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ABSTRACT

Dilated cardiomyopathy (DCM) is a condition marked by ventricular dilation, leading to
impaired heart function and heart failure—a significant cause of death globally. Activated cardiac
fibroblasts (CFs) contribute to adverse cardiac remodeling in DCM, yet current therapies mainly
focus on cardiomyocytes with no therapies approved for targeting cardiac fibrosis yet available on
the market. Angiotensin Il type-1-receptors (AT1R) and endothelin-1 receptors (ETR) have been
shown to activate the extracellular signal-regulated kinase 1/2 (ERK1/2) signaling pathway - a
pathway significantly upregulated in the failing hearts of DCM patients that modulates the
activation state of fibroblasts and the development of fibrosis. While G protein-coupled receptor
(GPCR) signaling in cardiomyocytes and vascular smooth muscle cells has been extensively
studied, its role in fibroblasts remains less well-characterized. Our objective was to develop tools
for understanding GPCR-mediated fibrosis signaling. Using human induced pluripotent stem cell-
derived cardiac fibroblasts (hiPSC-CFs), we explored the signaling mechanisms driving fibrotic
responses. We validated a differentiation protocol for generating CFs from hiPSCs confirming
their identity through qPCR and immunofluorescence to ensure hiPSC-CFs expressed key cell-
specific signatures. Subsequently, fluorescence resonance energy transfer (FRET)-based
biosensors, localized to the cytoplasm and nucleus were utilized to monitor ERK1/2 signaling
downstream of AT1R and ETR stimulation in hiPSC-CFs. We characterized AT1R and ETR
signaling through bulk and single-cell analysis, revealing intricacies often overlooked in bulk
analysis. Our investigation identified distinct cell clusters based on ligand response and
concentration. Endothelin-1 (ET-1) induced ERK signaling in both cytoplasmic and nuclear

compartments of hiPSC-CFs, while Angiotensin Il triggered nuclear ERK signaling only. This
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study uncovered subcellular compartmentalization of ERK signaling and unveils novel single-cell
response dynamics. This research contributes to a broader initiative establishing a comprehensive
pipeline from bedside to bench to bedside. This initiative aims to characterize cardiac cell types in
DCM, enabling patient stratification based on clinical data, drug response, and phenotype.

Ultimately, our work aims to drive more effective treatment strategies for DCM.

RESUME

La cardiomyopathie dilatée (CMP) est une maladie cardiaque caractérisée par la dilatation
ventriculaire, ce qui méne a une diminution de fonction cardiaque. Souvent, cette maladie entraine
I’insuffisance cardiaque, ce qui est associé a un taux de mortalité élevé a I'échelle mondiale. Les
fibroblastes cardiaques activés (FC) contribuent au remodelage cardiaque indésirable dans la
CMP, mais les thérapies actuelles se concentrent principalement sur les cardiomyocytes et aucune
thérapie n'est encore approuvée pour cibler la fibrose. Il a été démontré que les récepteurs de
I'angiotensine 11 de type 1 (AT1R) et les récepteurs de I'endothéline-1 (ETR) activent la voie de
signalisation de la kinase 1/2 régulée par le signal extracellulaire (ERK3z). Cette voie de
signalisation est régulée positivement dans les cceurs défaillants des patients diagnostiqués avec la
CMP et module I’état d’activation des fibroblastes et le développement de la fibrose. Bien que la
signalisation des récepteurs couplé aux protéines G (RCPG) dans les cardiomyocytes et les cellules
musculaires lisses vasculaires ait été largement étudiée, son role dans les fibroblastes reste moins
bien caractérisée. Notre objectif était de développer des outils pour comprendre la signalisation de

la fibrose médiée par les RCPG. A l'aide de fibroblastes cardiaques (FC) dérivés de cellules



souches pluripotentes induites (CSPi-FC), nous avons exploré les mécanismes de signalisation a
I'origine des réponses fibrotiques. Nous avons validé un protocole de différenciation pour genérer
des FC a partir de CSPi, en confirmant leur identit¢é par 1’expression des génes et
I’immunofluorescence. Par la suite, des biosenseurs basés sur le transfert d'énergie par résonance
de fluorescence (FRET), localisés dans le cytoplasme et le noyau, ont été utilisés pour mesurer la
signalisation ERKy;; en aval de la stimulation AT:R et ETR dans les CSPi-CF. Nous avons
caractérise la signalisation AT1R et ETR en ‘mode population’ et en ‘mode unicellulaire’, révélant
des subtilités souvent négligées dans I'analyse globale. Notre enquéte a identifié des groupes de
cellules distincts en fonction de leur réponse et de la concentration du ligand. L'endothéline-1 a
induit la signalisation ERK dans les compartiments cytoplasmiques et nucléaires des CSPi-CF,
tandis que I'Ang Il a seulement déclenché la signalisation nucléaire ERK. Cette étude a révéle la
compartimentation subcellulaire de la signalisation ERK et dévoile une nouvelle dynamique de
réponse unicellulaire. Cette recherche contribue a une initiative plus large établissant un
programme itératif du chevet au laboratoire et de nouveau au chevet. Cette initiative vise a
caractériser les types de cellules cardiaques dans la CMP, permettant une stratification des patients
basée sur les données cliniques, la réponse aux médicaments et leur phénotype. En fin de compte,

notre travail vise a élaborer des stratégies de traitement plus efficaces pour la CMP.
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1 BACKGROUND

1.1 INTRODUCTION

Dilated cardiomyopathy (DCM) is a disease of the heart muscle marked by left ventricular
wall thinning resulting from both cardiomyocyte death and fibrosis. This thinning of the heart wall
compromises the heart’s ability to pump blood to the rest of the body and ultimately leads to heart
failure. Genetic mutations that affect cardiomyocyte -electrical-contractile coupling in
cardiomyocytes are key drivers of dilated cardiomyopathy and the leading cause of heart
transplantation (1). The adverse/pathological cardiac remodeling in heart failure and DCM is
partially attributed to proliferation and activation of cardiac fibroblasts (CFs) in the heart.
Angiotensin Il type-1-receptors (AT1R) and endothelin-1 receptors (ETR) have been shown to
activate the extracellular signal-regulated kinase 1/2 (ERK1/2) signaling pathway - a pathway
significantly upregulated in the failing hearts of DCM patients that modulates the activation state
of fibroblasts and the development of fibrosis. However, signaling mediated by these G protein-

coupled receptors (GPCRs) remains understudied in fibroblasts as compared to cardiomyocytes.

Research efforts to understand DCM pathology have primarily focused on the
cardiomyocyte, while neglecting other cell types in the heart such as endothelial cells and
fibroblasts. Cardiac fibroblasts are of particular interest in light of their role in driving changes in
heart structure and function during the development of DCM. Given the heart’s limited capacity
to regenerate post-injury, insults (genetic, chemical, or viral) that cause cardiomyocyte death are
repaired via two process that work together to compensate for the loss of cardiomyocytes, namely

1) cardiomyocyte remodeling, whereby the remaining cardiomyocytes adapt and increase in size
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(hypertrophy) and 2) fibrosis, whereby lost cardiomyocytes are replaced by fibrotic tissue. The
latter occurs primarily when an insult overwhelms the myocardium’s limited regenerative potential
as more cardiomyocytes die. Paradoxically, fibrosis ultimately affects cardiac compliance and can
result in more cardiomyocyte death, resulting in more fibrotic scarring, generating in a vicious
cycle that ultimately worsens disease progression. In this thesis, we aim to investigate the

mechanisms associated with the fibrosis context of dilated cardiomyopathy.

1.2 DILATED CARDIOMYOPATHY

Cardiomyopathies can broadly be categorized into five categories based on functional and
morphological criteria. These categories are dilated, hypertrophic, arrhythmogenic, restrictive,
dilated, and unclassified cardiomyopathies. Dilated cardiomyopathy (DCM) accounts for 60% of
all cases of cardiomyopathy. The prevalence of DCM was estimated to be between 1:2500 to 1:250
individuals (2), with DCM accounting for just over half of all heart transplants (3, 4). DCM is
defined by left or biventricular dilation/thinning and reduced ejection fraction (below 40%) in the
absence of coronary heart disease, congenital heart disease or conditions that lead to abnormal

loading (e.g. valvular disease, hypertension) (5, 6) .

The atypical enlargement of the ventricle seen in DCM causes changes in the heart shape
whereby the ventricle(s) becomes larger and changes the geometry from the normal elliptical shape
of the heart to a spherical shape (7). These changes in myocardial architecture consequently lead
to compromised cardiac function. To compensate for this decreased cardiac output,
cardiomyocytes (CMs) can respond to increased release of components of neurohormonal
stimulation and the renin-angiotensin-aldosterone system (RAAS). However, over time chronic

stimulation by neurohormones can be detrimental to myocardial health leading to CM death and
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promoting fibrosis through activation of fibroblasts (reviewed here (8-10). Activate fibroblasts
adopt a secretory phenotype responsible for scarring with paracrine effects on CMs as well. DCM
is a progressive disease, which can ultimately lead to heart failure. Although fibrosis is indeed a
reparative process aimed at preserving structural integrity of the myocardium resulting from wear
and tear over the course of a lifetime, pathological fibrosis in the heart can lead to changes
compliance of the heart (11). However, mediators released by activated fibroblasts may have
deleterious effects on the cardiomyocytes and lead to more cardiomyocyte cell death and more
replacement of lost cardiomyocytes with additional fibrotic scarring. Consequently, this creates a

feedforward loop that leads to chronic pathological remodeling of the heart (12).

As heart function declines over time, the lack of oxygenated blood reaching the body
causes other key organ systems (e.g., kidney, liver) to fail as well - at this point, advanced heart
failure becomes a life-threatening condition, resulting in symptoms seen in DCM patients such as
dyspnea (shortness of breath) due to pulmonary oedema (fluid retention in the lungs), peripheral
oedema/fluid retention due to blood backing up into the veins, and fatigue or weakness due to a
lack of oxygenated blood in the body (13). Unfortunately, many individuals remain asymptomatic
until the disease has advanced into its severe stages, making it impossible to intervene sooner to

delay or stop progression (14).

Typically, diagnosis involves methods such as echocardiography to visualize dilation of
the ventricles and measure ventricular systolic ejection fraction. This can be complemented by
cardiac magnetic resonance tomography, assessment of family history, and genetic testing.
Nonetheless, 20- 50% of cases are termed as idiopathic, whereby the cause remains unknown,
although the causes could possibly be resolved if more genetic testing was done. However, such

testing is costly and in Quebec it is only covered by health insurance in the case of suspected
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familial DCM (fDCM). DCM s classified as familial when at least two first- or second-degree
relatives meet diagnostic criteria for DCM, or when a first-degree relative of a DCM patient dies
unexpectedly and inexplicably before age 35 (15). Genetic/familial DCM accounts for 30-50% of
DCM cases (15). Aside from genetic mutations, causes of DCM include viral infections,
autoimmune diseases, exposure to certain chemotherapeutic drugs (such as anthracyclines),
excessive exposure to certain drugs (e.g., alcohol or cocaine) as well as exposure to poisons such
as arsenic. However, late diagnosis of DCM is associated with more serious disease progression,
and the disease usually progresses slowly from initial insult to onset of symptoms and emergence
of a diagnosis. This makes it particularly difficult to intervene early enough in the disease process

to prevent irreversible damage.

Pharmacological interventions for DCM include angiotensin Il receptor blockers (ARBS),
angiotensin converting enzyme (ACE) inhibitors, p-blockers, mineralocorticoid receptor
antagonists, sodium/glucose cotransporter-2 (SGLT2) inhibitors, aldosterone receptor antagonists
as well as a combination therapy with ARBs and neprilysin inhibitors (7). Recently, myosin
modulators, a novel class of drugs that augment cardiomyocyte contractility was added to the
possible options for intervening in DCM(16). Despite these interventions, 50% of patients, have a
prognosis of death within 5 years following diagnosis with DCM (8-10). Furthermore, existing
DCM therapy options are only partially effective, with no approved therapies on the market to
target cardiac fibrosis, even though fibrosis aggravates cardiac structural remodeling and is a

measure of disease severity (11).

The value of genetic testing of family members of those with DCM is that it may allow us
to catch the disease early in family at risk members. Equally as important as earlier diagnosis is

creating interventions that slow or stop disease progression and perhaps stop disease penetrance in
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fDCM. More knowledge of disease initiation and progression is needed to understand disease
pathology before overt failure develops. By understanding the mechanisms that underpin DCM
progression we could treat disease earlier and prevent or slow disease progression, reducing the
burden of disease on both individuals and the healthcare system. We can further develop better
treatment strategies by developing molecular profiles and taking clinical data into account to link
these profiles to disease outcome, we could cluster patients into groups with similar phenotypes,
based on molecular profiles and outcomes. These clusters could be used to improve treatment by

offering an avenue for more personalized medicine and more effective therapeutic strategies (17).

In the next section we will discuss genes that have been linked to DCM, with a focus on

how they affect cardiac fibroblasts.

1.3 GENETIC CAUSES OF DCM

Several key genes that affect cardiomyocyte contractility have been linked to DCM. The
list of genes includes genes involved in the sarcomere, dystrophin, cytoskeleton, nuclear envelope
(e.g. LMNA, lamin A/ C), ion channels (e.g. SCN5A, sodium voltage-gated channel alpha subunit
5), mitochondria as well genes implicated in calcium homeostasis and cell-cell adhesion (e.g. DSP,
desmoplakin) and transcription factors (e.g. RBM20, RNA binding motif protein 20) (5). While
most of these mutations do not affect clinical management of disease, mutations in LMNA and

SCN5A pose a higher risk of arrhythmia and call for different clinical management of disease (18).
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LMNA is a gene encoding laminin A and C. These are intermediate filament proteins that
form part of the nuclear envelope and are essential for nuclear integrity and processes such as
regulation of gene expression and signal transduction. Although mutations in LMNA have been
mostly studied in cardiomyocytes, linking these mutations to disease phenotype has proven
difficult. To attempt to underpin molecular mechanisms underlying DCM in families LMNA
mutation, Widyastuti et al. used RNA-seq on primary skin fibroblasts from a family bearing a
mutation in LMNA to evaluate the gene profile that caused DCM. They were able to show that
genes involved in ERK signaling were dysregulated in DCM patients, as opposed to cells from the
control group, thus making ERK a candidate pathway that may be perturbed and lead to
cardiomyopathy (19). Another study that complemented this finding showed ERK upregulation in
induced-pluripotent stem cell-derived cardiac fibroblasts (hiPSC-CFs) of DCM patients harboring
a mutation in the LMNA gene. Out of the 7 samples examined, 6 of the hiPSC-CFs from DCM-
patients harboring specific LMNA mutations (M1l, R216C/R399H, R541C, R377H, R399H,
R216C) showed an increase in ERK phosphorylation (a surrogate for ERK activation), while one
mutation (LMNA- R335Q) did not show a significant difference relative to controls (20). Thus,
perturbations in ERK signaling may be involved in the molecular mechanisms underlying disease

progression, and these perturbations may be distinct depending on the specific mutation in LMNA.

Moving into an in vivo model, Rouhi and colleagues used a Cre-knock out mouse model
to selectively knock out LMNA in cardiac fibroblasts. They were able to show that LMNA-
associated DCM could be recapitulated by ablation of LMNA in cardiac fibroblasts, implying that
both CMs and non-CMs synergistically cause the DCM phenotype (21). Knocking out LMNA in

CFs of these mice led to arrhythmias, myocardial fibrosis, conduction defects and cardiac
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hypertrophy(21). These studies all underscore the significance of both cardiomyocytes and other

non-cardiomyocyte cells within the heart as crucial contributors to the development of DCM.

One of the reasons mutations in CFs may affect CM function can be illustrated by several
studies that have highlighted the need to understand CF in disease, given that crosstalk between
CMs and cardiac fibroblasts evolves with disease progression. In terms of paracrine crosstalk, one
study showed that media conditioned cardiomyocytes derived from induced pluripotent stem cells
(hiPSC-CM) of DCM patients contained exosomes that increased cardiac fibrosis both in vivo and
in vitro. These exosomes contained the microRNA, miR-218-5p, which activated TGFp signaling
by suppressing TNFAIP3, (gene encoding TNFa-induced protein 3, an inhibitor/negative regulator

of inflammation and immune response) (22).

Conversely, CFs from DCM patients have also been shown to influence cardiomyocyte
function through paracrine signaling via secretion of mediators or through direct cell-cell contact
between the two cell types. Ventricular hiPSC-CMs cultured with DCM cardiac fibroblasts, led to
altered calcium cycling within CMs (23). Furthermore, using 3D engineered heart tissue (EHT), it
has been shown that DCM cardiac fibroblasts or DCM cardiac myocytes grown together or
individually were stiffer than control EHT, thus CFs were contributors to contractile

pathophysiology in DCM (24).

Fibrosis has conventionally been thought of as a consequence or reaction to injury,
however recent study has brought to light that changes in the myocardium ECM that are mediated
by CFs occur even before the onset of fibrosis. Cardiac fibroblasts appear to work in tandem with
cardiomyocytes to drive disease pathology. Mutations that are specific to genes expressed by
cardiomyocytes can impact fibroblasts, where fibroblasts “sense” the consequences of the

mutations (e.g., reduced contractility) and then attempt to compensate or adapt accordingly. For
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example, cardiac troponin C (cTnC) is a component of cardiac muscle involved in connecting
calcium influx in cardiomyocytes to contraction. Mutations in ¢TnC are drivers of DCM. In
particular, the 161Q point mutation in cTnC desensitizes myofilaments to calcium influx, thereby
impairing cardiomyocyte force generation during contraction and leads to a dilated phenotype in
mice harboring this mutation. In transgenic mice harboring the 161Q mutant, there are changes in
the cardiomyocyte stiffness and extracellular matrix before any fibrotic remodeling of the heart
tissue takes place. At 2 months, the myocardium in transgenic mice had stiffened without much
increase in the ECM. This stiffening was attributed to changes in the organization of collagen
fibers. Furthermore fibroblasts were said to have mediated these changes through proliferation
rather than activation — and this stiffening could be ameliorated by targeting MAPK p38a. in
cardiac fibroblasts specifically (25). Finally, this study called into question the assumption that
enlarged structural remodeling of cardiomyocytes is secondary to ECM remodeling. This also
highlights the role of fibroblasts as “mechanical rheostats” that play a role in shaping the
myocardium during disease progression. Furthermore, it highlights that success in treating DCM
may be better achieved by targeting the behaviors of cells in the heart as a whole as opposed to

targeting cardiomyocyte function alone (25).

Given the key role that fibroblasts play in the pathology of cardiomyopathy, it is essential
to also study these non-myocyte cell contributions to the disease. In the next section | provide an
overview of cardiac fibroblasts and their role in the heart under normal and pathophysiological

conditions.
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1.4 THE CARDIAC FIBROBLAST IN HEALTH AND DISEASE

Cardiac fibroblasts are plastic cells that can change phenotype in response to environmental
cues. In terms of developmental origin, CFs develop from the mesoderm layer during heart
development. While cardiomyocytes make up 70% of the cardiac volume, in terms of cell number
they are estimated to make up only 25-35% of the cells in the heart. By combining single-cell
RNA-seq (sc-RNA-seq) and single-nucleus RNA-seq (sn-RNA-seq) data, ventricular cell
composition was shown to be 25.7% cardiomyocytes, 18.3% fibroblasts, 16.6% endothelial cells,
15% mural cells, the remainder consisting of immune cells, endocardial cells, adipocytes and

neural cells (26). The composition also varies slightly between atria and ventricles (27).

While cardiomyocytes are responsible for the contraction-relaxation cycle within the heart,
fibroblasts are part of the stroma and provide trophic support to cardiomyocytes and other cell
types within the heart, as well as maintaining the structural framework of the heart. Along with
mesenchymal stem cells, fibroblasts and immune cells, stroma also contains blood vessels and
extracellular matrix. The ECM is a complex network which plays pleiotropic roles in the heart. It
provides structure and trophic support. It comprises fibrous proteins such as collagen and elastin
which are necessary for the structure and plasticity of the myocardium; matricellular proteins like
periostin and thrombospondins necessary for modulating cellular responses and adhesion — they
also tend to be upregulated during inflammation (28). It is also comprised of glycoproteins like
fibronectin, and laminin that mediate anchoring of cells to ECM as well as for and mechano-
signaling in the heart as well as growth factors and metalloproteases (29). All these work towards
the common function of maintaining tissue homeostasis. The composition of the ECM is not static;

it changes to keep up with the needs of the cells it supports in the myocardium. The ECM does not
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play a passive role in the function of the myocardium; indeed, it regulates the abundance of
receptors, growth factors available to cells and various cell modalities like proliferation and cell
survival and higher-level modalities like tissue plasticity and architecture. For more in-depth

review of the ECM the reader is referred to (28, 30).

Apart from structural support and providing nutrients, the stroma can modulate tissue
stiffness, tensile strength and it aids in force transmission in cardiac tissue. Signaling cues provided
by stroma-parenchymal interactions regulate myocardium function and development. Regarding
how stroma regulates parenchymal cells (such as cardiomyocytes), the interactions that facilitate
CM and stroma interactions include bidirectional communication via paracrine signaling (for
example, growth factors such as VEGF and PDGF (31, 32), cytokines (33, 34), and chemokines
and micro-RNAs (35)), biochemical and biophysical signals from the extracellular matrix (ECM)
and direct cell-cell interactions between stroma and CMs that provide biomechanical and electrical
signaling. For more comprehensive descriptions of stroma-parenchymal interactions, readers may

consult these reviews (35-38).

The cell types responsible for regulating the ECM appear to be the stromal cells (cardiac
fibroblasts, mesenchymal stromal cells, endothelial cells, and immune cells). However, the major
cell types involved in the synthesis of ECM are fibroblasts (21). One of the key determinants of
DCM severity is the pathological expansion of the extracellular matrix, known as fibrosis, that
results in the stiffening of the myocardium (39). In DCM patients, the ECM has been shown to
lose complexity and there is reduced elasticity as measured by Young’s modulus in decellularized
human ventricular tissue(12). As the CF is an important regulator of the ECM it becomes important

to discuss how it modulates ECM in health and disease.
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The cardiac fibroblast is a cell type of mesenchymal origin that develops from various
sources in the heart including the endocardium (via endothelial to mesenchymal transition),
epicardium (via epicardial epithelial-mesenchymal transition) and the neural crest. The vast
majority of ventricular cells are believed to be of epicardial origin (TCF21-positive), while atrial
fibroblasts are believed to originate from second heart field progenitor cells. In a study that
employed sc-RNA-seq and sn-RNA-seq, up to 9 distinct fibroblast populations were identified
within the heart (26). This diversity may be attributed to the various cell niches supported by

cardiac fibroblasts and the different developmental origins of cardiac fibroblasts (40, 41).

