without introducing the potential for truncated protein translation. This
method achieved an approximately 80% reduction in DSG2 mRNA abundance in
JHUOO1 CMs. DSG2 knockdown in JHUOO1 CMs resulted in shortened action
potential durations but had little effect on Ca** dynamics. The action potential
changes are quite similar to the behavior seen in JHU013 iPSC-CMs, but mRNA
expression patterns suggest that these could be the result of different mechanisms.
While JHUO13 iPSC-CMs expressed more of the gene encoding Iy, compared to
control, DSG2 knockdown did not alter expression in that gene but instead resulted
in increased expression of KCNJ2, which encodes Ix;. RT-qPCR data also offers an
explanation for the minimal effects of DSG2 knockdown on calcium dynamics in

these cells. Although expression of CASQ2 was reduced by DSG2 knockdown, the
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other calcium handling genes that were differentially regulated in JHUO13 cells -
RYR2 and SLN - were not affected. While we observed no conduction differences
between JHUO13 and control iPSC-CMs at baseline, we found that DSG2
knockdown caused conduction slowing in both control and DSG2-mutant lines (Fig.
2.16). This slowing could be due to diminished intercellular connectivity, as
reduced expression of DSG2 can disrupt connexin-43 localization; indeed, one
study showed that mice with a cardiospecific knockout of Dsg2 developed
prolonged PR and QRS intervals on ECG recordings, indicative of significant
conduction delay [21].

The fact that DSG2 knockdown produced similar levels of conduction slowing
in JHUOO1 and JHUO13 iPSC-CMs while we saw no difference in baseline
conduction between those two lines suggests that direct suppression of DSG2
expression is more disruptive of conduction than the DSG2 c.2358delA variant
alone. Though, it is worth noting that these knockdown experiments measured only
acute reductions in DSG2 expression and longer-term studies, such as germ-line

knockouts, could reveal different effects.

2.5 Conclusion

iPSC-CMs derived from an ARVC patient with a familial DSG2 variant differ from
controls substantially with regard to their biomolecular and electrophysiological
phenotypes. They display altered expression of DSG2 and several important ion

channels and calcium-handling genes as well as narrower, more disorganized
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myofibrils. These cells also exhibit shortened action potentials and aberrant calcium
transient dynamics, each of which could make the myocardial substrate more
susceptible to dangerous arrhythmias, though we found no evidence of defects in
excitability as reported in other iPSC-CM models. Finally, global suppression of
DSG2 expression recapitulates some, but not all, of these phenotypic differences,
leaving open the possibility of a dominant-negative mechanism associated with

DSG2 c.2358delA pathophysiology.
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Chapter 3 — Establishing an isogenic
control for JHUO13 iPSC line

3.1 Background

The use of patient-derived iPSCs for modeling disease has expanded rapidly
since the technology was first developed. Most often, controls for these studies are
selected from age-matched, ideally sex-matched [92], unrelated healthy control
lines (as we did in Chapter 2) or from unaffected family members of the disease
line donor. However, these control lines can be suboptimal due to differences in
genetic background and other confounders [93,94]. Advances in genome editing
technology like CRISPR have allowed for the introduction of highly targeted genetic
mutations into iPSCs, which has been leveraged for disease models in two primary

ways; some investigators have introduced disease-associated mutations into
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healthy iPSC lines to generate a disease model [95,96], while others have used
genome editing to alter or “correct” the putatively pathogenic gene in a patient-
derived diseased iPSC line [77,97].

In the work detailed in this chapter, we sought to optimize our ARVC iPSC
model by generating an isogenic control line for JHU013 iPSCs. To do this, we used
a genome editing procedure based on CRISPR-Cas9 to replace the DSG2 allele
harboring the c.2358delA mutation, with a wildtype DSG2 sequence. We then
compared the phenotypes of the isogenic control iPSCs to both disease and wildtype
lines and performed a range of quality control experiments to assess the usefulness

of the generated control.

3.2 Methods

3.2.1 Genome editing of JHU013 iPSCs

Genome editing was performed using a CRISPR-Cas9 protocol based on
previously published work [98]. Guide RNAs were designed with the assistance of
the Broad institute GPP sgRNA Designer. gRNA/Cas9-GFP structures were
transfected into JHUO13 iPSC via neon electroporation, and two days later, the cell
population was sorted in a live cell fluorescence-activated cell sorter for GFP-
expression. GFP-positive cells were plated at single-cell density on 100 mm petri
dishes coated with laminin 521 (Flexcell, Burlington, NC, USA) and allowed to

expand for six days. Colonies were then picked, plated in 24-well plates and
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expanded to confluence twice. At that point cells were passaged, and half of the
cells from each colony were re-plated into 6-well plates while the other half were
sent for karyotyping and Sanger sequencing (performed by the Johns Hopkins
Genetic Research Core Facility) to look for DSG2 gene correction. Clones with
normal DSG2 genotype (Fig. 3.1) were then further expanded and banked in

cryogenic storage. We refer to this edited cell line as JHUOQ13-Corrected or

« ”

JHUO13-C”.
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Figure 3.1 Sanger sequencing of DSG2 in an edited clone of JHU013 iPSC. Green arrow and red

circle highlight the adenine in position 2358 of the DSG2 gene, which is present here in JHU013-C
iPSCs, whereas this nucleotide is deleted on one allele in unedited JHU013 iPSCs (Fig. 2. 4).

3.2.2 Electrophysiological studies

Optical mapping studies and beat rate analysis were performed as described in

Section 2.2.5.
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To assess beat rate, high-speed video recordings were taken using an inverted
microscope set up inside of an incubator to allow tight control of temperature and
humidity. After a plate containing iPSC-CM monolayers was allowed to equilibrate
in the incubator, three separate 30 second recordings were taken of each well.

The data were then analyzed using a custom MATLAB script which identified a
reference frame when the cells are at rest and quantifies the total deviation from
that reference frame, producing a waveform that correlates with the beating of the
monolayers. After denoising, the total number of peaks was divided by the duration
of the recording to produce the beating rate, and the standard deviation of the time

between each pair of adjacent peaks was used to assess beat-to-beat variability.

3.2.3 Biomolecular assays

Immunocytochemistry and RT-qPCR analyses were performed as described in

Section 2.2.3.

3.2.4 Next-generation sequencing

DNA extraction, preparation and sequencing for whole exome sequencing
studies were performed by the Johns Hopkins Genetics Research Core Facility. That
service also performed the initial data analysis including aligning the sequences to
the genome and annotating genetic variants.

RNA-sequencing and analysis were performed as described in Section 2.2.4.
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3.2.5 Statistics

Unless otherwise indicated, all data are presented as mean =+ standard deviation
of the mean, calculated in R. Continuous variables were compared using unpaired,
unequal variance Student’s t-test with a Holm-Bonferroni family-wise error

correction. P < 0.05 in two-tailed analysis was considered significant.

3.3 Results

3.3.1 Basic characterization of genome-edited JHU013 iPSC line

Although we see significant phenotypic differences in the JHUO013 line
compared to wildtype controls, these experiments do not completely rule out the
potential influence of genetic background on iPSC-CM behavior. Our group
therefore sought to generate an “isogenic control” which would be genetically
identical to JHUO13 except for a corrected DSG2 genotype (i.e. two wildtype DSG2
alleles). To do this we employed CRISPR-Cas9 and nonhomologous end joining to
edit the genome of JHUO13 iPSCs.” We then expanded the edited cells and screened
clones for a homozygous normal DSG2 gene. We refer to this line as
“JHUO13-Corrected” or “JHU013-C”.

We next applied our cardiogenic differentiation protocol to the JHUO13-C iPSCs

to generate iPSC-CMs and set out to characterize these cells as we did for the other

" Gene editing was planned and executed primarily by Deborah DiSilvestre in the Tomaselli

laboratory and Adriana Blazeski.
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iPSC lines, beginning with electrophysiological characterization. Analysis of optical
voltage mapping recordings found that JHU013-C iPSC-CMs displayed action
potential durations that were much longer than JHU013 CMs but similar to JHUOO1
control CMs (APDg, = 339+7 ms in JHUO013-C vs. 331+27 ms in JHUOO1 and
214+25 ms in JHUO13 at 1000 ms paced cycle length; Fig. 3.2A,C-D). These results
aligned with our expectations of a “corrected” phenotype in the JHU013-C line.
However, we also observed that the conduction velocities of JHU013-C CMs were
much slower than both JHU013 and JHUOO1 (CV = 6.6+0.3 cm/s in JHUO13-C vs.
13.2+0.9 cm/s in JHUOO1 and 12.8+2.5 cm/s JHUO13 at 1000 ms paced cycle
length; Fig. 3.2B). This unexpected finding was consistent across multiple clones

and multiple rounds of differentiation and mapping.
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Figure 3.2 Action potential characteristics of JHU013-C iPSC-CMs vs JHU013 and JHUOO1. (A)
Normalized action potential traces for JHU013 and JHUO013-C iPSC-CMs; all samples included in
this analysis have been overlaid. (B) Mean conduction velocity measurements from 500 ms to 2000
ms paced cycle lengths. (C,D) Mean APDg, and APD3, measurements. For all figures, JHUO13 (n=9),
JHUO013-C (n=14), JHUOO1 (n=9).
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Calcium mapping provided further unexpected results, and we discovered that
the calcium time-to-peak (TTP-Ca*") was much longer in JHU013-C CMs compared
to both JHUO013 and JHUOO1 despite the fact that the CRISPR-corrected cells had
similar action potential durations to the wildtype line (TTP-Ca** = 224+25 ms in
JHUO013-C vs 118+15 ms in JHUOO1 and 85+7 ms in JHUO13 at 700 ms paced
cycle length; Fig. 3.3). Calcium decay kinetics showed a wider variance in
JHUO13-C monolayers but the mean decay rate was not significantly different from
the other two lines (A = 8.8+0.5 ms in JHU013-C vs 8.8+0.2 ms in JHUOO1 and

