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SYNOPSIS

1) Introduction and background:

Cardiomyopathies are heterogenous group of muscle disorder resulting in impaired structural
and functional ability of myocardium'. Commonly characterized by change in its size, shape,
or thickness, leading to the heart's inability to pump blood effectively. There are different types
of cardiomyopathies, including hypertrophic cardiomyopathy, dilated cardiomyopathy, and
restrictive cardiomyopathy. These types affect the heart in various ways, such as causing the
heart muscle to weaken, enlarge, thicken, or stiffen®. Some cardiomyopathies are inherited

and can run in families due to genetic differences.

Focus of my study is restricted to hypertrophic cardiomyopathy (HCM) which is genetically
autosomal dominant and clinically heterogenous in nature and characterized by increase in left
ventricular wall and inter-septal wall thickness, in absence of any other systemic or cardiac
condition that can lead to significant enlargement of heart wall like systemic hypertension or
aortic valve stenosis®>. HCM is among the most common form of cardiomyopathy with high

prevalence rate of 1:250 to 1:500 and most common cause of sudden cardiac arrest in young

individuals®. Multiple cardiac sarcomere contractile protein mutations cause HCM*. Currently,

11 mutated genes usually linked to HCM include B-myosin heavy chain (first discovered) and
myosin-binding protein C. Other 9 genes, including as troponin T and I, regulatory and
essential myosin light chains, titin, a-tropomyosin, a-actin, a-myosin heavy chain, and muscle
LIM protein, are associated with less HCM instances. With almost 400 mutations, intragenic
heterogeneity enhances genetic diversity’. However still 50 percent of cases are idiopathic in
nature with no known definitive cause’. So far only three non sarcomeric genes have been
implicated in HCM namely y-2-regulatory subunit of the AMP-activated protein kinase
(PRKAG2)®, LAMP-2" and ALKP3%. Evidently there is big void in context of non sarcomeric
gene variant identification and limited knowledge regarding the genetic influence of non
sarcomeric proteins in HCM. In my thesis, I will outline our discovery of three novel non-
sarcomeric HCM genes and their critical regulatory mechanisms in the disease pathogenesis in

three distinct chapters.

The current study titled “Discovery of Novel Hypertrophic Cardiomyopathy Genes and their
functional implications using multi-model approach” is divided into seven chapters. The first

chapter is introduction which highlights and reviews the literature on cardiomyopathy and its




different types along with the global burden of the disease as well as discusses open questions.
The second chapter describes the objectives of the study highlighting the need of the study.
Chapter three deals with material and methods of the thesis. Genetics (next generation
sequencing), immuno-blotting, immuno-histochemistry, confocal imaging and quantitative real
time PCR etc. has been predominantly utilized to achieve the objectives of the thesis. Chapter
four and five discusses the findings of the thesis with respect to discovery of three novel gene
loci associated with hypertrophic cardiomyopathy. Chapter four of the thesis discussing about
the identification of novel gene variant (p.G47W) in ribosomal S6 kinase beta 1 (RPS6KB1)
through whole exome sequencing and the mechanism involved in pathogenesis. This study have
been published in Journal of medical genetics in 2021°. Chapter five highlights the discovery
of a novel gene variant in tubulin tyrosine ligase gene (p.G219S) and its implication in disease
pathogenesis via perturbing redox homeostasis in patient specific induced pluripotent stem cells
derived cardiomyocytes (iPSCs-CMs). Sixth chapter discusses the summary and our
contribution to current status of the disease understanding and the under-explored signaling
gene involvement in disease causation and pathogenesis. And chapter seven consists of

bibliography.

Objectives:
Specific objectives of my study are:

1.1)  Identification of novel gene loci through next generation sequencing (NGS) for HCM
1.2)  Deciphering the key mechanisms involved in disease pathogenesis corresponding to

respective variants

Ribosomal protein S6 Kinase beta-1 gene variants cause HCM by activating

S6K1/rpS6/ERK signaling:

Using the above NGS methods, we discovered identical mutations (p.G47W) in the gene
encoding ribosomal protein S6 kinase beta-1 (RPS6KB1 or S6K1) in two Indian families. We
further identified two heterozygous variants (p.Q49K and p.Y62H) from the UK
cardiomyopathy cohort in replication association studies. These variations are absent in both
region-specific controls and various population genomic datasets. Further, we detected
additional S6K1 mutation (p.P445S) in an Arab HCM patient. The functional effects of these
mutants were assessed in cellular models by comparing representative mutant proteins of S6K 1

with the wild type. The mutated proteins activated the S6K1 and hyperphosphorylated the

rpS6/ERK signaling cascades, suggesting a gain-of-function effect’.




3) TTL variant causes HCM by inducing oxidative stress in patient-specific iPSC-derived

cardiomyocytes:

We used Next Generation sequencing techniques to examine two cohorts of Indian HCM
patients and their respective controls. We identified an HCM patient-carrying tubulin tyrosine

ligase (TTL) gene variant (p.G219S) that is absent in controls. TTL is involved in post-

translational modification of alpha-tubulin by adding tyrosine residue to its C-terminal tail'°.

This absence leads to an abnormal de-tyrosinated and tyrosinated tubulin ratio, affecting the
contractility in cardiomyocytes'!. Our biochemical study suggests that TTL mutant proteins
displayed delayed activity in tubulin tyrosination compared to the wild type. We modeled the
patient HCM phenotypes by generating and characterizing the 77L mutant patient-specific
iPSCs-derived cardiomyocytes (iPSC-CMs). The iPSC-CMs recapitulated hypertrophy,
contractile dysfunction, and sarcomeric disarray due to increased de-tyrosinated alpha-tubulin.
Furthermore, transcriptomic analysis from iPSCs-CMs revealed perturbed redox homeostasis,

specifically activating NRF2 pathways leading to oxidative stress'?.

Material and Methods:

We performed whole exome sequencing (WES) of various patients and controls of different
ethnicities. For functional evaluation, in accordance with different gene variants, we have used
different cell lines like HEK293T, HL-1, H9C2, including human embryonic stem cells (hESCs)
derived cardiomyocytes and for modeling disease in human system, we generated and
characterized patient specific induced pluripotent stem cells (iPSCs) line from patient’s PBMCs
and differentiated to cardiomyocytes. For transcripts levels studies quantitative real time PCR
was done against gene specific primers. Immunoblotting and immunohistochemistry were
employed for understanding the protein levels in accordance with the need of the study against
specific antibodies. Confocal imaging was used to investigate the cell size analysis and to look

for levels of certain protein types.

Discussion and future perspective:

HCM is frequently characterized as a sarcomere-related disorder, mostly because of the
numerous sarcomere gene mutations that have been detected in individuals and families affected
by the condition*®. Significant advances have been made in understanding the impact of
sarcomere mutations in cardiac hypertrophy. Advancements in this field have resulted in the

development of treatments that specifically address issues related to sarcomere dysfunction.




However there has been limited knowledge in comprehending the relationship between non-
sarcomeric gene variants and cardiac hypertrophy. Despite several theories suggesting non-
sarcomeric pathways, the knowledge remains incomplete. To add to current knowledge, this
study leads to identification of three different non-sarcomeric gene variants and their associated
mechanism culminating into pathological hypertrophy. Investigating non-sarcomeric gene
variations in hypertrophic cardiomyopathy is critical for gaining a more complete picture of the

disease's genetic landscape. This understanding has implications for diagnostics, patient care, and

the development of targeted medicines (personalized/precision medicine), all of which aim to

improve outcomes for HCM patients.
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CHAPTER: 1

INTRODUCTION




1.1 Cardiomyopathy:

Cardiomyopathy refers to heterogenous heart muscle disease that affects its ability to pump blood
effectively. Because of high complexity in defining the disease panel members of AHA have
defined the disease as “Cardiomyopathies are a heterogeneous group of diseases of the
myocardium associated with mechanical and/or electrical dysfunction that usually (but not
invariably) exhibit inappropriate ventricular hypertrophy or dilatation and are due to a variety of
causes that frequently are genetic. Cardiomyopathies either are confined to the heart or are part
of generalized systemic disorders.”!

Primary cardiomyopathies are majorly classified into genetic, acquired or mixed (both genetic and
acquired). And subclassified into following types: hypertrophic cardiomyopathy (HCM), left
ventricular non  compaction (LVNC) and  Arrhythmogenic  Right  Ventricular
Cardiomyopathy/Dysplasia (ARVC/D) falls under genetic, myocarditis (inflammatory
cardiomyopathy) falls under acquired whereas dilated cardiomyopathy (DCM) and restrictive

cardiomyopathy (RCM) falls under mixed.>

DCM is characterized by weakening and enlargement of heart muscle, leading to major systolic
dysfunction®, HCM on the other hand, is characterized by an abnormal thickening of the heart
muscle, making it harder for the heart to relax and fill with blood leading to primarily diastolic
dysfunction®. RCM involves the stiffening of the heart muscle, which restricts its ability to expand
and contract properly’, LVNC results in softening of the ventricular wall due to increased

trabeculation while ARVD/D is characterized by fibrofatty replacement of myocardium.®

1.2 Epidemiology of Cardiomyopathies:

Cardiovascular diseases are significant global health concern contributing to morbidity and
mortality. WHO reports suggests that CVDs are leading cause of death worldwide with 17.9
million death in year 2019, representing 32% of deaths globally and the numbers are suggested to
increase to much higher scale in coming years.” This frequency underscores the urgent need to
address the risk and causative factors to improve prevention and treatment strategies.

Among CVDs, cardiomyopathies contribute a to a big portion (~10%) of inherited cardiovascular
diseases. Cardiomyopathies can be caused by various factors including predominantly genetic
predisposition, infections and epigenetic factors etc. This often leads to complications like heart

failure, arrhythmias and sudden cardiac deaths.




Among inheritable genetic primary cardiomyopathies prevalence rate of HCM is 1:250 to 1:500
in adults irrespective of different ethnicities usually occurs in adolescents and young adults. For
DCM a very thorough study on epidemiology is lacking, however estimate suggests the incidence
ad prevalence rate roughly double the HCM cases. Prevalence of ARVC is not extensively explored

as multiple clinical evaluations required for diagnosis, but estimated at 1:2000 to 5000. >

1.3 Classification of Cardiomyopathies:

Based on the predominant organ affected cardiomyopathies have been classified into two broad
categories namely primary and secondary. Primary cardiomyopathies are the ones which are
principally confined to heart and have been further classified into genetic (hypertrophic
cardiomyopathy (HCM), Left ventricular noncompaction (LVNC), Arrhythmogenic right
ventricular cardiomyopathy/dysplasia (ARVC/D), long QT syndrome (LQTS), short QT syndrome
(SQTS), Brugada syndrome, and catecholaminergic polymorphic ventricular tachycardia
(CPVT)), Acquired (inflammatory cardiomyopathy (myocarditis), stress cardiomyopathy: (“Tako-
Tsubo) cardiomyopathy, peripartum cardiomyopathy and mixed category (both genetic and
acquired) (Dilated cardiomyopathy (DCM) and restrictive cardiomyopathy). Secondary
cardiomyopathies are characterized by abnormal myocardial incrimination in a wide range of
widespread systemic (multiorgan) disorder. As the matter of fact that certain cardiomyopathies
primarily affect the heart but can have consequent actions on other organs, the distinction between
primary and secondary types is contextual and pins one’s hope on the assessment of the clinical

significance and outcomes of myocardial process.®

1.4 Hypertrophic cardiomyopathy:

Hypertrophic cardiomyopathy (HCM) is the most common, autosomal dominant genetic form of
cardiomyopathy and major cause of mortality in young individuals resulting from sudden cardiac
arrest. Hypertrophic cardiomyopathy (HCM) is defined by the presence of an enlarged and

thickened left ventricle (LV) and inter-septal wall, without any other underlying systemic or

cardiac condition that might account for the observed degree of wall thickening.’

Individuals with a genetic abnormality for hypertrophic cardiomyopathy (HCM) may not always
show clinical signs of the condition, such as left ventricular hypertrophy on an echocardiogram,

abnormal electrocardiogram (ECG) readings, or symptoms. Additionally, ECG changes might




occur before the onset of hypertrophy. And thus, requires a thorough clinical evaluation for the

diagnosis.

HCM is majorly caused by mutations in
genes that encode contractile proteins
found in the cardiac sarcomere. To date,
there are 11 genes are reported with
variants that are linked to hypertrophic
cardiomyopathy, with the most often seen

ones being B-myosin heavy chain (MYH?7)

and myosin-binding protein C (MYBPC). Thickened muscle wall

The remaining 9 genes are responsible for Normal Heart

a smaller number of instances of HCM,

which include troponin T and I (¢7nT, cTnl), regulatory and essential myosin light chains, titin
(TTN), a-tropomyosin (TPM), a-actin (ACTAI), a-myosin heavy chain (MYH?7), and muscle LIM
protein.'® Among these, the presence of genetic diversity further aggravates significant intragenic
heterogeneity, with over 400 distinct mutations identified so far. The most frequent kind of
mutations are missense mutations resulting in a single nucleotide which makes HCM a
predominantly a monogenic disorder. However, other types of mutations like as insertions,
deletions, and splicing mutations that result in the production of truncated sarcomeric proteins are
also observed. The wide range of characteristics observed in individuals with HCM can be
attributed to the mutations that cause the illness, as well as the potential effect of modifier genes
and environmental variables.