In the uninjured heart, CFs mediate homeostatic ECM turnover through secretion of ECM
proteins (e.g., collagen, elastin, periostin), growth factors, and critical enzymes such as tissue
inhibitors of metalloproteinases (TIMPs) and matrix metalloproteinases (MMPs) that are
responsible for breakdown and buildup of the ECM (42). It is important to distinguish between the
regular wear and tear of the heart that requires homeostatic ECM turnover and the pathological
ECM accumulation that ensues after significant injuries that causes extensive cardiomyocyte
death. Following myocardial cell injury such as that caused by sustained hypertension, myocardial
infarction, infection, and toxic insult there can be a large loss of CMs can occur, leading to the
release of damage-associated molecular patterns (DAMPS) by necrotic cardiomyocytes (43). These
activate the initial inflammatory response whereby resident macrophages and neutrophils release
pro-inflammatory chemokines such as ineterleukin-6 (IL-6), ineterleukin-16 (IL-16), and tumor
necrosis factor alpha (TNFa) (40, 44). Fibroblasts respond to these stimuli by becoming activated
and adopting a pro-inflammatory phenotype that contributes to secretion of inflammatory
cytokines that include TNFa (45) and IL-6 (46) at the site of injury. Following this, fibroblasts

transition to a proliferative phenotype in the subsequent phase of wound healing. During this
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phase, their gene expression shows a decrease in apoptotic genes, such as CASP3 (the gene
encoding caspase 3), along with an increase in angiogenic (e.g., VEGF), proliferative, pro-fibrotic
genes, and anti-inflammatory mediators like TGFB1 (40, 47, 48). In the final stage of wound
healing, termed maturation, CFs adopt a contractile phenotype which secretes large amount of
ECM proteins to facilitate scar formation (40). Fibroblasts isolated from region near a myocardial
infarction exhibit an increase in collagen synthesis of up to 196% (49). This fibroblast phenotype
characterized by the expression of stress fibers containing a.-smooth muscle actin and the secretion
of the matricellular protein, periostin, is referred to as a myofibroblast (MF) and is associated with
pathological fibrosis. In the long-term, after the maturation phase, fibroblasts adjust to a new
homeostatic state within the myocardium, where the niche of CFs within the myocardium includes

a larger number of MFs for the maintenance of scar tissue (50).

CMs are terminally differentiated cells that do not reenter the cell cycle, instead their
response to most cues is to increase contraction, enlarge via hypertrophy or undergo apoptosis(51).
Owing to the lack of regeneration of the myocardium, the heart may compensate for reduced
cardiac function through chronic neurohormonal stimulation (11, 52). This increase in
neurohormonal stimulation ultimately has deleterious effects on CMs and causes fibroblasts to
become activated and adopt a MF phenotype thereby leading to pathological expansion of the
ECM, termed fibrosis. This dysregulation in ECM increases myocardial stiffness, affects electrical
coupling in the heart and leads to remodeling of the heart tissue that is associated with disease
progression and, ultimately, heart failure. Additionally, CFs are also mechano-sensitive cells that
can respond to mechanical stimuli and are likely affected by changes in the stiffness of the
myocardium. For instance, the angiotensin Il type-1-receptor (AT1R) is a receptor implicated in

cardiac fibroblast activation and is triggered by mechanical strain and substrate stiffness (53, 54).
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The sources of MFs within the heart are still highly controversial and different injuries
(e.g., ischemic, hypertensive, diabetic cardiomyopathy, dilated cardiomyopathy) appear to recruit
different populations of fibroblasts (33). Sources may include resident cardiac fibroblasts, bone
marrow derived cells (55), hematopoietic cells (56), immune cells, pericytes and endothelial cells
via (endo-EMT). Lineage tracing showed that endocardium-derived fibroblasts are associated with
a pressure overload model of heart injury, whereas in ischemic injury, epicardial-origin fibroblasts

were a more abundant driver of fibrosis (57).

Previously, fibroblasts have been mostly seen as reactive modulators or passive responders,
primarily reacting to the demands of the heart muscle. Alterations in the extracellular matrix
(ECM) were thought to be secondary to changes in the structure of the heart muscle in DCM.
However, this notion has been challenged by research that demonstrated that stiffening of the
myocardium preceded any visible indicators of fibrosis in mice with a cardiac troponin mutation.
Furthermore, CF number, rather than conversion to myofibroblasts, appeared to be the driver of
fibrosis (25). This finding goes hand in hand with a study showing that the number of CFs was
essential in modulating the stiffness of engineered heart tissue. In a study that used hiPSC-CMs
and human CFs to construct 3D engineered tissues, it was shown that adding 5% CFs was
important to improve the electrochemical responses and contractile function of the engineered
cardiac tissues. Conversely, adding 15% CFs (similar to proliferation of CFs in a disease context)
resulted in tissues with higher spontaneous beating rates (58). Furthermore,in another study,
Chaffin et al. used single-cell RNA-seq to show that the number of CFs in the hearts of DCM
patients was indeed increased (59), thus implying CF number may play a role in disease

progression.
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In this same study, they found that pathways including MAPK and ECM synthesis were
upregulated in DCM hearts. They identified eight different populations of CFs in the heart and
showed that these populations were shifted in abundance in diseased hearts. More, specifically
the showed that fibroblast populations which expressed POSTN (encoding periostin) increased in
DCM. Furthermore the population of fibroblasts in DCM showed an increase in genes indicative
of increased activation (e.g. COL1A1, CTGF, FAP) (26). This is in parallel with another study that
found that a population of activated cardiac fibroblasts was found in DCM hearts but not healthy

donor hearts.(59)

All these changes in activation state are coordinated by several mediators including
neurohormones (angiotensin I, endothelin-1, norepinephrine, and epinephrine), interleukins (IL)-
IL-6, IL-10, IL-4 etc.), growth factors such as TGFP, fibroblast growth factor and platelet-derived
growth factor, as well as chemokines of the cysteine-cysteine (CC) or cysteine-any amino acid-
cysteine (CXC) family. However how each of these is involved remains unresolved, this is further
complicated by the mix of different cues e.g., mechano-sensing and the variety of different
chemokines that CFs respond to in the myocardium and how all these responses are integrated.
One common downstream integrator of these cues is angiotensin Il signaling has been suggested
to be atop the hierarchy of events that activate fibroblasts (41). Through stimulation of AT1R, Ang
Il mediates secretion of TGF-B (a potent activator of fibroblasts) and collagen as well as other
mediators like endothelin-1 (60-62). CFs express a large number of GPCRs that modulate cardiac
fibroblast behavior and activation state. In the next section, | will provide an overview of GPCR
signaling and key GPCRs downstream of neurohormones (angiotensin Il, endothelin-1,

norepinephrine, and epinephrine) involved in CF activation (see Figure 1).
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Figure 1: Activation of quiescent fibroblasts to activated myofibroblasts.

Cross-talk between cardiac fibroblasts and cardiomyocytes is essential to cardiac functions and
these interactions evolve as fibroblasts become activated. In their homeostatic state fibroblasts are
responsible for normal turnover of the ECM and providing trophic support for cells in the
myocardium. Following injury, an increase in Ang Il and other mediators leads to activation of
cardiac fibroblasts. Activated fibroblasts are proliferative, motile and secrete an increased amount
of ECM to mediate healing and scarring for preservation of heart function. Ang Il is believed to
be atop the hierarchy of events that leads to an increase in other mediators that further drive
activation of fibroblasts. Sustained innervation of fibroblasts by these mediators leads to
conversion of fibroblasts into the myofibroblast phenotype. Ang Il, angiotensin II; IL-6,
interleukin-6; CCN2, connective tissue growth factor; PDGF, Platelet-derived growth factor;
ECM, extracellular matrix; ET-1, endothelin-1; NE, norepinephrine; Epi, Epinephrine; TGF-p,
transforming growth factor-p. [Created with BioRender.com.] Image reused under licence from
(41).
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1.5 ANOVERVIEW OF GPCR SIGNALING

GPCRs constitute the largest druggable receptor family, with approximately 36 % of the
drugs prescribed on the market targeting GPCRs (63). GPCRs are 7 helix transmembrane-proteins
with an extracellular N-terminus and an intracellular C-terminus. They mediate transduction of
extracellular stimuli into intracellular responses. The receptors can be divided into five receptor
families based on sequence homology and phylogenetic analyses. These classes are the rhodopsin,
secretin, glutamate, adhesion and Class F frizzled family of receptors (64). The signal transduction
by GPCRs mediates human physiological functions including smell, sight, taste, blood pressure
and pain sensitivity. They may act as mediators of physiological responses such as cellular

differentiation, proliferation, motility, and survival at a cellular level.

GPCRs have both ligand-independent constitutive activity and different activation states.
They may or may not have constitutive activity based on the equilibrium between inactive and
active states (65). As the name suggests, GPCRs transduce their signaling though heterotrimeric
G proteins. The ability of G proteins to bind to GTP and GDP is what gives them their name. They
exist in heterotrimeric complexes consisting of o, B and y subunits. Furthermore, G proteins exists
in an “OFF” state when the Ga subunit is bound to GDP and an “ON” state when bound to GTP
(66). Diverse stimuli such as small molecules, peptides, ions, osmotic pressure, and mechanical
strain lead to conformational changes in the receptor which then leads to subsequent
conformational changes in the G protein heterotrimer. The Ga subunit exchanges its bound GDP
molecule for GTP (67). This exchange causes the GTP-bound Ga subunit and its cognate Gy

subunit to dissociate and signal via their own distinct downstream pathways. Signal transduction
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is terminated upon hydrolysis of GTP by the a subunit and then the reassociation of the Ga. subunit
with Gy subunits. There are 21 known Ga subunits which can be classed into 4 groups:
G0, Gostimutatory (GS), Ginhibitory/olfactory (Gi/0), and Gal2/13(68). The Gq family signals via
phospholipase C (PLCpB) which cleaves membrane-bound phosphatidylinositol 4,5-bisphosphate
(PIP2) to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 leads to release of
intracellular calcium through its action on its receptor, IP3R. Both Ca?* and DAG can lead to
activation of plasma membrane-bound protein kinase C (PKC) which phosphorylates downstream
effector molecules (69-71). Gs signaling leads to activation of the enzyme adenylyl cyclase (AC),
which then produces the second messenger cyclic AMP (cAMP). cAMP then activates PKA which
subsequently phosphorylates different substrates downstream of it to dictate cellular behaviours
(72). Conversely, Gi signaling inhibits adenylyl cyclase thus reducing the cellular pool of CAMP,

thus dampening Gs signaling. G12/13 signals via Rho GTPase (71).

Gpy subunits can act as a guanine nucleotide dissociation inhibitor to stop spontaneous
release of GDP under basal conditions (73, 74) GPy subunits can interact with diverse signaling
effectors, including ion channels (e.g., Kir 3 K* channels), protein kinases and transcription factors
(75, 76). Notably, there are five G subtypes, and 12 Gy subunits which form obligate Gy dimers,
thus making a plethora of different signaling modalities possible (66). For an overview of GPCR

signaling pathways, please consult Figure 2.

Activation of receptors can lead to both G protein- and B-arrestin-dependent signalling. 3-
arrestin signalling is often mediated by G protein-coupled receptor kinases (GRKSs). Upon agonist
stimulation, GRKs are recruited to the plasma membrane where they phosphorylate the C-terminus
tail of the receptor, thus creating a scaffold for f-arrestin to bind and activate f-arrestin dependent

signalling via ERK or other protein kinases, receptor internalization or desensitization and
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internalization of the receptor. This is reviewed in detail here (77, 78). Through a phenomenon
known as biased signaling, different ligands may preferentially stimulate or inhibit a subset of
signaling pathways mediated by a given GPCR. This opens an avenue to the development of
therapeutic compounds that preferentially promote signaling pathways that are cardioprotective
while inhibiting those detrimental to myocardium function. One such example of an approved
therapeutic that shows bias is carvedilol which is a B-adrenergic receptor (BAR) antagonist that is
used in treatment of heart failure patients, but has a unique profile compared to other B-blockers.
In HEK 293 cells, it antagonized Gs-mediated signaling by the BAR while stimulating -arrestin-

mediated signaling (79).
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Figure 2: GPCR signaling pathways modulate ERK signaling.

Binding of a ligand to the receptor leads to dissociation of the heterodimer, whereby the Go subunit
can signal via their respective effector molecules and modulate ERK signaling. Gj signaling can
also activate ERK through some of it signaling partners e.g., Src kinase and PLCp. Eventually
GRKs will phosphorylate the C-terminal tail of the receptor forming a scaffold for -arrestin to
bind and initiate B-arrestin signaling pathways and/or receptor desensitization, recycling, or
degradation. Image adapted from (80). [Image made using BioRender].
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GPCRs reside in different subcellular domains in addition to the cell surface- endosomal,
nuclear, and mitochondrial, as well as nanodomains within these subcellular components. The
localization of receptors and where these signals are delivered is essential to study. For example,
endosomal cAMP was shown to differentially impact gene transcription and phosphorylated
proteins in comparison to plasma membrane cAMP. Notably, similar amounts of cAMP
production at the endosomal compartment had more pronounced effect than plasma membrane
changes in cAMP (81). This location bias also reflected in activation of protein kinases such as
Rafl (upstream of ERK) whose activation was differentially regulated based on cAMP
localization. One impact of localization of intracellular nanodomains is seen in cardiomyocytes
using FRET biosensors targeted to different microdomains. In healthy adult rat cardiomyocytes,
B2ARs were confined to the transverse tubule (surface invaginations), whereas in a rat model of
chronic heart failure, B2AR-mediated cCAMP was redistributed more broadly to other domains and
more diffusely located (82). Heart failure may thus be accompanied by changes in cCAMP

nanodomains, whether these are causative of disease progression remains unclear.

GPCRs activate several downstream effector proteins. Of interest, ERK is activated by both
G protein- and B-arrestin signaling. The compartmentalization of the signals depends on which
pathway elicited it, with f-arrestin stimulating cytoplasmic ERK signaling, and G protein signaling
being linked to nuclear ERK signaling. G protein-dependent pathways have been connected to
early, transient ERK 1/2 activation, whereas B-arrestin has been linked to later, persistent ERK1/2
phosphorylation (83, 84). See Figure 2 for a summary of the diverse ways GPCR signaling

modulates ERK signaling.

Crosstalk between GPCRs and other receptors and receptor pathways also adds another

layer of complexity to signaling outcomes. For example, B2AR transactivation of the EGFR was
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shown to mediate ERK signaling and is possibly one of the main pathways which mediates
adrenergic-mediated mitogenesis and DNA synthesis in cardiac fibroblasts (85). The Ang Il type
| receptors have also been shown to dimerize with EGFR. In neonatal rat cardiac fibroblasts,
inhibiting EGFR using a small molecule inhibitor (AG1478) or introducing a dominant-negative
EGFR mutant abrogated Ang Il-mediated ERK signaling (86). This increase in ERK was mediated

by a pathway that was independent of PKC, but dependent on Ca?*/calmodulin-signaling.

Tissue and cell-type specific differences are important to factor in when studying GPCRs,
as it is critical to study a GPCR in the relevant cell type of interest. For example, coupling partners
can differ depending on the cell type. This is possibly due to differential expression of G proteins
in distinct cell types or tissues. An example is the Ang Il stimulation of ERK signaling downstream
of Gi signaling by AT1R activation. However, in cardiomyocytes this increase is likely mediated
by PKC signaling downstream of Gq signaling. Conversely in vascular smooth muscle cells,
Src/Ras signaling mediates ERK signaling downstream of Ang Il stimulation. This highlights that
the same ligand may have different outputs depending on the cell type (87). For this reason, we
have chosen to examine receptor signaling fibroblasts, rather than HEK 293 cells. We have chosen
to examine three GPCRs involved in homeostasis of the heart and cardiac fibroblast function,
namely the angiotensin 1 receptor, the endothelin receptor, and the -adrenergic receptor. How

each receptor contributes to fibrosis is discussed in more detail next.

1.6 ANG Il SIGNALING IN CARDIAC FIBROBLASTS

Ang Il is an octapeptide hormone that plays a role in blood pressure homeostasis. It is a

component of the renin-angiotensin-aldosterone system (RAAS). It is derived from its precursor,

38



angiotensinogen which is produced by the liver, then subsequently cleaved in the kidney by the
enzyme renin, forming the decapeptide angiotensin I. Ang | is subsequently converted to Ang Il
via cleavage of two residues by angiotensin-converting enzyme (ACE) in the lung and kidney or
chymase from mast cells. Ang Il has its effect on maintaining blood pressure via its actions on the
adrenal gland, blood vessels as well as the brain. Furthermore, it can be further cleaved to form
other active peptides such as Ang 11, Ang IV, and Ang (1-7). Although initially thought to signal
in an endocrine fashion alone, it has now been shown that tissues can have their own local RAAS,
essential in supporting tissue function. This has been evidenced by expression of the essential
components of the RAAS at both the level of mMRNA (88) and functional peptides (89) in human

cardiac tissue as well as other animals.

Within the cardiac system, Ang Il has been shown to induce production of TGFB1 and
endothelin-1 by cardiac fibroblasts. These mediators have been shown to signal in a paracrine
manner to induce hypertrophy in CMs (61). TGFp1 itself, is also a potent activator of cardiac
fibroblasts and could act in an autocrine manner to drive conversion of CFs to MFs (90, 91).
Additionally, Ang Il induces cardiac fibroblast proliferation and production ECM components
such as collagen in rat cardiac fibroblasts both in vitro and in vivo (92-94). In human cardiac
fibroblasts (ventricular and atrial), it has been shown that CFs express both ACE and the
angiotensin type 1 receptor (AT1R) (95). Different aspects of Ang Il signaling have been shown
to be affected in DCM. For example, ACE2 was shown to be downregulated in fibroblasts of hearts
of DCM patients (26). ACE2 is the gene encoding angiotensin converting enzyme 2, an enzyme
involved in RAAS regulation by cleaving Ang Il to Ang (1-7), an Ang Il derivative that alter CF

functions by counteracting Ang Il-induced collagen synthesis (96, 97).
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In the late 1980s, it became apparent that Ang 11 signals through two receptors, the Ang 11
type 1 receptor (AT1R) and the Ang Il type 2 receptor (AT2R). The two receptor types share only
34 % sequence homology. In comparison to AT1R, the AT2R is less well characterised. Whether
AT2R is a GPCR is debated owing to evidence AT2R does not appear to bind G proteins or B-
arrestins as prototypical GPCRs (98, 99). Broadly speaking, AT1R and AT2R are believed to
antagonize each other. The AT1R mediates vasoconstriction, and increases fibrosis, cell
proliferation and cell growth and blood pressure while AT2R mediates vasodilation, reduces
fibrosis, cell proliferation and growth and blood pressure. In terms of affinity to Ang Il the affinity
of both receptors is similar (3 to 4 nM) (100, 101). Unlike AT1R, AT2R has constitutive activity
in its unbound state. Furthermore in HEK 293 cells it was shown to not undergo receptor

internalization or desensitization in the presence of ligand (101).

In terms of receptor expression, it has been shown that the ratio of AT1R:AT2R in biopsies
from non-failing hearts was 59:41. Moreover the level of AT2R increased a little over 3-fold at
the level of protein and mMRNA, and AT1R expression was decreased in the ventricles of failing
hearts of DCM patients (102). AT2R was upregulated in failing hearts, thus changing the ratio of
ATIR to AT2R in the failing heart, however total ATR expression levels remained unchanged
according to these studies. Furthermore, this AT2R expression was seen in cardiac fibroblasts in
close proximity to fibrotic regions. Ang ll-mediated ERK signaling was greatly reduced in
fibroblasts from failing hearts, however antagonizing AT2R led to an increase in Ang Il-induced

ERK activity (102).

The majority of established cardiovascular functions are governed by AT1R, which will be
the main focus hereon in. AT1R has the capacity to interact with various G protein subtypes,

including Gag/11, Gas, Gai/o, and Ga12/13.- although it is suggested that it couples primarily to
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Gq (103). Beyond its response to its primary ligand, angiotensin Il, AT1R can also be triggered
by mechanical stretching. There is substantial evidence demonstrating that rigid substrates can
trigger the conversion of cardiac fibroblasts (CF) to myofibroblasts (MF), partially through AT1R
involvement (54, 104). Cardiomyocyte-specific overexpression of the AT1R in a mouse model of
myocardial infarction has been shown to induce cardiomyocyte hypertrophy and increase collagen
deposition and interstitial fibrosis, suggesting that AT1R plays an important role in heart
physiology (105). AT1Rs have been a promising target in the development of drugs for
cardiovascular diseases, given their key role in cardiac physiology. AT1R activation by Ang Il
leads to secretion of collagen, TGFf, IL-6 and other growth factors that promote cardiac fibroblast
activation and proliferation. TGFB1 is one of the most potent drivers of cardiac fibroblast to
myofibroblast conversion that is released downstream of Ang IlI-mediated AT1R stimulation and
can further increase synthesis of Ang II. Blockade of TGFB1 and inhibition of ERK1/2 have been

shown to abrogate Ang Il-mediated fibrogenic effects (106).

Using human cardiac fibroblasts, it has been shown that sustained activation of AT1R
receptor signaling via Gq led to an upregulation in production of growth factors like VEGF and
TGF-B1 as well as ERK1/2 signaling. TGFf receptor signaling is also known to activate ERK1/2-
dependent pathways, inhibiting TGFP signaling reduced ERK activation by Ang Il suggesting that
TGFB in this case also plays a part in Ang IlI-mediated ERK signaling. furthermore, the increase
in ERK was Gag-mediated. However, activation of PKC was not involved in upregulation of
VEGF, CTGF and TGFP1 (107). Therefore, Ang II and TGFB1 function as part of the same
signaling network. AT1R can also signal via p-arrestin. Treatment of human cardiac fibroblasts
with TRV120055 (an AT1R ligand that is Gag-biased ligand) led to an increase in CF proliferation

and production collagen and a-SMA. In contrast, treatment of CFs with TRV120027 (an AT1R
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ligand that is B-arrestin biased) did not affect the levels of a-SMA or collagen as seen by western
blot. Thus, the pro-fibrotic effects of Ang Il appear to be Gaqg mediated, and B-arrestin-

independent (106).