8.3+0.2 ms in JHUO13 at 700 ms paced cycle length; Fig. 3.3).
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Figure 3.3 Calcium transient characteristics of JHU013-C iPSC-CMs. Measured via optical
mapping with Rhod-2 AM. (A) Normalized calcium traces for JHU0OO1, JHUO13 and JHU013-C
iPSC-CMs. (B) Mean time-to-peak calcium. (C) Calcium decay rate (A). All data shown measured at
700 ms paced cycle length. JHUOO1 (n=23), JHU013 (n=22), JHU013-C (n=15).

Seeking to explain the unexpected electrophysiological differences observed in
JHUO13-C CMs, we next performed biomolecular characterization via RT-qPCR and
immunocytochemistry. We first isolated RNA from wildtype, DSG2-mutant, and

CRISPR-corrected iPSC-CMs and performed RT-qPCR experiments. As we might
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have expected, we found that DSG2 expression in JHU013-C CMs was increased
relative to JHUO13 but was somewhat reduced relative to JHUOO1 (compared to
JHUO001, RQ = 0.66+0.8 in JHU013-C vs 0.27+0.07 in JHUO13; Fig. 3.4A). That
pattern of JHUO13-C expression falling in between JHUOO1 and JHUO13 was
reflected in several measured markers including SCN5A, CACNA, and PKP2; in all
of these genes, JHUO13 expression was measured to be greater than JHU013-C
which in turn was greater than JHUOO1. These results might be expected in a line
with a partially corrected phenotype, and they did not offer a good explanation of
the major electrophysiological differences we observed in the CRISPR-edited cells.
It is also notable that GJA, which encodes connexin-43, was similarly expressed in
all three lines.” The conduction velocity defect could still be due to post-
transcriptional differences in connexin-43 expression and could also be attributable
to another mechanism altogether.

We also used immunostaining to evaluate the expression of desmoglein-2 in
JHUO013-C CMs. For these experiments we utilized two different primary
antibodies; one antibody targets an epitope in the extracellular domain of DSG2
(which is not affected by the DSG2 c.2358delA variant) while the other targets the
C-terminus on the intracellular portion of the protein (this region is expected to be

truncated by the DSG2 ¢.2358delA mutation).

" Preliminary immunostaining suggested that Cx-43 expression at the cell membrane was lower in

JHUO013-C CMs compared to JHUOO1 and JHUO13, but these experiments were not conclusive.
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Figure 3.4 Biomolecular evaluation of JHU013-C iPSC-CMs. RT-qPCR analysis. mRNA foldchange
expression is shown relative to JHUOO1. n=3 for all groups. (B) iPSC-CM monolayers stained for
desmoglein-2 with probes targeting extracellular and intracellular (C-terminus) domains of the
protein. The C-terminal domain is expected to be absent in proteins translated from an allele with

the DSG2 c.2358delA variant. White scale bar, 5 pm.

In confocal images, JHUOO1 cells displayed immunopositivity for both
antibodies primarily at the intercellular membranes as would be expected (Fig.
3.4B). Localization was clearly disrupted in the JHUO013 CMs as we've seen
previously, with staining of both antibodies much less pronounced at the cell
membranes; though interestingly, there was much more perinuclear accumulation
of the desmoglein-2 C-terminus in these cells than there was for the extracellular
portion. JHUO13-C cells, though, showed markedly aberrant desmoglein-2
expression. Overall immunopositivity was much higher than in either of the other

two lines, and while there was some expression at intercellular boundaries, the vast
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majority of the signal was intracellular. This immunostaining data suggests that
desmoglein-2 protein expression in JHUO013-C was significantly higher than in
JHUO13, but that the CRISPR-edited cells retained a substantial defect in

desmoglein-2 protein localization.

3.3.2 Genomic and transcriptomic evaluation of JHU013-C iPSC
line

We next decided to perform bulk RNA-sequencing with the goal of generating a
reasonable hypothesis as to the underlying causes of the unexpected behaviors in
the JHUO13-C cell line. We prepared five iPSC-CM samples each from JHUOO1,
JHUO13, and JHUO13-C and sent them to an outside vendor (GENEWIZ, South
Plainfield, New Jersey) for RNA isolation, library preparation and sequencing. The
data was then mapped onto the human genome, and relative expression was
calculated.

The RNA-sequencing data made it very clear that the CRISPR-edited iPSC-CMs
were phenotypically different from both the unedited DSG2-mutant line and the
wildtype line. Figure 3.5A shows a heatmap of all genes that were found to be
differentially expressed when comparing JHUO13 and JHU013-C. Since JHU013
and JHUO13-C theoretically share the vast majority of their genetic background, we
expected that their overall expression patterns would be similar to each other, with

perhaps a few key differences. However, as can be observed in that heatmap,

" RNA-seq data processing was performed by Suraj Kannan.
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expression patterns in JHUOO1 and JHUO13 were much more similar to each other
than either of them was to JHU013-C, despite having completely unrelated genetic
background. The same observation holds true when we limit the heatmap to a set
of cardio-specific genes in Figure 3.5B.

To get an unbiased assessment of the similarity of the three lines, we performed
a principle component analysis on the RNA-seq expression data. That analysis
showed that on one set of genes, defined by component 2 (PC2 in Fig. 3.5C),
JHUO13-C expression fell in between JHUOO1 and JHUO013; if JHUO13-C had a
corrected or partially corrected phenotype, we would expect to find a set of genes
with this property, where expression is pulled toward the healthy control. However,
in another set of genes defined by component 1 (PC1) JHU013-C expression was
much different compared to both other lines, which, in turn, are very similar to
each other. We performed a gene ontology enrichment analysis on the genes
comprising PC1 and discovered that a number of the top ontology terms relate to
cellular adhesion and extracellular matrix interactions (Table 3.1). Defects in these
cellular processes, could potentially be driving the functional differences we
observe in JHUO013-C iPSC-CMs since changes in the composition of the
extracellular matrix has been shown to modulate cardiomyocyte electrophysiology,
calcium handling, and conduction [99,100], and loss of extracellular adhesion
molecules can also cause conduction defects and changes to calcium channel

function [96].
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Figure 3.5 Preliminary analysis of JHU013-C RNA-sequencing data. (A) Heatmap displaying
row-normalized expression of all genes found to be differentially expressed between JHUO13 and
JHUO13-C CMs. (B) Heatmap displaying a set of genes key to CM function and electrophysiology.

(C) A principle component analysis comparing the expression profiles of all three lines.

Top 10 GO Terms: PC1
Cell-matrix adhesion mediator activity (GO:0098634)
Platelet-derived growth factor binding (GO:0048407)

Extracellular matrix structural constituent conferring tensile strength (GO:0030020)

Extracellular matrix structural constituent conferring compression resistance (GO:0030021)
Extracellular matrix structural constituent (GO:0005201)

Extracellular matrix binding (GO:0050840)

Collagen binding (GO:0005518)

Cell adhesion mediator activity (GO:0098631)

Transmembrane receptor protein tyrosine kinase activity (GO:0004714)

Growth factor binding (GO:0019838)

Table 3.1 Gene ontology enrichment analysis for PC1. Top 10 gene ontology terms identified via

enrichment analysis of the genes comprising PC1 in the principle component analysis in Figure 3.5C.
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One of our primary hypotheses regarding JHU013-C’s aberrant behavior was
that off-target mutations had been introduced, either during the CRISPR-editing
process or spontaneously in culture afterwards. To interrogate this, we decided to
pursue whole exome sequencing (WES). We submitted five iPSC samples to the
Johns Hopkins Genetics Research Core Facility for WES: two distinct clones of
JHUO13, two distinct clones of JHU013-C, and one clone of JHUOO1. The GRCF
performed the DNA extraction, sequencing and initial data processing including
genome alignment and variant annotation.