Recent reports have identified mutations in two genes related to cardiac metabolism that are
responsible for primary cardiac glycogen storage illnesses in older children and adults. The y-2
regulatory subunit of the AMP-activated protein kinase (PRKAG?2) is linked to varying levels of
left ventricular hypertrophy and ventricular pre-excitation.!! Another scenario entails the gene
responsible for encoding lysosome-associated membrane protein 2 (LAMP-2), leading to the
development of Danon-type storage disorder.!> These mutations can cause clinical symptoms that
are similar to or cannot be distinguished from those of sarcomeric hypertrophic cardiomyopathy.
These illnesses are now classified as a subset of previously identified infiltrative types of left

ventricular hypertrophy, including Pompe disease and Fabry's disease.!




LV hypertrophy is linked to other disorders characterized by significant thickening of the LV wall.
These cardiomyopathies encompass secondary forms such as Noonan syndrome, mitochondrial
myopathies caused by mutations in mitochondrial DNA or mitochondrial proteins linked to ATP
electron transport chain enzyme deficiencies, metabolic myopathies characterized by defects in
ATP production and utilization related to abnormalities in fatty acid oxidation, and infiltrative
myopathies like glycogen storage diseases, Hunter's and Hurler's diseases, as well as transient and

nonfamilial cardiomyopathy occurring alongside generalized organomegaly.

1.5 Classification of HCM:

In hypertrophic cardiomyopathy (HCM), there are two main forms: Obstructive HCM and

Nonobstructive HCM which differ in their clinical features.

Obstructive HCM is characterized by heart muscle thickening, especially the septum that
separates the ventricles, thereby obstructing or decreasing the flow of blood from the left
ventricle to the aorta. These obstructions present symptoms such as shortness of breath,
chest pain, tiredness, palpitations, dizziness, fainting spells and increased risk for sudden
cardiac death. Heart failure, mitral valve regurgitation, arrhythmias and sudden cardiac

death can be complications of Obstructive HCM. %!

Nonobstructive HCM refers to thickening and stiffening of the left ventricle without
impeding blood flow directly. However, this translates into an inadequate ejection of blood
with every heartbeat. Signs such as chest pain, dyspnea (shortness of breath), fatigue,
arrhythmias (abnormal heart rhythms), dizziness or lightheadedness upon standing up or
exertion), fainting episodes due to a drop in BP and swelling in other parts of body could
suggest non-obstructive HCM. Over time Nonobstructive HCM may turn into more
depressed heart function and quality of life resulting atrial fibrillation and heart failure

along with others.!¢

For diagnosis purposes peak gradient across LVOT is usually raised (>30 mmHg at rest or >50

mmHg during provocation) while echocardiography shows high velocity jet across LVOT caused

by hypertrophied septum leading systole as well as obstruction.!” HCM was established as




nonobstructive (<30 mm Hg at rest and stress), labile (<30 mm Hg at rest and >30 mm Hg with

stress), and obstructive (>30 mm Hg at rest and stress).!®2° In addition, it has also been shown that

epsilon (¢) (longitudinal strain) value greater than -10.6% has sensitivity 85%, specificity 100%,
positive predictive accuracy 91.2% for diagnosis of HCM;?! on other hand nonobstructive HCM
has less significant LVOT obstruction with lower peak gradients. In both types of HCM
echocardiography shows increased left ventricular wall thickness but different patterns depending
on presence or absence of obstruction. These echocardiographic indices can help differentiate
between these cases and guide treatment decisions to ensure optimum management of this complex

cardiac condition.

1.6 Clinical manifestation of HCM:

Despite high prevalence rate, clinical diagnosis remains fairly unclear in HCM. Unlike olden
times, with the advent of various diagnostic technique, HCM now comes under treatable disease
and associated with extended longevity. But only possible with early diagnosis of the pathological
condition. The process of diagnosing cardiomyopathy in patients requires a very careful analysis
of medical tests and imaging techniques. These tests, including electrocardiograms (ECGs)
echocardiograms and cardiac magnetic resonance imaging (MRI) help assess the hearts’ structure
and function. They also aid in identifying any thickening of the heart muscles and detecting
associated complications, like arrhythmias. Additionally genetic testing may be recommended to
identify gene mutations linked to cardiomyopathy. By utilizing a combination of these tools’

healthcare professionals can accurately monitor the condition in patients.

Presence of hypertrophy in cardiac muscles (hypertrophic cardiomyopathy) many at times goes
unnoticed due to absence of symptoms or minimal symptoms. This itself establishes the
complexity and variability of disease. Many individuals lifelong may entirely remain
asymptomatic and others might attain only mild symptoms that may not impair their normal
functioning. This variability is due to adaptability of heart to various stress (workload) situations
masking the underlying re-modelling. However, its crucial to recognize the pathological condition,
despite the absence of symptoms as individuals with HCM still faces the risk of sudden cardiac

arrest. Early detection, extensive clinical evaluation and pertinent management strategies are




essential to mitigate the potential complications associated with this genetic cardiovascular
disorder.

Following lined up the most common clinical conditions in an HCM patient:

1.6.1 Diastolic dysfunction:

HCM is a very heterogenous inheritable disease. Despite this heterogeneity in phenotypic
expression, most of the affected individuals will show a certain degree of diastolic dysfunction,
which is characterized by impaired left ventricle filling.* This phenotype is multifaceted and very
complex resulting from variety of molecular signaling, myocardial tissue consequently reaching
up to global left ventricular level. Degree of ventricular hypertrophy, disarrayed myocardial tissue
and interstitial fibrosis are the morphological parameters which defines the level of diastolic
dysfunction.?? Left ventricle filling impairment occurs as a consequence improper relaxation. In
diastole ventricle lose the ability to generate force and shortens before returning to an unstressed
length and force. Diastolic dysfunction arises when these processes are extended, delayed, or
incomplete. Unlike LV end-diastolic pressure volume which is a passive process, left ventricular
filling is neither slow nor a passive process. The peak flow rate across the mitral valve is equal to
or greater than the peak flow rate across the aortic valve.?® To be clear about the terms diastolic
dysfunction and diastolic heart failure which differs in former being abnormal mechanical property
and later being the classified as clinical syndrome.?* In absence of any single quantitative
measurement of filling pressure echo doppler could be used for prognosis of HCM. Trans-mitral
doppler E/A ratio (E-wave /A- wave) parameter measure such impairment which measure the
relaxation and the mitral deceleration time (DT) resulting in quantification of pulmonary capillary
wedge pressure in patients with LV dysfunction.* Normal diastolic function in a particular
individual ranges from 0.75-1.5 and DT is <220ms. E/A ratio of < 0.75 denotes mild diastolic
dysfunction (Grade I, impaired relaxation), Moderate or Grade Il DD (pseudo-normal) is
distinguished by decreased LV compliance with increased LA pressure, and hence the E/A ratio
seems normal, but reversal occurs with the Valsalva technique. In severe or Grade Ill DD
(restrictive filling), there is severely decreased compliance, leading further increase in LA
pressure, culminating in a very elevated E wave and low A wave (E/A > 1.5) and substantially

reduced DT (< 150ms) and IVRT (Isovolumic relaxation time) (< 70ms).?




1.6.2 Left ventricular outflow tract obstruction (LVOTO):

LVOT refers to the passage which conduit blood flow from left ventricle and pumped out of aorta
to rest of the body. In HCM dynamic LVOTO is observed in around ~70% of the patients.?¢ LVOT
obstruction (LVOTO) encompasses a line of stenotic lesions that begin in the anatomical left
ventricular outflow tract (LVOT) and stretch to the descending the provisions of the aortic arch.
These obstructions could be sub-valvar (structures located below or beneath the valve), valvar
(refers to structures associated with or pertaining to the valve itself), or supra-valvar (refers to
structures located above or beyond the valve).?” Hinderances to forward flow can occur alone or
in conjunction, as is typical with a bicuspid aortic valve and aortic coarctation. All of these
abnormalities can further increase the load on the left ventricle and, if severe and untreated can
lead to extreme form of hypertrophy, dilatation, and heart failure.?” With the advancements in
echocardiography technology many patients with HCM are now being diagnosed with dynamic
LVOTO, in absence or presence of mild septal hypertrophy.*®: 17 Patients with HCM possess the
higher incidences of mitral valve (MV) abnormalities (mitral valve regurgitation) and papillary
muscle (PM) abnormalities in contrast to the control subjects that have potential to account for
severe LVOTO.?¢

1.6.3 Chest pain:

Patients with HCM typically experience ischemic discomfort in their chests, which could have or
might not have the characteristics of angina pectoris and arises due to disparity in myocardial
oxygen demand and supply.® The reasons for this could be following.

Firstly, the thicker rigid structure in HCM intrudes onto space within hearts chambers precisely
the left ventricular outflow tract. The intramural coronary arteries, which supplies the oxygen rich
blood to the myocardial tissue becomes squeezed and narrowed within this thickened wall leading
to myocardial hypoperfusion. Secondly, the demand of oxygen by hypertrophied cells is much
higher because of the size and metabolic needs compared to the normal myocardial cells leading
perturbed demand and supply meet.?® As a result in condition of stress (increased cardiac strain),
patients with HCM feel discomfort in chest. This pain may emerge as ischemic chest pain, similar
to angina pectoris, which is often experience by patients as tightness, pressure, squeezing, or

heaviness in the chest. Nevertheless, these symptoms do not always stick to the conventional




pattern of angina, and many patients describe them differently. Ischemic chest pain and structural
defects in HCM patients takes the attention of clinicians and researchers to manage individuals

with this combined illness.

1.6.4 Arrhythmias:

Palpitations, presyncope, and fainting (syncope) are prominent signs and symptoms of heart failure
(HCM), which is frequently accompanied by persistent non-sustained ventricular tachycardia.
Non-sustained ventricular tachycardia (NSVT) is a significant risk factor for stroke given that it
can develop to ventricular fibrillation. Syncope (fainting) can also be induced by significant LVOT
blockage. The fundamental processes of ventricular arrhythmias in HCM are unknown, although
possible causes include cardiac hypertrophy, interstitial fibrosis, myocardial ischemia, and
myocyte disarray.

Patients with hypertrophic cardiomyopathy (HCM) combined with left ventricular outflow tract
(LVOT) obstruction, often shows the prevalence of atrial fibrillation (AF). An estimated 25% of
HCM subtypes are associated with AF, which has an annual incidence rate of around 2-3%.3%3! In
such individuals suffering from this disorder, having AF exacerbates the symptoms and worsens
the diastolic left ventricular pressure further impacting cardiac performance. Furthermore,
irregularity in heartbeats as in AF may increase risk for thromboembolic events including strokes;
blood clots can form in the atrium. The exact process by which atrial fibrillation arises in HCM
patients are poorly understood despite of extensive investigations. Some potential mechanisms
include enlargement of atria, increased mechanical strain on atria due to thickened ventricular
walls, scarring within the atrial myocardium, abnormal production of mutated proteins known to

be associated with HCM and modifications in gene expression pattern.>?

In brief, HCM patients can show symptoms ranging from shortness of breath, chest pain, dizziness
and arrhythmias. The hypertrophied muscle consequently impacts the blood flow to myocardial
tissue and cab be further enhanced upon strenuous exercise or emotional distress. Therefore, to
manage HCM, these symptoms need to be kept in check to avoid any other implications resultant

of improper disease management.




1.7 Need for early detection:

Early detection and accurate diagnosis play a pivotal role, in managing the health outcomes of
patients with cardiomyopathy ultimately improving their quality of life. Detecting and diagnosing
cardiomyopathy at a stage is essential for managing patients’ health outcomes and enhancing their
overall well-being. By identifying and monitoring symptoms like shortness of breath, chest pain,
dizziness and irregular heart rhythms healthcare professionals can intervene quickly and provide
appropriate treatment. Timely diagnosis enables the implementation of management plans that
include lifestyle adjustments, medications or even invasive procedures if necessary. This proactive
approach helps prevent complications such as heart failure, arrhythmias or sudden cardiac death.
Additionally early detection empowers patients to make decisions about their health actively
participate in shared decision making with healthcare providers. Take preventive measures to

optimize their cardiovascular health.

1.8 Challenges in diagnosis:

Numerous challenges or complications may arise during the diagnosis process for hypertrophic
cardiomyopathy patients specifically differentiating it from other cardiac conditions or recognizing
unusual presentations. Moreover, accurately diagnosing cardiomyopathy can be challenging due,
to its clinical manifestations that may overlap with other heart related conditions. Differentiating
cardiomyopathy from conditions, like dilated athletes heart requires a thorough assessment of
symptoms, medical history and diagnostic test results. It is more challenging to identify
presentations of hypertrophic cardiomyopathy particularly in elderly individuals or those with

minimal symptoms.

However, with advent of modern advancements in echocardiography like tissue doppler imaging,
2D and 3D speckle tracking echocardiography, M-mode, Pulse wave or continuous-wave Doppler,
color doppler and cardiac magnetic resonance (MRI) diagnosis improved the clinical diagnosis.33
These techniques along with genetic testing have made clinicians to diagnose the disease more

precisely.




1.9 Traditional Genetic Approaches for Studying HCM:

Conventional or traditional methods for genetic studies that have been historically used to

investigate genetic basis of disease and HCM are outlined as follows:

1.9.1 Linkage Analysis:

A classical genetic tool to locate the gene locus linked to genetic disorders like HCM is linkage
analysis, which is based upon the notion of genes located close to each other in chromosome are
inherited together more often than by chance expectation.