Angiotensin receptor blockers (ARBs), employed in the treatment of heart failure patients,
effectively impede both G protein and B-arrestin mediated pathways of AT1R. Delving into the
realm of biased signaling offers a compelling avenue for advancing drug development. The allure
of exploiting biased agonism continues to capture the attention of researchers, driven by
compelling evidence that AT1R-mediated Gq signaling detrimentally impacts myocardial
function, while B-arrestin signaling is cardioprotective through reduced cardiomyocyte death and
heightened cardiac contractility during acute cardiac injury (108). However, the outcomes of the
BLAST-AHF human trial, which evaluated TRV027 in cases of acute heart failure, did not reveal
substantial benefits compared to a placebo (109, 110). Intriguingly, revisiting the assessment of
this drug through a prolonged, chronic heart failure trial, mirroring methodologies employed in

animal models, holds the potential to yield valuable insights (111).

Ang Il regulates blood pressure cardiac function such as blood pressure changes and the
baroreflex. The discerning factor between regular Ang Il signaling and its pathological counterpart
likely lies in its acuteness and extent of signaling in the myocardium. Ang Il production and
signaling is normally transient. However, the repercussions of prolonged and heightened levels of
Ang 11, prevalent in heart failure patients, result in unfavorable outcomes. Hence, it would make
sense for there to be feedback loops that help distinguish the normal acute Ang Il fluxes the heart
experiences, from chronic Ang Il that requires activation of fibroblasts as seen during a myocardial
infarction. Consequently, the tight regulation of AT1R signaling necessitates built-in safeguards

to restrain cardiac fibroblasts activation in typical signaling scenarios. Recent work from our lab
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showed that the Gy subunit may act as a transient brake on AT1R signaling. It was shown that in
rat neonatal cardiac fibroblasts, GBy subunits interact with RNA polymerase Il (RNAPII) and
negatively regulates gene transcription. RNAPII is a multiprotein complex that synthesizes RNA
(mRNA, microRNA, and small nuclear RNA) from DNA. Knocking out GPy led to an
upregulation of pro-fibrotic genes (e.g., the genes transcribing collagen I, serpinel, CTGF) at the
level of mMRNA and protein as revealed by both qPCR and mass spectrometry respectively (112).
In HEK 293 cells, GBy signaling has been shown to mediate ERK signaling when coupled to Gai
and promote B-arrestin biased signaling, thus revealing further complexity for signaling pathways
elicited by AT1R (113). This change in coupling to G protein coupling of the AT1R can be
modulated by stretch/mechano-transduction, whereby stretch can stabilize receptor conformation
that favour B-arrestin-biased conformation in AT1R conformation which can independently signal
via B-arrestin (114). The increase in ERK signaling via GBy was also seen in neonatal rat cardiac
fibroblasts, which are more physiologically relevant to study cardiac fibrosis compared to HEK
293 cells. In rat neonatal CFs, AT1R was shown to activate the ERK signaling and enhanced DNA

synthesis via Gpy-mediated signaling.

The complex nature of GPCR signaling is further exemplified by the crosstalk that occurs
between distinct receptors, showcasing how these receptors can mutually influence each other by
forming heterodimers. A compelling instance of this phenomenon can be observed in NIH3T3
fibroblasts, where the AT1R has demonstrated the ability to transactivate the epidermal growth
factor receptor (EGFR), subsequently facilitating the activation of ERK1/2 through the action of
EGF—the ligand for the EGFR. This EGF- induced ERK1/2 activation was abrogated by
inhibiting AT1R with losartan. Conversely, in cells expressing the AT2R, the activation of ERK1/2

induced by EGF was notably diminished (115). Another level of complexity in ATR signaling
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arises from the presence of both nuclear and extracellular pools of ATRs in cardiac fibroblasts. A
study by Tadevosyan and colleagues showed that canine atrial fibroblasts expressed both AT1R
and AT2R on the nucleus. Furthermore, the machinery needed for GPCR signaling was present in
these nuclei, and the intracellular receptors were able to signal via calcium and nitric oxide (NO)
dependent pathways. By using a model of chronic heart failure (CHF), the group showed that the
concentration of intracellular Ang Il as well as expression of nuclear AT1R increased in atrial
cardiac fibroblasts of a canine CHF model in comparison to controls. To further study the
implications of nuclear receptor pools, the group used a novel photo-releasable caged-Ang-II
derivative, [Tyr(DMNB)s]Ang-II. These are ligands that are caged/ inactive, however these
ligands are cell permeable and can be ‘uncaged’ inside the cell using UV light - leading to the
release of an active peptide inside the cells. Interestingly, their data also suggested that the plasma
pool of receptors mediated proliferation of fibroblasts, while intracellular Ang Il increased both
collagen secretion and proliferation in fibroblasts (116). More recently, further work reported by
Dallagnol and colleagues, used caged Ang Il in as well as caged biased Ang Il analogues to
interrogate intracellular ATR signaling in rat cardiac myofibroblasts. Their findings revealed that
that intracellular Ang Il or with G protein-biased Ang Il analogues led to collagen secretion, while
caged P-arrestin ligand did not elicit collagen release. Taken together, thus suggests that
intracellular and cell surface receptors may be distinct therapeutic targets. The presence of other
GPCRs including ETR (117) and adrenergic receptors (118, 119) has been reported in
cardiomyocytes, thus showing that different receptors are expressed. Figure 3 shows how we

imagine these receptors may play a role in disease progression.
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Figure 3: Distinct pools of intracellular and extracellular receptors in cardiac fibrosis may
mediate different cellular outcomes.

As cardiac fibroblasts become activated the expression of different ligands that modulate cardiac
fibroblast function in the myocardium changes. Endothelin-1 (ET-1), Angiotensin Il (Ang II),
Norepinephrine (NE) and Epinephrine (Epi) secretion within the myocardium increase as
activation increases. These ligands are synthesised by cardiac fibroblasts and can be secreted by
cardiac fibroblasts or possibly activate an internal pool of receptors eliciting different signaling
pathways and outcomes depending on the pool of receptors. [Created with BioRender.com.]
[Republished with permission from (41)]
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1.7 ENDOTHELIN-1 SIGNALING IN CARDIAC FIBROSIS

Endothelin-1 is a peptide that is primarily produced by the endothelial cells but also by
cardiomyocytes and cardiac fibroblasts. Its effects include vasoconstriction, cell adhesion, and
fibrosis across various tissues (120). In both human and rat cardiac fibroblasts, ET-1 has pro-
fibrotic effects by inducing proliferation, collagen production and a-SMA expression indicating
heightened fibroblast activation (60). Notably, cardiac fibroblasts can produce ET-1, influencing
cardiomyocyte hypertrophy in a paracrine manner or affecting fibroblast function in an autocrine
manner (121). It has also been suggested that CFs can produce endothelin that stimulates the
intracellular pool of receptors (see Figure 3), with its expression being induced by ET-1 via a
ROS/ERK/AP-1-dependent pathway in human atrial MFs (122). While the presence of a nuclear
pool of endothelin receptors have been shown in in cardiomyocytes, the presence of nuclear ETRs

in fibroblasts has yet to be confirmed(123).

ET-1 signals through two receptors: endothelin receptor type-A (ETAR) and type-B
(ETBR), with ETBR being predominant in rat and adult cardiac fibroblasts (124, 125). When ET-
1 binds to its receptor, it prompts the separation of Gq and Gy subunits. This event triggers Gq
signaling, which in turn activates PLC, leading to the cleavage of membrane-bound PIP2 into IP3
and DAG. IP3 can cause an elevation in intracellular calcium through its receptor on the
endoplasmic reticulum, while DAG can activate protein kinase C (PKC), culminating in the
activation of the ERK signaling cascade (126). Inhibition of ET-1 induced ERK1/2 signaling led
to a reduction in fibroblast activation, myofibroblast conversion and cell proliferation. In human
CFs, ET-1 has its proliferative and collagen-production inducing effects effect via the

ETAR/GQ/ERK signaling pathway (60).
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Circulatory and myocardial ET-1 levels are elevated in heart failure patients and heart
failure animal models (127, 128). In the explants of patients with idiopathic DCM, the
concentration of the ET-1 peptide and the density of ETAR were markedly increased (129). After
myocardial infarction, both Ang Il and TGFp1 are markedly increased in heart (130, 131), and
studies have shown that both of these peptides can upregulate ET-1 synthesis at the level of MRNA
in neonatal rat cardiac fibroblasts (61). Moreover, in a mouse model of hypertension, it was
demonstrated that Ang Il-induced cardiac fibrosis and hypertrophy relied on endothelial cell-
derived ET-1—being the primary ET-1 producers. Specifically, in mice with vascular endothelial
cell-specific ET-1 deficiency (VEETKO), Ang Il-induced expression of TGFp, collagen I and III,
and CTGF was diminished, highlighting their dependence on ET-1. Additionally, VEETKO mice
exhibited lower ERK1/2 activation, leading to reduced CTGF expression. Notably, CTGF
induction by TGFp necessitates ERK signaling in fibroblasts. These findings underscore the
interconnectedness of signaling pathways, suggesting ET-1's potential modulation of the

TGFB/ERK1/2/CTGF pathway and its role as a crucial factor in Ang II-induced fibrosis. (132).

Blocking ET-1 signaling has been investigated and shown to provide benefits in animal
models of heart disease. In a rat model of deoxycorticosterone acetate (DOCA)-salt hypertension,
antagonizing ET-1 signaling via the ETAR increased fibronectin deposition. Fibronectin is a
component of ECM that can form bridges between collagen and cells and plays a role in cell-ECM
connections in the remodeling heart. ET-1 also mediated upregulation in metalloproteases and
collagen deposition in these rat hearts (133). Administering bosentan (an antagonist of both ETRS)
improved hemodynamics and reduced cardiac output in patients with severe heart failure. Despite

this, there was no improvement in remodeling and one consequence of antagonizing ETR was a
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reflexive increase in circulating ET-1 and RAAS system activation. Furthermore, a major cause of
concern was fluid retention observed in patients treated with bosentan (134). Although these
clinical results were underwhelming, perhaps understanding the effects of ET-1 on different cell
types and perhaps cellular organelles could lead to better targeting of therapeutic agents targeting
the receptor, as opposed to imposing whole organism effects which could affect perfusion of

different organs and adversely affect other organ systems.

There is evidence that ET-1 mediated proliferation is dependent on ET-1 acting as a co-
factor for B2AR signaling. Turner and colleagues showed that ET-1 treatment of human CFs did
not stimulate proliferation, however ETAR inhibition, antagonized B.AR-induced proliferation

(135). Adrenergic receptor signaling is discussed in the next section.

1.8 BETA-ADRENERGIC SIGNALING IN CARDIAC FIBROSIS

Chronic adrenergic receptor signaling is a prominent feature in failing hearts. It is initially
a compensatory mechanism; whereby sympathetic tone is increased in the myocardium in an effort
to increase cardiac output. However, prolonged activation has deleterious effects on cardiac

function which have been studied extensively in CMs and to some degree in CFs.

Although B1AR is the predominant receptor type on CMs, the B2AR seems to be the subtype
that is predominantly expressed in rat and human cardiac fibroblasts (136, 137). In rat neonatal
and adult cardiac fibroblasts, f2AR was expressed at high levels, while levels of B1AR were
negligible (137). Activation of B2AR signaling using isoproterenol (BAR agonist) increased

secretion of IL-6 and proliferation but had no effect on the migration or a-SMA expression in rat
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cardiac fibroblasts. These isoproterenol-mediated responses were eliminated by the inhibition of
ERK1/2 and Gas in rat CFs. IL-6 has been shown to cause CF conversion to the MF phenotype as
well as proliferation, and its release aids in bringing about isoproterenol induced proliferation in
CFs (137). In primary cultured adult rat cardiac fibroblasts grown on plastic, f2AR has also been
shown to increase cardiac fibroblast autophagy. Given that chronic B-adrenergic signaling inhibits
CM autophagy, whist increasing CF autophagy, the authors suggest that autophagy may serve a

protective against chronic adrenergic stimulation (138).

In studies involving rat CFs grown on gelatin, BAR has been found to mostly signal through
the Gas pathway. Stimulation of B2AR leads to an increase in CAMP followed by PKA activation.
Stimulation of CFs with isoproterenol, led to activated ERK1/2 signaling via both G protein-
dependent and independent pathways, with ERK signaling peaking between 2-5min. Additionally,
chronic (but not acute) adrenergic signaling in human CFs results in B2AR desensitization (136).
In a study that compared CFs from non-failing and failing human ventricular fibroblasts, this
desensitization was shown to be mediated by Gpy-GRK. Rescuing this desensitization by using
gallein to inhibit GBy-GRK, led to a restoration of isoproterenol-induced cAMP production (139).
Elevated cAMP levels have been shown to reduce collagen secretion and potentially inhibit
activation of TGFp-stimulated fibroblasts (140, 141). Furthermore, Ang Il has been shown to
potentiate BAR increase of cAMP, through crosstalk of the Gq (AT1R) and Gs (BAR) signaling
pathways. Treatment of CFs with both agonists, potentiated isoproterenol-induced reduction of
collagen synthesis (142). It's important to note that cAMP can either increase or decrease ERK

signaling depending on cellular context and this may lead to proliferation (reviewed here (143)) .

Finally, in vitro studies have demonstrated that ET-1 secreted by human cardiac acts as a

co-factor for B2AR-induced cardiac proliferation in myofibroblasts, although B2AR stimulation did
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not alter ET-1-mediated events. These effects are thought to be mediated through PKC signaling
downstream of the ET-1 receptor (136). Additionally, BAR was also shown to increase expression
gap junction protein (Cx43) in cardiac fibroblasts in response to isoproterenol, thus leading to a
remodeling of the cell-cell interactions in the myocardium connection between CFs and CMs

(144).

More recently, it became evident that the previously unexplored contributions of biological
sex, is important when investigating B2AR signaling in cardiac fibroblasts. Stimulation of BAR
differentially affected male and female rates treated with isoproterenol. Isoproterenol caused an
increase in PKA activation, collagen expression and BAR expression in cardiac fibroblasts, as well
as an increased mortality for male rats. In contrast, female rats showed a decrease in receptor
expression with no PKA activation in response to isoproterenol (145). This emphasizes the need
to study fibrosis and consider biological sex in studies, as well as to consider the treatment for
cardiomyopathies in light of the sex differences. Usually, the treatment strategy for heart disease
follows the order in which the drug was discovered without regard to sex or any way to determine
the best therapy suitable for a patient. We hope to address this issue by using hiPSC-CFs and
hiPSC-CMs to help group patients into groups that can better direct the order of intervention based

on different factors that include sex, phenotype, and age. The use of hiPSCs is discussed below.

1.9 MODELING FIBROSIS IN HIPSCs

Disease models have evolved over the years. Immortalized cell lines such as Chinese
hamster ovary cells (CHO) and human embryonic kidney 293 (HEK 293) cells have been useful

for the study of different signaling pathways. The drawback, however, is that these cells might
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harbor a wide range of mutations and karyotypic anomalies, additionally the same cell lines can
differ significantly between labs at different passages. Additionally, receptor signaling is cell-type
specific. Taken together, investigating a heart condition in a kidney cell may lead to translational
difficulty between tissue or cell types. A study looked at a mutation in a cardiac sodium channel
(A735V-Nay1.5) in hiPSC-derived CMs as well as in HEK 293T cells and Xenopus oocytes. In
the study, they noted that hiPSC-derived cardiomyocytes revealed a leftward shift of sodium
channel inactivation which was not seen in either Xenopus oocytes or HEK 293 cells. They
postulated that this was due to a subunit in CMs that was lacking in HEK 293T cells. However,
the heterologous system was useful in showing differences that were not cell-type specific, making

them a useful tool (146).

No model is perfect for studying disease, it all comes down to selecting the best model for
the purpose of the study. While animal models are valuable for examining pharmacokinetics,
toxicity, and whole organism effects, variability exists in druggable GPCRs among species, as
evidenced in histamine and adenosine receptors (147, 148). This variation has implications for
their applicability to humans. Species-specific differences influence receptor pharmacology,
exemplified by variations in A3 adenosine receptor sensitivity to antagonists and receptor cycling
across rats, mice, and humans. This highlights the need to be cautious about directly applying
findings from animal studies to humans (147). Consequently, there's a strong emphasis on studying
GPCRs using relevant human cell models, with hiPSCs offering a promising avenue for such

research.

Given the limited availability of heart tissue from patients, human pluripotent stem cells
provide a scalable and patient-relevant technique for drug development and studying aspects of

heart disease. The discovery that specific transcription factors such as the Yamanaka factors (Oct4,
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Sox2, KIf4, and c-myc) induced stemness in adult somatic cells, transforming them into pluripotent
stem cells with diverse differentiation potential, marked a significant breakthrough in heart disease
research (149, 150). This innovation circumvented the previous bottleneck in studying heart
disease, which relied on limited in vitro cultures of human cardiac cells sourced from biopsies,
post-mortem tissue, or non-transplantable hearts. The Yamanaka factors possess the remarkable
ability to reprogram adult somatic cells into pluripotent stem cells capable of differentiating into
the three germ layers: endoderm, mesoderm, and ectoderm (149). The advantage of harnessing
hiPSC technology is its capacity to leverage the uniqueness of each donor. By obtaining blood
samples or skin biopsies from patients with the disease of interest, then inducing these terminally
differentiated cells into pluripotent stem cells, it becomes possible to generate diverse cell types
from various tissues. Induced pluripotency is achieved by inducing expression of pluripotent genes
(e.g., Oct3/4, Sox2, Klf4, c-myc) using episomal or viral delivery methods. The use of hiPSC
technology allows us to obtain different cell types pertinent to the disease of interest. While the
process that induces stemness may erase epigenetic markers (151), it is essential to note that
genomic mutations are preserved and recapitulated in the hiPSC-derived stem cell of interest.
Consequently, hiPSCs have been employed to simulate cardiomyopathy associated with specific
mutations such as LMNA(20), RBM20 (152, 153), and TNNT2 (gene enoding cardiac troponin T)
(154), to name a few (For a more comprehensive review of DCM mutations that have been studied

using hiPSCs, refer to sources (155, 156)).

As the availability of human cardiac tissue from patients is extremely limited, fibroblasts
derived from human pluripotent stem cells serve as an evolving technology to study physiological
and pathophysiological functions of fibrosis in human heart diseases and help us model fibrosis in

a dish. Given the relatively simple and non-invasive method for sample collection, hiPSCs offer

52



us the opportunity of building a large bank of donors to study disease in a larger population.
Furthermore, hiPSCs can be an avenue to personalized medicine where we can cluster patients into
pheno-groups which can be used to advise the best treatment method. As part of a larger project,

the “Heart-in-a-dish” project, we have collaborated with the McGill University Research Centre.

1.10 ERK AS AN INTEGRATOR OF SIGNALS THAT MODULATE CF CELL STATE

The extracellular signal-reduced kinases (ERK) pathway is activated by a wide range of
stimuli ranging from GPCRs (e.g., GPy and PKC activated via Gq signaling), growth factor and
cytokine receptors (e.g., EGFR, FGFR), viruses and oncogenes. ERK1 and ERK2 (collectively
called ERK1/2) integrate signals from several pathways and transduce these signals to modulate
gene transcription and important cell functions like proliferation and differentiation. Key
molecules in the ERK/MAPK signaling pathway include the small G proteins Ras which activates
Raf kinase through swapping GDP with GTP, Raf, which then activates MEK1/2, and ERK1/2
which is activated by MEK1/2. In their inactive state, ERKs are anchored in the cytoplasm by
MEK. Activated ERK can translocate to the nucleus where it can phosphorylate transcription
factors and other mediators (157). Inhibiting this pathway has been used in treatment of certain
cancers and has been proposed for hypertension. Tissue explants from failing hearts have shown
that ERK activity is increased in the failing myocardium. Whether elevated ERK is a protective
mechanism or cause of remodeling is not yet understood. However, ERK activation is proposed to

be beneficial for cardiomyocyte survival, for example ERK is beneficial to cardiomyocytes in
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pressure overload induced hypertrophy (158). The effects of ERK signaling on cardiac fibroblasts

varies and the findings are explored below.

Several studies have suggested that inhibiting ERK may be beneficial for limiting fibrosis.
In vivo, cardiac fibroblast specific knock out of GSK-3a in mice led to less CF to MF activation
coupled with reduced ECM gene expression. GSK-3a. appeared to have its effects by lowering
ERK activation, suggesting ERK inhibition as a possible target for treating fibrosis (159).
Sustained ATI1R stimulation led to an increase in pro-fibrotic genes in via Gaq/TGF-B/ERK

signaling, again pointing to ERK inhibition leading to favourable outcomes in cardiac fibrosis.

In contrast to these findings, Rubino et al. (160), showed that treating cells with SW033291
(an inhibitor of 15-PGDH, an enzyme that degrades eicosanoids) led to an increase in hydroxy
eicosatetraenoic acid (12-HETE). 12-HETE, acting through its receptor, GPR1, effectively
mitigated fibrosis through a mechanism involving an increasing ERK signaling. Both SW033291
and 12(S)-HETE prevented TGF-p—induced activation of adult rat ventricular fibroblasts as well
as normal human CFs. Additionally, these treatments were able to reverse persistent activation of
CFs taken from human failing hearts. This effect was also observed in vivo, where the authors used
an Ang Il infusion fibrosis model and demonstrated that intervention with SW033291 led to a

reduction in fibrosis in these mice through an ERK-dependent pathway.

Interestingly, in the same study that identified SW03329 as a potential anti-fibrotic target,
during the initial screening for compounds that could block TGFB1-induced expression of a-SMA
in adult rat ventricular fibroblasts, some of the hits were compounds that had differential effects

on ERK signaling. Whereas SW033291 appeared to lead to an increase in ERK signaling, the other
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hits included PLX7904, a Raf inhibitor, and sotrastaurin, a potent and selective pan-PKC inhibitor

that, both of which reduce ERK signaling.

Sotrastaurin, being a pan-PKC inhibitor, was identified as a promising candidate to inhibit
activation of CFs in response to TGFp1 signaling. PKC is known to act downstream of growth
factor receptor signaling and Gq signaling. However, the literature on the effects of blocking PKC
has yielded conflicting results regarding its role in cardiac fibroblast (CF) remodeling. One study
with contrasting findings involved the treatment of primary adult cardiac fibroblasts with phorbol
12-myristate 13-acetate (PMA), a compound that potently activates PKC. Remarkably, this
treatment resulted in a 50% reduction in a-SMA expression, alongside decreased mMRNA levels of
periostin, type | collagen, and type Il collagen. These findings collectively suggested a beneficial
role for PKC activation in mitigating fibrosis. This contrast in results may have been sex-specific,
given that this second study used female rats. Alternatively, it could underscore the need for a

deeper understanding of how PKC and ERK collectively impact fibroblast activation states.