The first question we wanted to answer with the WES data was “Did the CRISPR
editing properly correct the DSG2 mutation in JHU013-C?”. A quick look at the gene
alignment data revealed that, as expected, JHUO13-C iPSCs did not harbor the
DSG2 c.2358delA mutation, while JHUO13 iPSCs showed a heterozygous genotype
(Fig. 3.6). All identifiable genetic variants were then annotated and analyzed for
potentially impactful off-target mutations. We adapted an analysis workflow from
two publications aiming to identify off-target mutations in CRISPR-edited cells
[101,102] to generate the set of parameters detailed in Table 3.2, which was then
applied to all variants identified in the JHUO13-C clones. This left 441 potentially
impactful variants that were not present in JHUO013 iPSCs, confirming our

suspicions of significant genomic differences.
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Figure 3.6 Whole exome sequencing shows wildtype DSG2 alleles in JHU013-C. Image shows
sequencing reads for the portion of DSG2 containing the c.2358delA variant. The missing nucleotide
is apparent in about half of the reads for JHU013, suggesting heterozygosity, while there are no

missing nucleotides at that location in JHU013-C.

Off-target Mutation Workflow Criteria:

Exclude: variants in intronic regions and synonymous SNVs

Exclude: variants with poor quality sequencing (Total Reads < 10 or Quality/Total
Reads < 2)

Exclude: genes with more than 3 different variants observed

Exclude: homozygous variants

Exclude: variants with greater than 1% prevalence in the general population
Exclude: variants present in either unedited JHUO13 clone

Include: variants present in both JHU013-C clones

Table 3.2 Criteria for identifying impactful off-target mutations in JHU013-C from WES data.

We then queried our RNA-seq data to assess the relative expression of those 441

genes with new mutations. The heatmap in Figure 3.7 makes it fairly clear that in
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this particular set of genes, JHUOO1 and unedited JHUO13 CMs have expression
patterns that are much more similar to each other than either are to JHU013-C CMs.
This finding supports the hypothesis that the identified gene mutations are actually

impactful.

JHUOO1 JHUO13 JHUO013-C

Figure 3.7 RNA-seq data for genes identified as newly mutated in JHUO13-C. Heatmap
displaying iPSC-CM expression for the 441 genes with new, potentially impactful mutations
identified in JHUO013-C iPSCs.

3.4 Discussion

In this chapter, we used CRISPR-Cas9 with non-homologous end joining to edit
DSG2 in the JHUO13 line and generate an isogenic control line with two normal
DSG2 alleles. Through a multifaceted characterization, we discovered that
cardiomyocytes derived from this new line, JHU013-C, did not behave the way we

expected a control line to behave. These cells displayed very slow conduction
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velocities, altered calcium dynamics and aberrant localization of DSG2. These
abnormal results warranted deeper investigation which revealed that JHU013-C
cells were very abnormal transcriptionally compared to both control and JHU013
lines. This investigation also led us to identify more then 400 potentially impactful
off-target mutations in JHUO13-C iPSCs which were not present in the parent line.
This preponderance of evidence led us to conclude that JHU013-C is not a truly
“corrected” iPSC line and should not be considered an isogenic control because of
the extent of the potentially impactful genomic differences between it and its parent
disease line.

The presence of so many off-target mutations is surprising but has many
potential explanations. It is normal and expected than any cell line in culture will
accumulate spontaneous mutations over time, and this is also true of iPSCs
[103,104]. One study found that cultured human pluripotent stem cells cultured in
vitro acquire approximately 3-11 base pair substitutions per population doubling
[105], a more than 40 times faster than the in vivo mutation rates observed for the
same cell types. Assuming that the iPSC population doubles every 18 hours and
acquires 10 new mutations at each doubling and given that gene exons account for
only 1% of the 3.2 billion base pairs in the human genome, we would expect it to
take over eight years of continuous culture to amass 400 exonic mutations.
Therefore, if these mutations were caused by random drift, it would be incredibly

unlikely that two independently maintained JHUO13-C clones would amass 400+
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identical, nonsynonymous exonic variants not found in either of two independently
maintained JHUO13 clones, over the course of a few months.

It is much more likely that these mutations originated in some portion of the
gene editing process, where both clones would have been subjected to the same
conditions. Great effort and care were invested in designing the gene editing
procedure to avoid exactly this problem. Guide RNAs were carefully selected for
high efficiency scores and low levels of predicted off-target binding; neon
electroporation conditions were optimized to deliver the CRISPR constructs with as
little cellular damage as possible; and all standard quality control practices were
observed, including assessing genome stability (via karyotyping), verifying
pluripotency (via RT-gPCR and immunostaining for pluripotency markers), and
confirming the effect on the target gene (via sanger sequencing). Despite these
steps, the resulting gene-edited iPSC lines apparently acquired hundreds of off-
target mutations.

Without further extensive experimentation, it is very difficult to conclusively
ascertain where in the gene editing process this problem originated. However, this
work can potentially serve as a case study for the importance of quality control
testing in gene-edited iPSCs, even when using methods that are touted to be highly
targeted with minimal off-target effects. There are no universally accepted
guidelines for what kind of studies are necessary to validate a gene-edited iPSC line,
but some investigators in the field have recently begun to argue that the standards

for quality control should include searching for off-target effects. In a 2020 review
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of iPSC gene editing pipelines, one group recommended that all CRISPR edited
iPSC lines undergo a quality control regimen that includes not just tests of genomic
stability and pluripotency, but also routine testing for off-target effects [106]. This
could include studies as advanced as whole exome sequencing, as we performed as
part of this work, or as basic as RT-qPCR or high-resolution melting analysis of the
10 most likely off-target loci according to prediction algorithms. Other groups
advocate for slightly more obscure types of measurements, such as evaluating so
called “pseudo-genes”, DNA sequences known to share high homology with the
target gene which may or may not be transcribed [107].

At the moment, this depth of quality control is rare. Very few papers using gene
corrected iPSC lines report any type of testing for off-target effects of the process
and the same goes for most industrial contractors providing genome editing services
[77,108-111]. There are many reasons that this kind of testing is not more
commonly performed. Adopting these standards across the board could
substantially increase the cost, time, and effort involved in producing gene-edited
iPSC lines. There are also no clear guidelines or cutoffs as to what constitutes an
acceptable gene-edited clone. How many off-target-mutations are tolerable? Does
it matter which genes are affected? Research into this area and the establishment
of best practices, could make such testing much more common and improve the
reliability and usefulness of iPSC disease models, even as newer generations of

genome editing technology achieve ever-higher fidelity.
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3.5 Conclusion

We sought to use CRISPR-Cas9 gene editing to create an isogenic control line
for the DSG2-mutant JHUO13 iPSC. This new cell line displayed very unexpected
phenotypic characteristics and generally did not behave as expected for a control
line. Through our investigation, we concluded that this is likely due to off-target
mutations acquired as part of the gene-editing process. With this insight, we ceased
further experiments using the gene edited-cell line. However, data from
experiments in which the JHU013-C line was used as the only control, and which
we were not able to repeat later with wildtypes, are still reported in the following
chapters.

While unfortunate considering the significant amount of data we had collected
with JHUO13-C iPSC-CMs as the control line, we hope that this work can serve as a
case study on the importance of thorough validation of new cell lines, particularly

after genome editing.
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Chapter 4 — Beta-adrenergic signaling
in ARVC iPSC-CMs

4.1 Background

A pathologic response to exercise has emerged as a very consistent feature of
ARVC. Exercise has been shown to drastically exacerbate the progression of ARVC
and increase the risk of sudden cardiac death in both mice and human patients
[10,38,40,41]; exercise restriction is therefore a key tenet of clinical ARVC
management [6,41,112]. While there is strong consensus that ARVC patients
should be advised to avoid strenuous exercise, there is still no strong mechanistic
understanding of how exercise contributes to an acutely increased risk of
ventricular arrhythmia or to longer-term disease progression. One noteworthy

feature of exercise is that it engenders a sharp stimulation of B-adrenergic signaling,
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which has itself been shown to affect ARVC patients detrimentally. Isoproterenol
and other -adrenergic agonists cause premature ventricular complexes and induce
ventricular arrhythmia in ARVC patients with such regularity that isoproterenol
testing has been proposed as a diagnostic tool for ARVC [42,43]. Chronic
stimulation of (-adrenergic activity has also been proven to promote cardiac
inflammation and accelerate myocardial remodeling in mouse models of ARVC
[38].

Pathology studies of human tissue found that post-synaptic B-adrenergic
receptor density is reduced by about 40% in the intrinsic cardiac nervous system of
ARVC patients, compared to healthy controls [113], providing further evidence for
a link between ARVC and adrenergic signaling. That type of downregulation of
receptor density is often part of a feedback mechanism responding to direct
overstimulation or high levels of downstream signaling [114,115]. At a cellular
level, B-adrenergic signaling has been shown to increase desmoglein-2 trafficking
to the cellular membrane in wildtype mouse cardiomyocytes [44].