With respect to HCM, familial studies were often used to discover genomic areas which are
inherited with disease manifestation. DNA sequence variation scattered throughout the genome
are used as genetic markers for analysis. Pattern of inheritance of these genetic markers cases
(affected) and controls (unaffected) family members led researchers to identify chromosomal areas
with genes associated with HCM. Benefits of linkage analysis for gene loci discovery comes up
even when the underlying genes is unknown. By virtue of linkage analysis genetic variability in
affected families can be mapped which helps in revealing HCM’s genetic architecture. “14ql” is

the first discovered locus associated with HCM was identified using linkage analysis of 96

individuals spanning in 4 generations.** Shortly after this discovery led to discovery of defects at

locus 14q11-12, establishing two homologous genes MYH6 and MYH7, a potential causal genes
for HCM.*

Limiting factors for linkage analysis come in context of rare illness like HCM in absence of big
pedigrees with several affected family members to have a statistically significant interpretation.
Furthermore, linkage mapping identifies the gene loci to broader chromosomal regions rather than
individual genes which further needs a detailed mapping and gene identification. Despite this
linkage analysis has helped researchers to explain several inherited diseases including HCM and
led to discovery of several HCM associated genes to helped to comprehend the disease molecular

underpinnings.

1.9.2 Candidate Gene Approach:
This is focused approach of gene variant identification based upon the speculation of certain genes
already known to be involved in particular disease or trait.*® For instance, in case of HCM, gene

variant identification will be specifically aimed within the genes that are known to contribute to




development or disease progression. This approach has been widely applied to understand aspects
of cardiac anatomy, function and gene regulation in reference to HCM disease manifestation.
Based on the biological relevance of the gene with respect to heart structure, contractility, signaling
cascades and relevant physiological processes researchers pick the candidate genes. Sarcomeric
gene like actin, myosin, troponin etc., cardiac energy metabolism related genes, development
related genes, cardiac growth and hypertrophy related genes, channel protein are often taken into
consideration. Candidate gene analysis is indispensable for positional cloning of QTLs controlling
the significant genetic variation of interested traits.>® After identification of variant p.Arg403Glu
(p.R403Q) mutation in the MYH?7 gene (beta myosin heavy chain) using linkage analysis and co-
segregation studies led researchers to identify various other gene variants in the same gene using
candidate gene approach.® Identification of MYBPC3 (cardiac myosin-binding protein C3),%’
TNNT2 (cardiac troponin T)** and TNNI3 (cardiac troponin 1)* variants have been discovered as
causal gene variants for HCM using candidate gene approach.

Limitation of candidate gene approach it requires a prior knowledge about the gens implicated in
the disease and thus can miss out on the genes which are unexplored for the disease.

Thorough genetic analysis of HCM disease manifestation needs method like genome wide
association studies (GWAS) and next generation sequencing (NGS) to identify novel genes and

novel gene variants.

1.10. Next Generation Sequencing in Genetic Studies of HCM:

HCM is a complex disease and potentially life-threatening situation and demands for careful
monitoring and proper disease management. By utilizing NGS a thorough genetic screen of each
individual is now possible which could help healthcare providers to better understand the risk
associated with the disease and could suggest a treatment plans accordingly. This approach will
help not only the affected individuals but also the family members who might be at risk of the
disease. Early detection can also help healthcare providers and genetic counsellors to direct
patients’ families to provide valuable insights of genetic predisposition for HCM and can be
informed to be proactive with respect to health. It is only through proper education and support
patients and their families could be navigated through the challenges of living with the heart

disease.




In contrast to conventional sequencing methods, higher sensitivity in low frequency allele
detection, sample multiplexing and tremendous pace of turnover for larger sample size and cost

effectiveness of new age NGS technology bring forth the abilities of novel gene discovery at a

unimaginable scale.*°

In present world NGS has become integrated part of personalized medicine (genomic medicine)
field with its broad applicability in laboratory medicine. Discovery of novel gene variants in
association with disease have spiked exponentially with cutting edge NGS technology. Most
commonly used approaches for disease associated gene discovery can briefly be categorized into
1) WES (whole exome sequencing) or WGS (whole genome sequencing) where a patient cohort
of similar clinical condition is analyzed and rare variants are filtered out, and 2) Tri-Exome
sequencing, where a proband and its family members are taken into account and variants are

filtered out on the basis of disease inheritance for identification of causal gene.*

1.10.1 Advantages of exome in identifying novel gene variants:

WES is cost-effective because it focuses only on protein coding regions of the genome therefore
reducing expenses. This facilitates quick interpretation of data in clinical settings where only
clinically relevant sequences are needed. Additionally, several HCM causing mutations, which are
clinically actionable are located within exonic regions.

For this study we have employed Tri-Exome sequencing for the gene identification. Tri-exome
technique requires the exomes of a trio, usually consisting of two parents and an affected child, to
be sequenced and this has been identified as one the best genetic analysis approaches for several
reasons.

» Firstly, it helps in identifying de novo mutations which are necessary for understanding the
genetic mechanism of sporadic or familial diseases. By comparing the exomes of parents
and the affected child, tri-exome sequencing makes it easier for clinicians to identify
therapeutically relevant variants.

Additionally, this approach enables the detection of compound heterozygosity which can
be useful in diagnosing recessive genetic disorders. The incorporation of family data
improves precision in gene diagnosis thus distinguishing pathogenic from benign variants

required for personalized treatment planning.




» Lastly, knowledge on inheritance patterns acquired from tri-exome sequencing is very
important in genetic counseling and family planning. Thus, tri-exome sequencing is a
powerful tool in clinical diagnostics and genomic research that provides comprehensive
insights into the genetics behind diseased states with great potential to revolutionize

medical practice.

1.11 Molecular basis of HCM:

Cardiomyopathies are very heterogenous in nature can and the penetrance varies across different
individuals mainly characterized overall heart enlargement, thickened, or rigid and thus leading to
complications such as heart failure. Among various factors, genetic factors are the primary causes
of hypertrophic cardiomyopathies. This includes protein abnormalities in sarcomeres which make
up the contractile units of muscle cells (as shown in reference figure above).

Sarcomeres which form part of the basic structure and functional unit of muscles (reference figure)
including the heart muscle contain different proteins organized into thick and thin filaments; there
are few major proteins coded by genes namely MHY7, MYBPC3, TTN, TNNT2, TNNI3, ACTAL,
TPM1 and several minor ones. Generating force during muscular contraction is mainly done by
myosin heavy and light chains found in most thick filaments. Among these major proteins Myh7

and MyBPC3 alone accounts for 70 percent of sarcomeric gene related cardiomyopathies.

Sometimes any mutation may arise from both these proteins especially those concerned with
sarcomere building blocks hence causing abnormal cardiac muscle contractions thereby leading to
cardiomyopathy. The clinical manifestations related to this genetic predisposition creates a
heterogeneous nature for cardiomyopathies. Consequently, there is need to understand the role

played by these proteins in combination with their genetic basis since it would be helpful while

trying to comprehend how myocardium could be damaged resulting in various diagnostic and

treatment modalities being adopted henceforth.
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Figurel.l: Structural cardiac sarcomeric elements involved in HCM pathogenesis
(Adapted from Babken Asatryan & Argelia Medeiros-Domingo, Journal of Molecular Medicine, review, 2018.

The predominant thin filament composition in cardiac cells consists of actin and other regulatory
proteins such as tropomyosin and troponin. During muscle relaxation, the blockage of active sites
on actin is done by tropomyosin molecules, which therefore, prevent interaction between myosin
and actin, hence inhibiting muscle contraction. When calcium ions are released from the
sarcoplasmic reticulum within cardiac muscle cells and then muscle contraction begins. These
calcium ions bind to troponin resulting into changes on the shape that dislodges tropomyosin
molecules from their inhibitory positions in actin thus exposing myosin binding sites.

Consequently, adenosine triphosphate (ATP), molecules associated with myosin are acted upon

by the enzyme adenosine triphosphatase (ATPase) to produce an energized myosin molecule.
Later, this energized myosin molecule attaches itself to actins leading to the release of stored

energy by the head of myosin. Bound crossbridge movement during this process resembles that of




rowing. This forces the actins molecules towards the middle of sarcomere hence causing muscle
contraction. Muscle contraction occurs in a normal way when adenosine triphosphate (ATP)
attaches to myosin, detaching it from actin and enabling it to be ready for another binding cycle as
per calcium availability in sarcomere. Yet, mutations in sarcomeric proteins interfere with the
whole process. Earlier this disease has been recognized as “Diseases of Sarcomere”. However,
with around 50% cases being idiopathic led researchers to investigate the non-canonical reasons
behind the disease pathogenesis and consequently some signaling genes have come in front so far
like:

ALKP3 - a pseudokinase, loss of function of which leads to mis-localization of key M-band
proteins like myomesin proteins (involved in force buffering) resulting in overall dysregulation of
crucial sarcomeric protein turnover.*!

RAF1- a RAS-MAPK family member, Noonan syndrome associated variants in RAF1 have
shown to cause heart failure via activated MEK1/2 signaling in absence of ERK1/2 signaling but
rather activation of ERK5.4%%

ADIPOR1- a member of progestin and adipo-receptor family. Variants in this gene have now been
reported to cause HCM via p38/mammalian target of rapamycin (mTOR) and/or ERK1/2

pathway.**

RPS6KBL1 (this study)- a serine threonine kinase, a downstream target of mMTORC1, involved in
regulating protein synthesis. Variants in the gene reported in present study are implicated in HCM
via upregulation of protein synthesis rate (increased phosphorylation of ribosomal protein S6) in
the cells and activation of ERK1/2.4

These discoveries signify the importance of signaling gene variants involved in HCM pathogenesis
and opens the much anticipated but underexplored research void. The identification of signaling
genes has revolutionized our understanding of hypertrophic cardiomyopathy (HCM), which was
previously thought to be solely caused by sarcomeric gene abnormalities. This discovery also
partially explains the broad spectrum of disease abnormalities observed in patients.




1.12 Genes implicated in HCM:

Listed below are the genes known to cause HCM so far with their ClinGen evaluation as definitive,

moderate, limited, disputed and not curated.*¢

ClinGen evaluation:

Definitive: A substantial body of research and clinical diagnostic findings consistently
demonstrate the gene's involvement in disease, with robust genetic evidence and corroborating
experimental data confirming its causal connection.

Moderate: The gene is likely associated with a disease, with supportive evidence including
convincing genetic data. There is no contradictory evidence to suggest otherwise.

Limited: Indicates that the gene-disease relationship is plausible but not sufficient to meet the
criteria for Moderate evidence. Examples include moderate cases with consistent phenotypes,
small cases with well-defined presentations, rare cases with distinct phenotypes, or single cases
with bi-allelic loss of function variants.

Disputed: A few cases involve non-specific, genetically heterogeneous phenotypes and missense
variants, with no experimental data available. All reported cases scored 0 or below 1 after GCEP

review, with initially reported variants being too high to be consistent with the disease.




Table 1.1 Genes known for HCM

Gene

Function

Gene type

ClinGen

reference

MHY7 (8-myosin
heavy chain)

Contractile force
generation

Sarcomeric

Definitive

MYBPC3 (myosin
binding protein
c3)

Cardiac muscle
contraction

Sarcomeric

Definitive

TNNT2 (Cardiac
troponin T2)

Cardiac muscle
contraction

Sarcomeric

Definitive

TNNI3 (Cardiac
troponin 13)

Cardiac muscle
contraction

Sarcomeric

Definitive

TPM1 (a-
Tropomyosin)

regulating muscle
contraction by controlling
the interaction between
actin and myosin

Sarcomeric

Definitive

ACTC1 (Cardiac
alpha actin)

facilitating the
generation of contractile
force during cardiac
muscle contraction.

Sarcomeric

Definitive

MYL2 (Regulatory
myosin light chain
2)

regulating muscle
contraction by controlling
the interaction between
actin and myosin

Sarcomeric

Definitive

MYL3 (Essential
myosin light chain
3)

muscle contraction and
relaxation

Sarcomeric

Definitive

CSRP3 (Cysteine
and glycine rich
protein 3)

structural integrity,
mechano-transduction
signaling pathways

Non-
sarcomeric

Definitive

FHL1 (Four-and-a-
half LIM domains
1)

muscle development and
function, cellular
homeostasis

Non-
sarcomeric

(NA)




MYOZ2
(Myozenin 2)
(Calsarcin 1)

regulation of muscle
contraction

Sarcomeric

Disputed

PLN
(Phospholamban)

modulating cardiac
muscle contraction and
relaxation by regulating
calcium uptake and
release

Non-
sarcomeric

Definitive

TCAP (Tcap
(telethonin))

anchoring titin to the Z-
disc

Sarcomeric

Disputed

TRIM63/MuRF1
(Muscle Ring
finger protein 1)

muscle-specific E3
ubiquitin ligase,
regulates protein
degradation, particularly
during conditions such as
muscle atrophy and
remodeling.

Non-
sarcomeric

Moderate

TTN (titin)

molecular spring,
maintaining the
structural integrity of
sarcomeres

Sarcomeric

Limited

ACTN2 (a-2
Actinin)

organizing the
cytoskeleton and
anchoring actin filaments
to the Z-discs, muscle
contraction and integrity.

Non-
sarcomeric

Definitive

ANKRD1 (Ankyrin
repeat domain 1)

transcriptional
regulation, sarcomere
assembly, and mechano-
sensing in cardiac muscle
cells

Non-
sarcomeric

Disputed

CASQ2
(Calsequesterin-2)

calcium storage and
release within the
sarcoplasmic reticulum,
cardiac muscle
contraction and
relaxation.