Protein Kinase C (PKC) isoforms can be categorized into classical PKCs (a, BI, BII, and
v), which require both diacylglycerol (DAG) and calcium for activation, and novel PKCs
(isoforms: 9, €, n, and 0), for which only DAG is required for activation. Notably, inhibiting
classical PKCs inhibited the ability of phorbol 12-myristate 13-acetate (PMA) to reduce the
expression of aSMA in cardiac fibroblasts, suggesting that classical PKCs play a role in regulating
cardiac fibroblast trans-differentiation and periostin expression. On the other hand, novel PKCs
appeared to regulate cardiac fibroblast proliferation and collagen synthesis. In adult fibroblasts,
novel PKCs reduced collagen secretion and proliferation through PMA-induced activation of
ERK1/2, indicating that different PKCs mediate distinct aspects of fibrosis (161). However, it is

important to note that this increase in ERK was seen 30 min after treatment with PMA, whereas
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aSMA and proliferation were assessed at 48 hours. Thus, it would be essential to examine ERK
dynamics at different timepoints along the 48 hours to understand its implication in the observed

phenotype.

Several studies have proposed ERK as a target for fibrosis. However, the evidence is
conflicting as to whether inhibition or potentiation of ERK is beneficial as demonstrated in the
examples above. Although ERK signaling is seen to be upregulated in the hearts of HF patients,
whether this upregulation is a driver of disease or rather a reflection of the heart’s attempt to
mitigate the effects of the deteriorating myocardium is unclear. What further complicates
interpretation is that ERK signaling is not a matter of simple upregulation or downregulation of
ERK. ERK can encode signaling outcomes in features such as signaling amplitude, frequency,
onset, and duration (162). Different factors such as the receptor and signaling pathway that it elicits
the response will modulate these features. Furthermore, what level of the signaling pathway you
inhibit could lead to different outcomes. For example EGFR can lead to ERK activation via the
Raf/MEK/ERK pathway, in a study by Albeck and colleagues (163), they reported that inhibiting
MEK led to a reduction in ERK amplitude while targeted inhibition of EGFR decreased the

frequency of ERK activity transients.

Other determinants of ERK signaling may include microdomains where ERK signaling
takes place. For example, substrate stiffness has been shown to modulate ERK signaling with
softer substrate stiffness dampening ERK activation by lowering the amplitude and frequency of
ERK (164). This effect was shown to be related to substrate stiffness affecting receptor expression
as well as spatial distribution of EGFR. Given that the myocardial stiffness changes during disease
progression, the landscape of receptors likely changes as disease progresses. ERK signaling likely

differs between quiescent fibroblasts and myofibroblasts owing to changes in the microdomains
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signaling takes place in. Utilizing FRET-based biosensors with a signaling localised to different
subcellular compartment in both quiescent and activated fibroblasts is a possible avenue to
decipher the seemingly conflicting findings regarding whether ERK signaling is advantageous or

disadvantageous to cardiac fibroblast activation.

In lung myofibroblasts, it has been shown that FGF2 led to a dedifferentiation of
myofibroblasts through a MEK/ERK pathway. This study suggested that perhaps ERK signaling
induced by the fibroblast growth factor receptor by increasing proliferation which in part causes
these cells to lose their a-SMA stress fibre network and revert to a morphology that resembled
quiescent fibroblasts (165). Taken together all these studies suggests that ERK’s ability to

modulate fibroblast activation state can drive fibroblast either way along their activation spectrum.

Although no therapies as yet target fibrosis in the myocardium, there are therapies for
pulmonary fibrosis which have not been shown to ameliorate cardiac fibrosis. Currently the only
FDA-approved therapies for fibrosis are pirfenidone and nintedanib. The latter is a tyrosine kinase
inhibitor that inhibits ERK signaling. Given recent finding that ERK signaling may cause reversion
of myofibroblasts to a less activated state, it calls into question whether therapies like nintedanib
can inadvertently lead to persistence of MFs in the myocardium owing to their inhibition of the

ERK pathway (160).

Cardiac fibroblast specific inhibition of ERK may be better suited to earlier in the disease
when upregulation of ERK could help disease progression by promoting proliferation, whereas
ERK promotion may be essential in later phases of fibrosis where MFs are already in the
myocardium. Myofibroblast are resistant to apoptosis, and it has been suggesting that ERK
increase will revert them back to a less differentiated state in lung and cardiac fibroblasts (160,

165). All of this remains unknown. Understanding the effects of ERK signaling along the entire
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activation spectrum of CFs becomes essential, as well as modelling ERK signaling dynamics over
longer periods of time to look at spatio-temporal dynamics. To this end we propose the use of
FRET-based biosensors as a tool that will allow spatial-temporal resolution of ERK dynamics to
better understand mechanisms leading to fibroblast activation. Coupling FRET technology
together with hiPSCs allows us to use a model of ERK signaling in health controls and patient cell
lines. Unlike rat neonatal cardiac fibroblasts which tend activate quickly after removal from their
organs, hiPSCs also allows us to work with a mostly quiescent cardiac fibroblast population and

activate these cells to model fibrosis along the whole activation pathway of the cardiac fibroblast.

1.11 BIOSENSORS TO TRACK CELLULAR SIGNALING EVENTS

In contrast to traditional biochemical assays, which provide a static view of cellular signal
events, genetically-encoded biosensors (GEB) report on the dynamics of cellular signaling
pathways and allow us to resolve these signaling cascades spatially and temporally in live cells.
GEBs can be based on either an intensiometric or a resonance energy transfer (RET) readout. Both
sensors report on conformational changes as a result of changes in a sensing domain, which varies
depending on the event of interest. Intensiometric sensors measure variations in the brightness of
a single fluorophore, whereas RET sensors measure relative changes in the intensity of two
moieties based on their proximity. RET sensors can be categorized based on their energy source,
and among those widely used in research are bioluminescence-based sensors (BRET: which often
employs Renilla luciferase as the donor) and fluorescence-based sensors (FRET: e.g., which us
fluorophores such as cyan fluorescent protein as the donor). For our study, we opted for FRET
biosensors due to their ability to enable the tracking of individual cells. The reader is referred to

reference (166) for a more comprehensive review of biosensors.
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FRET is a transfer of non-radiative energy from an excited donor fluorophore (e.g., CFP)
to the acceptor fluorophore (e.g., YFP). The efficiency of this energy transfer depends on the
distance between the fluorophores. It is inversely proportional to the sixth power of the distance
between the donor-acceptor pair. FRET biosensors are composed of two fluorescent proteins fused
to a sensing domain. Conformational changes in the sensing domain bring the sensors closer or

further apart thus affecting the efficiency of resonance energy transfer.

These biosensor reporters can detect changes in calcium concentration, enzyme activity
(e.g., kinases and GTPases), concentration of second messengers, and voltage. ERK1/2, PKA,
PKC, DAG, IP3, CAMKII, cAMP are all examples of GPCR-signaling events can be detected
with FRET biosensors (see (167)). By coupling FRET-biosensors and hiPSC-CFs we hope to be
able to underpin the molecular pathways that are dysregulated in DCM pathology. Given that ERK
signaling is altered in DCM and how the kinase plays a key role in integrating several signaling
pathways downstream of GPCRs implicated in fibrosis, we decided to interrogate ERK to better
understand disease pathology. The use of single-cell analysis helps us to garner information that
would other wise be obscured by bulk analysis. For example, Jones-Tabah and colleagues showed
that in primary striatal neurons, two ligands that activated PKA signaling and appeared to elicit
the same response, had different populations of responding cells. Single-cell analysis revealed that
one ligand produced a large number of weakly responding cells, whereas the other had a small
population of cells that elicited a strong response in response to receptor stimulation may result
(168). Furthermore, in this study we see that bulk-analysis can hide signaling modalities such as

fluctuations when cells fluctuate asynchronously.

Lastly, as previously mentioned, looking at nanodomain signaling is an important aspect

of studying disease pathology as localisation of cCAMP and kinases has been shown to differ in
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disease and health in a rat and mouse model of heart failure (82). FRET-based biosensors also can
be tagged with different targeting sequences to target them to various organelles such as

mitochondria, ER and nucleus, thus giving better spatiotemporal resolution of signaling.

To this end we have incorporated the FRET-based biosensor which can localise to the
nucleus or cytoplasm for better comprehension of signaling dynamics. This compartmentalisation
could help us tease apart the receptor pool that is essential in therapy, given that GPCR signaling
may be compartment specific. Ultimately understanding compartmental consequences of signaling
could open an avenue for old drugs to be repurposed and targeted to the pool of receptors that is

apropos to disease pathology.

1.12 RATIONALE AND OBJECTIVES

Given the dearth of therapies that specifically target fibroblasts in dilated cardiomyopathy
(DCM) and the pivotal role of CFs in modeling the myocardium before and after the onset of the
disease, it becomes evident that understanding signaling events triggering fibroblast activation is
critical. Evaluating perturbations in signaling in control or DCM patients could yield a deeper
insight into the mechanisms driving fibrosis in DCM. Human induced pluripotent stem cells
(hiPSCs) provide a distinct advantage, enabling us to explore gender disparities due to our diverse
pool of donors encompassing both males and females. Moreover, hiPSCs offer a pertinent cell type
for disease modeling, carrying the mutations found in DCM patients. Our focus lies in harnessing
the potential of hiPSC technology to enhance our understanding of fibrosis within the context of
DCM. Our eventual goal is to categorize patients into pheno-groups, which could inform treatment
strategies for patients. Moreover, this categorization has the potential to unveil unique molecular

pathways that play a causal or significant role in the development of pathological fibrosis.

60



Subsequently, these insights could serve as a compass for drug development, allowing us to
capitalize on the knowledge gained from patient clusters. As we delve deeper into patient
clustering, the prospect of honing our search for effective therapies becomes increasingly precise

and focused.

The overarching aim was to create tools to investigate disease etiology with the eventual
goal of clustering patients into groups that can potentially impact drug development and therapy.
To this end, in the current thesis, | undertook the three main aims. The first aim involved the
validation of a previously established protocol for differentiating hiPSCs into quiescent fibroblasts
and introducing it into our laboratory. To confirm successful differentiation of hiPSCs into cardiac
fibroblasts, validation of hiPSC-CFs identity was carried out through gPCR and
immunofluorescence to ensure the cells expressed key tissue-specific signatures. Importantly, the
protocol’s effectiveness was verified across various cell lines. Following this my second aim was
to optimize the conditions for transducing biosensor expression in hiPSC-CFs. As proof-of-
concept experiment, FRET-based biosensors were expressed in hiPSC-CF to report GPCR
signaling events downstream of Ang Il, ET-1, NE, and Epi treatment. Lastly, we used FRET-based
biosensors to track ERK1/2 signaling downstream of AT1R and ETR stimulation in hiPSC-CFs
derived from a healthy subject. We sought to characterize the concentration-dependent dynamics
of these ligands in hiPSC-CFs, exploring how cells respond both at the individual cell level and

globally to varying concentrations of Ang Il and ET-1.
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2 MATERIALS AND METHODS

2.1 REAGENTS

Unless stated otherwise, common lab reagents were purchased from Sigma-Aldrich. Cells

were treated with phorbol-12-myristate-13-acetate (PMA-, Cedarlane 10008014-1) reconstituted

in DMSO was used as a direct protein kinase C (PKC) activator; angiotensin Il (Sigma, A9525)

prepared in water, endothelin-1 (Bachem, H6995.0001) prepared in acetic acid (Fisherbrand,

351270-212); isoproterenol (Sigma Aldrich, 16504) and norepinephrine (Sigma Aldrich, A9512)

prepared in water.

Reagents used for differentiation and hiPSC maintenance and differentiation are specified

below:
Reagent company Catalogue number
Accutase Sigma-Aldrich # A6964
Advanced DMEM/F12 medium Life Technologies # 12634-028
B27 Supplement Minus Insulin Life Technologies # A1895601
mTeSRPIlus media STEMCELL # 100-1130
mTeSRPlus5 x supplement STEMCELL # 100-0276
Fetal Bovine Serum Gibco # 26140079
Fibroblast Growth Medium Cell Applications # 116-500
GlutaMAX Gibco # 35050-061
GSK3 inhibitor CHIR99021 Cayman Chemical #13122
Matrigel Matrix Corning # 354277




Recombinant Human FGF2 Protein peprotech # 100-18B
Retinoid acid Sigma # R2625
ROCK inhibitor (Y27632 2 HCI) Selleckchem # S1049
RPMI 1640 medium Gibco #11875-119
TGFP inhibitor (SB431542) STEMCELL # 72234
Whnt inhibitor, IWR-1-endo Tocris Bioscience #1614

Whnt inhibitor, IWP2, Selleckchem, #S7085
CryoStor® CS10 STEMCELL #07930

2.2 CELL LINES

The use of hiPSCs in this thesis was approved by the McGill University Health Centre
Research Ethics Board. hiPSC lines were generated from blood samples collected from both male
and female subjects who were recruited at the McGill University Health Centre cardiology clinic
as part of the “Heart-in-a-Dish” project (REB approval HID-B/2020-6362). Family members of
patients or volunteers who were in good health and had no known cardio-pulmonary disease served
as the control subjects. The generation of hiPSC lines were done by the Cecere Lab (MUHC-RI).
Briefly, peripheral blood mononuclear cells (PMBCs) were grown in StemSpan SFEMII
supplemented media (STEMCELL Technologies, CA), then were reprogrammed into iPSCS using
the Epi5™ Episomal hiPSC Reprogramming Kit (Thermofisher, USA) along with the Neon
Transfection System (Invitrogen) to introduce Oct4, Sox2, Lin28, KIf4, and L-myc. The
electroporation parameters used were 3 pulses, 10 ms, 1650 V. HiPSCs were validated by 1) colony
morphology; 2) alkaline phosphatase; 3) immunofluorescent staining and RT-gqPCR for

pluripotency markers (e.g., Nanog, SSEA4, SOX2, KlIf4, Tra 1-60) and 4) trilineage differentiation
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assay to validate the ability of hiPSCs to differentiate into the three germ layers (i.e ectoderm,
mesoderm and endoderm (Ida Derish, data not shown)) (169). RT-gPCR and karyotyping were
also used to validate the chromosomal integrity of the cell lines (Dr. Kyla Bourque, data not
shown). Cells-lined with the prefix HID were provided through the “Heart-in-a-Dish” initiative

described above.

The AIWO002-2 hiPSC line was provided to us by the Montreal Neurological Institute
through the Open Biorepository, C-BIGR. This hiPSC line has previously been validated by

examining expression of pluripotency gene/protein, tri-lineage differentiation as described in

(170).
The cell lines used in this thesis are outlined below:
Cell line Abbreviation DCM Sex Agerange | Race
HID04004 HID-04C No Female 40-45 Caucasian
HID040019 HID-19D Yes Female 40-45 Caucasian
AIW002-2 AlW No Male 37 Caucasian

Table 1: Cell lines used in study.

2.3 CELL MAINTENANCE

HiPSCs were plated on 100mm dishes (VWR, 10062-880) coated with Matrigel and
maintained in mTeSR Plus media with media changes every second day and double fed on
weekends. Spontaneously differentiated cells were scraped off at every media change to ensure
that the cells were of good quality. When the cells reached 80% confluency they were passaged or

plated for differentiation.

Passaging: For maintenance of hiPSCs, 100mm dishes were coated with a 1:100 dilution
of Matrigel matrix in cold DMEM/F12 then left to polymerize at 37°C for at least one hour. Cells

were washed once with DMEM /F12 that had been previously warmed to 37 °C then incubated
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with 5mL of Gentle Cell Dissociation Reagent (GCDR) at room temperature for 5-8 minutes. The
Gentle Cell Dissociation Reagent was aspirated from the dish, and the cells were rinsed once with
5mL of DMEMF12 and left in 10 mL DMEMF12. The cells were gently scraped and collected
into a 15 mL tube (ImL of cell suspension was placed into a 15mL tube for a 1:10 split ratio). A
glass pipette was used for pipetting iPScs to avoid spontaneous differentiation of cells. The cell
suspension was then centrifuged for 3 minutes at 1,200 rpm. The DMEM/F12 was aspirated from
the test tube and the pellet was resuspended by gently pipetting up and down 2-3 times in 2mL
mTeSR Plus media and the cell suspension was transferred to a Matrigel-coated plate with a final
volume of 8mL mTeSR Plus. All cells were kept in a humidified cell culture incubator set to 37°C
and 5% CO.. hiPSCs and their derivatives were routinely screened for mycoplasma contamination.

hiPSCs used in this study were mycoplasma free.

2.4 DIFFERENTIATION OF HIPSCS INTO HIPSC-CFs

Coating of plates: All work in this thesis using hiPSCs and their derivatives was done on
plates coated with Matrigel. Dishes were coated with a 1:100 dilution of Matrigel matrix in cold
DMEM/F12 then left to polymerize at 37°C for at least one hour before cells were used. For
100mm dishes, 5mL of media was used to coat the plate, for 12-well plates 500uL of media was
used, and for 6 well plates, 1mL of media was added per well to coat the bottom. Coated dishes

were wrapped in parafilm to avoid evaporation and kept at 4 °C for up to a week before use.

Differentiation: To ensure the quality of cells used, only hiPSCs between passages 2 to 8
post-thawing, were differentiated into cardiac fibroblasts following a protocol previously
described by Zhang et al. (171, 172). Briefly, only good quality hiPSCs that had minimal

spontaneous differentiation were used (no more than 5%). HiPSCs were scraped to remove
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spontaneously differentiated cells and were rinsed twice with DMEM/F12 before being dissociated
using Accutase. The cells were seeded at a density of 40 000-500 000 cells (depending on the cell
line) onto Matrigel-coated 12-well dishes in 2mL mTeSR Plus media supplemented with Y-27632-
HCI (Rho kinase inhibitor). The cells were allowed to attach overnight, and then media was
exchanged for fresh mTeSR Plus media. On Day 0 of the protocols, the cells were 80-90%
confluent. Media was exchanged for 2mL RPMI 1640 media supplemented with B27 minus insulin
and 6uM CHIR99021 (an activator of Wnt signaling). The time of the media change was recorded,
and all media changes were done at the same time. On Day 2 media was exchanged for RPMI
1640 media supplemented with B27 minus insulin. On Day 3, the cells were treated with 2 mL
RPMI 1640 media supplemented with B27 minus insulin and 5uM IWP2 or IWR-1 (Wnt
inhibitor). On Day 5 the cells were treated with RPMI 1640 media supplemented with B27 minus
insulin. On day 6, the cells were replated into a 6-well plate (Thermo Scientific, 140675) at a 1:12
split ratio (~ 20,000 cells per cm?) in 2mL Advanced DMEM/GlutaMAX medium containing 5
uM of CHIR99021, 2 uM of retinoid acid, 5 uM of Y27632 (ROCK inhibitor), and 1% FBS. Cells
were incubated at 37°C in 5% CO- overnight to allow cells to attach. On Day 7, media was
exchanged for 2 ml of Advanced DMEM/GlutaMAX medium containing 5 uM of CHIR99021
and 2 uM of retinoid acid per well. At Day 9, the media was changed to 2 ml of Advanced
DMEM/GlutaMAX medium per well. At Day 11 cells were epicardial cells and replated on a 6
well plate in Advanced DMEM/GlutaMAX medium containing 2 pM SB431542 (a TGFp
inhibitor) and 1%FBS + 5 uM rock inhibitor. The cells were seeded onto a Matrigel-coated cell
culture dish at a split ratio of 1:3 to 1:6. The plate was incubated at 37°C at 5% CO- overnight to
allow cell attachment. The following day (Day 12), the medium was exchanged for 2mL Advanced

DMEM/GlutaMAX containing 2 uM of SB431542. At Day 14 cells were confluent and replated
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to drive them down the fibroblast differentiation line. Cells were seeded at 2 wells of 6-well plates
per dish, in 100 mm dishes coated with Matrigel. The media used was fibroblast growth medium
with 20 ng/ml of FGF2 and 10 uM of SB431542. Thereafter, the media was changed every 2 days
for 2 ml freshly prepared fibroblast growth medium with 20 ng/ml of FGF2 and 10 uM of
SB431542. At Day 20, and each other day thereafter, the media was changed to 2 ml per well of
fibroblast growth medium with 10 uM of SB431542. At this staged we had quiescent CFs which
could be passaged (a 1:3 ratio was used for passaging), frozen down for long-term storage, or
collected for characterization. Zhang et al. (171) report that cells can preserve a quiescent state
(~5% aSMA+ cells) until passage 5, therefore all signaling experiments used cells at passage 4 at
the most when they were imaged. >89% of the cells were hiPSC-CFs (VIM+) as assessed by

immunofluorescent staining.

Freezing cells: The cells were frozen at (15cm? per vial) and cryopreserved in CryoStor
CS10 medium (Iml/vial). The hiPSC-CFs were frozen at passage 1 in CryoStor® CS10
(STEMCELL #07930) (1ml per vial). In brief, hiPSC-CFs in 100 mm dish were detached using
4ml Accutase for 5-10 minutes at 37. Following this, 4 mL Fibroblast Growth Media was added
to the dish and the cell suspension was collected into a 15 mL tube. The cell suspension was then
centrifuged for 3 minutes at 1,200 rpm at room temperature. The supernatant was aspirated from
the test tube and the pellet without disturbing the cell pellet. Cells were resuspended by gently
flicking the tube. 4mL of CryoStor® CS10 was added to the tube and 1 mL of cell suspension was
transferred to each cryovial. Cells were frozen using a standard slow rate-controlled cooling
protocol ( -1°C/minute in a -80°C freezer) to maintain cell viability. Cells were moved to liquid

nitrogen for long term storage within 48-96 hours after freezing.
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Thawing cells: Cells were quickly thawed by shaking the vial gently in a 37°C water bath.
The vial was removed when a small pellet of frozen cells was available. 1mL warmed media was
added to the tube and the cell suspension was collected into a 15mL test tube containing 8mL
warmed Fibroblast Growth media. The cell suspension was then centrifuged for 10 minutes at
1,200 rpm at room temperature. Supernatant was aspirated from the test tube, taking care not to
touch the pellet. The cells were then resuspended by flicking the tube. 2 mL of fibroblast growth
medium with 10 uM of SB431542 was added to the test tube. Cells were then plated in Matrigel
coated 100 mm dish with 8mL media, for a final volume of 10mL fibroblast growth medium with
10 uM of SB431542. The cells were allowed to attach overnight, and media was changed every
second day thereafter. The maintenance media for fibroblasts hereon consisted of fibroblast growth

medium supplemented with 10 uM of SB431542.