In this chapter, our work focuses on assessing the effects of isoproterenol on
development of pathogenic changes in DSG2-mutant iPSC-CMs, with the hypothesis
that DSG2-mutant cells will be more sensitive to isoproterenol and will respond
with greater changes in action potential duration and conduction. We also test
whether desmosomal protein localization changes in response to isoproterenol in

our iPSC-CMs, as has been previously demonstrated in mouse cardiomyocytes.
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4.2 Methods

4.2.1 Optical mapping

For the most part, optical mapping studies were performed as described in
section 2.2.5. For the voltage mapping data presented in this chapter, there is a mix
of data using Di-4-ANEPPS (as was used in Chapter 2 experiments) and
Di-8-ANEPPS which is a more recently developed voltage indicator that is reported
to be longer lasting and less cytotoxic and shows slower loading of intracellular
compartments over time. Recordings with these two dyes are broadly similar,
though on average Di-8 recordings show a slightly longer action potential duration
than Di-4, but this effect seems to consistently scale. Because we are interested in
the change in action potential in response to a stimulant as opposed to the absolute
values, we pooled this data for increased power and confirmed that each trend
holds across the data from both dyes. We do not expect this change to affect our
conclusions.

For acute isoproterenol experiments, we stained and washed the monolayer to
prepare for optical mapping, allowed it to acclimate on the heated stage, and then
took a set of recordings at predetermined pacing intervals to serve as our baseline
measurements. Next, while continuing to stimulate the sample at 1 Hz, we added
1 mM isoproterenol 1:1000 for a final concentration of 1 uM. After 5 minutes of

treatment, we took another set of recordings.
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4.2.2 Beat rate analysis

Beat rate analysis was primarily performed as described in Section 3.2.2, except
that two sets of recordings were taken for each sample. After a plate containing
iPSC-CM monolayer was allowed to equilibrate in the incubator, three separate 30
second recordings were taken of each well. Either 1 uM or 10 uM ISO was then

added to each well, and after 5Sminutes, another set of three recordings were taken.

4.2.3 Biomolecular assays

Immunocytochemistry was performed as described in section 2.2.3.

4.2.4 Statistics

Unless otherwise indicated, all data are presented as mean * 95% confidence
interval, calculated in R. Continuous variables were compared using unpaired,
unequal variance Student’s t-test with a Holm-Bonferroni family-wise error

correction. P < 0.05 in two-tailed analysis was considered significant.

4.3 Results

4.3.1 Electrophysiological response to isoproterenol is altered in
JHUO013 iPSC-CMs

We first sought to evaluate the acute effects of isoproterenol on DSG2-mutant
as well as control iPSCs. We prepared iPSC-CM monolayers as described previously

herein (Section 2.2.2). For mapping experiments, we took an initial set of
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recordings to measure the monolayers’ behavior at baseline. We then added 1 uM
ISO to the mapping solution, waited 5 minutes while continuing to electrically
stimulate the monolayers at 1 Hz, and then took another set of recordings. 1 uM
was chosen after pilot studies showed no significant difference in response between
1 and 10 uM treatment.

We found that 5-minute treatment with 1 uM ISO resulted in significantly
increased conduction velocity in wildtype JHU0OO1 iPSC-CMs (ACV=1.44+0.53
cm/s; Fig. 4.1A,B). ISO also increased CV in JHU013 CMs, on average, but the
difference was not statistically significant (ACV = 1.44+1.83 cm/s). In JHUOO1
monolayers, acute ISO treatment resulted in shortened action potentials (AAPDs,
= -20.7%6.7 ms, AAPDg, = -22.6*+11.6 ms; 1000 ms paced cycle length; Fig.
4.1D,E), but very interestingly, these significant shortening effects were not
observed in JHUO13 samples (AAPDs, = -7.5+10.0 ms, AAPDg, = -4.1+14.7 ms;
1000 ms paced cycle length). However, ISO did not appear to have a very
substantial effect on the action potential upstroke, as maximum upstroke velocity
was similar before and after ISO treatment in both lines (Fig. 4.1F). We also found
that ISO did not induce a significant change in spatial heterogeneity of conduction
or upstroke velocity in JHUOO1 samples (Fig. 4.1C,G), while there was a small but
statistically significant increase in conduction heterogeneity in JHU013 samples

(%ARSD = 7.6+6.9%; 1000 ms paced cycle length).
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Figure 4.1 Action potential and conduction effects of acute isoproterenol treatment. (A)
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Representative isochrones depicting conduction in JHUOO1 and JHUO013 iPSC-CM monolayers
before and after treatment with 1 uM ISO. Isochrones lines are spaced 10 ms apart. (B-C)
Conduction velocity and conduction heterogeneity response to ISO. (D) APDs3, (E) APDsg, (F) peak
upstroke velocity, and (G) upstroke heterogeneity response to ISO. For (B-G), each point represents
a single measurement and black lines connect measurements from the same sample before and after

5-minute treatment with 1 uM ISO. All data recorded at 1000 ms paced cycle length.

How action potential duration changes in response to changes in pacing rate is
key factor in arrhythmogenesis. Our voltage mapping data revealed that as the
pacing rate increased from 1 to 2 Hz, the magnitude of APD shortening caused by

isoproterenol in wildtype cells decreased slightly, as would be expected. But as the
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pacing rate increased in JHUQ13 iPSC-CMs, ISO had either no effect at all on APD

or, in some cases, even had a net lengthening effect on APD (Fig. 4.2).
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Figure 4.2 Impact of isoproterenol on restitution of action potential duration. Change in APD3,
(A) and APDg, (B) in response to ISO across multiple pacing rates. Each point represents the
difference between pre- and post-ISO APD measurements in a single sample. Significance calculated

as a one-sample t-test with null hypothesis of no change.

Calcium mapping experiments revealed no observable change to calcium
transient duration (CTDg, and CTDs) in either cell line in response to acute ISO
treatment. However, we did find a small reduction in the speed of Ca** decay in
JHUOO1 monolayers (%AA = -6.1+1.4%; Fig. 4.3C) that was not observed in
JHUO13 (%AX = -0.7+4.6%). On the other hand, time-to-peak Ca** (TTP-Ca*") in
JHUO0O01 was not affected by ISO (ATTP-Ca** = -3.8+12.4 ms; Fig. 4.3D), while it

was increased in JHUO13 (16.0+14.7 ms).
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Figure 4.3 Calcium transient effects of acute isoproterenol treatment. (A) Calcium transient
duration at 30% decay (CTDso), (B) CTDsgo, (C) Ca?* decay rate, and (D) Ca?* time-to-peak response
to ISO. Each point represents a single measurement and black lines connect measurements from the
same sample before and after 5-minute treatment with 1 uM ISO. All data recorded at 1000 ms

paced cycle length.

In addition to its effects on calcium dynamics, isoproterenol is known to have
substantial positive chronotropic actions [116,117]; in iPSC-CM preparations, this
is the most immediate and consistently observed effect of isoproterenol. In order to
assess any potentially differential effects on DSG2-mutant iPSC-CMs, we measured
the spontaneous beating rates of CM monolayers before and after ISO treatment.”
Our analysis showed that spontaneous beating rate increased significantly in both
JHUO13 and JHUO013-C CMs in response to both doses of ISO. However, we found
that at each dose, the relative increase in beating rate was significantly larger in

JHUO013-C than in JHUO13 (Fig. 4.4A). While the JHU013-C CMs saw an average

* For these experiments, we have only data for the DSG2-mutant line, JHUO13, and the CRISPR-
edited derivative line, JHUQ13-C. Ideally we would also have measurements for one of the
wildtype lines, but since we found in other experiments that the JHU013-C CM electrophysiology

behaved similarly to wildtype in response to ISO, we feel that this data is valuable to present.
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increase of 70% in its beating rate in response to 1 uM ISO, JHU013 CMs saw only

a 40% change. We also measured beat-to-beat variability by measuring. the

variability of cycle lengths within each video recording. Of the four tested groups,

the only group with a significant change in this parameter was the JHU013-C CMs

treated with 1 uM ISO, which saw a 30% decrease in variability on average (Fig.

4.4B).
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Figure 4.4 Spontaneous beating response to isoproterenol. (A) Normalized change in

spontaneous beating rate in response to treatment with 1 or 10 uM ISO in JHU013 and JHU013-C

iPSC-CMs. (B) Change in the variability of spontaneous beating in response to ISO treatment.

Variability measured as the standard deviation of the cycle length times between each beat within

each 30 second recording.”

4.3.2 DSG2 knockdown does not recapitulate ISO insensitivity

Having observed these differences in the ways that JHUO13 iPSC-CMs respond

to isoproterenol, we wanted to investigate whether a transient overall decrease in

" This data was analyzed by Adriana Blazeski and was collected with her assistance
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DSG2 expression is sufficient to explain these differences, or if a more complex
mechanistic explanation is needed. To probe this question, we performed similar
optical mapping experiments, this time with siRNA-mediated DSG2 silencing as an
added factor. We transfected JHUOO1 and JHUO13 monolayers with a cocktail of
anti-DSG2 siRNA (DSG2-KD) or a negative control vector (Neg. Control/NC), and
performed optical mapping 72 hours later, with and without ISO treatment.