Non-
sarcomeric

Disputed

CAV3 (Caveolin 3)

formation of caveolae,
maintains cell membrane
integrity and regulating
signal transduction

Non-
sarcomeric

Limited




Junctophilin-2 maintains
the structure of
junctional complexes
between the
sarcoplasmic reticulum
and the cell membrane,

Non-
sarcomeric

Moderate

JPH2

(Junctophilin-2)

facilitating efficient
calcium signaling and
excitation-contraction
coupling

LDB3 (Lim domain
binding protein 3)

maintains structural
integrity of the

sarcomere and regulates
gene expression

Sarcomeric

Disputed

MYHG6 (Myosin
heavy chain a)

generates contractile
force during cardiac
muscle contraction

Sarcomeric

Limited

MYLK2 (Myosin
Light chain kinase
2)

regulates the interaction
between actin and
myosin in smooth muscle
cells. mediates smooth
muscle contraction

Non-

sarcomeric

Disputed

NEXN (Nexilin)

maintains the structural
integrity of the
sarcomere

Sarcomeric

Limited

TNNC1 (Cardiac
troponin C1)

regulates the interaction
between actin and
myosin filaments and
regulates contraction
cycle

Sarcomeric

Definitive

VCL (vinculin)

maintains the structural
integrity of intercalated
discs and facilitating cell-
cell adhesion

Non-
sarcomeric

Disputed

ALPK3 (Alpha
kinase 3)

signal transduction, cell
cycle regulation, and
cytoskeletal organization

Non-
sarcomeric

Definitive

FLNC (filamin C)

sarcomere organization,
mechano-sensing, ion
channel regulation, cell
adhesion and migration,
and signaling pathway

Non-

sarcomeric

Definitive

regulation




FHOD3 regulates
(Formin sarcomere
Homology organization,
2 Domain- | myofibrillogenesis,
Containing and cardiac
3) contractility

Not
Non-sarcomeric curated so

far

1.13 Multi-model approaches in understanding HCM mechanisms:

Understanding how disease is caused at the molecular level is crucial in the search for cure,
prevention and better outcomes. To understand the fundamental molecular signaling pathways
involved in HCM pathogenesis, we employed different model systems towards discovering
disease-relevant mechanisms. We aim to dissect these pathways with a view to discovering novel
targets or biomarkers for diagnosing and treating these diseases. Moreover, deciphering disease
mechanisms could help unlock phenotypic heterogeneity amongst patients as well as differential
treatment responses allowing personalized medicine approaches.

Our approach will involve a combination of patient specific pluripotent stem cell-derived

cardiomyocytes and various other cellular models.

Cellular Models (H9C2, HL-1):

H9C2 and HL-1 are commonly used cell lines for studying cardiac physiology and pathology.
These models permit examination of cellular response to diverse stimuli as well as characterizing
molecular changes associated with diseased condition.

These models were employed to explore central issues in relation to gene expression dysregulation,
protein signaling perturbation, as well as cellular functional impairment during disease
pathogenesis. So, through visualizations using microscopy techniques and by doing quantitative
assays at both genetic and protein levels we were able to demonstrate the disease progression over

time through deregulated signaling pathways in HCM.

Patient-Specific iPSCs-derived Cardiomyocytes.
Induced pluripotent stem cells (iPSCs) allow modeling of diseases at a patient-specific level.

Henceforth by using adult somatic cells (PBMCs) were obtained from patients suffering from the




proband being studied; re-programmed them into iPSCs and differentiating them into
cardiomyocytes which would be provide a fully representative models of the patient specific
diseased tissue.

We therefore created iPSC lines from patients’ PBMCs and differentiate these into cardiomyocytes
cells for studying the molecular characteristics of the diseases. Ultimately, we determined disease-
specific signatures as well as abnormal signal transduction pathways that underlying HCM by
comparing the molecular profiles of patient-derived iPSC-cardiomyocytes with matched controls.
This strategy allows us to explore HCM from different perspective, maximizing the chances of

identifying key genetic factors contributing to its disease progression.

1.14 Conclusion:
Hypertrophic cardiomyopathy (HCM), is a complex disorder involving myocardial hypertrophy
and an inclination towards adverse cardiac events. The presence of genetic heterogeneity is a

significant obstacle to fully comprehend the intricate connections between genotype and

phenotype in hypertrophic cardiomyopathy. The diagnostic hurdles raised by HCM which include

its diverse clinical presentation plus elusive genetic basis necessitate the adoption of superior ways

to characterize and control diseases.

The next generation sequencing (NGS) technology in conjunction with multi-model approach has
transformative effects on genetic diseases comprehension and precision medicine. The use of NGS
to systemically probe into genome landscapes has discovered several new gene loci linked to HCM
thereby providing unprecedented understanding of disease etiology and pathogenesis. History
have mainly revealed the implications of sarcomeric gene variants in the disease but still 50% of
cases being idiopathic, demands the need to explore other genetic factors involved such as
signaling gene variants and mechanism associated with them. In addition, Indian subcontinent

despite the presence of such diverse ethnicities, HCM genetic understanding remains elusive.




1.15 RESEARCH GAP

A comprehensive understanding of hypertrophic cardiomyopathy (HCM) related genes, especially
in India is still missing leading to a significant void in HCM research. Although many of
sarcomeric gene variants are known to imply in HCM, less is known about ‘signaling gene
variants’ contributing to the disease. As of now we know that many HCM cases are linked to
mutations in sarcomeric or sarcomeric-associated genes. But with around 50% cases still having
unexplained genetic causes (idiopathic in nature), it is expected that other new HCM causing genes
are yet to be discovered. This lacuna limits our ability to understand the complex molecular

mechanisms behind HCM and hinders our potential to develop precise diagnoses and treatments.

In addition, most of the therapies present in the market are not the cure and targets the disease
symptoms rather than the cause that plays direct role in cardiac pathology. Only few exceptions,
for instance, ‘Mavacampten’ targets the S2 domain of MYH7 and cardiac contractility. This helps
only the subset of HCM patients (NHYA 11 and NHYA 111).”t Moreover, in context to the patients

with signaling gene variants such medications may not be the best target of the disease. Thus, it is

apparent, that there is a need for gene identification and potential therapeutic targets based on

disease mechanism.




CHAPTER: 2

OBJECTIVES

The research gap highlights the need for new gene discoveries, related mechanism and associated
therapeutic. To achieve this, we took advantage of a multi-model approach involving human
genetics and cellular models including stem cell models. In addition, the Indian population, which
is ethnically very diverse, are poorly studied for HCM new gene identification. This study intends
to bring us closer to understanding HCM genetics while laying down a platform for designing
more effective diagnostic as well as therapeutic interventions specifically targeting individual
patients. Based upon which following are the objectives of my thesis:

1) Discovery of novel gene loci through Next -Generation
Sequencing for HCM.

2) Deciphering the key molecular mechanisms pertaining disease
pathogenesis.




CHAPTER: 3

MATERIALS AND METHODS




3.1 Recruited patients’ hospital information:

A set of 401 hospitalized registered individuals, unrelated and along with their written informed
consent, were recruited from Government Medical College in Kozhikode, Kerala, Sivagangai
Medical College in Sivagangai, Tamil Nadu, and Sri Jayadeva Institute of Cardiovascular Sciences
and Research in Bengaluru, Karnataka.” The study protocols were approved by the institutional

review boards of the study centers.

3.2 Criteria for diagnosing Indian patients and controls:
The patients were diagnosed using an established global norms, as previously detailed.” The
specific information regarding the baseline characteristics of the Indian patients may be found in
table below:

Table 3.1: Baseline characteristics of Indian HCM patients.
Variables Cohort 1 (n=101)- Cohort 2 (n=300)-

Exomes Targeted
Age, year (mean £SO) 43.25+13.44 44.90+12.10
Male, n (%) 54 (53) 174 (58)
Female, n (%) 47 (47) 126 (42)
Chest pain, n (%) 71 (70) 204 (68)
Dyspnea, n (%) 50 (50) 234 (78)
Syncope, n (%) 66 (65) 213 (71)
NYHA (1-111), n (%) 96 (95) 267 (89)
Hyperlipidemia, n (%) 8 (8%) 0 (0)
CAD, n (%) None None
AF, n (%) 16 (16) 78(26)
Abnormal ECG, n (%) 93(92) 237 (79)
Alcohol None None

Smoking None None
HTN None None
LVIDd, cm 4.7+0.81 4.3+ 0.70




LVOT, cm 53.22+10.11 55.83+16.12
LVIDs. cm 2.61£0 77 2.34+0.18
IVSd, cm 1.79+0 33 1.1£0.5
LVEF(%) 60.12+3.8 56.56+5.2

The clinical diagnosis of the study individuals was confirmed by two independent cardiologists.

The Indian control groups consist of a total of 3521 participants (n=7042 alleles), which includes

42,72,73

population stratified 1800 healthy Indians, 1029 healthy Indian genomes from the

IndiGenomes database,”* 94 healthy aging Indians over the age of 80 from www.idhans.org,”? and

598 Indian exomes from the Genome Asia 100K database.”® Population stratification analysis was
conducted utilizing 50 ancestry-informative markers, following the described procedure.”® The
controls consisted of healthy volunteers who did not have any family history or symptoms of
cardiovascular disorders. They had routine ECG and echocardiography tests, as detailed in our
earlier work**>73_ It is important to note that these controls were not related to the patients with

cardiomyopathy.

3.3 Whole-exome sequencing, target re-sequencing and analysis:

The study's specific exome analysis process, developed in-house at inStem, is described in detail
in the figure 1. Accordingly, genomic DNA from the corresponding study participants was
extracted from peripheral blood lymphocytes using standard methods.”> The DNA libraries were
generated and accompanied by capture probes specific to targeted regions, implementing the
techniques outlined in the SureSelect V5 Target Enrichment kit (Agilent Genomics).Four The
libraries obtained were enhanced and are subsequently amplified using polymerase chain reaction
(PCR). The sequencing was conducted by the respective service providers and the institutional
sequencing facility at inStem, post elimination of patient information. Paired-end 100-base pair
reads (with 100X coverage) were utilized for each exome, resulting in the acquisition of 6
gigabytes of information. The mean coverage of the target region of the capture kit was 88, with
85% of the region having a coverage of at least 30X and 98% of the region having a coverage of
at least 10X. Poor-quality and adapter sequences were eliminated using Trimmomatic software.
The exomes were initially aligned to the human reference genome (GRCh38) using Burrows-
Wheeler aligner version 0.7 (BWA-MEM). The process of identifying genetic variations was
carried out using the Haplotype-Caller tool from the Genome Analysis Tool Kit (GATKv.3.4)




software, which can be accessed at software.broadinstitute.org/gatk/. The variants were annotated
using the web interface of the ANNOVAR software (wannovar.wglab.org/). The identification of
pathogenic or deleterious variants were carried out utilizing in silico tools such as Polymorphism
Phenotyping v2 (PolyPhen2), Sorting Intolerant From Tolerant (SIFT), Position-Specific
Evolutionary Preservation (PANTHER-PSEP), the algorithm used for protein analysis through

evolutionary  links.”® MetaDome,””  Combined  Annotation  Dependent  Depletion

(CADD),’® Mutation Taster, and Mendelian Clinically Applicable Pathogenicity (M-CAP).” In
order for a variant to be considered pathogenic or deleterious, it should be predicted as such by the
majority of in silico techniques (at least 4 out of 7) and then were reviewed according to the
standards set forth by the American College of Medical Genetics (ACMG).
The primary parameters used to prioritize pathogenic variants were as follows: (1) coding regions,
(2) rare variants with a minor allele frequency (MAF) of <0.1% (0.001), (3) ultrarare variants with
a MAF of<0.01% (0.0001), and (4) novel variants; in public human population genome reference
datasets with diverse ethnicities. The reference datasets utilized include:
1) Genome Aggregation Consortium (gnomAD), the 1000 Genomes Project, the Korean
Variant Archive (KOVA), Iranome, the Tohoku Medical Megabank Organization 8.3K
Japan (ToMMo 8.3KJPN), and the Han Chinese Genomes Database (PGG. Han).
The disease datasets used in this study include Trans-Omics for Precision Medicine
(TOPMed), Genotype to Mendelian Phenotype (Geno2MP v2.4), the NHLBI Exome
Sequencing Project (ESP), Exome Variant Server, Swedish datasets (SweGen and
ACpop Variant Frequency Datasets).
Additionally, Indian and Caucasian wellderly control datasets were included, which
consist of healthy aging Indian exomes from www.idhans.org and the Wellderly
dataset.”
Furthermore, South-Asian specific Indian control datasets were utilized, including
Genome Asia 100K, Indigenomes, and South Asian (Indian) healthy controls.”>”® The
cardiac-specific expressing genes have been obtained from the human protein atlas®

and single cell genomics data®!

which encompasses all the well-established genes
linked with heart development, physiology, and cardiomyopathy. The other genes were
classified as non-cardiac genes for the purpose of our analysis. The identification and

analysis of pathogenic mutations in all of these genes were filtered and examined.*?




3.4 Protein-protein interactions (PPI) network analysis:

A structure for network analysis was created using established HCM genest®?, incorporating
physical, co-expression, co-localization, pathway, and genetic interactions. Each mutated gene in
proband 1 (P1) exome was uniquely included in the network. The network was constructed using
STRING (Search Tool for the Retrieval of Interacting Genes)®*, which provided information on
both predicted and experimental protein interactions. In order to construct the network model, the
commonly used minimum interaction score of > 0.4 was chosen. The network module, consisting
of'a group of genes that participate in the same biological function, was identified from the protein-
protein interaction (PPI) network using the MCODE algorithm, which is a plugin of Cytoscape
[2]. The study employed the following parameters: a node density cutoff of 0.1, a node score cutoff
of 0.2, a K-score of 2, and a maximum depth of 100.