2.5 CELL FIXATION, IMMUNOFLUORESCENT STAINING AND HIGH-CONTENT
IMAGING

hiPSC-CFs at passage 1 or 2 were seeded at a density of 20 000 cells/well into 96-well
black optical bottom imaging plates (Thermo Scientific, 165305) coated with Matrigel. The cells
were allowed to attach overnight, and then they were fixed in warmed 2% paraformaldehyde
prepared in PBS for 10 minutes. Cells were then washed twice with PBS and permeabilized with
0.3% Triton X-100 in PBS for 10 minutes and then blocked using 5% bovine serum albumin (BSA,
Bioshop, 9048-46-8) solution in PBS for an hour at room temperature. Cells were then incubated
with primary antibody in 5% BSA in PBS solution overnight at 4°C mRNA extraction and RT-
gPCR. The following day, the cells were washed twice with PBS and incubated with the secondary

antibody in PBS containing 5% BSA for 1-2 hours at room temperature. The cells were then
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washed twice with PBS and on the third wash cells were incubated with 1 pg/mL (1:10 000
dilution) of Hoechst (Thermo Scientific, H3570) in PBS for 10-20 minutes at room temperature.
The cells were subsequently imaged using the Operetta high content confocal microscope (Perkin
Elmer, now Revvity) at 20X magnification. The following primary antibodies and dilutions were
used. The following primary antibodies were used, and dilutions: anti-actin, a-Smooth muscle,
mouse, (1:1000, Sigma #A2547), Anti-vimentin (D21H3) antibody, rabbit, (1:500, Cell signaling

#5741S), Anti-endothelin-1 receptor, mouse (1:500, BD Bioscience # 611252)

The Secondary antibodies were Alexa 488 anti-mouse (1:1000; Invitrogen A11029) and

Alexa 647 anti-rabbit (1:1000; Invitrogen A21245).

2.6  RNA EXTRACTION AND RT-QPCR

hiPSC-CFs were collected between Days 22 to 24 for RT-gPCR experiments. For RT-
gPCR experiments, RNA was isolated from samples lysed in 1 mL TRI reagent® RNA Isolation
Reagent (Sigma, T9424) and RNA was extracted as per the manufacturer’s protocol. Isolated RNA
was quantified using a NanoDrop microvolume spectrophotometer and treated with DNAse to
digest any contaminant genomic DNA which could interfere with reverse transcription or lead to
false positives. Reverse transcription was performed on 2 pug of RNA with random hexamer

primers using MMLV-RT enzyme (Promega) according to the manufacturer’s protocol.

Gene expression was quantified by RT-gPCR using BrightGreen 2X gPCR Mastermix —
No Dye kit (Applied Biological Materials, MasterMix-S-XL) on a ViiA 7 Real Time PCR System

(Applied Biosystems). Primers (supplied by IDT) were designed in-house using NCBI Primer
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Blast and validated for specificity and efficiency before use. Ct values were normalized to the
housekeeping gene, GAPDH, and fold-changes were relative to the housekeeping gene and

quantified using the 2-ACt method. See table below for primer sequences:

Primer name Sequence (5’2 37)

GAPDH F: GGCAAATTCCATGGCACCGTCA

R: ATCGCCCCACTTGATTTTGGAGG

VIM F: AGCTACGTGACTACGTCCACCC

R: AGAGGAGCGCGTGGCATACA

ACTAZ2 F: AACAGGAATACGATGAAGCCGGG

R: GAAGCATTTGCGGTGGACAATGGA

DDR?2 F: TCATGGCATCGAGTTTGCCCC

R: ATTTCCATCCAGCACCTGTTTCCC

POSTN F: AATCCAAGTTGTCCCAAGCC

R: GCACTCTGGGCATCGTGGGA

TCF21 F: GTCAACCTGACGTGGCCCTTT

R: CGCGGTCACCACTTCTTTCAGG

COL1Al F: GCTTCACCTACAGCGTCACTGTCG

R: AGAGGAGTTTACAGGAAGCAGACAG
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AGTR1 F: GATTGCTTCAGCCAGCGTCAG
R: TTGGCTACAAGCATTGTGCGT
AGTR2 F: CTGACCTTCCTGGATGCTCTG
R: ACACACTGCGGAGCTTCTGTTG
ADRB1 F: GGCAATGTGCTGGTGATCGTG
R: CTCGCAGAAGAAGGAGCCGTAC
ADRB2 F: GATGGTGTGGATTGTGTCAGGC
R: AATGGCATAGGCTTGGTTCGTG
ADRB3 F: TGGCCTCACGAGAACAGCTCTC
R: ACGATGACCAGCAGGTTGCCTC

Table 2: Primer sequences used for RT-gPCR

2.7 AAV TRANSDUCTION AND HIGH-CONTENT FRET MICROSCOPY

The FRET-based ERK1/2 protein kinase biosensors EKAR-EV were generously provided
by Dr. Michiyuki Matsuda (173) and expressed with either nuclear localization (NLS) or nuclear
export (NES) peptide sequence. These biosensors were introduced into an AAV compatible
backbone, pENN-AAV-CAG-tdTomato (Addgene catalog #105554) as described in (155). All
experiments used biosensors packaged in the AAV serotype DJ produced by the Neurophotonics

Platform Viral Vector Core at Laval University, Quebec. AAVs were aliquoted into low-retention
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Eppendorf tubes to minimize freeze-thaw cycles and were stored long-term at -80°C. Once thawed

AAVs were not used after they were more than three freeze-thaw cycles.

The serotype selection kit offered by the Neurophotonics Platform was used to determine the
optimal serotype for transducing hiPSC-CFs with. The AAV serotypes tested were 1, 2, 5, 6, 8, 9, DJ,

DJ8. Based on these results, we chose to transduce hiPSC-CFs AAV serotype DJ.

Transduction: hiPSC-CFs at passage 1 or 2 were plated at a density of 500 000-100 000 cells
per dish the day before transduction. On the day of transduction, the media was exchanged for 5mL
Advanced DMEM/GlutaMAX which contained no serum to increase transduction efficiency. AAV
was added to culture media using a multiplicity of infection of 20 000 viral genomes/cell and left
overnight. The media was exchanged for 5 mL fibroblast growth medium the next day. The cells were
imaged 3 to 5 days after transduction. Transduced cells were replated the day before imaging to ensure
the cell density was similar for all measurements. Briefly, cells were seeded at a density of 20 000
cells/well into 96-well black optical bottom imaging plates (Thermo Scientific, 165305) coated with
Matrigel that was diluted at a 1:100 ratio in PBS. The cells were allowed to attach overnight in
fibroblast growth medium. On the day of imaging the cells were viewed under a microscope to assess
morphology and if they were deemed healthy, they were washed 3 times with warmed PBS, and media
was exchanged for 90uL HBSS without phenol red, with calcium, magnesium, and sodium bicarbonate
(Wisent #311-513-CL). The cells were then allowed to re-equilibrate to the new media and to reduce
the basal kinase activities of ERK for 2 hours prior to imaging in a humidified atmosphere of 37°C
with 5% CO.. Ligands used in FRET signaling assays were diluted in HBSS at a 10X concentration so

10uL would be added per a well for the final desired concentration.

[Exception: For the pilot experiment in section 3.5.6, the assay was performed in OptiMEM

(Gibco, #31985-047) instead of HBSS as the media for imaging and drug dilution. All other assays
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were done in HBSS to allow us to be able to compare between other assays performed on hiPSC-

cardiac myocytes in the lab as part of the larger “Heart-in-a-Dish” project]

Imaging: Live-cell imaging of hiPSC-CFs was performed at 37°C and 5% CO- using an Opera
Phenix high-content confocal microscopy system (Perkin EImer, now Revitty). The cells were allowed
to re-calibrate to the change in temperature for 20 mins prior to starting imaging. Image acquisition
was done using a 20X water-immersion objective using a 425 nm laser for excitation of CFP. Emissions
were detected with filters at 435-515 nm [cyan fluorescent protein (CFP)] and 500-550 nm [yellow
fluorescent protein (YFP)]. The Perkin Elmer’s Harmony software was used to setup experiment
acquisition parameters. 11 or 12 fields were imaged per well for time-course experiments, with fields
evenly distributed across the well. Initial baseline images were acquired before drug stimulation.
Subsequently, the assay microplate was ejected from the system and the vehicle or drug solution was
added directly to each well. Care was taken to not move the microplate during drug addition. The drugs
were added with staggered timing to ensure that the images of each well were taken after the specified
time, in order to cope with the imaging delay between the sequential imaged wells of the plate. Images
were then acquired at the indicated time intervals for the pilot experiment images were acquired every
2.5 minutes up to 40 minutes after addition of drug. For the final concentration-response curves images
were acquired every 2 mins for up to 30 mins after addition of drug. Approximately 12 fields were

imaged per well for time-course experiments, with fields evenly distributed across the well.

Image analysis: Data was processed in R based on a previously published in-house single-cell
analytical approach formerly applied to neuronal cultures, neonatal rat cardiomyocytes and hiPSC-
CMs with minor modifications (155, 168, 174), as well as an analysis pipeline adapted by Dr. Karima
Alim from previous published work by the Goedhart Lab (175). Perkin Elmer’s Columbus image

analysis software was used for image analysis. The “Find Nuclei” or the “Find Cells” tool was used to
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identify transfected nuclei or cells using the YFP emission at 500-550 nm. The identified cells were
filtered based on morphological parameters such as roundness and size so as to exclude apoptotic cells
and cell debris. Fluorescence was then quantified from all remaining the cells and values exported to
Microsoft Excel for bulk-analysis or R for single-cell data analysis. The FRET ratio was calculated as
YFP/CFP and expressed as the percent change in FRET ratio relative to the baseline for each well
(bulk analysis) or cell (for single-cell analysis). This measurement was termed %dF/F or %AF/F. The
F in the denominator is the average basal FRET ratio for all cells in the same well for both bulk and
single-cell analysis. Given that cells can drift slightly over the time-course some cells may drift out of
view, therefore the image data was preprocessed using an analysis script written in R to track individual
cells which appeared in all 16 timepoints (i.e., timepoint zero to the final time point post-stimulation).
Objects were matched from timepoint to timepoint by using Cartesian coordinates of each object in the
image. To make certain that the objects were matched correctly at each time point, we set a threshold
for the distance an object can move from each time point and ensured that an object did not show a

deviation in fluorescence intensity that was greater than 15%.

Single-cells from independent experiments were combined from independent experiments and
combined into heat maps and response clusters visualized in this thesis. A time-series clustering
algorithm provided by the TSclust package, and R's ‘pam’ function were used to cluster by magnitude
of response (i.e. %AF/F) and time/Kinetic, respectively (176). All data from all treatments was
clustered together to allow for comparability between clustering patterns identified. The individual
treatments were split and plotted as heat maps or bar plots indicating the percentage of cells in each

cluster for each time point.
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2.8 STATISTICAL ANALYSIS

To estimate ECso values we used a three-parameter logistic curve using GraphPad Prism.
The average value per biological replicate was used for each concentration. A biological replicate
was defined as the hiPSC-CFs obtained from a separate experiment carried out from hiPSCs to
hiPSC-CFs. As log 0 is undefined, the response from the negative control has been entered as the

lowest concentration on the dose-response graphs.

Statistical analysis for comparison in gene expression between hiPSCs and the cardiac

fibroblast derived from them was done using a paired t-test in GraphPad Prism.

Immunofluorescent imaging analysis was done from a script in R, and statistics were

calculated in GraphPad Prism.

Error bars on the graph represent the standard error of the mean (SEM) calculated using
the following formula: SD/vn where SD is the standard deviation of the dataset from the mean and
n is the sample size. For the purposes of this study, sample size was counted as the number of

replicates of the experiment (each experiment was performed either in duplicate or in triplicate).
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3 RESULTS

3.1 VALIDATION OF PROTOCOL TO DIFFERENTIATE HIPCS TO CARDIAC

FIBROBLASTS

The heart is the first functional organ to form in utero. It forms from the cardiogenic region
of the mesoderm layer in an embryo and it starts beating around 21 days after fertilization(177).
Pathways modulating heart development include BMP-4, Wnt, activin, nodal and, FGF signaling.
To differentiate hiPSC into quiescent hiPSC-CFs, we used a protocol that uses small molecules to

modulate Wnt signaling in a temporal fashion (171).

To comprehend the utilized protocol, it's important to grasp the fundamentals of Wnt
signaling, which is briefly explained here. Essentially, Wnt ligands, belonging to a family of
cysteine-rich glycoproteins that interact with their respective receptors to regulate essential cellular
processes such as proliferation, differentiation, and migration (178, 179). To understand Wnt
signaling, it's useful to consider its ON and OFF states. In the OFF state, cytoplasmic -catenin is
constitutively targeted for degradation by a complex that consists of the axis inhibition protein
(AXIN) and Adenomatus polyposis coli (APC). This complex facilitates phosphorylation of -
catenin by glycogen synthase kinase 33 (GSK3p) and casein kinase 1a (CKla). Phosphorylated -
catenin is subsequently targeted for degradation by E3 ubiquitin ligase p-trcp (180). Conversely,
in the ON state, Wnt binds its receptors (Frizzled and LRP5/6), leading to the recruitment of the
destruction complex (AXIN, GSK3p, CK1, APC) to the receptor (181). This prevents the
phosphorylation of B-catenin, allowing its accumulation in the cell and subsequent translocation
to the nucleus. Following this translocation, B-catenin partners with transcription factors, like T-

cell-specific factor (TCF) and lymphoid enhancer-binding factor, to activate a Wnt-induced gene-
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expression profile. For a more comprehensive review, the reader is referred to references (180,

182).

The differentiation protocol used in this thesis uses small molecules that regulate Wnt
signaling, FGF signaling and ALK signaling. The development of the protocol was guided by the
understanding of signaling pathways that undergo temporal modulation during the course of heart
development (183). In the initial 6 days of the protocol, the approach follows the established GSK3
inhibitor and Wnt inhibitor (GiWi) protocol, steering cells towards the mesoderm lineage and
further down the cardiac cell path. In the initial step, the Wnt signaling pathway is activated
through the use of the small molecule CHIR99021, which inhibits GSK3. This inhibition prevents
the phosphorylation and degradation of B-catenin, effectively activating B-catenin signaling.
Subsequently, Wnt signaling is sequentially inhibited using a porcupine inhibitor, IWP2. This
inhibitor targets porcupine, an enzyme responsible for the palmitoylation of WNT proteins. This
modification is vital for the secretion of WNT proteins and their subsequent signaling via their
receptors (184). Consequently, inhibiting porcupine leads to the suppression of Wnt signaling. At
this stage, the cells assume the identity of cardiac progenitor cells, and if left undisturbed for a few
days, they naturally differentiate into beating cardiomyocytes. However, our goal was to direct
these cells towards an epicardial lineage- as this is the source of the majority of resident cardiac
fibroblasts. To achieve this, we once again activated Wnt signaling by employing CHIR99021 to
inhibit GSKp3. Additionally, we initiate retinoic acid signaling using retinoic acid to further
enhance the expression of epicardial genes. By Day 11, the cells have transitioned into epicardial
progenitor cells, and at this point, we treated them with the ALK inhibitor, SB431542. This
inhibitor serves a dual purpose: firstly, it supports the extended renewal of hiPSC-epicardial cells

in vitro, and secondly, it hinders the transition of epicardial cells into the mesenchymal state,
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thereby inhibiting epicardial-to-mesenchymal transition (Epi-MT) (185). In the final phase of the
protocol, spanning the last 6 days, proepicardial cells are intentionally directed towards the cardiac
fibroblast differentiation pathway. This is achieved by treating them with fibroblast growth factor
2 (FGF2) to drive a cardiac fibroblast gene expression signature. In parallel, SB431542 is added
to the media to inhibit epicardial cells from differentiating into cardiac smooth muscle cells and
pericytes which are also derived from the epicardial lineage (171). A visual representation of cells

at Day 0, Day 11 (epicardial cells) and Day 20 (cardiac fibroblasts) is shown in Figure 4.

At day 20 onwards, different techniques were employed to characterize the cells: qPCR
was used to look at gene expression, light microscopy allowed us to examine cell morphology, and
immunofluorescent microscopy enabled assessment of both purity and protein expression. We
used gPCR to validate whether hiPSC-CFs had a gene expression signatures typical of cardiac
fibroblasts (refer to Table 3 for the specific gene panel examined). A comparison was established
between our hiPSC-CFs and their hiPSC counterparts before differentiation, with all genes
normalized to the reference housekeeping gene, GAPDH. As expected, the gene NANOG which is
typically expressed by hiPSCs was turned off upon the differentiation of cells into cardiac
fibroblasts, this change in expression was significant by paired t-test. Genes such as VIM and
ACTAZ displayed a significant increase in expression, as confirmed by paired t-tests. In the case
of DDR2, COL1A1 and POSTN, there was a discernible trend towards upregulation in hiPSC-CFs
in comparison to their corresponding hiPSC samples at Day 0, although this trend wasn't

statistically significant (Figure 5A).

When examined using light microscopy, the cells displayed the characteristic flat and
spindle-shaped morphology typical of cardiac fibroblasts (Figure 5B). Additionally, cells were

fixed and stained for vimentin and a-SMA. Vimentin is a type-IV filament protein that is a marker
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of cardiac fibroblasts, and this allowed us to assess the percentage of cells that were cardiac
fibroblasts. Nuclei were stained with Hoechst, and the percent of nuclei in cells expressing
vimentin were assessed. Our results indicated that the protocol yielded >89% cardiac fibroblasts.
In the case of the AIW cell line, the mean percent of hiPSCs on a dish over 3 separate
differentiations was >92% cells being vimentin-expressing cells indicative of a cardiac fibroblast
phenotype (Figure 5C). To quantify the percent of fibroblasts expressing vimentin, the criterion
was that that was at least the proportion of the cell expressing vimentin was at the least the same
size as the nucleus. However, this approach might have led to an underestimation of the number
of vimentin-positive cells. While all cells did express vimentin, the orientation of cells in relation
to the imaging plane could result in some cells not meeting the criteria of vimentin-expressed area
being at least the same size as the nucleus. Additionally, we also measured a-SMA to access the
percent of myofibroblasts in our culture. The percent of cells that were myofibroblasts at passage
1 on the dish (vimentin-positive cells expressing a-SMA stress fibres) expressed by myo-
fibroblasts were <2% over 3 different differentiation of the AIW cell line. The developers of the
protocol, Zhang et al. (171), report that the percent of cells remains under 5% up to passage 5.
Hence, all experiments were done using fibroblast at passage 4 at the most to minimize the number
of myofibroblasts. Furthermore, they were able to get a population of cells that was >90% which

was consistent with our findings where the AIW cell line yielded > 89% VIM+ cardiac fibroblast.
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Day 0 " Day 14

Figure 4: Representative images of hiPSCs at Day 0, hiPSC-epicardial cells at Day 14 and
hiPSC-cardiac fibroblasts at day 20 of our protocol. — AIW cell line

(A) Day 0 cells show typical clusters and ‘halo’ border typical of hiPSCs. (B) Day 14 cells show
cobblestone morphology that is in line with epicardial cell morphology. (C) At Day 20 we were
able to see cardiac fibroblasts with the flat spindle shape that is typical of CFs. Images taken at
magnification of 20X. Panels A-C represent images typical of three or more independent
differentiations.

Gene Function
DDR?2 (Discoidin Domain Receptor Tyrosine receptor kinase for several ECM proteins
Tyrosine Kinase 2)
AGTRI1 (Angiotensin type II receptor) Receptor we are interested in studying.
TCF21 (Transcription factor 21) Epicardial marker, transcription factor; necessary for
differentiation of CFs from proepicardial cells
VIM (vimentin) Intermediate filament

ACTA2 (Actin Alpha 2, Smooth Muscle)  Contractile Intermediate filament-associated protein

COL1A1 (collagen 1) Fibrous ECM protein that is part of structure.

POSTN (periostin) Periostin functions as a ligand for integrins to support
adhesion and migration. It is expressed in CFs in
development and activated CFs.

NANOG (Nanog Homeobox) Pluripotent stem cell marker. It is a transcription factor
involved in stem cell pluripotency, cell proliferation and
renewal.

Table 3: Function of genes expressed by cardiac fibroblasts.
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Figure 5: hiPSC derived cardiac fibroblasts express morphological and gene expression
patterns of fibroblasts.

A) Differentiations of hiPSCs into hiPSC-CFs changes the mMRNA signature of cells and turns off
pluripotency genes and turns on genes that are typical of cardiac fibroblasts. Data represent means
of three or more independent differentiations; error bars represent mean £ SEM. Two-sided paired
t-tests were performed on hiPSCs at Day 0 and their CF derivative at Day 21-24. Asterisks
represent significance levels: * p<0.05, ** p<0.01, *** p<0.001. B) Light microscopy of hiPSC-
CFs reveals that hiPSC-CFs have spindle shaped morphology typical of cardiac fibroblasts. Images
serve as representatives from three or more separate and independent differentiations. C)
Immunofluorescent imaging of hiPSC-CFs with nuclei stained with blue DAPI, vimentin in red
and a-SMA (marker of myofibroblasts) in green. Immunofluorescent images are representative
images from three or more independent differentiations.
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3.2 THE PROTOCOL TO DIFFERENTIATE HIPSCS TO CARDIAC FIBROBLASTS

WORKS IN CELL LINES FROM PATIENTS AND CONTROL SUBJECTS

Overall, our protocol consistently generated over 89% cardiac fibroblasts across various
cell lines, with a notably low proportion of activated fibroblasts. To ensure the applicability of our
protocol across different cell lines we used this protocol on 3 other cell lines (HID-04C and HID-
19D and HID041100). HID041100 later on was shown to have an abnormal karyotype and it was
excluded from further study. We evaluated the protocol by examining key genes, revealing a
consistent pattern observed previously. In HID-19D and HID-04C, Nanog expression was
downregulated, while critical genes typical of cardiac fibroblasts were upregulated as anticipated
(Figure 6A and 6B). Morphologically, the cells exhibited the characteristic features of cardiac
fibroblasts under light microscopy (Figure 6C). In HID04-C the percent of fibroblasts obtained
using the protocol ranged from 89% to 98%, with a mean of 94% cardiac fibroblasts in a dish over
4 separate differentiations. Through immunofluorescent staining utilizing vimentin and a-SMA
antibodies, we observed a lack of a-SMA stress fibers in HID-04C, indicating cellular quiescence
(Figure 6D). In the case of HID041100 (cells not shown), the efficiency ranged from 90% to 96%,
with an average of 93% across three distinct differentiations. Similar to HID-04C, the absence of
aSMA stress fibers affirmed the state of cellular quiescence. Overall, our protocol consistently
yielded more than 89% cardiac fibroblasts while maintaining a small proportion of activated

cardiac fibroblasts.
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Figure 6: Our differentiation protocol worked for different hiPSC cell lines.