Via optical voltage mapping, we discovered that JHUOO1 iPSC-CMs displayed
shortened action potentials (both APD;, and APDg) in response to ISO regardless
of whether DSG2 was knocked down (Fig. 4.5A-C). On average, APD;, was reduced
by 20.7+6.7 ms in negative control JHUOO1 CMs and by 12+3.8 ms in DSG2-KD
JHUO0O01 CMs, at 1000 ms pacing CL. On the other hand, both negative control and
DSG2-KD JHUO013 CMs did not have significant changes in APD in response to ISO;
AAPD3, =-7.5%+10.0 ms in NC JHUO013 and +4.9+19.5 ms in DSG2-KD JHUO013.
APDg, measurements followed a similar pattern: AAPDg, = -22.7+11.6 ms in NC
and -13.3+8.0 ms in DSG2-KD JHUOO1 CMs and -4.1+14.7 ms in NC and
+14.6+34.2 ms in DSG2-KD JHUO013 CMs.

Some other electrophysiological parameters were more mixed in their results.
Conduction velocity increased in response to ISO in both negative control and
DSG2-KD JHUOO1 monolayers (%ACV = +8.7+3.4% in NC +7.6x3.1% in
DSG2-KD JHUOO01 monolayers; Fig. 4.5D), but a statistically significant increase
was only apparent in JHUO13 samples where DSG2 had been silenced (%ACV =

+6.7%8.5% in NC and +9.1+7.6% in DSG2-KD JHUO13 monolayers).
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Figure 4.5 Effect of DSG2 knockdown on the action potential and conduction response to acute
isoproterenol treatment. Representative voltage traces (B) APDsy, (C) APDsgo, (D) conduction
velocity, and (E) peak upstroke velocity for iPSC-CM monolayers with and without DSG2
knockdown. For all charts, each point represents a single measurement and black lines connect

measurements from the same sample before and after 5-minute treatment with 1 uM ISO. All data

collected at 1000 ms paced cycle length.
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Figure 4.6 Effect of DSG2 silencing on the calcium transient response to acute isoproterenol
treatment. Calcium transient duration at 30% decay and (B) 80% decay, (C) Ca®* decay rate, and
(D) Ca** time-to-peak for iPSC-CM monolayers with and without DSG2 knockdown. Each point
represents a single measurement and black lines connect measurements from the same sample

before and after 5-minute treatment with 1 uM ISO. All data collected at 1000 ms paced cycle length.
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It may be worth noting that on average CV did increase in NC JHU013 CMs, but
that difference was not statistically significant. ISO treatment demonstrated very
little effect on maximum upstroke velocity in any of the tested groups (Fig. 4.5E).
While we did find a significant increase in DSG2-KD JHUO0O1 samples (%A Vpstoke
= +1.9%+1.0%) and a decrease in NC JHU013 samples (%AV stroke = -3.8%=3.1%),
even these differences were fairly small in magnitude.

The calcium transient response to ISO also did not seem to be strongly
modulated by DSG2 knockdown. Calcium transient durations did not change in
response to ISO in all tested groups except for a small increase decrease in CTD3,
in NC JHUOO1 (ACTD3, = +4.7+4.9 ms; Fig. 4.6A,B). In JHUOO1 iPSC-CMs Ca**
decay rate was reduced both with and without DSG2 suppression (%AA
= -6.1+1.4% in NC JHUOO1 and -7.2+5.6% in DSG2-KD JHU001), while JHU013
CMs showed no ISO response in either treatment group (%AA = -0.7+4.8% in NC
JHUO13 and -1.6+5.9% in DSG2-KD JHUO013; Fig. 4.6C). Ca** time-to-peak was
generally unaffected by ISO; the only significant response we observed was a

lengthened TTP-Ca®* in NC JHUO013 samples (Fig. 4.6D).

4.3.3 Isoproterenol elicits no observed effect on expression of

desmosome proteins

We found very interesting differences in the acute effects of isoproterenol on
DSG2-mutant vs. control iPSC-CMs, but studies have shown that longer treatments

with isoproterenol can increase the mobility of DSG2 proteins and its expression at
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the cellular membrane in murine cardiomyocytes [44]. We sought to replicate this
finding in our iPSC-CMs and to determine whether the ISO response, like the
electrophysiology, was different in JHUO13 cells. For these experiments, we treated
differentiation day 35 iPSC-CM monolayers with 1 uM isoproterenol or an
equivalent volume of water (the solvent) and incubated them for 24 hours. At that
time, the cells were fixed, and immunostaining was performed to visualize
desmosomal components desmoglein-2 and plakoglobin as well as the more
ubiquitous adhesion protein N-cadherin, which is additionally useful as a marker of
intercellular boundaries, where we expect to see the desmosomal protein
expression. As was the case with the beating rate data in Section 4.3.1, these
experiments were conducted with only the JHUO13-C line as a control.

Confocal imaging of these samples revealed no obvious change in the
localization of desmoglein-2 in response to ISO in either line (Fig 4.7). In JHU013-C
CMs, plakoglobin staining at the cell membrane was poor both with and without
isoproterenol treatment but in JHUO013 CMs, there was some evidence that
plakoglobin localization shifted slightly away from the cell boundaries and instead
accumulated near the nucleus. However, this latter observation was not true across
all samples. Finally, the intensity of N-cadherin immunostaining was highly variable
between samples, but it did not appear to be consistently affected by ISO treatment
in either line. However, it did have one notable feature which was that the N-
cadherin-positive region at the cell boundary was much wider in JHU013-C

iPSC-CMs and suggested a more jagged, irregular intercellular boundary. This was
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one of many findings that prompted the deep investigation of JHUO13-C phenotype

and genotype detailed in Chapter 3.
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Figure 4.7 24-hour isoproterenol effect on desmosomal protein expression. (A) Confocal
images of JHUOO1 and JHUO013-C iPSC-CM monolayers stained for DSG2 and N-cadherin. (B)
Confocal images of JHUOO1 and JHUO13-C iPSC-CM monolayers stained for plakoglobin and N-
cadherin. White scale bars, 10 pm. White length markers indicate N-Cadherin-positive intercellular

boundaries. White arrow heads highlight perinuclear accumulation of plakoglobin.

4.4 Discussion

We found that acute exposure to isoproterenol produced a significant increase
in conduction velocity and decrease in action potential duration in wildtype
JHUO0O01 iPSC-CM monolayers but that these effects were either not present or
blunted enough as to be statistically insignificant in JHU0O13 CMs. ISO treatment
slowed the Ca®* decay kinetics in JHUOO1 while not affecting JHUO13 but
lengthened the Ca** time-to-peak in JHUO13 without any significant changes in

JHUOO1; the net effect was no significant change in total calcium transient
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duration. ISO exposure also accelerated the spontaneous beating rate for CMs from
both cell lines but the increase in JHUOO1 was significantly larger. siRNA-mediated
suppression of DSG2 expression in wildtype cells did not recapitulate the major
differences in ISO response we observed in JHU013 CMs and 24 hours of ISO
treatment did not have a discernable effect on the expression or trafficking of major
desmosomal proteins.

Based on the extreme sensitivity to isoproterenol demonstrated in ARVC
patients [43], we hypothesized that JHU013 iPSC-CMs would be more sensitive to
the effects of isoproterenol but instead found the exact opposite: the most
prominent electrophysiological effects of ISO in JHUOO1 cells were blunted or
absent in JHUO13. The mechanisms underlying this difference in response remain
very unclear, but the fact that DSG2 knockdown does not reproduce these effects
in JHUOO1 CMs suggests that specific characteristics of the DSG2 mutation itself,
and not merely its resultant decrease in DSG2 expression, play an important role.
Although, because of the transient nature of siRNA-mediated gene knockdown,
these experiments cannot account for the effects of longer-term DSG2 expression
changes and associated compensation.

While it is not obvious why DSG2-mutant iPSC-CMs response so differently to
ISO, there is a way in which their response could contribute acutely to arrhythmia.
As heart rate increases, action potential duration of cardiomyocytes naturally
becomes shorter, a phenomenon known as restitution of the action potential

duration. When that restitution is compromised it can amplify any heterogeneities
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in the myocardium and create areas of local conduction block, where action
potential propagation reaches still depolarized and unresponsive tissue, which
could trigger reentry [118-120]. In our experiments, we found some evidence that
restitution of APD is impaired by isoproterenol in JHU013 iPSC-CMs (Fig 4.2) and
that conduction heterogeneity within each JHU0O13 monolayer was enhanced by
ISO treatment; in combination, these responses could theoretically contribute to
ventricular arrhythmia.