Ultimately, a comprehensive examination of the chosen genes was acquired by conducting a
literature search using the PUBMED database.

To do resequencing and confirm the specific disease-causing mutations, we amplified the exons
and the adjacent intronic boundaries of gene from genomic DNA. The amplified PCR products
underwent purification using a QIAGEN PCR purification kit, followed by sequencing and
subsequent analysis. The examination of amino acid conservation among species involved the

comparison of protein sequences from different vertebrate species using the Clustal W2 program.

3.5 Replication association studies:

The UK Biobank dataset (approval number 67095) included 190 patient exomes diagnosed with
hypertrophic cardiomyopathy (HCM) according to the International Classification of Diseases
(ICD) codes 42.1 and 42.2. Additionally, it contained 16,479 individual exomes with
corresponding ICD codes (C01-14, D10-12,17,22,23 and 25, G-47 and 51-58, 111-13, 25 and 44-
49, J-09-13,15, 18, 21,22, 39, 40, 43-45 and 47, 111-13, 25 and 44-49) serving as controls. These
controls were obtained from the OQFE pipeline, as previously described.** The VCF files were
acquired and the same variant filtering methods (Figure 4.1) The Arab patient provided written
informed permission, which was obtained from Partners Healthcare in Boston with approval from

the institutional review board.




3.6 S6K1 plasmids:

The S6K 1 variant was introduced into a GFP- tagged construct containing human full-length S6K 1

gene by site-directed mutagenesis (QuikChange Site-Directed Mutagenesis Kit, Stratagene).

3.7 HL-1 cardiomyocytes and HEK-293T culture maintenance:

Both cell lines (HL-1 and HEK293T) were cultured at 37°C in a humidified atmosphere of 5%
CO2. For HL1 line, the complete medium consisted of 87% Claycomb medium (Sigma-Aldrich
catalog #51800C), 10% fetal bovine serum (FBS, Sigma- Aldrich catalog #F2442), 1% glutamine
(2mM) and norepinephrine (100uM norepinephrine in 30mM L-ascorbic acid), and 1%
penicillin/streptomycin (100 U/mL: 100pg/mL). For HEK-293T cell line, DMEM F-12 with 10%
FBS and 1% penicillin/streptomycin was used. Cells were transfected with S6K1 wild-type (WT)
or mutant constructs for 24hrs by jetPRIME (Polyplus transfection, USA Catalog #55-250) in 6-
well plates. Twenty-four to forty-eight hours after transfection, HEK-293T cells were switched to
serum-starvation medium for 6-8 hrs. After stimulation with PMA (500 nmol/ml) (Sigma-Aldrich

catalog #P8139) for the indicated intervals at 37 °C, the cells were lysed for further analysis.

3.8 Immunocytochemical staining for HL-1 and H9C2 cellular model and

microscopy:

For immunofluorescence studies, HL-1 cardiomyocytes cultured on coverslips were washed with
1x phosphate-buffered saline (PBS) (Gibco) twice, 5 min each on mild shaking. Cells were fixed
in 4% paraformaldehyde (Sigma-Aldrich catalog # 158127) for 20 min at room temperature, again
washed with 1x PBS, and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich catalog # 93443)
in PBS for 15 min at room temperature. Blocking was performed using 1% bovine serum albumin
(HiMedia catalog # GRM3151) and 1% normal goat serum (Thermofisher scientific catalog #
50197Z) in PBS for 1 hour at room temperature. Cells were incubated with antibody against
cardiac troponin T (Cell Signaling Technology catalog #5593) overnight at 4°C. After washing
cells with 1x PBS, three times, and cells were incubated with secondary antibody (Alexa Fluor
555 catalog #A-21422) for 1 hour at room temperature. After washing three times, cells were
incubated with phalloidin 488 (Thermofisher Scientific catalog #A12379) as per the

manufacturer’s protocol for 1 hour at room temperature. Nuclear staining was performed using




Hoechst dye (Thermofisher Scientific catalog # 62249). After washing cells twice, coverslips were
mounted using VECTASHIELD antifade mounting medium (Vector Laboratories catalog #H-
1000-10). Images were collected using Olympus 1X73 inverted fluorescence microscope system

and then analyzed using ImagelJ (Fiji) software.

3.9 Immunocytochemical staining for iPSC derived cardiomyocytes:

iPSCs derived-cardiomyocytes from patient and isogenic line were dissociated and seeded on
Matrigel coated ibidi confocal dishes (catalog #81156). Cells on dishes were properly washed with
PBS thrice and then fixed with 4% paraformaldehyde (Sigma-Aldrich catalog # 158127) for 15
mins at room temperature (RT). Again, coverslips are washed thoroughly with PBS thrice, and
permeabilized afterwards with 0.3% triton-X100 (Sigma-Aldrich catalog # 93443) for 15 mins at
RT. Cells were then blocked with 3% BSA, 1% NGS, 0.3% triton-X100 for one hour at RT. Primary
antibody, alpha-sarcomeric actinin (Invitrogen, MA1-22863,dilution 1:500), de-tyrosinated o-
tubulin (Abcam catalog #ab48389, dilution 1:500) and desmin (Thermofisher scientific catalog
#MAS5-32068, dilution 1:500) were added onto dishes for overnight at 4°C with respect to
experiments requirements. Next day dishes were washed thrice with PBST (PBS+0.1% Tween20)
and then secondary antibody was added to the dishes (Alexa Fluor 488, 647 in accordance with
required experiment) for one hour at RT and then washed thrice with PBST. After this phalloidin
546 (Thermofisher scientific catalog #A22283, dilution 1:400) along with Hoechst (Thermofisher
Scientific catalog # 62249, dilution 1:10,000) was added to the dishes for one hour at RT, and then
washed with PBST thrice and imaged on Olympus FV3000, 20X/60X NA 1.40 oil immersion

objective.

3.10 Cell size analysis:

For the aim of elucidating cell size, the ImageJ software was employed. In order to retrieve
pertinent cellular information from the confocal pictures, the captured multi-stack images were
stacked into one image and the projection with the highest intensity was recovered, which resulted
in an improvement in the visibility of cellular structures and then all the channels were made to
split away. Noise was removed up to 2-pixel size and 50um range. After that, a particle analysis
was carried out in order to accurately quantify of cell surface area. The effective tracking of regions

of interest was made possible by the administration of segmented cells through the ROI Manager.




Following the completion of the data collection process, stringent quality control procedures were

put into place in order to validate the precision of the measurements.

3.11 Reactive oxygen species (ROS) measurement and analysis:

Before staining, the cardiomyocytes are seeded on suitable culture dishes and allowed to adhere
and grow into the ideal morphology. To measure ROS, dihydroethidium (DHE) (Sigma-Aldrich
catalog #309800) is employed. The DHE powder is dissolved in dimethyl sulfoxide (DMSO) to
form a stock solution. This stock solution is prepared at a concentration of SmM. To get a working
concentration of SuM, the stock solution is diluted in either PBS or cell culture medium. The cells
were initially rinsed with PBS and then exposed to the DHE staining solution at a temperature of
37°C in a dark environment for a duration of 30 minutes. This incubation period allows the DHE
to penetrate the cells and undergo oxidation by reactive oxygen species (ROS).

After the incubation period for staining, the staining solution is cautiously pipetted out and the cells
are gently rinsed with PBS to eliminate any surplus dye. The cells were subsequently treated with
a 4% paraformaldehyde solution for 5 minutes at room temperature in order to maintain the
integrity of the staining pattern. The stained cells are imaged using a confocal microscope that has
the necessary filter sets for DHE, with excitation/emission wavelengths of 488/610 nm. Optimal
exposure settings were employed to capture a balanced range of fluorescence intensity, avoiding

overexposure. These parameters were maintained consistently for all samples.

3.12 Intensity measurement of confocal images:

In order to measure the intensity of certain biomolecules in the cell upon staining and confocal
imaging firstly a selection is made using ImageJ. Then by going at “Analyze” dropdown option
“set measurements” option was picked and then “area integrated density” and “mean grey value”
is selected. After this “measure” option is selected, which gives the intensity of the area selected.
Then similarly a region near to cell with no fluorescence was selected and the intensity is measured.
This will give us the “background”. With these two measurements corrected total fluorescence is
calculated (CTCF) using the following formula:

CTCF= Integrated density- (Area of selected cell x mean fluorescence of the background)




3.13 Quantitative Real time PCR:
The extraction of total RNA was performed using TRIzol (Invitrogen catalog #15596026),

adhering to the manufacturer's extraction technique, the RNA samples were cleansed to remove
any impurities that could potentially disrupt subsequent procedures. For the next stage, the RNA
that had been isolated was converted into complementary DNA (cDNA) using the Verso cDNA
synthesis kit from Thermofisher Scientific (catalog #AB1453A). It guarantees a highly effective
and precise transformation of RNA into cDNA, while maintaining the integrity of the genetic
information.

Following the completion of cDNA synthesis, the quantification of the generated cDNA was
assessed using real-time PCR, a sensitive method that enables accurate measurement of nucleic
acids. The PCR experiment utilized PowerUp™ SYBR™ Green Master Mix for real-time qPCR
(Applied Biosystems catalog # A25743), which provided a reliable and efficient method for
analyzing gene expression.

The real-time PCR study was conducted using a 7500 real-time PCR equipment from Applied
Biosystems. This phase yielded quantitative data regarding the abundance of certain mRNA
transcripts within the samples.

In order to evaluate alterations in gene expression levels, the fold change was determined via the
relative comparison approach. Gene expression levels are quantified by measuring the cycle
threshold (Ct) values acquired during PCR amplification. Smaller Ct values correspond to more
gene expression, whereas larger Ct values correspond to reduced expression. The results entail
normalizing the Ct values of the target gene with respect to an internal reference gene, such as 18S

or U6 rRNA, in order to derive the ACt value. The disparity in ACt values between the

experimental and control samples (AACt) signifies the magnitude of the alteration in gene

expression. A fold change above 1 implies upregulation, whereas a fold change below 1 indicates
downregulation. This approach offers a quantitative evaluation of gene expression levels, assisting
researchers in comprehending gene regulation across various experimental settings.

Table 3.2: qRT-PCR primer list

species Forward primer Reverse primer

Homo Sapiens TCTCACCGACTACCTGATGAA AGCACAGCTTCTCCTTGATG

Homo Sapiens CTCACTCGCTCAGCTATAAGAAG AGAGAAGCATCACGATGATACAG




Homo Sapiens TCCTGCTCTTCTTGCATCTG GTAACCCGGACGTTTCCAA

Homo Sapiens TTGCTGGACCATTTGGAAGA GCTTCTTCATTCGGCTCACT

Homo Sapiens TGAAGGAGGACCAGGTGAT GTAGCGATCCTTGAGGTTGTAG

Homo
SapienS/Rattus/Mus ATTGGAACGATACAGAGAAGATTAG AATATGGAACGCTTCACGAAT

musculus

Rattus novergicus GGAACTGAGGCCATGATTAAGA CAAATGCTTTCGCTCTGGTTC

Rattus novergicus AGATGATTCTGCTCCTGCTTT ATCGTGGATTGTTCTGGAGAC

Rattus novergicus CAGCAGAACCCTCCGAAAT CATAGCGCTCCTTGAGATTGTA

Rattus novergicus CCTGGACTTCGAGAATGAGATG CGATAAAGGAAGGCTGGAAGAG

Rattus novergicus AGAGCCTCGACTATTGAAATGC GCAGACATATCAAGATGAGACAGAA

Rattus novergicus ATTTCAAGAACCTGCTAGACC TTTTCAAGAGGGCAGATCTAT

Rattus novergicus CCTCGCAATATCAAGGGAAA TACAGGTGCATCAGCTCCAG

Mus musculus GACAGCTCTTGAAGGACCAAG GCCCAAAGCAGCTTGAGATA

Mus musculus GTGCTGTACAACCTCAAGGA ACACAGGCAGCCACTTATAG

Mus musculus CACGTCAGAATCTCCAGAAC TCACAGAAGCATCACAATGA

Mus musculus GCTCTTCCAGCCTTCCTTTAT CATACAGGTCCTTCCTGATGTC

Mus musculus TCCGATAGATCTGCCCTCTT CTCCAATCCTGTCAATCCTACC

Mus musculus GCATTGAGTGGACCTTCATAGA GAACATGCACTCCTCCTCAA

Mus
musculus/Homo GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

sapienns

Mus musculus AACAGCAACTCCCACTCTTC CCTGTTGCTGTAGCCGTATT

Homo Sapiens TTCACCCAGTGGTACTTTGG GTCATGTACTTCTGTCCCCAG

Homo Sapiens TTGAGAATGGATGCGAAGGG
AGGAGTTTCAAGATGCGTGG




Nrf2

Homo Sapiens

GTTGCCCACATTCCCAAATC

CGTAGCCGAAGAAACCTCAT

NOX4

Homo Sapiens

TCACAGAAGGTTCCAAGCAG

ACTGAGAAGTTGAGGGCATTC

Desmin

Homo Sapiens

GGTACAAGTCGAAGGTGTCAG

GGTGTCGGTATTCCATCATCTC

GCLC

Homo Sapiens

CCCAAACCATCCTACCCTTT

CATGTTGGCCTCAACTGTATTG

ATP2A1

Homo Sapiens

TGGTTTGAGGAAGGTGAAGAG

CATCTCTGGCTCATACTCCTTC

ATP2A42

Homo Sapiens

GAAATGTGTAACGCCCTCAAC

CGACATAGAGGATCAGGAAGTG

ATP2A43

Homo Sapiens

GGGACCTCACATCAACTTCTAC

GCACATTTCAATGGTCACGAG

Pln

Homo Sapiens

CCAATACCTCACTCGCTCAG

GATTCTGTAGCTTTTGACGTGC

GGGATGAGACACCACTGTATTT

TCTCCTCATCCTGTACCTCTTT

Ngol Homo Sapiens

GGGACTTGGGTGTGATGAAA CTTCTGAAGAGGTAGGGTGAATG

GSR Homo Sapiens

We were able to precisely measure the levels of gene expression while understanding more about
the molecular mechanisms behind biological processes of interest by utilizing this all-inclusive

procedure.