A and B) mRNA expression levels of key genes that change in expression as hiPSCs are
differentiated into hiPSC-CFs. Data represent means of four independent differentiations; error
bars represent mean = SEM. One-way Paired t-tests were performed on hiPSCs at Day 0 and their
CF derivative at Day 21-24. Asterisks represent significance levels: * p <0.05, ** p <0.01, *** p
< 0.001. C) Images show the typical morphological features of cardiac fibroblasts as observed
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under a light microscope for the HID-04C hiPSC-CFs. These images serve as representatives from
four independent differentiations. D) Immunofluorescent staining of HID-04C cell line showing
vimentin in red and o.-SMA in green. It's worth noting that no cells exhibited a-SMA stress fibers
characteristic of myofibroblasts in this specific cell line and in HID-19D. Immunofluorescent
images are representative images from four independent differentiations.

3.3 PRELIMINARY RESULTS SHOW DIFFERENCES IN MRNA EXPRESSION OF ACTAZ2

IN HID-04C (HEALTHY) VERSUS HID-19D (DCM PATIENT) DERIVED CFS

As a proof-of-concept experiment to show that differences were seen in hiPSC-CFs of
control and DCM-hiPSC-CFs, we compared the expression of two genes whose expression is
increased in activated fibroblasts (POSTN and a-SMA). In a rat model of DCM using a mutation
in troponin 1Q13, it was shown that matricellular proteins such as POSTN are increased in CFs
well before fibrosis sets in (25), which is why we chose to look at POSTN. Furthermore, as cardiac
fibroblasts become more activated, they produce a-SMA, which eventually becomes incorporated
into stress fibres as fibroblasts become “terminally differentiated” into myofibroblasts. To see if
there were differences in control line and patient cell line, we examined HID-04C and HID-19D,
these were age-matched female control and patient lines. These were cells obtained from 4 separate
differentiations for each cell line. There was a significant increase in a-SMA expression in the
HID-19D patient cell line using a paired t-test (Figure 7B). There was no significant difference in

periostin expression between the control and patient line, but the trend was similar (Figure 7A).

This finding was obtained by comparing only 2 cell lines and was simply an exploratory

study to see if differences could be seen between a control and disease cell line.
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Figure 7: Gene expression differences can be seen between in hiPSC-CFs from the HID-04C
control line and the HID-19D DCM-patient hiPSC-CF.

The cell lines compared are sex- and age-matched. A) Illustrates the mRNA expression of POSTN
in hiPSC-CFs from both the HID-04C (control) and HID-19D (DCM patient) cell lines. B) Depicts
the mRNA expression of ACTAZ2 in both the control and disease lines. Data represent means of
four independent differentiations; error bars represent mean + SEM. Two-tailed paired t-tests were
performed on hiPSC-CFs at Day 21-24 for the respective lines. Asterisks denote significance
levels: * p <0.05.
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3.4 IPSC-CFsEXPRESS ETR, ADBR1 AND ADBR2 AND AGT1R

In this thesis, we were interested in looking at signalling of GPCRs responding to Ang I,
ET-1, and adrenergic agonists. It was important to verify that our cell did express the receptors of
interest. To establish receptor expression, we employed immunofluorescence to validate ETR
expression and utilized qPCR to quantify the presence of ATRs and B-adrenergic receptors. In the
AIW cell line we confirmed ETR expression using immunofluorescent microscopy (Figure 8A).
However, it is worth noting that caution is necessary when utilizing GPCR antibodies, as they
often lack specificity, particularly when sourced from commercial suppliers. Unfortunately, our
antibody has not been assessed in-house for specificity. However, in the next portion of the thesis
we show that hiPSC-CFs do respond to Endothelin-1, thus confirming their expression of the
ligand receptor. We also investigated the expression of different B-ARs in hiPSC-CFs in the male
control AIW line (Figure 8B). As expected ADRB3 was undetectable and there was a trend for
ADRB2 to have a higher expression than ADRBL1, although this wasn’t significant by ANOVA
(p=0.207). However the trend is consistent with previous research that demonstrated the
expression of both B2ARs and B1ARs in heart explants, with B2AR being the predominant subtype
in cardiac fibroblasts (138, 186). We also examined expression of both AT1R and AT2R in HID-
05C and HID-19D (Figure 8C). The AT1R was expressed in both cell types, with AT2R was either
not detected with RT-gPCR or expressed at very small quantities in comparison to AT1R. This is
in line with findings where cultured rat cardiac fibroblasts exhibited lower mRNA levels of AT2R

in comparison to AT1R (187).
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Figure 8: hiPSC-CFs express angiotensin 11, endothelin-1, and g-adrenergic receptors.

A and B) Immunofluorescent staining of hiPSCs reveals that hiPSCs express endothelin receptors.
Image A shows vimentin (red) co-stained with an antibody for the endothelin receptor (green). In
B only staining for ETR is shown. In both images nuclei are stained in blue. B) hiPSCs express
B2- an B1 adrenergic receptors. D) hiPSCs express mRNA encoding the AT1R and negligible
amounts of AT2R (if any). Data represent means of three or more independent differentiations;
error bars represent mean + SEM. ANOVA was used to compare the means of adrenergic
receptors. For ATR expression, two-tailed paired t-tests were performed on hiPSC-CFs at Day 21-
24 for the respective lines. Both tests showed non-significance. ATR: angiotensin receptors; ETR

endothelin receptors.
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3.5 FRET SIGNALING TO PROFILE SIGNALING IN HIPSC-CFs

3.5.1 AAV/DJ is the best serotype for transducing hiPSC-derived cardiac fibroblasts

In order to express our FRET biosensors of interest, we cloned our biosensors in a plasmid
under the ubiquitously expressed CAG promotor. We opted to use recombinant adeno-associated
virus (AAV) to package our biosensor-containing vector. The recombinant AAVs used here are
compact non-enveloped viruses classified within the Parvoviridae family. These viruses possess
a genome size of approximately 4.7 kilobases and persist as episomal entities, avoiding integration
into the host genome (188). Currently, eleven natural serotypes of AAVs have been identified,
each showing different ability to infect specific tissues and cell-types (tropism)(189). As a first
step, we focused on determining the most appropriate AAV serotype and conditions for delivering
our biosensor into hiPSC-CFs. This was accomplished by optimizing the transduction procedure
by considering factors such as serotype selection, optimizing the multiplicity of infection (MOI:
represents the number of infectious particles per target cell), and determining the ideal transduction
duration. Our experimentation involved transducing hiPSC-CF cells using seven different AAV
serotypes (AAV 1, 2, 5, 6, 8, DJ, DJ8). Specifically, these cells were exposed to vectors encoding
enhanced green fluorescent protein (eGFP) under the control of the constitutive CAG promoter.
Varied MOls (5,000, 10,000, and 50,000) and transduction durations (ranging from 24 hours to 7
days) were implemented. Following transduction under serum-free conditions, cell imaging was
performed at 12-hour intervals for up to 7 days. Optimal eGFP expression levels were consistently
observed starting at the 48-hour mark, maintaining stability throughout the 7-day period.
Furthermore, we conducted microscopic assessments of cell viability, revealing morphological
alterations associated with higher MOls. A representative image of the expression of GFP in

hiPSC-CFs at different MOIs is shown in Figure 9. A visual representation of GFP expression in
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hiPSC-CFs across different MOls is presented in Figure 9. The MOI was systematically adjusted
to enhance biosensor expression while ensuring cellular health. Our iterative process led to the

determination that the optimal MOI for our objectives was 20,000 (data not shown).

Despite testing AAV1, which had previously shown efficacy in transducing rat neonatal
cardiac fibroblasts within our lab, it failed to achieve high transduction efficiency in our hiPSC-
CFs, thus suggesting species differences. Conversely, AAVDJ and AAV2 exhibited the best
transduction efficiency. Consequently, we continued to focus on these two AAV variants,
evaluating their transduction efficiency in both a control and DCM-hiPSC-CF line to ensure that
they worked in lines from different subjects. AAVDJ worked best for our hiPSC-CFs (data not
shown). Therefore, we packaged our vector in AAVDJ. AAVDJ is a hybrid serotype created by
combining different serotypes, it has been shown in the literature to have a higher transduction

efficiency in vitro than any wild type (190).
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Figure 9: Determining virus serotype for transduction of hiPSC-CFs.

Fluorescent microscopy images depicting the delivery of eGFP into hiPSC-CFs using different
AAV serotypes. hiPSC-CFs transduced at various MOlIs revealed that AAVDJ and AAV2 were
the best serotype foy hiPSC-CFs derived from HID0401100. These cells were imaged 96hrs post-
transduction, and biosensor expression was stable up to 7 days post-transduction. Follow-up
studies (not shown) was done using hiPSC-CFs from AIW and HID04041100 and AAVDJ was
shown to outperform AAV2. Correspondingly, all biosensors in this study were packaged in
serotype DJ.
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3.5.2 Proof of concept experiment in (male control line) shows that hiPSC-CFs respond to

Ang 11, ET-1, norepinephrine and isoproterenol

Mitogen-associated protein kinases (MAPKS) are activated by GPCRs, or growth factor
receptors and they integrate signaling pathways from different ligands and receptors and effect
among other things, changes in cellular proliferation, apoptosis, and differentiation. We sought to
examine ERK1/2 signaling in hiPSC-CFs. To visualize these events over time we used a FRET-
based biosensor EKAREV, tagged with a domain that localizes the biosensor to either the nucleus
or the cytoplasm. The biosensor consists of a donor CFP molecule fused to a YFP domain. In
between the 2 linkers is an ERK binding domain and a substrate ERK domain, which can be
phosphorylated by ERK. Phosphorylation of the substrate domain by ERK leads to the WW
domain binding to the phosphorylated region, causing a conformational change in the biosensor
whereby the fluorophores become closer in distance, thus increasing transfer of resonance energy
from CFP to YFP (173, 191). The ratio of YFP to CFP (termed FRET/CFP) is used as a surrogate
measure for ERK activity. A schematic of cells transduced with the EKAR-NLS and EKAR-NES

biosensor, as well as the biosensor is shown in (Figure 10 A-C)

In our initial pilot experiment to show that our system worked, we used hiPSC-CFs derived
from a male control line and used stimulated them with a high, low and/or medium dose of different
ligands. We looked at Ang Il, ET-1 and the adrenergic receptor agonists, NE, and Iso. In brief, we
transduced our cells with AAV2/DJ-EKAREV-NLS to measure nuclear ERK signaling. Cells were
imaged at least 48 hours after transduction using a high content microscope. Cells were imaged at
baseline and then every 2.5 minutes post-treatment. The difference in FRET/CFP compared to

baseline was calculated (AFRET), and this difference was normalized to the basal FRET/CFP per
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well and converted to a percentage by multiplying by 100 (%F/F) We then looked at %AF/F to

look at the change in ERK from baseline.

We started by looking at the average responses (%AF/F) over time for all cells subjected
to each treatment (Figure 10D). We used PMA which is a DAG mimetic that activates PKC as a
positive control. We noticed that ET-1 and PMA gave a robust response, and there was a moderate
response with Ang Il in comparison to vehicle. However, NE and Iso did not appear to respond
compared to the vehicle. To further dissect these results, we looked at single-cell signaling ERK
dynamics for each treatment. We depicted our observations using heat maps to visualize the
temporal behavior of individual cells (Figure 10E). The heat maps illustrating single-cell signaling
patterns unveiled that ET-1 induced both robust and transient ERK responses among different
cells. For instance, when exposed to 10 nM ET-1, some cells exhibited a delayed response that
began around the 20-minute mark, while others initiated their response at around 2 minutes and
maintained it over time. These nuances in dynamics are typically not discernible through
conventional bulk analyses. Notably, no significant distinction was observed between Iso and NE

treatments when compared to the control group.

To further dissect these signaling pathways we used k-mediod clustering using time series
data from the TSclust package in R. In particular we used the ‘pam’ algorithm- short for ‘partition
around mediods’. This algorithm offers the advantage of robustness against outliers, in comparison
to k-means clustering (192). We fed our data set for all ligands and the number of clusters required
into the algorithm, and the algorithm assigned the data into the specified number of clusters based
on the variable it is given. In this case the magnitude of the response (%dF/F) was the variable
used to cluster time series data. We used all the data regardless of treatment for determining the

clusters, this was to allow us to make comparisons between treatments later on.
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We clustered the signaling data into 3 clusters using the algorithm and thereafter we plotted
the average response of all cells assigned to the cluster. The black line shows the average of all
cells in each specific cluster with SEM shown in grey (Figure 11A). One of the reasons the SEM
bars may be large is because ERK signaling fluctuates and such fluctuations are not necessarily
synchronised, Nonetheless, our data was in 3 clusters which we arbitrarily called cluster 1 “non-
responders”, cluster 2 as “positive responders” and cluster 3 as “negative responders”. We could
see an increase in the positive responders in response to ET-1 and Ang Il compared to their
respective controls, acetic acid (AcOH) and water respectively (Figures 11 B and C). Iso and NE
appeared to have more positive responders in comparison to the water vehicle control at a single
cell level, yet interesting in the bulk data, neither NE nor Iso were different from the vehicle

(Figure 11D).

Given that we can tell the algorithm how many clusters to form, we used our algorithm to
obtain 6 clusters instead of 3 (Figure 11E). Using a higher number of clusters allows us to see more
subtle differences in the responses. However, one caveat is that you can get clusters which may
appear to be quite similar when cells in the cluster are averaged. For example, when we opted for
6 clusters, we see that there are 2 groups of negatively responding cells (cluster 4 and cluster 5)
emerged, whereby the percentage change in fluorescence intensity in cluster 4 goes down to
approximately -30% while cluster 5 only goes down to approximately -10%. Whereas previously
these cells were clustered as on group and these differences could not be seen. Cluster 3 reveals
that some cells may drop initially then go back to baseline. Clusters 1 and 6 seem fairly similar,
thus showing how clusters can appear similar when the number of clusters chosen is similar.
Interestingly this new clustering system revealed that although NE and Iso had a larger group of

cells in cluster 2 cells (“positive responders”) in comparison to the water control (~20% versus 1-
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3%). Treatment with NE and Iso produced a group of “highly negative responders (cluster 4) which
was not seen in the vehicle control. This would explain why NE and Iso appeared to have no effect
in the bulk data, as there were both positive responders and highly negative responders which may

have masked the response.

Given that we obtained the most favorable responses in ERK1/2 observed with Ang Il and
ET-1 stimulations, we chose to focus our efforts on Ang Il and ET-1 for further investigation.
Furthermore, ERK1/2 signaling dynamics in response to these ligands present an unexplored
avenue in the characterization of hiPSC-CFs, as their effects have not been thoroughly examined
in this context before using single-cell technology. This strategic shift allowed us to delve deeper

into the characterization of Ang Il and ET-1 responses within hiPSC-CFs.
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Figure 10: Measuring nuclear ERK signaling for hiPSC-CFs derived from male control line

A) The FRET-based biosensor, EKAREV, undergoes a conformational change following
phosphorylation by ERK. This alteration facilitates the transfer of resonance energy from CFP to
YFP [Image made using BioRender.com]. B and C) Representative fluorescent microscopy image



of hiPSC-CFs transduced with AAVDJ/EKAREYV with either a nuclear localisation signal (B) or
a cytoplasmic localisation signal (C). Image represents images typical of hiPSC-CFs. D) Averaged
responses of all cells for each treatment showing ET-1 and PMA as robust responders. Weak
responses were seen in response to treatment with Ang I1; NE and Iso appear to show no response.
Data represent means of two independent differentiations. Imaging was done every 2.5 minutes
for up to 40 minutes after stimulation with Ang Il, ET-1, NE, Iso, PMA, and their respective
controls. E) Heat maps depicting single-cell signaling patterns reveal that ET-1 triggers robust
responses in certain cells and fluctuations in ERK signaling in others. In the case of 10 nM ET-1
treatment, some cells exhibit delayed responses, with an increase observed around the 20-minute
mark. Conversely, other cells respond at around 2 minutes and maintain their response. These
results are derived from two distinct independent differentiations. This serves as a preliminary
proof-of-concept experiment.
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Figure 11: The number of clusters chosen can reveal differences what bulk analysis will not.

Clustering data into 5 clusters: (A) Averaging all nuclei within each cluster generates the mean
response for each group. Error bars indicate the standard error of the mean for nuclei in each
cluster. The kinetics of each cluster is shown with %AF/F on the y-axis, and time on the x-axis.
(B-D) The distribution of cells within each cluster after treatment with aforementioned ligands.
Clustering data into 6 clusters reveals nuances not seen with 5 clusters, particularly for p-
adrenergic agonists. Averaging all nuclei within each cluster generates the mean response for each
group. Error bars indicate the standard error of the mean for nuclei in each cluster. The kinetics of
each cluster is shown with %AF/F on the y-axis, and time on the x-axis. (F) The distribution of
cells within each cluster after treatment with aforementioned ligands. Data in A-F represents two
independent differentiations.
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3.6 ET-1 INDUCED BOTH NUCLEAR AND CYTOPLASMIC ERK1/2 SIGNALING IN

HIPSC-CFS IN A DOSE-DEPENDENT MANNER

Next, we sought examine ERK1/2 activity in hiPSC-CFs from a healthy control to assess
how hiPSC-CFs respond to different concentrations of the ligand, as well as examine Kinetics.
Such characterization of hiPSC-CFs has not been done before to the best of our knowledge. With
this in mind, we transduced our cells with EKAREV which was tagged with either nuclear
localization signal or a nuclear export signal. Following this we stimulated our cells with different
doses of ET-1 for every 2 minutes after stimulation, for up to 30 mins and recorded the changes in
FRET. We opted for imaging every 2 minutes to allow us to capture early-phase ERK signaling

dynamics.

3.6.1 Bulk-analysis

ERK1/2 signaling can lead to phosphorylation of different target proteins and can
translocate to the nucleus where it can affect gene expression in the nucleus. Using the EKAREV-
NLS biosensor to track ERK activation in the nucleus and EKAR-NES to track cytoplasmic ERK
signaling where ERK can phosphorylate effectors in the cytoplasm as well. Using the biosensor
localized to the nucleus, our findings revealed that ET-1 signaling peaks between 6-8 minutes,
followed by a decline toward baseline within 30 minutes (Figure 12A). In contrast, cytoplasmic
ET-1-induced ERK signaling showed a peak at approximately 10 minutes and the peak response
was sustained throughout the 30 min of recorded observations. Protein kinase C (PKC)-induced
signaling, as represented by treatment with PMA, exhibited a peak around 8 minutes with a

sustained plateau.

Quantitatively, the half-maximal effective concentrations (ECses) for cytoplasmic ERK

activation taken 10 minutes after stimulation was found to be in the nanomolar range, as depicted
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in Figure 13B. Interestingly, the ECso for nuclear ERK activation at 10 minutes appeared slightly
lower than that of cytoplasmic ERK (17.5 +/-3.87 nM compared 0.414 +/- 8.6 nM, respectively).
Notably, nuclear ERK signaling exhibited a heightened maximal response compared to
cytoplasmic ERK, with PMA causing a FRET change of around 20% in the nucleus compared to
10% in the cytoplasm (Figures 12A and 13A). Visualizing average responses over time at each
dose through heat maps revealed that higher doses (100 nM and 500 nM) vyielded the most
significant changes in %AF/F for nuclear ERK activation (Figure 12C). In contrast, cytoplasmic
ERK signaling exhibited pronounced responses even at lower doses (Figure 13C). Finally, we
noted a shift in the shape for nuclear ERK dose-response curves at different timepoints, with the
DR curves with the maximal range increasing from 2 minutes and reaching a peak at 8 minutes

and declining thereafter (Figures 12B).
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Figure 12: ERK1/2 Activation Patterns in Nuclei of hiPSC-CFs following ET-1 Treatment —
HID04C Female Control Line.

This figure explores the ERK1/2 activation patterns within nuclei of hiPSC-CFs transduced with
EKAREYV biosensor, subsequent to ET-1 treatment. Bulk analysis was conducted to measure the
response dynamics.(A) The average kinetics of each nuclear ERK1/2 response is quantified as
%AF/F (y-axis) across time (x-axis) for respective treatment conditions.(B) Dose-response curves
are presented at different time intervals, elucidating the variation in ERK1/2 activation with
increasing ET-1 doses(The ECso value in nM for the time points were as follows: 2 min: 17.3+/-
15.3 nM; 8 min: 17.6+/-3.8 nM; 16 min: 21.5+/-3.0 nM; 24 min: 14.5+/-3.0 nM; 30 min: 17.7+/-
26.7 nM).(C) A heat map showing the mean nuclear ERK1/2 responses for each treatment
condition.For these experiments, data from hiPSC-CFs originating from four separate fibroblast
differentiations was utilized. In panels A and B, the bars represent the mean of four replicates, with
error bars indicating the standard error of the mean (SEM).
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Figure 13: ERK1/2 Activation Patterns in Cytoplasm of hiPSC-CFs following ET-1 Treatment
— HID04C Female Control Line.

This figure explores the ERK1/2 activation patterns within nuclei of hiPSC-CFs transduced with
EKAREYV biosensor, subsequent to ET-1 treatment, employing the HID04C female control line
for investigation. Bulk analysis was conducted to measure the response dynamics.(A) The average
kinetics of each cellular ERK1/2 response is quantified as %AF/F (y-axis) across time (x-axis) for
respective treatment conditions.(B) Dose-response curves at 10 minutes.(ECso is 0.414 +/- 8.6 nM)
(C) A heat map showing the mean nuclear ERK1/2 responses for each treatment condition. For
these experiments, data from hiPSC-CFs originating from 3 separate fibroblast differentiations
was utilized. In panels A and B, the bars represent the mean of three replicates, with error bars
indicating the standard error of the mean (SEM).
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3.6.2 Single-cell nuclear signaling

We then proceeded to analyze our cells at a single cell level. Here we wanted to visualize
signaling nuances that might be masked by bulk analysis and better understand subtle distinctions
between hiPSC-CF signaling responses to different ligands. To achieve this, we used a single-cell
analytical approach that has previously been used in the lab for neurons and hiPSC-CMs (155,
168). Following this, we employed the TSclust algorithm to cluster our cells (176). However, due
to constraints in available computer memory (RAM), it was not feasible to include all hiPSC-CFs,
as doing so would have exceeded the memory capacity. As a result, our attention was directed
towards CFs that demonstrated cells expressing the biosensor within the 400 to 1100 relative

fluorescence units (RFU) range.