One of isoproterenol’s most well-characterized features is its effect on calcium
dynamics and excitation-contraction coupling. In a wide variety of models, ISO has
been shown to increase the speed of sarcoplasmic calcium release and increase the
maximum contractile force in cardiomyocytes. However, these effects have often
been reported as lacking in iPSC-CMs [121-124]. The insensitivity of iPSC-CMs to
ISO has largely been attributed to low levels of Ca**-buffering by the sarcoplasmic
reticulum associated with lack of t-tubules and organized Ca** release units due to
poor maturity in these cells. Although monolayer-based differentiation protocols
may partially ameliorate the issue by improving SR loading and leak dynamics
[126], this phenomenon could potentially explain the minimal effects we see on
calcium dynamics in our system.

Schinner et al. reported that 3-adrenergic stimulation increases DSG2 trafficking
to the cellular membrane in mouse cardiomyocytes via enhanced cyclic AMP
signaling [44]. However, in our experiments, which were performed at similar drug

concentrations and treatment durations, we did not find any distinct effects of ISO
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on the localization of DSG2 or plakoglobin. There are many plausible explanations
for this discrepancy, including species-specific behavior and differences in CM
maturity. One explanation that would fit neatly with the findings of the Schinner
paper is that both of the cell lines that we used — JHUO13 and JHUO013-C - are
abnormal in their baseline expression of desmosomal proteins because these
experiments were performed without the foresight to include a wildtype control
line. The Schinner report found that the ISO effect on DSG2 was dependent on
intact plakoglobin expression and specific phosphorylation patterns. It is very
possible that the plakoglobin-desmoglein-2 interactions underlying the ISO effect
are disrupted in both of the cell lines we used. To make a stronger conclusion, this
experiment should be repeated with proper control lines.

One subject that warrants more focused experimentation pertains to the
importance of treatment duration on the response to ISO. The documented effects
of B-adrenergic stimulation span a range of time courses. A study evaluating the
clinical usefulness of isoproterenol testing for ARVC, found that 89% of ARVC
patients developed signs of ventricular arrhythmia in under 15 minutes (they
performed a 3-minute infusion plus 10 minutes of observation) [43]. On the other
end, another study recently found that seven days of continuous isoproterenol
exposure induced apoptosis in cardiomyocytes derived from Dsg2""“™" mice [38].
Across this range of time scales encompassing three orders of magnitude, it’s

possible (and I would hazard, likely) that there are multiple mechanisms involved,
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which could be distinct or interrelated. A careful study evaluating cellular responses
over a range of time points would be valuable in untangling those mechanisms.
There are a several other ways in which these experiments could be improved
and expanded upon. Patch clamp measurements could be used to identify precisely
which currents are affected by isoproterenol differently between wildtype and
DSG2-mutant CMs, under acute treatment conditions or over longer periods. And
evaluating transcriptional changes in response to isoproterenol, via RT-qPCR
panels, RNA-seq, or another method, could shed critical light on the pathways that

are involved in medium and long-term responses to ISO.

4.5 Conclusion

In this chapter, we demonstrated that JHUOO1 iPSC-CMs respond to
isoproterenol treatment with action potential shortening, conduction velocity
enhancement, and acceleration of spontaneous beating rate, while the response in
JHUO13 CMs is absent or blunted in all of those parameters. We also found that
JHUO013 and JHUO013-C iPSC-CMs exposed to ISO for 24 hours do not undergo
substantial changes to localization of desmoglein-2 and plakoglobin.

Our findings contradicted our expectations that JHUO13 CMs would be more
sensitive to the effects of isoproterenol but offer a plausible — though far from
conclusive — explanation as to how their altered response could lead to arrhythmia
in ARVC patients. Further confirmation of our findings and a deeper understanding

of the underlying mechanisms have the potential to unlock interventions that
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prevent the exacerbation of ARVC associated with exercise and B-adrenergic

stimulation.
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Chapter 5 — The inflammatory
landscape in ARVC iPSC-CMs

5.1 Background

Inflammatory processes play a prominent role in a wide range of
cardiomyopathies, including ARVC and other forms of ACM. Inflammatory
involvement is such a prominent feature of ARVC, that a large portion of ARVC
cases in women are initially diagnosed as myocarditis [35]. In the vast majority of
ARVC patients who experience sudden cardiac death, myocardial infiltration of
inflammatory immune cells is apparent in histological samples, and inflammatory
cytokines have been shown to be elevated in the plasma of ARVC patients [3,125].

However, professional immune cells comprise only part of the inflammatory
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environment, as cardiomyocytes themselves have been shown to produce these
cytokines in disease states [25].

In this chapter, we aim to evaluate the inflammatory state of JHU013 iPSC-CMs
and assess whether NFkB and other inflammatory signaling pathways are
substantially altered in these cells. We primarily rely on cytokine expression arrays
and RNA-sequencing. By characterizing the inflammatory landscape of JHU013
iPSC-CMs, we can offer insight into how cardiomyocytes, and not just immune cells,
in ARVC might contribute to disease progression and structural degradation of

myocardium.

5.2 Methods

5.2.1 iPSC-CM culture and differentiation

iPSC-CM culture and differentiation were performed as described in Section

2.2.2.

5.2.2 Cytokine arrays

For cytokine analysis, iPSC-CM samples were re-plated on differentiation day
28 into 24-well plates at a density of 250,000 cells/cm? and cultured for another
week to allow the formation of a monolayer. On day 37 iPSC-CMs were isolated
and lysed in RIPA buffer. For these experiments, four wells of a 24-well plate were
combined for each sample, yielding approximately 2x10° cells. Cell lysates and cell

culture supernatants were analyzed using the Proteome Profiler Human XL
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Cytokine Array Kit (R&D Systems, Minneapolis, MN, USA), following the
manufacturer’s instructions with one exception: instead of using the
chemiluminescence reagent that was included, we instead used the SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Fisher). Films were obtained
and developed in a dark room, scanned, and then analyzed using Quick Spots image

analysis software (Western Vision Software, Salt Lake City, UT, USA).

5.2.3 RNA-sequencing

RNA-sequencing and analysis was performed as described in Section 2.2.4.

5.2.4 Oil Red O staining

For Oil Red O lipid staining, cell monolayers were washed three times with cold
PBS, fixed in 4% paraformaldehyde for 10 minutes, and then washed again.
Samples were then incubated in 60% isopropanol for 5 minutes before being
stained with Oil Red O working solution (MilliporeSigma, St. Louis, MO, USA) for
15 minutes. Cells were then washed in PBS three times, and 10x brightfield images

were taken on an EVOS inverted microscope (Thermo Fisher).

5.2.5 Statistics

All data in this chapter is presented as mean * standard deviation, calculated
in R. Continuous variables were compared using unpaired, unequal variance

Student’s t-test with a Holm-Bonferroni family-wise error correction. p < 0.05 in
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two-tailed analysis was considered significant. For RNA-seq data presented in

volcano plots, a cutoff value of p<0.001 was used.

5.3 Results

5.3.1 Cytokine expression is altered in JHU013 iPSC-CMs

To assess the immunologic state of our iPSC-CMs, we used printed antibody
arrays to assess iPSC-CM lysates for the production of 105 cytokines in JHUO13 and
JHUOO1 cell lines. We found 71 total cytokines to be differentially expressed in the
cellular lysates of JHUO13 CMs compared to JHUOO1(Fig. 5.1A,B)." Of these,
several stood out as particularly interesting. Beginning with the innate immune
response, we identified eight cytokines involved in that process which were
differentially regulated in JHUO13 CMs (Fig. 5.1C). Among these was the receptor
for advanced glycation end products (RAGE), which binds to nuclear high-mobility
group box-1 (HMGB1) to promote cell death [126]; recent work by Chelko et al.
demonstrated that HMGB1-nuclear loss leads to myocyte cell necroptosis in Dsg2-
mutant mice [38]. We also identified several pleiotropic cytokines and chemokines
involved in mobilizing and recruiting immune cells, which were upregulated in
JHUO13 (Fig. 5.1D). One of these, monocyte chemoattract protein-1 (MCP-1), was
previously reported to be upregulated in the myocardium of Dsg2-mutant mice as

well as in supernatants and cell lysates from PKP2-mutant iPSC-CMs [39].

" Collection and analysis of this data was done in coordination with Dr. Stephen Chelko.
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Figure 5.1 Cytokine expression in JHUO13 iPSC-CMs. (A,B) Representative cytokine immunoblots
from wildtype control (JHUOO1) and DSG2-mutant (JHU013) iPSC-CMs. Colored boxes highlight
specific cytokines, grouped based on their role in inflammation: the innate immune response
(purple); chemoattractant and pleiotropic regulation (green); interleukins that regulate immune
cell differentiation and proliferation (orange); and adipo-fibrokines involved in lipid accumulation
and metabolism and fibrotic remodeling (blue). (C-F) Box and whisker plots of selected groups of
cytokines along with inset images from Figure 5A,B. Data presented as mean + standard deviation.
Blue dashed line represents normalized values for JHU0O1; JHUOO1 (n=4); JHU013 (n=6); For all
values shown in (C-F) p < 0.05 comparing JHUOO1 and JHUO013.