3.14 Immunoblotting analysis and antibodies:
RPS6KBI study:

Experimental ~ HL-1  cardiomyocytes or  HEK-293T  were  homogenized in
radioimmunoprecipitation assay buffer containing protease (Roche) and phosphatase (Sigma-
Aldrich) inhibitors. Thirty micrograms of protein were applied to SDS—polyacrylamide gel
electrophoresis and transferred onto nitrocellulose membrane. The following antibodies obtained
from Cell Signaling Technology were used: ERK1/2, phospho-ERK 1/2(Thr202/Tyr204), phospho-
S6K1 (Thr389), S6K1, rpS6, phospho-rpS6 (Ser235/236), phospho-rpS6 (Ser240/244), eEF2,
DAPS, phospho-4EBP1(Thr37/46), phospho-eIF4E (Ser209), phospho-elF4G (Ser1108) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The membranes were incubated with
appropriate secondary antibodies, and signal intensities were visualized with enhanced

chemiluminescence (Pierce catalog #32106). Total protein contents of the corresponding proteins




were analyzed after stripping the phospho-blots to verify protein loading. GAPDH was used as

internal loading control.

Table 3.3: List of Antibodies used in current research

RPS6KBI study:

S.no Name of Antibody

Company

Catalog no.

—

Anti-ERK1/2

CST

4695

Anti-phospho-ERK1/2(Thr202/Tyr204)

CST

4370

Anti-S6K 1

Invitrogen

MAS-15141

Anti-phospho-S6K1 (Thr389)

Invitrogen

MAS-15202

Anti-rpS6

Invitrogen

701374

Anti-phospho-rpS6 (Ser235/236)

Invitrogen

17-9007-42

Anti-phospho-rpS6 (Ser240/244)

Invitrogen

44-923G

Anti-phospho-eEF2(Thr-56)

CST

2331

O 0| | | | K| Wl N

Anti-pEIF4G2/p97 (DAPS)

CST

5169

Anti-phospho-4EBP1(Thr37/46)

CST

2855

Anti-phospho-elF4E (Ser209)

CST

9741

Anti- phospho-elF4G (Ser1108)

CST

2441

GAPDH

Invitrogen

MAS5-15738

TTL study:

S.no Name of Antibody

Company

Catalog no.

1 Anti-ERK1/2

CST

4695

Anti-phospho-ERK1/2(Thr202/Tyr204)

CST

4370

Anti -De-tyrosinated alpha tubulin

Abcam

ab48389

Anti -tyrosinated alpha tubulin (YL1/2)

Abcam

ab6160

Anti - alpha tubulin (DM1A)

Abcam

ab7291

Anti-Desmin

Sigma-Aldrich (mouse)

D1033

Anti-Desmin

Invitrogen(rabbit)

MAS5-32068

Anti-Nrf2

CST

12721

O 0| | | | K| W N

Anti-GCLC

CST

52183




Anti-SOD1 Invitrogen 8B10
Anti-NQOI Invitrogen A180
Anti-phospho-AKT (Ser 473) CST 4060
Pan-AKT CST 4691
GAPDH Invitrogen MAS5-15738

3.15 Generation of induced pluripotent stem cells (iPSCs):

Patient specific peripheral blood mononuclear cells (PBMCs) were isolated using density gradient
method using Histopaque (sigma catalog#1077). iPSCs are generated using Cytotune2.0 Sendai
virus kit (Invitrogen catalog#A16517). Initially cells were seeded in a well of 24 well plate at cell
count of 3.5x10° per microliter with 95% viability on day -4, in complete PBMC media. PBMC
medium consists of complete StemPro™-34 medium (Invitrogen catalog #10639011)
supplemented with the appropriate cytokines (SCF c-kit 100 ng/mL (Invitrogen catalog
#PHC2115), FLT-3 100 ng/mL (Invitrogen catalog #PHC9414), IL-3 20 ng/mL (Invitrogen catalog
#PHCO0034), IL-6 20 ng/mL (Invitrogen catalog # PHC0064) at their final concentration). At day
0, cells were transduced by Sendai reprogramming vectors at appropriate MOIs. Volume of virus
used is calculated by following equation:

V= [MOI (CIU/cell) x number of cells] / titer of virus (CIU/cell) x 103 (ml/pl)

Volume of virus used for reprogramming;:
KIf4 = 3x(1x10°)/1.1x107x10= 2.7ul,
c-myc = (5x(1x10°)/1x103x103= 5ul
KOS= (5x(1x10°)/9.8x10"x1073=5.1pl

On day 1 medium was replaced with PBMC medium to remove the viral titer. On day 3 cells were
plated onto vitronectin coated plate in complete StemPro™-34 medium without cytokines. On day

7, transitioning started in Essential-8™

medium. From day 8 till day 28 medium was changed
every-day and was checked for iPSCs colony emergence. After stable proliferation of iPSCs

colony, cells were passaged and expanded for characterization and differentiation. Wild type,

MYBPC3%%% lines were obtained from our own lab resource and SHOC2 p.S2G initial line was a

kind gift by Prof. Maria I Kontaridis and has been characterized in our own lab.




3.16 Embryoid body formation:

Embryoid bodies are the aggregates of embryonic stem cells (ESCs) or iPSCs allowed to form a
3D structure in a differentiated manner. Over the course of two to four days, all three germ layers
ectoderm (outer layer), mesoderm (middle layer) and endoderm (inner layer) shall be present in a
differentiated embryoid bodies. For the embryoid formation, after passaging iPSCs with ReleSR
(Catalog #100-0484) for 3 minutes cells were taken out by gentle pipetting into a 15ml falcon tube,
containing Sml of iPSCs culture media, stemflex (Catalog #A3349401) and pelleted down at 200
rcf for 5 minutes. Supernatant was removed and cell pellet was resuspended in 1ml of stemflex
medium and 10pl of cells were taken out for cell counting. Cells were mixed with 10pul of trypan
blue and counted using Countess 3 automated cell counter. Approximately 30,000 cells were
seeded into each well of ultra-low attachment 24-well plate with 500ul of stemflex media. Cells
were then allowed to form aggregates for next 24-48 hours and then these were taken out for RNA

1solation.

3.17 Germ layer marker analysis:

Isolated RNA from fully formed embryoid bodies were converted to cDNA using Verso cDNA
synthesis kit (Thermofisher scientific catalog #AB1453A) and the generated cDNA were subjected
to PCR as template against different germ layers markers like GATA4 (mesoderm), Nodal
(endoderm), Sox2 and Nestin (ectoderm) and U6 (house-keeping gene).

PCR reaction composition:

Forward primer

Reverse primer

Emerald Taq mastermix (2X) | 5ul

Nuclease free water 3ul

Template cDNA 1ul (1:500 diluted sample)
Total 10ul




3.18 Karyotyping:

Generated iPSCs at fifty percent confluency were given for karyotyping to “Neuberg Anand
diagnostic laboratories” at Sahakarnagar, Bengaluru and giemsa (G-banding) cytogenetic staining

technique was applied to detect condensed chromosome.

3.19 Pluripotency characterization:

Pluripotency status of the generated iPSCs were checked using immunocytochemical staining
against different pluripotency markers like Oct3/4 (Santacruz catalog #sc-5279), SSEA3
(Santacruz catalog # sc-21703), SSEA4 (Santacruz catalog #sc-21704), Tra 1-60 (Santacruz
catalog #sc-21705), Tra 1-81 (Santacruz catalog #sc-21706). The protocol mentioned above for

immunocytochemical staining is exactly followed for this experiment too.

3.20 Cardiac differentiation:

Initially patient specific iPSCs and isogenic line (wild type) were acclimatized to mTeSr medium
(Stem cell technologies, catalog # 100-0276) and cells were seeded in Matrigel (Merck Corning
#CLS354234) coated 12 well plate for differentiation. After reaching 70-80% confluency
differentiation was started with induction by 4uM CHIR99021 (Sigma Aldrich #SML1046) for 48
hours followed by SuM IWP2 (Wnt inhibitor) (Sigma Aldrich #10536) for two days in cardiac
differentiation medium (RPMI1640 with Glutamax (Thermofisher Scientific # 61870036),
213pg/ml ascorbic acid (Sigma Aldrich catalog #A92902), 500pg/ml human serum albumin
(Sigma-Aldrich catalog # A1887) and B27 minus insulin (Gibco catalog # A1895601) Cells were
maintained till day 7 in cardiac differentiation media and was then replaced with cardiac
maintenance media (RPMI1640 with Glutamax and B27 supplement (Gibco catalog # 17504044))
for next 20 days. On day 27 cells were transitioned to lactate medium (Sodium L-lactate (Sigma-
Aldrich catalog # 71718), RPMI1640 minus Glucose (Gibco catalog #11879020), 213pug/ml
ascorbic acid, 500pg/ml human serum albumin) for 4 days for purification of cardiomyocytes.
After recovery of cells in cardiac maintenance media for 4 days, cells were passaged and plated
onto freshly coated Matrigel plates/ dishes and with cardiac maintenance media (RPMI1640 with
Glutamax, B27 supplement and 5% Knock out serum (KOSR)).




3.21 Muscle motion analysis:

The muscle motion analysis procedure has been performed using the plugin called Muscle Motion
Analysis available in Imagel. The first step is to import video files that include muscles movement
data into ImageJ. In order to reduce the effects of motion artifacts, some pre-processing was
conducted such as brightness/contrast adjustment and stabilization of videos by use of stabilizer.
After this step, the Muscle Motion Analysis plugin was installed and activated through the Plugins
menu. Within these iPSC-CMs are defined regions of interests (ROIs) while frame rate and
analysis method were set according to how experimental setup was done. This thereafter ran the
plugin for tracking ROIs that got chosen throughout all video sequences. Results were generated
and evaluated which included motion trajectories as well as displacement maps. The analysis
results also provided quantitative data like displacement values and velocity profiles that could be
extracted from the experiment’s outcome. Consequently, these findings were interpreted within the
ambit of research objectives with a view to understanding their significance in terms of
physiological function or experimental outcomes. To ensure reliability and accuracy regarding

both methodology and results, validation procedures were carried out.

3.22 Cell lysate preparation:
Cells were lysed in RIPA buffer (50mM Tris (pH 8.0), 150mM NacCl, 10 mM EDTA, 10% glycerol,

1% Triton X-100, 0.1% SDS, 1x protease inhibitor cocktail). Protein concentrations for cell lysates
were measured using the BCA method, and approximately 15-20ug of total protein was loaded

onto gels, separated by SDS-PAGE.

3.23 Western Blotting:

Protein gels (SDS-PAGE) are transferred onto poly-vinylidene difluoride (PVDF) membranes
(Bio-Rad). Membranes were blocked in 3% BSA and incubated with primary antibodies overnight
at 4 °C. Membranes were then incubated with appropriate secondary antibodies conjugated to

horseradish peroxidase (Invitrogen), and signal intensities were visualized by chemiluminescence.
3.24 Purification of recombinant TTL proteins:

Human tubulin tyrosine ligase (W'TTL) variants (Wild type and G219S) with C-terminal 6 XHis-tag

were overexpressed in E.coli (bl21)cells and purified as described previously with some
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modifications. Transformed E.coli cells were induced with 0.5mM IPTG overnight at 27°C to
initiate protein expression. After induction, cells were harvested by centrifugation at 100000x g
for 10 min at 4°C and the resulting cell pellet was washed twice with PBS. The pellet was then
resuspended in cold lysis buffer and sonicated on ice for 10 cycles. The soluble cell lysate was
purified using His Trap column. The soluble fraction was equilibrated to a final concentration of
10mM imidazole before loading on to the column. The column was thoroughly washed using wash
buffer and the bound hTTL was eluted with elution buffer containing 500mM Imidazole.
Following elution, enriched hTTL fractions were pooled and was further purified using
Sephadex200 16/60 column connected to an Akta purification system. The purity and

concentration of the protein was determined using SDS page.

3.24.1 Buffer compositions:

Lysis buffer Wash buffer Elution buffer
50mM Tris-Cl (pH 7.5) 50mM Tris-Cl (pH 7.5) 50mM Tris-Cl (pH 7.5)
10mM BME 10mM BME 10mM BME
2.5mM MgC12 2.5mM MgC12 2.5mM MgC12
10% Glycerol 10% Glycerol 10% Glycerol
1M NacCl 1M NacCl 1M NaCl

1mM PMSF 20mM Imidazole 500 mM Imidazole

3.25 CPA treatment and tyrosination assay:

Tubulin was purified from goat brain using two cycles of polymerization and depolymerization.
Carboxypeptidase A (CPA) treatment of purified goat brain tubulin was carried out as described
previously. A reaction mixture containing purified goat brain tubulin with 20% glycerol, 2 mm
GTP, and 2.5-pg/ml of pancreatic CPA was prepared in 1x BRBS80. Briefly, the mixture was
incubated on ice for 10 min and the reaction was initiated by incubating at 37°C for 20 min. After
incubation, the reaction was immediately stopped by adding 20 mm DTT and the microtubules
were further allowed to polymerize for 10 min at 37°C. Polymerized microtubules were then

pelleted at 100,000g for 40 min at 37°C and was further resuspended using ice cold BRBSO0.