Before delving into the examination of individual cell profiles, we initially conducted tests
on our single cells to ascertain that the expression of biosensors (RFU) did not exert substantial
influence on our output measurement (%AF/F). Our analysis revealed a slight and practically
insignificant correlation of R=-0.021, accompanied by a noteworthy p-value of 2.2e-16.
Nonetheless, considering the exceedingly low magnitude of our correlation (below 0.3), we
deemed it to be of negligible consequence. The R-squared value of 0.000441, indicated that a mere
0.004% of the variance in %AF/F could be explained by the least-square regression lie relating

%AF/F to biosensor expression.

As mentioned earlier, selecting the optimal number of clusters is necessary to get the best
out of the data. When it comes to clustering there is no way to determine the validity of clusters,
however, we can use metrics such as the Silhouette coefficient and Dunn index to compare the
performance of different models(193, 194). As an illustration, we can contrast a model employing

3 clusters with an alternative one that partitions the data into 5 clusters. During our analysis, we
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employed these coefficients to guide us in determining the optimal number of clusters for our
dataset. We further conducted visual assessments of cluster distinctiveness, highlighting the
clusters that exhibited the most pronounced separation. Guided by these coefficients, we generated
graphical representations and selected plots showcasing the most evident clusters, specifically
focusing on the average response time profile for all cells within each cluster. As previously
mentioned, we used all the data regardless of treatment for determining the clusters, this was to

allow us to make comparisons between treatments later on.

Subsequently, we generated heatmaps to depict single-cell ERK responses induced by ET-
1, as shown in Figure 14A. Upon closer examination at the single-cell level, a diverse range of
responses became evident. Some cells displayed transient patterns, peaking around 1 minute before
diminishing, while others maintained sustained responses or exhibited fluctuations in %AF/F. We
proceeded to categorize these cells into positive responders, non-responders, and negative
responders (Figure 14B). Notably, the proportion of positive responders increased with increasing
doses of ET-1, rising from 34% at 10pM to 68% at the highest dose of 500 nM. Conversely, non-
responder numbers decreased with higher ET-1 doses. Across all treatments and vehicles, the
percentage of non-responders remained relatively constant, ranging from 8% to 11%, with PMA
showing a striking absence of non-responders. Notably, the vehicle control displayed a 48%

responder rate.

We generated plots depicting the average response of all cells grouped within each cluster.
The black line represents the mean of all cells within the given cluster regardless of treatment,
while the grey shading depicts the standard error of the mean (SEM), as illustrated in Figure 14C.
We identified distinct clusters of positive responders, arbitrarily refer to as ‘mild-positive

responders’ (cluster 1), ‘robust-positive responders’ (cluster 3), and ‘transient-positive responders’
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(cluster 5). Further exploration of cluster dynamics revealed that although the vehicle control
(AcOH 1:10000) exhibited a higher count of positive responders compared to lower ET-1 doses,
these responders primarily fell within the ‘mild-responders’ category. In contrast, cells treated with
ET-1 displayed a distinct cluster of highly responsive cells (cluster 3), a feature absent in the

vehicle (Figure 14C and D).

In line with the bulk analysis, response clusters (clusters 1, 3, and 5) peaked around 6
minutes before either declining or maintaining a sustained level. Positive responders (comprising
clusters 1, 3, and 5) increased with dose, with an increase in transient and robust positive
responders from 10 nM to 100 nM. Interestingly, from a dose of 100 nM to 500 nM, the percentage
and distribution of positive responders remained consistent between the two doses. However, the
negative responder cluster (cluster 2) increases at the higher 500 nM dose. This phenomenon might
be attributed to potential off-target effects at high doses or receptor desensitization at elevated

concentrations (195).
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Figure 14: ERK1/2 Activation Patterns in Single Nuclei of hiPSC-CFs after ET-1 Treatment -
HID04C Female Control Line.
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(A) Heatmaps visually represent nuclear ERK1/2 activity in hiPSC-CFs subjected to various doses
of vasoactive ET-1 peptide. The kinetics of each nuclear ERK 1/2 response are quantified as %AF/F
(y-axis) over time (x-axis). (B) single-nuclei data was partitioned into five clusters to capture
diverse nuclear behaviors, based on the magnitude of response. While certain CF nuclei displayed
responses, leading to increased or diminished ERK1/2 activation, others exhibited minimal
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deviation from baseline and were grouped as 'non-responders’. The nuclei were categorized as
‘positive-responders’, 'non-responders’, and 'negative-responders’, depicted as stacked bar charts
showcasing the percentage of nuclei in each cluster. (C) Averaging all nuclei within each cluster
generates the mean response for each group. Error bars indicate the standard error of the mean for
nuclei in each cluster. The kinetics of each cluster is shown with %AF/F on the y-axis, and time
on the x-axis.(D) The distribution of cells within each cluster is depicted across various ET-1
doses. (E and F) The data was re-clustered into 6 clusters and the response with respect to time for
all nuclei in each cluster are shown, with SEM indicated by the highlighted region. The distribution
of clusters is depicted across various doses of ET-1. Data from hiPSC-CFs derived from 4 distinct
fibroblast differentiations was employed for these experiments.

3.6.3 Single-cell cytoplasmic signaling

We examined the effect of ET-1 on hiPSC-CFs transduced with EKAR-NES. As a first
step, we assessed the correlation between biosensor expression and measurement %AF/F for all
cells, regardless of treatment. The Pearson correlation coefficient was negligible at -0.0019, and
the associated p-value was insignificant (p = 0.00012), as shown in Figure S2A. This indicates that
the variation in data cannot be significantly explained by the relationship between biosensor
expression (RFU) and %AF/F. Upon examining overall responses prior to delving into single-cell
clustering, we observed that PMA displayed the most robust response compared to ET-1 or Ang
Il treatment (Figure S2A). Cytoplasmic ERK signaling induced by ET-1 and Ang Il appeared more

variable than nuclear ERK signaling (see Figure S2B and Figure S1C).

Next, we employed our algorithm to cluster the data into four distinct clusters. By plotting
the data on a heatmap and in comparison, to it to nuclear ERK signaling, we observed that PMA
had a lower proportion of highly responding cells in the cytoplasm (Figure 15A). Unlike nuclear

signaling, the majority of cells displayed fluctuating ERK signaling without distinct sustained or
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transient responders. Analyzing the distribution of 'positive responders,' 'negative responders,' and
'non-responders,’ we found that the trend was a consistent range of approximately 30% to 40% for

positive responders bet, without a clear increase (Figure 15B).

To delve deeper, we examined the dynamics of each cluster by plotting the average %AF/F
over time for cells within each cluster (Figure 15C). Additionally, we calculated the average of all
cells within each cluster from all treatments, providing insights into kinetics (Figure 15C). We
labeled the clusters as follows: cluster 1 as 'high responders,’ cluster 2 as 'negative responders,'
cluster 3 as 'non-responders,' and cluster 4 as 'mild responders.' Analyzing the percentage of cells
assigned to each cluster, we noticed a trend of increasing percent in cluster 1 (high responders)
upon ET-1 treatment (Figure 15D). Previously classified broadly as 'positive responders,” we
distinguished that positive responder encompassed both mild and high responders. This suggests
that the high responders contribute to the heightened response observed with increasing ET-1

treatment.

To leverage the potential of clustering, we organized the data into five distinct clusters.
Remarkably, a previously unseen transient cluster emerged during this process (referred to as
cluster 4 in Figure 15E). Interestingly, this cluster was observed exclusively in response to
treatment with ET-1, as it was absent in the vehicle condition (AcOH 1:10000) (as illustrated in

Figure 15E and 15F).
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Figure 15: Single-cell analysis of ET-1-induced cytoplasmic ERK1/2 signaling - HID04C
Female Control Line.

A) Heatmaps visually represent nuclear ERK1/2 activity in hiPSC-CFs subjected to various doses
of vasoactive ET-1 peptide. The kinetics of each nuclear ERK 1/2 response are quantified as %AF/F
(y-axis) over time (x-axis). (B) single-nuclei data was partitioned into five clusters to capture
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diverse nuclear behaviors, based on the magnitude of response. While certain CF nuclei displayed
responses, leading to increased or diminished ERK1/2 activation, others exhibited minimal
deviation from baseline and were grouped as 'non-responders’. The nuclei were categorized as
‘positive-responders’, 'non-responders’, and 'negative-responders’, depicted as stacked bar charts
showcasing the percentage of nuclei in each cluster. (C) Averaging all nuclei within each cluster
generates the mean response for each group. Error bars indicate the standard error of the mean for
nuclei in each cluster. The kinetics of each cluster is shown with %AF/F on the y-axis, and time
on the x-axis. (D) The distribution of cells within each cluster is depicted across various ET-1
doses. Data from hiPSC-CFs derived from 3 distinct fibroblast differentiations was employed for
these experiments.
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3.7 ANG Il INDUCES NUCLEAR ERK1/2 SIGNALING IN HIPSC-CFs IN A DOSE-
DEPENDENT MANNER, BUT DOES NOT ACTIVATE cYTosoLIC ERK1/2

SIGNALING

Our experiments were conducted following the methods previously outlined for ET-1 in
hiPSC-CFs transduced with EKAR-NES or EKARNLS, images were taken every 2 minutes for

up to 30 minutes after treatment with different doses of Ang II.

3.7.1 Bulk Analysis

Our analysis of bulk data revealed that Ang Il mediated ERK activity specifically within
the cell nucleus, but not in the cytoplasm. When compared to the effects of Endothelin-1 (ET-1),
the percentage change in fluorescence intensity (%AF/F) for Ang II was consistently below 5%
(Figure 16A). In contrast, the response to endothelin resulted in a mean %AF/F reading of 10%,

suggesting that ET-1 increased nuclear ERK activity approximately twice that of Ang II.

Upon generating a heatmap of nuclear ERK activity over time, we observed that the 100
nM concentration of Ang Il triggered a response that peaked at 10 minutes and maintained a
relatively stable level, unlike other doses which peaked around 8 to 10 minutes before declining
(Figure 16B). We constructed a dose-response curve at the 10-minute mark, determining the ECso
to be 4.6 nM using a three-parameter dose-response curve analysis with GraphPad. Our
measurements fell within the nanomolar range, consistent with observations in neonatal rat cardiac
fibroblasts. These prior findings indicated that Ang Il induced ERK activity in a dose-dependent
manner, with an ECso of 2.5 nM after 5 minutes of stimulation, as assessed through immunoblot

analysis (196).
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With regard to cytoplasmic ERK activity stimulated by Ang 11, we observed no significant
response across any dosage when compared to the vehicle control treated with water (Figure 17A
and 17B). Our analysis at the single-cell level corroborated these results, revealing no notable

distinction between the effects of vehicle and treatment with Ang 11 (Refer to Figure S3).
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Figure 16: ERK1/2 Activation Patterns in Nuclei of hiPSC-CFs following Ang Il Treatment -
HID04C Female Control Line.

This figure explores the ERK1/2 activation patterns within nuclei of hiPSC-CFs transduced with
EKAREV-NLS biosensor, subsequent to ET-1 treatment. Bulk analysis was conducted to measure
the response dynamics.(A) The average kinetics of each cellular ERK1/2 response is quantified as
%AF/F (y-axis) across time (x-axis) for respective treatment conditions. (B) A heat map showing
the mean nuclear ERK1/2 responses for each treatment condition. (C) Dose-response curves at 10
minutes post-treament. For these experiments, data from hiPSC-CFs originating from 3 separate
fibroblast differentiations was utilized. In panels A and C, the bars represent the mean of four
replicates, with error bars indicating the standard error of the mean (SEM).
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Figure 17: ERK1/2 Activation Patterns in Cytoplasm of hiPSC-CFs following Ang Il Treatment
-HID04C Female Control Line

This figure explores the ERK1/2 activation patterns within cytoplasm of hiPSC-CFs transduced
with EKAREV-NES biosensor, subsequent to Angll treatment. Bulk analysis was conducted to
measure the response dynamics. No significant difference was seen in response to treatment with
Ang 11, as compared to the vehicle control. (A) A heat map showing the mean nuclear ERK1/2
responses for each treatment condition. (B) The average kinetics of each cellular ERK1/2 response
is quantified as %AF/F (y-axis) across time (x-axis) for respective treatment conditions For these
experiments, data from hiPSC-CFs originating from 3 separate fibroblast differentiations was
utilized. In B, the bars represent the mean of three replicates, with error bars indicating the standard
error of the mean (SEM).

3.7.2 Single cell analysis of nuclear ERK in response to Ang |11

In terms of Ang Il-induced nuclear ERK activation, a discernible pattern emerged,
characterized by a dose-dependent escalation in responsive cells when contrasted with the vehicle
control (Figure 18A and 18B). We clustered our data into 5 clusters as described before, and
visualization of the average of all the cells in each cluster regardless of treatment was plotted

(Figure 18C). Notably, cluster 5, harboring the transient responders, exhibited a trend to increase
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with increasing doses of Ang Il. Cluster 3, which we had previously classed as ‘high positive
responders’, also displayed an increase upon treatment with Ang II compared however,
intriguingly the percent of cells in that cluster plateau at a dose of 50 nM and remains the same
beyond that even with increasing dose. Remarkably, among the clusters, cluster 5, which contains
transiently responding cells, appears to be the population of cells exhibiting heightened
responsiveness as the dose of Ang Il increases, in contrast to the findings with ET-1 treatment,
where it was cluster 1 (highly responsive cells), that primarily contributed to the overall increase

in %AF/F (see Figures 18D and 14D for comparison).

In summary, this delineates a divergence in the impact of ET-1 and Ang Il on specific
clusters. ET-1 targeted and elevated cluster 1, the high responders, while Ang II's effects revolved

around increasing the percent of transient responders, thus molding their cumulative effect.
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Figure 18: Single-Nucle ERK1/2 Activation Patterns in hiPSC-CFs following Ang Il
Treatment. - HID04C Female Control Line

Cytoplasmic ERK1/2 Activation Patterns in Single Cells of hiPSC-CFs after Ang Il Treatment.
HID04C female control line used. (A) Heatmaps visually represent nuclear ERK1/2 activity in
hiPSC-CFs subjected to various doses of vasoactive ET-1 peptide. The kinetics of each nuclear
ERK1/2 response are quantified as %AF/F (y-axis) over time (x-axis) (B). single-nuclei data was
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partitioned into five clusters to capture diverse nuclear behaviors, based on the magnitude of
response. While certain CF nuclei displayed responses, leading to increased or diminished ERK1/2
activation, others exhibited minimal deviation from baseline and were grouped as ‘non-responders'.
The nuclei were categorized as 'positive-responders’, 'non-responders’, and 'negative-responders’,
depicted as stacked bar charts showcasing the percentage of nuclei in each cluster(C). Averaging
all nuclei within each cluster generates the mean response for each group. Error bars indicate the
standard error of the mean for nuclei in each cluster. The kinetics of each cluster is shown with
%AF/F on the y-axis, and time on the x-axis. (D) The distribution of cells within each cluster is
depicted across various ET-1 doses. Data from hiPSC-CFs derived from four distinct fibroblast
differentiations was employed for these experiments.

4 DISCUSSION AND FUTURE DIRECTIONS

Here, we showed that we could successfully differentiate hiPSCs into hiPSCs that
resembled cardiac fibroblasts as assessed by RT-qPCR and immunofluorescent staining.
Differentiation of hiPSCs led to a gene signature typical of cardiac fibroblasts. Furthermore, the
protocol produced a high yield of hiPSC-CFs (>89%) and worked for differentiation of different
cell lines into hiPSC-CFs. We also investigated the response of hiPSC-CFs to Angiotensin Il (Ang
I1) and Endothelin-1 (ET-1) induced signaling pathways. While Ang Il triggered nuclear ERK

signaling, ET-1 led to both cytoplasmic and nuclear ERK signaling in hiPSC-CFs.

Validation of protocol to convert hiPSCs to hiPSC cardiac fibroblasts.

To validate our protocol, we examined the expression level of key genes that are
characteristic of cardiac fibroblast phenotype. Notably, certain genes such as TCF21 exhibited
considerable variation in expression. One plausible explanation is that certain genes are known to

follow a circadian rhythm of expression. For instance, previous research has highlighted the
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circadian clock influence on TCF21 gene expression in podocytes (197). Additionally, the
rhythmic nature of collagen secretion, even though not extensively explored for mRNA
expression, suggests the possibility of fluctuating COL1A1 mRNA expression over time (198). It
stands to reason that the expression of COL1A1 mRNA may fluctuate with time as well.
Furthermore, variations in gene expression may also arise from differences in fibroblast activation
levels among batches. While genes like TCF21 tend to decrease with activation, others such as
COL1A1, POSTN, and DDR2 (a tyrosine kinase receptor activated by fibrillar collagen) tend to
increase with fibroblast activation (199-202). Hence, differing levels of activated cells in each
batch could contribute to the observed variations in the expression of these genes. Lastly, one has
to consider batch-to-batch variability. We demonstrated that the percentage of hiPSC-CFs obtained
from our protocol ranged from 89% to 98%. Consequently, this variability could influence effects
observed at the level of gene expression. To address this, one approach would involve using FACS

to enrich hiPSC-Fs prior to examining gene expression patterns.

We conducted a comparative analysis between a control cell line (HID-04C) and a patient
cell line matched for age and sex (HID-19). The disparities observed in ACTA2 expression suggest
that HID-19 exhibits higher mRNA expression of ACTAZ2 in its quiescent state. This initial
investigation involved only two cell lines and was primarily exploratory in nature, aimed at
detecting potential differences between a control and a disease-associated cell line. To establish
significance, this experiment would need to be replicated across multiple control and patient cell
lines, achieving a sufficiently robust sample size to draw meaningful conclusions. Moreover, the
observed gene expression patterns could be influenced by the specific mutations present in each

cell line. Different mutations might lead to varied effects on gene expression—some mutations
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could enhance or diminish the expression of specific genes. Consequently, the trends identified in
this preliminary study might not be consistent across all cell lines within the broader HID project.
Nonetheless, it would be intriguing to extend the analysis by employing gPCR to assess whether
hiPSC-derived cardiac fibroblasts from DCM patient lines demonstrate elevated activation levels
in their basal or quiescent states. Key genes like POSTN, ACTA2, and cell cycle-related genes
could be investigated in this context, as they have been seen to be elevated in DCM induced by
cTnT mutation (25). Furthermore, given our intention to conduct comprehensive RNA-seq
analysis on all cell lines derived from patients enrolled in the study, integrating gene mutations
with the level of cellular activation and signaling profiles could facilitate data clustering. This
approach has the potential to shed light on appropriate targets based on specific gene perturbations

and disease characteristics.

Ang Il signaling in cardiac fibroblasts

Despite our efforts to generate a dose-response curve for Ang |1, we observed that the effect
size was not large enough to allow us to determine the ECso for nuclear ERK1/2 signaling. This
moderate effect size can be understood when we consider our single-cell data analysis. As
previously mentioned, the increase in nuclear ERK activity induced by ET-1, as shown in Figure
14, was primarily driven by an increase in both high responders and transient responders. In
contrast, when hiPSC-CFs were exposed to Ang I, the observed increase was predominantly due
to an increase in transient responders (Figure 16). Consequently, it is not surprising that the
increase in ERK activity in response to Ang Il stimulation was only moderate. Future experiments

could focus on better segregated populations of cells.
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We note that Ang Il plays a pivotal role in the hierarchy of events leading to the activation
of cardiac fibroblasts. We might speculate that the relatively smaller effect size associated with
Ang Il serves a purpose. It's plausible that Ang Il doesn't elicit a large response every time, as Ang
Il is in constant flux in the body to regulate blood pressure homeostasis. Thus, a check-point
mechanism may be necessary to ensure that Ang Il signaling does not mediate activation of cardiac
fibroblasts every time there is a surge in circulating Ang Il. Previous research has shown that Ang
Il can lead to an increase in ET-1 mRNA levels (62). Consequently, ET-1 may act to further
enhance and upregulate the ERK signaling pathway leading to activation of cardiac fibroblasts.
An intriguing concept is that ERK1/2 may function as a coincidence detector, which triggers

cardiac fibroblast activation only when certain conditions are met.

As for our choice of experimental set-up, localized biosensors provide an elevated degree
of precision by concentrating their measurement on specific regions, thereby reducing the potential
for interference or noise from surrounding cellular areas. For example, in a comparative
investigation utilizing the calcium biosensor RGECO, the impact of diffusing the biosensor
throughout the entire cell versus directing it to troponin was examined. The results revealed that
when RGECO was specifically targeted to cardiac troponin, the effect size observed upon treating
cardiomyocytes with levosimendan (a calcium sensitizer used in the treatment of heart failure) was
notably amplified (203). It is possible that the widespread distribution of EKAREYV throughout the
cytoplasm may have concealed/obscured differences existing within subcellular regions where the
expression of AT1Rs has previously been demonstrated, such as the mitochondria or endoplasmic
reticulum. In future studies employing localised to subdomains such as the plasma membrane,

endoplasmic reticulum and mitochondria could help us rule out receptor signaling in the
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cytoplasm. Notably, biosensors situated at the plasma membrane and ER are discussed in a

separate study (84).

A logical next step to complement our results would entail conducting western blot or
immunofluorescent staining analyses. This examination would focus on assessing ERK activation
within both the cytoplasmic and nuclear compartments of hiPSC-CFs following Ang Il treatment.
This follow-up investigation holds the potential to substantiate our initial discovery, specifically
confirming that Ang Il indeed triggers ERK activation in the nuclear region while not affecting

the cytoplasmic compartment.

Building on the intriguing contrast between our findings that Ang Il stimulates nuclear
ERK but not cytoplasmic ERK, an avenue worth exploring involves employing caged ligands to
delve deeper into the ramifications of intracellular AT1R signaling. This innovative approach
could provide invaluable insights into the intricate mechanisms underlying the signaling pathways
mediated by intracellular AT1Rs. Dallagnol et al. recently developed tools for studying
intracellular GPCR signaling using caged ligands, whereby ligands such as Ang II can be ‘caged’
with a 4,5-dimethoxy-2-nitrobenzyl (DMNB) moiety (204). These DMNB-functionalized peptides
are cell-permeable and undergo rapid photolysis upon UV exposure, generating functionally active
peptides within cells—a process termed 'uncaging.' This facilitates controlled intracellular peptide

release, enabling the study of intracellular receptors.