Multiple members of the potent, proinflammatory interleukin (IL)-family were
expressed differently in JHUO13 CMs compared to JHUOO1 (Fig. 5.1E). Cytokines

that regulate immune cell differentiation (e.g., IL-5, IL-6, and IL-32) and

98



proliferation (e.g., IL-4, IL-23, IL-24) were elevated in JHUO13 CMs, suggesting
substantial differences in inflammatory signaling. Lastly, several adipo-fibrokines
which drive lipid accumulation, regulate adipocyte survival and proliferation, and
promote fibrotic remodeling were significantly elevated in JHU013 iPSC-CMs
compared to controls, including apolipoprotein A1 (APOA1), leptin, and fibroblast

growth factors 2 and 7 (FGF2 and FGF7) (Fig. 5.1F).

5.3.2 NFkB signaling is enhanced in JHU013 iPSC-CMs

A report published by Chelko et al. in 2019 demonstrated that myocardial
inflammation in Dsg2-mutant mice as well as cytokine production in PKP2-mutant
iPSC-CMs are regulated via the canonical NFkB pathway [39]. We queried our bulk
RNA-seq data set, which includes data for JHUOO1 and JHUO13 iPSC-CMs, for
markers related to NFkB signaling, based on the gene ontology term “NIK/NF-
kappaB signaling” (Fig. 5.2A). We then applied a KEGG PATHWAY analysis to map
out the expression of the components of the NFkB pathway (Fig. 5.2B).

Our results highlight four cell surface receptors involved in regulating canonical
and non-canonical NF«B signaling which were upregulated in JHUO13 CMs: IL-1R,
XEDAR, Toll-like receptor-4 (TLR4), and CD40 (Fig. 5A,B). TLR4 is a pleiotropic
NFxB transcription factor which regulates IL-23-induced T-cell infiltration [127], a
cytokine we found to be upregulated in JHUO13iPSC-CMs (Fig. 5.1E). Downstream
of TLR4- and IL-1R-induced NFkB activation, we found IL-1R kinase-1 (IRAK1) and

TRIF to also be more highly expressed in JHUO13 CMs (Fig. 5.2). These two
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pathways merge to signal through TGF-p activating kinase (TAK1/MAP3K7) and
TAK binding protein (TAB) to initiate canonical NFkB signaling via activation of
p50/p65 (RELA) (Fig. 5.2B). While we did not find that RELA itself was
differentially expressed in our RNA-seq analysis, downstream RELA-mediated
factors were upregulated in JHUO13 iPSC-CMs, including IL-8 and COX4. This
discrepancy is potentially explained by post-transcriptional mechanisms of
regulation.

We next turned to the cell surface receptors involved in regulating non-
canonical NFkB signaling, CD40 and XEDAR. Non-canonical NFkB signaling is
mediated through tumor necrosis factor receptor-associated factors (TRAF1-6),
where prior work demonstrated TRAF2 acts as a negative regulator of NFkB [128-
130]. Our data showing reduced levels of TRAF2 and upregulation of RELB, a
positive regulator of non-canonical NF«B signaling (Fig. 5.2), is consistent with the
more activated non-canonical NFxB signaling in this model of ARVC. Furthermore,
while not quite statistically significant, NFkB1 (p105) and TRIP6 (both suppressors

of NFkB) were both downregulated in JHU013 iPSC-CMs (Fig. 5.2).
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Figure 5.2 Bulk RNA-seq and pathway analysis of NFkB regulation in JHU013 iPSC-CMs. (A) RNA-seq heatmap analysis and (B) KEGG NFkB
pathway schematic. For (A), we identified genes in the NFkB pathway that were differentially expressed between JHUOO1 and JHUO13 iPSC-CMs
(BH-adjusted p-value < 0.05). NFkB pathway genes were identified using genes associated with the gene ontology term NIK/NF-kappaB signaling
(G0O:0038061). Color scale denotes row-scaled log expression values. For (B), purple lines and arrows indicate canonical NFkB pathway; green lines
and arrows indicate non-canonical NFkB pathway; red shading indicates higher expression in JHUO13 relative to control, blue indicates lower
expression, and gray indicates no difference. Blue boxes indicate markers which were upregulated in cytokine array experiments.
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5.3.3 Adipo-fibrokine upregulation in JHU013 iPSC-CMs

Our finding that adipo-fibrokines are more highly expressed in JHUO13
iPSC-CMs than in JHUOO1, is especially interesting considering the huge role that
fat infiltration plays in the pathology of ARVC. We therefore sought further
evidence that regulation of fat is altered in the DSG2-mutant CMs.

We again looked to the RNA-sequencing data. We performed a gene ontology
enrichment analysis, which applies a statistical test to determine if some sets of
related genes are over- or underrepresented among the genes we determined to be
differentially regulated. Among the top results of this analysis, we found three gene
ontology sets related to lipid regulation, which were all overrepresented: lipid
metabolic process (GO:0006629), lipid modification (GO:0030258), and response
to lipid (GO:0033993). This suggests that genes tied to lipid homeostasis are
expressed differently between the two lines. To visualize that another way, the
volcano plot in Figure 5.3 shows that about two dozen genes associated with those
three GO terms are among the most differentially expressed genes in our data set.

Finally, we wanted to assess whether the differences in signaling we observed
at the protein and RNA level appreciably alter the deposition of lipids in the
iPSC-CMs. To gain an understanding of the gross lipid accumulation in these cells
we performed Oil Red O staining on iPSC-CM monolayers as well as on primary

human adipocytes (as a positive control).” Oil Red O staining revealed little, if any,

" Oil Red O staining and imaging was performed by Justin Morrissette-McAlmon.
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lipid deposition in either population of iPSC-CMs, while the positive controls were
stained bright red (Fig. 5.4). This suggests that despite the measured differences in

expression upstream, neither cell line was producing grossly visible lipid deposits.
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Figure 5.3 RNA-seq data suggests altered expression of lipid regulation. A volcano plot showing
the expression genes associated with the three lipid-related GO terms (listed to the right) identified
in RNA-seq enrichment analyses. Each point represents a gene that was found to be differentially
regulated between JHUO13 and JHUOO1. Red points to the right of the vertical red lines are genes
which were upregulated in JHUO13 by at least four-fold, and blue dots to the left are genes which
were downregulated in JHUO13 by at least four-fold. The horizontal red line applies a more stringent

cutoff value so that everything above that line has a p-value < 107.

Human Adipocytes
Ctrl1 DSG2Mut (Positive Control)

Figure 5.4 Lipid production in iPSC-CMs. JHUO0O1 and JHUO013 iPSC-CMs were fixed on
differentiation day 35 and stained with Oil Red O to highlight lipid deposits. Phase contrast images
revealed no positive staining in iPSC-CMs from either line. Primary human adipocytes are presented

as a positive control. White scale bar, 400 um.
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5.4 Discussion

Inflammation is a pathological hallmark of ARVC. Periods known as “hot
phases” have been shown to occur in many ARVC patients, in which high levels of
inflammation contribute to progression of cardiomyocyte cell death and myocardial
fibrotic replacement [36]. It is not yet known whether these inflammatory periods
are the result of factors extrinsic to the native myocardium - such as infiltrating
professional immune cells — or of intrinsic changes to cardiomyocyte behavior —
such as NFkB-mediated cytokine secretion. It’s very possible and probably likely
that these highly inflammatory hot phases involve both intrinsic and extrinsic
influences. Prior reports show infiltration of immune cells in hearts of animal
models of ARVC [38,39] and patients with ARVC [131], indicating that extrinsic
inflammatory pathways are activated in these cases. On the other hand, our
cytokine data in JHUO13 iPSC-CMs largely corroborates earlier findings in PKP2-
mutant iPSC-CMs [39], both demonstrating that intrinsic inflammatory pathways
are dysregulated in ARVC iPSC-CMs, even in the absence of non-myocyte immune
cells.

We found numerous chemotactic cytokines and inflammation-associated gene
transcripts upregulated in relatively pure populations of CMs from JHU013 iPSCs
compared to JHUOO1; these intrinsic signaling pathways could comprise the driving
force for recruitment of immune cells into the myocardium of ARVC hearts.
Specifically, our RNA-seq data supports instrumental roles for both canonical NFkB

signaling through an IRAK-TAB/TAK-RELA pathway and non-canonical NFkB
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signaling through a TRAF-IKKa (CHUK) -RELB pathway (Fig. 5.2). More broadly,
the cytokine profiles in these JHUO13 cells indicate a global upregulation of
inflammation machinery and immune cell recruitment. For example, LIF — also
known as differentiation stimulating-factor (DSF) — was upregulated in JHUO13
iPSC-CMs and is a strong inducer of hematopoietic cell differentiation, known to
drive myeloid cells towards macrophage phenotype or pleiotropic cells toward T-
cell phenotypes. Both of these terminally differentiated immune cells are routinely
found in ARVC hearts [131]. It should also be noted that B-adrenergic stimulation
is a powerful activator of NFkB signaling [132], which could draw a link between
the clinically observed effects of B-adrenergic signaling (via exercise, stress or drug
administration) on ARVC disease progression.