A reaction mixture (10ul) containing CPA treated tubulin(2.5uM) in 50mM MES/K, 100mM KClI,
10mM MgCl12, SmM DTT, 2.5mM ATP, 0.2 mm L-tyrosine was used to analyze the tyrosination
abilities of TTL variants. The mixture was incubated with TTL at a molar ratio of 1:0.0002 for

different time points (0, 5, 10, 15, 20, 30 min) at 37°C in a circulating water bath. The enzymatic
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reaction was stopped using 2x SDS-PAGE Sample Buffer. The resulting samples were
subsequently analyzed using Western blotting and were probed using anti-Tyr-a-tubulin (1:5000)
or anti-a-tubulin (1:5000), followed by anti-mouse or rabbit peroxidase-conjugated secondary
antibody (1:5000). Image J (NIH) was utilized to quantify the relative intensities of western blot
bands.

3.26 Molecular dynamics simulation:

The molecular dynamics (MD) simulations of tubulin-TTL complexes (both wild type (PDB ID
41HJ) and G219S mutant) were performed using Charmm36 force field within the GROMACS
2019 framework. All the simulations involved positioning of tubulin-TTL complexes at the center
of an octahedral box with a distance of 15A° from the boundary walls surrounded by TIP3P water
molecules for solvation under periodic boundary condition. The neutralization of the complexes
was carried out by adding appropriate amount of sodium and chlorine ions and the topology file
was generated. The model systems were subjected to energy minimization and subsequent
equilibration using canonical ensemble (NVT) followed by isothermal-isobaric ensemble (NPT).

Finally, the simulation was carried out for 100 ns.

3.27 RNA-Sequencing:

RNA was isolated from 40 days old cardiomyocytes using a Trizol RNA extraction method. The
Next-Generation Sequencing facility at the National Centre for Biological Sciences (NCBS)
conducted sample quality control, library preparation, and RNA-seq. RNA integrity was checked
using Bioanalyzer and samples with RIN (RNA integrity number) above 9 were used for analysis.
cDNA preparation was done in accordance with manufacturer’s instructions by NEBNext®
Ultra™ Directional RNA Library Prep Kit for [llumina®. (catalog #NEB-E7760). For mRNA
enrichment, polyA selection method was employed. Next-generation sequencing of libraries was
performed on the Illumina HiSeq 2500 platform for 1 x 100 base-pairs at ~30 to 35 million reads

per sample.




3.28 RNA Sequencing analysis:

Sequencing data was trimmed for adaptor sequences and low-quality reads (~15bp) using Trim
Galore! and was mapped to GRCh38 using Top hat. Paired-end reads obtained from both ends of
the same RNA fragment, examined and paired reads > 35 base pairs (bp) were retained.
Differentially expressed genes (DEGs) between the samples were identified using
Cuftlinks/Cuffdiff software with parameters: Log>fold change +1.0 and adjusted P-value 0.05.
Gene ontology of biological processes (using Enrichr) was used to show the network of

significantly enriched biological processes and pathways.

3.29 Statistical analysis:

Statistical significance analysis was determined by two-tailed Student’s t test, Fisher’s exact test
and one-way analysis of variance (ANOVA) with appropriate post hoc analysis. P < 0.05 was

considered to be statistically significant.
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4.1 INTRODUCTION:

Hypertrophic cardiomyopathy (HCM) is a cardiac muscle disorder characterized by increased
ventricular wall thickness and diastolic dysfunction. HCM is primarily caused by mutations in
genes encoding sarcomeric and signaling-associated proteins.®>%¢ However, genetic studies reveal
the absence of reported cardiomyopathy-related pathogenic gene mutation in a significant number

of patients (~50%), suggesting that novel disease associated genes remain to be discovered.

Among the various hypertrophy-associated signaling pathways, p70 ribosomal protein S6 kinase
beta-1 (S6K1) is critical in compensatory hypertrophy. S6K1 is a primary downstream substrate
of the mechanistic target of rapamycin complex 1 (mTORC1) and has crucial roles in ribosome
biogenesis and translation.’” S6K1 regulates protein synthesis by phosphorylating the 40S

ribosomal S6 protein (rpS6). On persistent activation, this signaling pathway progresses towards

the maladaptive stage.®” To the best of our knowledge, the S6K 1 variant has not been reported in

patients with HCM. In this study, we describe novel and ultra-rare S6K1 heterozygous variants in
South Asian, European and Middle Eastern patients with HCM. Using functional studies, we
established the potential disease-causing nature of the S6K 1 variants and provided direct evidence

of S6K1 activation in a genotype-positive patient biopsy sample.




4.2 RESULTS:

4.2.1 Discovery of S6K1 as a novel HCM gene:

For this study initially we analyzed a total of 300 patients with HCM exomes of South Asian
(Indian) origin and selected 101 unexplained cases without any causal sarcomeric gene mutations
(Cohort 1, Figure 4.2). The details of the baseline characteristics of the patients are outlined in
material and methods chapter.

The identified S6K/ variant is located in the N-terminal region of the protein (Figure 4.4B), and
in the respective variant, an evolutionarily conserved glycine was changed to tryptophan at the
47th amino acid position (NM_003161.4:¢c.139G>T, p.G47W) (Figure 4.4C). Also, the variant is
predicted to be pathogenic, as suggested by most in silico analyses (Figure 4.4D).
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Figure 4.1: Whole exome pipeline for candidate gene selection.
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Figure 4.2: Overall study design.
The S6K1 amino acid alteration was absent in various available human exome and genome
databases of different ethnicities (n=430864 individuals) outlined in methods. Notably, the variant
was also absent in the 3521 Indians, including 1800 healthy Indians (60% male and 40.02+28
years, respectively),*>’>7 1029 healthy Indian genomes from IndiGenomes,*® 94 healthy ageing
Indians over the age of 80 years (www.idhans.org)4 and 598 Indian exomes from Genome Asia
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Figure 4.3: Protein-protein interaction Protein-protein interaction (PP-I) networks showing

direct network interaction of the S6K1 gene with other HCM associated genes.
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Figure 4.4: Molecular genetic analysis of S6K1 variants.

(A) Pedigree of the Indian HCM family 1 and 2. Filled symbols indicate individuals affected with HCM. Arrow
indicates the proband. Presence and absence of the S6K1 variant is indicated by the symbols + and —, respectively.
(B) Schematic representation of the S6K 1 structure and location of residues altered in patients with HCM. Regulatory
threonine residue is shown in yellow. (C) Alignment of S6K 1 protein sequences from various species with the amino
acid change altered in the probands shown in highlight. (D) /n silico analysis using various software for the S6K1
amino acid changes showing predicted pathological nature.




S6K1 is strongly implicated in cardiac physiology and disease.}” Various models of cardiac
hypertrophy have suggested that S6K1 plays a crucial role in protein synthesis and organ size.°
In these models, S6K1 signals through its downstream pathway members, including rpS6.58384
These data suggest the S6K 1 variant (p.G47W) as a potential candidate for HCM in P1.

Next, we target 300 re-sequenced patients with HCM in an independent Indian cohort (Cohort 2,
Figure 2 and Table 1) for the S6K 1 gene and identified the same variant in another unrelated patient
(P2) (Family 2, Figure 4.4A). P2 was screened negative for sarcomeric genes in our previous
study.*>7?

Table 4.1: The baseline characteristics of genotype-positive Indian patients

Patients

P1 P2 P3

(p.G47W) (p.G47W) (p.G47W)
Age Late adolescence Adult Adult

BMI (kg/m?) 21 24 25
BP (mmHg) 90/50 90/70 120/70
HTN No No No
LVEF, % 65 69 71
1VVSd, mm 22 20 18
1\VVSs, mm 24 21 22
TGL (mg/dL)
HDL (mg/dL) 40 24 38
LDL (mg/dL) 60 72 84
CAD None None None
AF None None None

Table legend: NYHA, New York Heart Association; CAD, Coronary artery disease; AF, Atrial Fibrillation ECG,
Electrocardiogram; HTN, Hypertension; LVIDd Left Ventricular Internal Diameter in End Diastole; LVOT Left
Ventricular Outflow Tract; LVIDs, Left Ventricular Internal Diameter in End Systole; IVSd, Intraventricular Septal
thickness in diastole; LVEF, Left Ventricular Ejection Fraction, BMI, Body Mass Index; BP, Blood Pressure; IVSs,
Intraventricular Septal thickness in systole; TGL, Triglycerides; HDL, High-Density Lipoprotein; LDL, Low-Density
Lipoprotein.

4.2.2 S6K1 variants in the UK Biobank cardiomyopathy cohort:

Next, we analyzed Cohort 3, comprising 190 cardiomyopathy exomes from the UK Biobank
(Figure 4.2). The details of the baseline characteristics of the UK Biobank patients are outlined in
Table 4.3. We identified two additional heterozygous variants in S6K/ (NM_003161.4: c.145C>A,
p-Q49K and NM 003161.4: ¢.184T>C, p.Y62H) in two unexplained probands with no disease-




causative variants in other genes previously linked to HCM. The probands are Caucasians (Table

4.4), and the variants were absent in 16479 UK Biobank controls.

4.2.3 High frequency of N-terminal S6K1 variants in Indian and UK Biobank
cardiomyopathy cohorts:

Strikingly, the disease-causing pathogenic missense variants were clustered in the N-terminal
domain (amino acids 1 to 90) of S6K1 protein; the OR for the N-terminal pathological missense
variants in Indian cases (3/401) were 13 versus Indian controls (2/3521) (95% CI 2.2 to 79.6;
p<0.001). The OR for N-terminal pathological missense variants in UK Biobank cases (2/190)
were 43.8 versus UK Biobank controls (4/16479) (95% CI 7.9 to 240; p<0.0001).

Table 4.2: Segregation analysis of S6K1 variant c.139G>T p.G47W) in Indian families (1 &
2)

S.No. Family member Age/ Sex Sequence Status
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Table 4.3: The baseline characteristics of UK-biobank cardiomyopathy samples. (n=190)

Characteristic features

Values

Age, mean (SD), year

72.41 (6.5)

Male, n (%)

119 (62.6)

Female, n (%)

71 (37.4)

Race/ ethnicity, n (%)
British
Other white background
Caribbean
Irish
African
Indian

Unknown

169 (88.9)
9(4.7)
5 (2.6)
3(1.5)
1(0.52)
1(0.52)
2 (1.05)

BMI, mean (SD), kg/m?

28.65 (5.9)

Body surface area, m?

1.94 (0.20)

Dyslipidemia

80 (42.10)

Cardiac parameter, mean (SD)
Ejection fraction, %
Left ventricle end diastolic volume, mL

Left ventricle end systolic volume, mL

47.12 (11.32)
174.25 (56.77)
96.5 (56.62)

Left ventricle stroke volume, mL 77.875 (16.47)
4.95 (1.09)
2.54 (0.52)

64.5 (10.71)

Cardiac output, litres/min
Cardiac index, litres/min/m2
Average heart rate, bpm

Estimated wall thickness, mean (SD), mm <13

The OR for combined (UK Biobank and Indian) N-terminal pathological missense variants in cases
(5/591) was 42 versus respective combined controls (UK Biobank and Indian) (4/20000) (95% CI
11 to 159; p<0.0001) and 164 against gnomAD subjects (13/282314) (95% CI 58.54 to 463.5;
p<0.0001). These data support S6K/ variants as a new candidate for HCM.

4.2.4 Autoinhibitory S6K1 variant in an Arab patient with HCM:
We also found a deleterious heterozygous variant in S6K/ (NM_003161.4:c 1333C>T, p.P445S)

in an unsolved Arab patient with HCM without any known cardiomyopathy gene variants. (P6,

Table 5).




Table 4.4: Detailed characteristics of genotype-positive UK biobank HCM patients

Patients

P4 P5
(p-Q49K) (p.Y62H)
Age Adult Adult
Sex Female Male
Body Mass index, kg/m? 23.63 30.06
Blood Pressure, mmHg 121/72 158/87
Body surface area, m? 178 Not revealed
Hypertension No Yes
Ejection fraction, % 63 Not revealed
Left ventricle end diastolic volume, mL 153 Not revealed
Left ventricle end systolic volume, mL 56 Not revealed
Left ventricle stroke volume, mL 97 Not revealed
Cardiac output, litres/min 6.6 Not revealed
Cardiac index, litres/min/m? 3.7 Not revealed
Average heart rate, bpm 68 Not revealed
Estimated wall thickness, mm 14 Not revealed
Triglycerides, mmol/L 1.049 1.157
High-Density Lipoprotein, mmol/L 1.832 1.145
Low-Density Lipoprotein, mmol/L 3.084 3.313
Atrial Fibrillation No Yes

Final diagnosis Obstructive Hypertrophic
hypertrophic cardiomyopathy
cardiomyopathy (142)
(142)

This variant affected an evolutionarily conserved proline in the autoinhibitory domain and was
predicted to be pathological (Figure 4.4B-D). Notably, the autoinhibitory domain interacts with
the N-terminal domain for S6K1 activation. The p.P445S is ultrarare or absent (MAF of 0.0001—
0) among various populations and has a rare MAF of 0.004 among the Ashkenazi Jewish

subpopulation in gnomAD.