In our FRET assays, ligands were added to the assay medium before and imaging our cells.
With regards to how Ang Il may be taken up by hiPSC-CFs to drive intracellular signaling, several
studies have demonstrated that extracellular Ang Il can indeed be transported into cells and
accumulate within them. Several studies suggest that this may be in part through a receptor-

mediated pathway. For instance, in mouse proximal tubule cells treated with fluorescein (FITC)-
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labeled Ang Il, the uptake of FITC-Ang Il was detected within the cytoplasm 30 minutes post-
treatment, and even within the nuclei at 1 hour after exposure (205). Importantly, the uptake of
FITC-ANG Il in these cells was entirely prevented by blocking the AT1R receptor using losartan.
Similarly, in another study it was demonstrated that antagonizing the AT1R receptor with
candesartan led to the inhibition of Ang Il uptake by rat cardiac fibroblasts, as visualized using
immunofluorescence with an Alexa Fluor 488-labeled Ang Il (206). Therefore, one could

speculate that Ang Il might enter our cells via pathways mediated by the AT1R receptor.

Various mechanisms have been proposed to explain the uptake and intracellular signaling
of other ligands that activate intracellular GPCR signaling, but this remains to be elucidated. In rat
neonatal cardiac fibroblasts treated with ET-1, there was a transient increase in steady-state pre-
pro endothelin-1 mRNA levels at 30 mins post-stimulation, as detected by northern blot analysis
(207). Extracellular ET-1 potentially exerts its intracellular signaling effects by stimulating the
synthesis of ET-1 within the cells, where it remains in the cytoplasm before potentially being
trafficked to the nucleus. In the case of ligands like noradrenaline, treating rat neonatal
cardiomyocytes with [2H]-labeled noradrenaline results in rapid uptake by cells, with accumulation
within the nucleus occurring within hours (208). However, the mechanism by which it enters the
cells remains unknown. Unlike ET-1 and Ang Il, which are synthesized within cardiac cells,
adrenaline would need to be transported into the cell. It has been suggested that these ligands may
cross the plasma membrane via an active transport mechanism, or perhaps through channels, or

pores (41, 209).

Notably, Tadevosyan et al. (116) demonstrated the significance of intracellular AT1R
signaling in pathological processes. By using a canine model of congestive heart failure, they

observed augmented intracellular Ang Il levels and an increase in nuclear AT1R expression, as
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well as modified glycosylation patterns of nuclear AT2Rs. The utilization of this canine model of
congestive heart failure and caged Ang Il offered a valuable framework to elucidate the intricate
dynamics of these signaling elements under pathological conditions. Moreover, these mechanisms
could potentially be further investigated in the context of dilated cardiomyopathy (DCM) in future
studies. The same group used a photo- releasable caged-Ang-ll derivative to interrogate
intracellular Ang-11 signaling in CFs, and they showed that Ang Il intracellular signalling plays a
crucial role by increasing de novo RNA synthesis, cell proliferation, and collagen | secretion in
cardiac fibroblasts. These results align with another study, which revealed that intracellular Ang
Il led to an increase in transforming growth factor-p (TGF-B) and collagen-1 secretion in rat
cardiac fibroblasts (206). Additionally, their work showcased that the presence of isoproterenol
and high glucose concentrations could further elevate Ang Il levels in fibroblasts (206). This
collective body of evidence strongly underscores the critical role played by intracellular

angiotensin receptors, highlighting their profound importance in cellular processes.

The clinical implications are intriguing, particularly considering the distinct outcomes of
two potent inhibitors, valsartan and losartan. Dallagnol and colleagues indicated that losartan
abrogated intracellular AT1R effects on collagen release, while valsartan only led to a minor
decrease in collagen release. They attributed this variation in effect to losartan being more cell
permeable than valsartan (210). A significant observation from Dallagnol et al. was that
intracellularly targeted Ang Il, in conjunction with TRV055 (G protein-biased AT1R agonists),
triggered increased collagen secretion, while TRV027, a B-arrestin-biased analog did not.
Interestingly, both TRV055 (G protein-biased) and TRV027 (B-arrestin-biased) peptides
successfully induced collagen secretion extracellularly (204). The same group also showed

preliminary data whereby treating cells with Ang Il for 15 minutes resulted in the activation of
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phosphorylated ERK (pERK), which was not only detected within the nucleus but also appeared
to be present within the endoplasmic reticulum (ER) of rat cardiac myofibroblasts, as revealed
through immunofluorescent imaging. Relating this to our findings, it is important to note that our
study involved quiescent human cardiac fibroblasts, distinct from the activated myofibroblasts in
this context. Furthermore, our investigation focused on human cardiac fibroblasts (CFs) rather than
rat CFs. In in a prior RNA-seq analysis by Bourque et al., it was highlighted that angiotensin
receptors are expressed at lower levels in human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) compared to rat cardiomyocytes. This underscores a species
difference in angiotensin receptor expression between species (174). An additional explanation
for the presence of phosphorylated ERK (pERK) in the rat myofibroblasts could be related to the
fact that these cells were cultured on a relatively rigid plastic substrate. In contrast, our experiments
involving induced pluripotent stem cell-derived cardiac fibroblasts (hiPSC-CFs) were conducted
on a softer Matrigel substrate. This observation aligns with a previous study that highlighted how
cells respond differently based on the mechanical environment they are in. Specifically, the study
found that MCF10A human mammary epithelial cells cultured on softer substrates consistently
exhibited lower levels of ERK signaling, while cells on stiffer substrates displayed higher and

more rhythmic ERK activity (164).

To further our understanding of disease-relevant biological processes forward, an
integrative approach combining caged ligands, biosensors, live-cell imaging, and single-cell
analysis holds immense promise. This approach holds the potential to shed light on the complex
signaling pathways linked to intracellular AT1R-mediated responses, especially within

physiologically relevant cell models such as human-induced pluripotent stem cell-derived cardiac
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fibroblasts and cardiomyocytes obtained from patients with dilated cardiomyopathy (DCM) as

well as healthy controls.

Endothelin-1 signaling in cardiac fibroblasts.

We showed that ET-1 signaling increases ERK activation in both the nucleus and the
cytoplasm. This aligns with previous findings that ET-1 induces ERK activation through the
ETAR/GQ/ERK signaling pathway in cardiac fibroblasts (60). Our findings add another dimension
that was previously not appreciated that both nuclear and cytoplasmic ERK are active in human
hiPSC-derived cardiac fibroblasts by offering spatial and temporal resolution of ET-1 signalling.
Notably, in comparison to Ang Il, ET-1 elicited a higher increase in ERK activity as detected by
our EKAREYV biosensors. This could potentially be attributed to heightened receptor expression.
Our prior investigations within our laboratory unveiled an elevated expression of endothelin
receptors in hiPSC-cardiomyocytes, rat neonatal cardiomyocytes and HEK cells, when compared
to angiotensin receptors which were expressed at lower levels in all three cell types (174). Whether
this pattern is mirrored in hiPSC-cardiac fibroblasts (CFs) remains uncertain, necessitating an
examination of quantifying mRNA or protein expression for the angiotensin and endothelin

receptors.

Activation of endothelin receptors has been established to induce fibroblast proliferation,
activation, and conversion to a myofibroblast phenotype. In human cardiac fibroblasts, this
activation is mediated through the ETAR/GQ/ERK signaling pathway (60). Notably, Ang Il has
been hypothesized to be atop the hierarchy of events leading to cardiac fibrosis. In studies done

axis in adult human cardiac fibroblasts, Ang Il has been found to induce the synthesis of collagen
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I and a-smooth muscle actina-SMA through the AT1R/Gag/ TGF-B1/ERK signaling pathway
(106, 107). In human cardiac fibroblasts, activation of AT1R triggers the upregulation of both
TGF-B1 and ET-1 via the Gaq signaling. The AT1R/Gaq cascade transmits signals to TGF-p1,
which subsequently upregulates ET-1 through pathways mediated by Smad and ERK1/2. In
consequence, ET-1 engages and activates the endothelin receptor type A (ETAR), ultimately
leading to an augmented synthesis of collagen I and a-SMA, accompanied by the integration of a.-
SMA into stress fibers typical of the mF phenotype. Interestingly, simultaneous inhibition of TGF-
B and ET-1 signaling effectively counteracts the Ang Il-induced conversion of CFs of

myofibroblasts (211). In a holistic perspective, these observations suggest a potential hierarchy

of events where Ang Il may hold a prominent position in initiating fibroblast activation.
Conceivably, ET-1 acts to amplify ERK signaling downstream of Ang Il, acting as a mechanism
to potentiate ERK signaling. Alternatively, considering that Ang Il is believed to mediate its
enhancement of ERK via TGFp1, it is plausible that our short-term treatment might not have
allowed sufficient time for TGFB1, and ET-1 release and produce a more pronounced ERK
increase in Ang Il. Longer-term experiments with tools established in this paper can aid in
addressing this question. Employing our approach with genetically encoded biosensors, which
allow prolonged imaging and repeated assessments, can facilitate the modeling of ERK activation
in response to chronic Ang Il stimulation in hiPSC-CFs, thus enabling an assessment of this
hierarchy. For example, imaging over a 24-hour period with Ang Il treatment together with a TGFp
inhibitor or an ET-1 inhibitor may help elucidate whether ET-1 amplifies ERK signaling
downstream of Ang Il. This may shed light on the order of events leading to fibrosis and offer

spatio-temporal resolution of ERK activity downstream of these ligands.
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Gaining more from clustering

In our study, we designated one cluster as "non-responders™ for the sake of simplicity.
However, it's important to recognize that these cells could exhibit fluctuations around zero. A
limitation of our clustering approach lies in the fact that our algorithm relies solely on the
magnitude of responses from individual cells. Yet, it's noteworthy that the dynamics of ERK
signaling are inherently intricate and may involve patterns encoded within the frequency of these
fluctuations/pulses (212-214). Our data (as depicted in Figure S4) highlights an interesting
observation: the cells we arbitrarily referred to as 'non-responders’ might not truly fit that
description. Some of these cells exhibit fluctuations around a baseline of zero; however, this
behavior becomes less apparent when the individual responses of all cells in the cluster are
averaged, creating the impression of non-responsiveness. These cells are perceived as non-
responders based on their proximity to zero in terms of magnitude. This is illustrated in
supplementary figures, where re-clustering cells previously in the cluster labelled as non-
responders reveals distinct fluctuating clusters (Figure S5). However, if our algorithm could also

capture these fluctuation patterns, we could gain more insightful perspectives.

Furthermore, other aspects of ERK signaling, such as the frequency of fluctuations, hold
the potential to furnish us with valuable supplementary insights. A potential avenue for capturing

these fluctuation patterns involves exploring the variations between different time points. By
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quantifying the changes in measurements between each time point and incorporating that
information into our clustering, we might uncover fluctuation patterns that include frequency-
related changes. These nuances, which our initial signal analysis might overlook, could enhance
our understanding of ERK signaling dynamics. However, if we could enhance our algorithm to
capture the underlying fluctuations, it could lead to insights. One potential avenue to achieve this
is by investigating the variations between different time points. By quantifying the changes in
measurements between each time point and incorporating this data into our machine-learning
algorithm, we could gain valuable insights into fluctuation patterns. This approach has the potential
to reveal frequency-related changes that might not be evident in our initial signal analysis.
Furthermore, we used ‘Euclidean distance’ to cluster our cells; however, there are other distance
measures that could also help us better capture these differences. Exploring these is another avenue
to obtain more insight from our dataset, as it is essential to consider various distance metrics in
clustering analysis (215). Given that the clustering methodology was formerly developed for ERK
signaling data acquired at 10-minute intervals (155, 216), our present investigation involves a
richer dataset, with imaging conducted every 2 minutes to capture the intricate dynamics of early-
phase ERK signaling. In light of this, it is reasonable to consider reexamining the distance measure
used within our algorithm to capture other modalities such as frequency of fluctuations in ERK
signaling seen in our data. Doing so could potentially unveil previously obscured nuances,
particularly those that manifest as fluctuations when images are acquired at more widely spaced
intervals. This reevaluation promises to provide a fresh perspective and a deeper understanding of

the data.

This complementary strategy has the potential to bridge the gap between fluctuation

patterns and the magnitude of responses. This, in turn, could enable a more comprehensive
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exploration of the dynamics of ERK signaling. Taking a broader perspective, integrating these
findings with RNA-seq data could offer a deeper understanding of how specific signaling
modalities impact genes and their resulting effects. Essentially, by integrating diverse clustering
techniques that shed light on different aspects of ERK signaling dynamics, we open the door to
uncovering a more complete and intricate view of these signaling processes. This comprehensive
approach, in conjunction with RNA-seq analyses, holds the promise of unraveling the subtle
interplay between signaling patterns, gene expression, and cellular responses. In doing so, we can

move closer to a holistic understanding of the complex mechanisms at play.

Future Directions

Previous work by Verdonschot and colleagues involved performing RNA-seq analysis on
biopsies taken from a cohort of 795 patients with DCM. Their investigations unveiled distinct
phenotypic clusters within DCM, each characterized by a unique cardiac transcriptomic signature.
These differences in molecular pathology delineate variations among phenogroups, while still
sharing a common pathophysiology when compared to patients in other phenogroups (17). Their
study underscores the heterogeneous nature of DCM and potentially provides insights into the

varying degrees of efficacy in clinical trials and overall treatment outcomes (17, 217).

The present approach to treating heart failure patients involves administering drugs in the
sequence of their discovery. Furthermore, doctors are advised to incrementally fine-tune drug
dosages within each category before advancing to the subsequent treatment stage. Nonetheless,
this method can result in notable time delays, surpassing six months, when integrating new

medications. As time elapses without incorporating the complete range of necessary therapies,
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patients face avoidable hospitalizations and, tragically, even fatalities due to the absence of crucial
treatments. The urgency of initiating timely treatment cannot be overstated (3). Furthermore,
taking into account the variability of the disease, enhanced strategies are expected to produce more

favorable outcomes, as different disease pathologies might necessitate distinct treatment strategies.

The overarching objective of the 'Heart-In-a-Dish' project is to categorize patients in a way
that offers enhanced guidance for treatment strategies and drug development. In collaborating with
clinicians and researchers, we aim to provide a more personalized approach and establish a
seamless pathway from bedside-to-bench-to-bedside. Such an approach could prioritize patients
for drug classes most beneficial to them and streamline drug development for specific

phenogroups. This specificity could lead to improved drug targeting and effectiveness.

The central aim of this thesis was to establish a protocol for studying hiPSC-CFs with the
goal of characterizing these cells within our patient population. Through the creation of dose-
response curves, a framework has been established for selecting suitable doses for characterizing
patient and control cell lines. Subsequent experiments will delve into disparities among patients
and assess their response to stress induced by neurohormonal stimulation, along with using caged
ligands to probe nuclear and extracellular signaling. Additionally, understanding the biological

implications of the identified clusters is a forthcoming step.

While the central focus of this project revolves around hiPSC-CFs, it is a component of a
more comprehensive initiative that includes participation from lab members who delve into other
aspects of DCM. Currently we are in the process of developing cell-painting assays to study
morphological features to characterize the various morphological features that can be seen in DCM

patients with or without neurohormonal stimulation. For instance, hiPSC-CMs derived from DCM
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patients with an RBM20 mutation have shown disrupted sarcomere arrangements. This specific
mutation also causes CMs to be sensitive to B-adrenergic stress, resulting in enhanced sarcomeric
disorganization (218). Furthermore, this mutation leads to compromised calcium signaling and
contractility. As such, our lab’s previous efforts work has laid foundational work to study calcium
signaling assays and contractility assays to study hiPSC-CMs. Additionally, in alignment with the
work undertaken in this thesis, we are also investigating ERK1/2 and PKA signaling downstream

of GPCRs associated with heart failure in hiPSC-CMs (155).

Concurrently with the signaling assays, our strategy includes employing RNA-seq on both
hiPSC-CMs and cardiac resident cells. This will be conducted baseline RNA-seq to identify
patient-specific gene expression changes, as well as investigating the effects of neurohormonal
modulation through drug stimulation. We expect to gain insights into the possibility of reversing
vulnerabilities through pre-treatment with ARBs and B-blockers. Simultaneously, efforts are
underway to enhance the basic 2D model by transitioning to more intricate 3D organoid cultures
and co-cultures involving diverse cardiac cell types, aiming to replicate intercellular interactions
more faithfully. By integrating morphological features, cellular signaling profiles, RNA-seq data,
and clinical information, patients can be clustered into groups with shared characteristics.
Moreover, our pipeline enables us to continue monitoring patients post-treatment, allowing us to
use patient outcome data as a means to harness the potential of both retrospective and retroactive

studies.

Utilizing the wealth of data gathered, our aim is to integrate it with machine learning and

clustering techniques. These methods have been previously employed to discern patterns within
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both clinical and molecular data (17). This endeavor holds the potential to significantly enhance
the process of making therapeutic decisions for individuals afflicted DCM. By extracting valuable
insights from these intricate datasets, we can make more informed choices regarding the most

suitable treatments for patients with DCM.

5 CONCLUSION

Dilated cardiomyopathy (DCM) is a condition affecting the heart muscle, leading to
reduced pumping efficiency, and often requiring heart transplantation due to its high mortality rate.
Existing therapies are insufficient, mainly targeting the cardiomyocytes without addressing
fibrosis, a significant factor in chamber remodeling that impairs heart function in DCM. This thesis
is part of a larger effort to enhance therapy strategies for DCM patients and provide a platform for
drug development based on different pheno-groups due to the diverse nature of DCM.
Collaborating with clinicians and other laboratories, we've assembled a pool of 228 individuals
who consented to participate in the "Heart-in-a-Dish" project. This resource includes patient
samples from those diagnosed with DCM as well as age-matched healthy controls. Here, | have

established a pipeline to use hiPSCs to generate hiPSC-CFs for further study.

Through detailed analysis of Ang Il and ET-1 dose-response curves, | established a
foundational framework for investigating hiPSC-CFs within the broader scope of our project.
These findings aid in determining appropriate doses for our research. Our work serves as a proof
of concept, demonstrating that coupling hiPSC-CFs with biosensors enables the exploration of

signaling pathways potentially disrupted in disease progression. Our research revealed that Ang Il

130



triggers ERK signaling in the nucleus but not the cytoplasm, while ET-1 elicits signaling in both
compartments. This spatial and temporal resolution of ERK signaling downstream of these agents
is novel. Moreover, we employed single-cell analysis and clustering techniques to reveal nuances
often overlooked in bulk analysis. By creating these investigative tools and laying the groundwork
for our 'bed to bench' approach, we aspire to contribute meaningfully to the well-being of
individuals with DCM. These tools represent a significant stride towards unraveling the intricate

complexities of cardiac fibrosis and heart disease as a whole.
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7 SUPPLEMENTARY FIGURES
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Figure S 1: Data Preprocessing for Single-Nuclei Analysis in hiPSC-CFs - HID-04C cell line.

This figure presents the essential data preprocessing steps conducted prior to single-nuclei analysis
in hiPSC-CFs featuring EKAREV-NLS transduction. (A) FRET responses elicited by agonists are
graphed against donor intensity within hiPSC-CFs. The correlation between these two variables is
visually depicted. Notably, cells within the 400-1100 RFU range were selected due to memory
constraints. (B) Agonist-induced FRET responses are plotted against donor intensity within
hiPSC-CFs, for cells in the 400-1100 RFU range that were subsequently used in analysis. (C) The
averaged time-response is showcased for all single nuclei across various treatments, each
identified. The data is representative of four distinct differentiations of hiPSC-CFs.
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Figure S 2: Data Preprocessing for Single-Cell Analysis in hiPSC-CFs - HID-04C cell line.

This figure presents the essential data preprocessing steps conducted prior to single-nuclei analysis
in hiPSC-CFs featuring EKAREV-NES transduction.(A) FRET responses elicited by agonists are
graphed against donor intensity within hiPSC-CFs. The correlation between these two variables is
visually depicted. (C) The averaged time-response is showcased for all single nuclei across various
treatments, each identified. The data is representative of four distinct differentiations of hiPSC-
CFs.
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Figure S 3: Cytoplasmic ERK1/2 Activation Patterns in Single Cells of hiPSC-CFs following
Ang Il Treatment - HID-04C cell line.
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This figure illustrates into the dynamic cytoplasmic ERK1/2 activation patterns observed in single
cells of hiPSC-CFs post Ang Il treatment. The study specifically employed the HID04C female
control line for investigation. Cytoplasmic ERK1/2 Activation Patterns in Single Cells of hiPSC-
CFs after Ang Il Treatment. HIDO4C female control line used. (A) Heatmaps visually represent
nuclear ERK1/2 activity in hiPSC-CFs subjected to various doses of vasoactive ET-1 peptide. The
kinetics of each nuclear ERK1/2 response are quantified as %AF/F (y-axis) over time (x-axis). (B)
single-nuclei data was partitioned into five clusters to capture diverse nuclear behaviors, based on
the magnitude of response. While certain CF nuclei displayed responses, leading to increased or
diminished ERK1/2 activation, others exhibited minimal deviation from baseline and were
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grouped as 'non-responders’. The nuclei were categorized as ‘positive-responders’, 'non-
responders’, and 'negative-responders', depicted as stacked bar charts showcasing the percentage
of nuclei in each cluster. (C) Averaging all nuclei within each cluster generates the mean response
for each group. Error bars indicate the standard error of the mean for nuclei in each cluster. The
kinetics of each cluster is shown with %AF/F on the y-axis, and time on the x-axis. (D) The
distribution of cells within each cluster is depicted across various ET-1 doses. Data from hiPSC-
CFs derived from four distinct fibroblast differentiations was employed for these experiments.
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Figure S 4: This figure captures the depiction of single-cell signaling within each cluster,
showing FRET responses plotted across time intervals following the clustering of data into four
distinct clusters.

The dataset is derived from hiPSCs transduced with EKAR-NES . (A) Single cells are plotted
individually within each cluster, illustrating their unique signaling trajectories. (B) Averaging the
signals of all cells within each cluster brings forth an intriguing observation. Cluster 1, upon
aggregation, seemingly portrays non-responding cells. However, upon closer examination, these
cells exhibit dynamic fluctuations in their responses over time. The data is representative of four
distinct differentiations of hiPSC-CFs.
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Figure S 5: Revealing nuances within Cluster 1: Re-clustering of ‘"Non-Responders' in hiPSCs
unveils the hidden intricacies within Cluster 1, initially perceived as ‘non-responders'.

The data is derived from hiPSCs subjected to EKAR-NES transduction. In the initial stage, the
data is clustered into 3 primary clusters (A). Further examination shows that cluster 1, seemingly
unresponsive upon initial aggregation, contains cells with subtler, hidden responses. To uncover
these nuances, all cells within Cluster 1 are re-clustered into 4 additional sub-clusters(B). The data
is representative of four distinct differentiations of hiPSC-CFs.
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