We also found substantial evidence that intrinsic signaling in cardiomyocytes
could be important in the myocardial remodeling seen in ARVC. In our cytokine
studies, MPO and GROa (also referred to as CXCL1) were more highly expressed
in JHUO13 iPSC-CMs; both of these cytokines are powerful contributors to cardiac
fibrosis via recruitment of neutrophils (i.e. chemotactic immune signaling) together
with direct effects on fibroblast proliferation and differentiation [133-136]. Adipo-
fibrokines such as Leptin, ApoAl, and THBS1 (thrombospondin-1) were also
overexpressed in JHUO13 iPSC-CMs (Fig. 5.1). This class of chemokines is known
to induce activation of epicardial adipose cells and has been shown to promote fatty
infiltration in atrial myocardium [137,138]. RNA-seq data also showed significant

dysregulation of genes associated with lipid production and homeostasis (Fig. 5.3).
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Our results demonstrating these signaling differences is an important step in
identifying new drug targets in ARVC, but further experiments are needed to
elucidate the exact roles that these pathways are playing in ARVC pathophysiology,
and to test whether disrupting or altering them has positive effects. A key set of
experiments will be to evaluate whether inhibitors of NFkB signaling make the
electrical or biomolecular phenotypes of JHUO13 CMs more closely resemble

wildtypes.

5.5 Conclusion

In this chapter, we investigated differences in inflammatory signaling in DSG2-
mutant ARVC-patient-derived iPSC-CMs. We found that components of pro-
inflammatory pathways including both canonical and noncanonical NFkB pathways
are overexpressed in JHUO13 iPSC-CMs, as are adipo-fibrokines. These results
strengthen the evidence that cardiomyocyte-intrinsic inflammatory signaling
contributes to ARVC pathophysiology and supports the pursuit of NFkB modulation

as a therapeutic strategy.
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Chapter 6 — Conclusions

6.1 Summary of Findings

In this dissertation, we set out to generate, characterize and apply an iPSC-CM
model of ARVC from a patient with the never-before-studied DSG2 c.2358delA
variant. We validated the iPSC line derived from the patient and found that the cells
behaved as expected for iPSCs and expressed the variant of interest on one DSG2
allele. Electrophysiological testing revealed that, compared to wildtype cells, DSG2-
mutant iPSC-CMs have much shorter action potential durations and altered calcium
transient dynamics, as well as increased heterogeneity of excitability. We also found
that DSG2-mutant CMs display reduced DSG2 expression and altered localization
of desmoglein-2 protein along with thinner, more poorly organized myofibrils

compared to controls, suggesting cytoskeletal impact of the c.2358delA variant. The
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impact of the mutation of interest was emphasized by our finding that suppression
of DSG2 expression via siRNA only recapitulated some of the features observed in
the DSG2-mutant line. We described our attempt to create an isogenic control line
and laid out a few lessons that can be learned about gene-editing in iPSC from the
difficulties we encountered. Using this newly defined model, we found that B-
adrenergic signaling affects DSG2-mutant iPSC-CMs very differently than control
cells. These effects were not at all reproduced in wildtype cells by DSG2
suppression. Finally, we detailed our findings that in our iPSC-CMs model, DSG2-
mutant CMs are very immunologically active, with increased expression of many
immune cytokines, alongside more active NFkB and adipo-fibrokine signaling than

controls.

6.2 Limitations and Future Directions

Despite the effort detailed in this dissertation, our analysis was limited by
several experimental realities, and there remain questions which must be answered
in future work. Firstly, our experimental model could be refined in a number of
ways. As discussed in the introduction, iPSC-CMs do not fully reach the maturity of
adult cardiomyocytes and display phenotypes more reminiscent of neonatal cells.
In typical monolayer cultures, they do not assume an elongated morphology or form
fully organized intercalated discs, which could affect the level and spatial
distribution of desmosomal protein expression. Furthermore, these cells beat

spontaneously, and because of their immaturity are more depolarized at rest than
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adult ventricular cells, which can affect the dynamics of voltage-gated ion channels
and alter excitability [56]. On the other hand, iPSC-CMs cultured in a syncytium
such as ours may possess resting transmembrane potentials more similar to adult
cardiomyocytes, as compared to single cell preparations [139,140]. There are many
ways to enhance iPSC-CM maturity, including chronic electrical pacing, cyclical
stretch regimens, metabolic manipulation, and 3D culture methods such as the
engineered heart slice [52,141-144]. Employing one or more of these techniques
could potentially improve the fidelity of this model to native myocardium. The other
major way in which this model could be advanced is by the development of
improved experimental controls. For iPSC disease models, isogenic cell lines are
becoming increasingly standard for experimental controls. Chapter 3 details our
effort and ultimate failure to use CRISPR-Cas9 to generate such a line, but another
attempt using an improved editing and validation protocol could provide a very
useful tool in evaluating the effects of the specific variant we are interested in.
Alternative approaches could include introducing the DSG2 ¢.2358delA variant into
a wildtype control line (i.e. a “knock-in”) or conditionally silencing the DSG2 gene
for complete suppression (i.e. a “conditional knock-out”).

Our measurements of electrophysiology were rigorously performed and offered
invaluable insight, but our conclusions were somewhat constrained by the types of
data we were able to collect. The optical mapping system we used provided relative,
but not absolute, measures of transmembrane potential and Ca** concentration.

That means we were unable to assess characteristics such as resting membrane
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potential, action potential amplitude, and Ca®* transient amplitude. A huge
contribution to this work could be made by performing -cellular-level
electrophysiology experiments (e.g. patch clamp) to gain a fuller picture of the
electrical behavior of the JHU013 iPSC-CMs and also to determine which ionic
currents underlie the differences in action potential and calcium handling we
observed.

Our investigation into the effects of isoproterenol highlighted some very
interesting differences in the ways in which DSG2-mutant cells respond to
adrenergic stimulation compared to wildtype controls. However, we are still in
search of a mechanistic explanation for these differences. Patch clamp experiments
could be very helpful in identifying the root causes of the action potential
discrepancies we found under acute ISO treatment. Our longer-term studies were
performed only with a flawed control line, as detailed in Chapter 5, so repeating
these experiments with proper controls is an important next step as well. Extending
the timeline of the chronic ISO experiments could also be valuable as some studies
have found effects in mouse stem cells after one week that were not apparent after
24 hours [38].

Finally, our work characterizing the immune signaling landscape in DSG2-
mutant iPSC-CMs resulted in some very interesting and potentially impactful
findings, but a deeper understanding is needed in order to push these towards
clinical application. We identified several signaling pathways and clusters of

cytokines that appear dysregulated in DSG2-mutant CMs, most notably including
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NFkB and adipo-fibrokines. The NF«B findings largely mirror work previously
published by our collaborators in Dsg2-mutant mice [39], but the relevance and
impact of our model would increase substantially if we were able to demonstrate
that intervening in either of those signaling pathways corrects, or at least abrogates,
the phenotypic differences observed in JHU013 CMs. We have already proposed a
subset of these experiments which are currently being set up, including a trial using
a patented inhibitor of II-1P, which is a potent activator of the canonical NF«xB
pathway. These experiments could help to validate NFkB as a therapeutic target,

which could result in a major advancement in treatment options for ARVC patients.

6.3 Conclusions

This dissertation introduced a novel iPSC-CM model of DSG2-mutant ARVC and,
by evaluating that model, established three primary findings. First, our work
suggests that there are substantial cellular-level differences in cytoskeletal
organization and cardiomyocyte electrophysiology that could explain early
arrhythmia in ARVC patients in the absence of structural damage. Second, contrary
to our expectations, we found that the DSG2-mutant cells are actually less sensitive
to the conduction and action potential duration effects of isoproterenol treatment.
And third, we established that immune signaling is markedly abnormal in our
iPSC-CM model of ARVC, bolstering the evidence supporting NFkB as a potentially
valuable target for new therapies. Further work is needed to push these findings

toward clinical significance, with a few questions of particular importance still
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needing answers. How is the DSG2 variant found in the ARVC patient donor
mechanistically connected to the electrophysiological and molecular changes we
observed? Which cellular processes are differentially affected by isoproterenol
treatment? And does intervening in the inflammatory signaling in ARVC iPSC-CMs
correct their phenotypic differences? Answering each of these questions will require
extensive experimentation beyond the scope of this dissertation, but the work
presented herein suggests that each answer could unlock powerful, actionable

insight into the pathophysiology of ARVC.
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