4.2.5 Genotype-phenotype correlation:

The genotype positive P1 from Family 1 was in his early adolescence, and his medical records
suggested a mild neurodevelopmental delay. The parents of P1 were paternity-confirmed, healthy
and negative for this particular variant, suggesting its de novo origin (Table 4.2). However, in
Family 2, multiple family members were affected with HCM (P2 and P3) with no obvious

extracardiac findings.




Table 4.5: The baseline characteristics of the Arab HCM patient.

Patient

P6
(p.P4458S)

Age Adult
Sex Male
Body Mass index, kg/m? 26.6
Blood Pressure, mmHg 125/70
Body surface area, m? NA
Hypertension No
Ejection fraction, % 65%
Left Ventricle end diastolic volume, mL 123
Left Ventricle end systolic volume, mL 44
Average heart rate, bpm 68
Estimated wall thickness, mm 15.3
Triglycerides, mmol/L 6.6
High-Density Lipoprotein, mmol/L 2.1
Low-Density Lipoprotein, mmol/L 3.8
Atrial Fibrillation None
Final diagnosis | HCM

Targeted sequencing of the respective S6K/ variant in various members of Family 2 suggests that
the variant is present only in affected family members (Table 4.2). Also, a high incidence of sudden
cardiac deaths was documented in Family 2 (Figure 4.4A). Clinical presentations for all the

genotype-positive patients are given in Table 4.1,4.4 and 4.5.

Table 4.6: Inclusion Exclusion criteria

Protein-
Gene Pathogenic Function GnomAd Gene protein Cardi Criteria
Name/mutati ity frequenc | Expression interaction | omyo for
on (Polyphen) y in Heart (PPI) and pathy | exclusion
Tiss | Sing network relate
ue le analysis™* d
(1) cell (3) literat
(2) ure
(4)
AGPATS: Damaging Acyltransferase . Yes | Yes No direct | No
p.H136Y activity interaction
AGR3: Damaging | Dystroglycan binding . Yes | No No No
p.P61Q interaction
ANKRD31: Damaging Involved_in . Yes | No No No
p.D905del homologous interaction
chromosome pairing
at meiosis
CHPF: Damaging | Acetylgalactosaminy . No
p.N272T Itransferase activity interaction
COLA4AG: Damaging | Extracellular matrix . No
p.A1553D structural constituent interaction
EXT1: Damaging | Acetylglucosaminyltr . No
p.M215K ansferase activity interaction




FKBPO:
p.G230R

Damaging

Calcium ion binding

and peptidyl-prolyl

cis-trans isomerase
activity

No
interaction

HAUST:
p.AL2V

Damaging

Microtubule minus-
end binding and
thioesterase binding

No
interaction

IFT80:
p.D316Y

Damaging

Involved in articular
cartilage
development

0.00

No
interaction

KIFT:
p.L1167F

Damaging

ATP binding and
ATP hydrolysis
activity

0.000004
134

No
interaction

RPS6KBL:
p.GATW

Damaging

Protein
serine/threonine/tyr
osine kinase activity

0.00

Direct
interaction
with other
CM genes

Selected

MAFB:
p.E4G

Damaging

DNA-binding
transcription
activator activity,
RNA polymerase I1-
specific

No
interaction

2, 3 and
4

MFSD10:
p.L346del

Damaging

Organic anion
transmembrane
transporter activity

No
interaction

3and 4

MUC16:
p.A12383 G
12384insA

Damaging

Role in forming a
barrier, protecting
epithelial cells from
pathogens

No
interaction

2,3and 4

MUC16:
p.112380_A1l
2382del

Damaging

Role in forming a
barrier, protecting
epithelial cells from
pathogens

No
interaction

MYO1G:p.R
462C

Damaging

ATP binding, actin
filament binding,
calmodulin binding
and microfilament
motor activity

0.000024
88

No
interaction

PCDHGA12:
p.G82A

Damaging

Calcium ion binding

0.00

No
interaction

PTGDR2:
p.1221T

Damaging

G protein-coupled
receptor activity and
neuropeptide binding

0.000005
145

No
interaction

SERP2:
p.A10D

Damaging

Protein binding

0.00

No
interaction

STONZ2:
p.G51R

Damaging

Clathrin adaptor
activity and protein
binding

0.000007
976

No
interaction

STXBP3:p.C
501Y

Damaging

Protein binding,
protein-containing
complex binding and
syntaxin binding

0.000003
981

No
interaction

TCEAS:
p.N317S

Damaging

DNA binding,
protein binding and
Zinc ion binding

0.00

No
interaction

2,3 and
4

TCHH:
p.E1340K

Damaging

Calcium ion binding
and transition metal
ion binding

0.000004
007

No
interaction

2, 3 and
4

TTI2:
p.V278L

Damaging

Involved in cellular

resistance to DNA

damage stresses and
may act as a

0.000011
93

No
interaction

1,2,3
and 4




regulator of
phosphoinositide-3-
kinase-related protein
kinase (PIKK)
abundance
AOC2:p.P72 Damaging Aliphatic-amine 0.002355 No
2T oxidase activity, interaction
aminoacetone:oxyge
n
oxidoreductase(deam
inating) activity,
copper ion binding
and electron transfer
activity
CCDC18:p.L | Damaging Nucleotide binding 0.001386 No
448P interaction
CCDC51:p.R | Damaging | Mitochondrial ATP- | 0.004855 No
165C gated potassium interaction
channel activity and
protein binding
MELTF:p.T2 | Damaging | Ironion bindingand | 0.001605 No
40M protein binding interaction
NUMAL:;p.R | Damaging Disordered domain | 0.000413 No
311C specific binding, 6@ interaction
dynein complex
binding and
microtubule binding
THADA:p.R Damaging Involved_in lipid 0.006408 No
1353S homeostasis and interaction
adaptive
thermogenesis
ZFHX4:p.Al | Damaging DNA-binding 0.000352 No
003T transcription factor interaction
activity, RNA
polymerase II-
specific

4.2.6 S6K1 variants cause cardiac hypertrophy:

To understand the functional significance of S6K1 variants, we transiently expressed the GFP-

tagged full-length S6K1 WT and a representative mutant (p.G47W) constructs individually in the

HL-1 (mouse cardiomyocytes) cells. Subsequent immunofluorescence analysis demonstrated that
transient expression of the variant protein (p.G47W) was associated with a significant increase in
cell size compared with S6K1 WT-expressing cardiomyocytes (Figure 4.5A). Next, we quantified
the mRNA levels of various bona fide hypertrophic markers, such as atrial natriuretic peptide
(Nppa), brain natriuretic peptide (Nppb), skeletal muscle alpha-actin (4Actal) and myosin heavy
chain ratio (Myh6/Myh7), in HL-1 cardiomyocytes expressing S6K1 WT and p.G47W,
respectively. We observed a significant upregulation and a shift in the Myh6/Myh7 ratio of
hypertrophic markers in S6K1 p.G47W-expressing cardiomyocytes compared with controls
(Figure 4.5B). These results suggest that the S6K 1 variant induces cardiac hypertrophy.




4.2.7 S6K1 variants activate rpS6/ERK related signaling:

Activation of S6K1 is a complex process but requires phosphorylation of T389, leading to the
release of its interaction between the C-terminal autoinhibitory and N-terminal domains.
Strikingly, the majority of the cardiomyopathy-related S6K1 variants (p.G47W, p.Q49K and
p.-Y62H) are located in the N-terminal domain of S6K1 (1-90AA) (Figure 4.4B) and activates
S6K1 by hyper-phosphorylating T389 (Figure 4.5C). Activated S6K1 is known to phosphorylate
the 40S rpS6 at the S235/236 and S240/244 sites and reduce phospho-eEF2 at the threonine 56
(T56) site.®°! These modifications are crucial for hypertrophy related protein synthesis, serving
primarily to regulate translation initiation and elongation processes. Immunoblot analysis of
lysates obtained from representative S6K1 p.G47W-expressing HL-1 cardiomyocytes showed
significantly increased phosphorylation of pS6K1T389 and rpS6S240/244 with no alterations in
the rpS6S235/236 site. Accordingly, there was a substantial reduction in peEF2T56 compared with
WT-expressing cells (Figure 4.5C). A similar pattern was observed for other S6K1 mutants
(p-Q49K or p.Y62H) expressing cells (Figure 4.6). These results indicate that the S6K variants
are gain-of-function variants that induce S6K1 activity through rpS6S240/244 along with a
corresponding decrease in peEF2T56 levels.

Recently, the N-terminal domain of S6K1 was also shown to interact with the eukaryotic initiation
factor 4E (eIF4E).”* Notably, elF4E binds to the elF4E-binding protein 1 (4EBP1), and subsequent
phosphorylation at 4EBP1 dissociates this binding, leading to active elF4F complex formation.
These events eventually affect the other downstream effectors, and DAPS, to enhance the
translation process.”>**

These proteins were observed to be hyperphosphorylated in the S6K1 mutant-expressing cells
compared with the cells expressing WT (Figures 4.3 and 4.4). In addition, the representative S6K 1
p.G47W variant significantly increased the phosphorylation of ERK1/2 compared with S6K1 WT
(Figure 4.5D). Sustained ERK1/2 activation was reported in patients with pathological cardiac

hypertrophy.”>




fx/

Thr389

AcI (open) '

@ Thr 56 l

eEF2

|

Increase in
translation

elongation

50000

40000

30000

20000

10000

Cell surface area (um?)

0

pS6K1™®

S6K1

52401244

translagion initiation
elF4B
rpsS6
elF4F complex
Ser 11084

rpSG $2351236

peEF2™°
rpsS6
D

translation

initiation T37/46

p4EBP1

pelF4g%"

pelF 4G 51108
DAP5
PERK1/2
ERK1/2

GAPDH

gy WO . <

vc WT  G47TW

— —

Relative mRNA levels
© =2 = N
3, o wn o
1 1 1

4

- N
(3.} o L3,
ol 1 ]

-
1

Relative protein levels
N

N w
1 |

-
|

Relative protein levels
o

N w » o
1 1 1 ]

-
1

Relative protein levels

-VC

[ G47W

T I T T
Nppa Nppb  Myh6/7 Actal
== VC

WT
. G4TW

Fekkk

otoI -
420
e

T T T
pSGK1T389 rp368240/244 rp568235/236

iLal i

= G47W

T T T
peEF2™® paEBP1T3746 pelF4ES20

i

Fekkk
I_‘ oS0
all I

T T
DAPS pERK1/2

T
pelF4GS'1%®

Figure 4.5: S6K1 p. G47W variant induces cardiac hypertrophy and rpS6/ERK pathways.

On the left, schematic showing the activation of S6K1 followed by rpS6 and elF4A complex. (A) Representative
images and cell surface area measurements in cardiomyocytes expressing with a vector control (VC), wild type S6K 1
(WT) or variant p.G47W (G47W) for 24 hours and stained with phalloidin (actin), cardiac troponin T (¢TnT), or
Hoechst (nuclei). scale bars, 10 pm. Results presented as relative cell area compared with VC (n=30 to 40 cells in five
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different fields). (B) Quantitative real-time PCR analysis of hypertrophic markers Nppa, Nppb, Myh6/Myh?7 ratio and
Actal in the HL-1 cardiomyocytes expressing VC, WT and G47W, respectively. mRNA levels were normalised to 18
s TRNA and presented as relative expression levels compared with the level in the vector control cardiomyocytes.
Values are shown as meantSEM with each experiment performed in triplicate (n=3). (C, D) Representative
immunoblots with indicated proteins from the total lysates of HL-1 cardiomyocytes expressing VC, WT and G47W,
respectively. Expression levels were normalised to total proteins and presented as relative expression levels compared
with the level in VC expressing HL-1 cardiomyocytes. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels
were used as a loading control. Values are shown as means=SEM with each experiment performed in triplicate (n=3).
Significance was evaluated by Student’s t-test or one-way analysis of variance (ANOVA) with post hoc Tukey’s test,
respectively. *p<0.05, ***p<0.001 and ****p<0.0001.

As a piece of direct evidence, we obtained an endomyocardial biopsy from a patient (P1) with the
p.G47W variant. The lysates from the genotype-positive patient tissue sample showed enhanced
S6K1 and rpS6 activity by hyper-phosphorylating T389 and S240/244 sites compared with
controls (Figure 4.7). Finally, these results suggest that the S6K/ variants are activating through
pathways involving rpS6 to induce cardiac hypertrophy (Figure 4.7).

4.3 DISCUSSION

Here, we screened a total of 592 HCM cases and identified six missense S6K/ variants in six
unexplained cases (three Indians, two Europeans and an Arab). Each allele identified in our
cardiomyopathy probands, including Indian and UK Biobank patients, was novel (except Arabian).
The overall burden of pathological missense variants in S6K1 in cardiomyopathy cohorts (6/592)
was highly enriched compared with those among more than 280000 alleles in gnomAD
(148/282314) (OR=19.5, 95% CI 8.6 to 44; p<0.0001). This OR is higher than those obtained by
other groups using a similar exome strategy for missense variants in predominant HCM causing
sarcomeric genes such as MYBPC3 (OR=5.7) or MYH7 (OR=12).”® Computational analyses
predicted that the identified S6K/ missense variants cause significant damage to and potential
pathological effects on protein structure and function. These data strongly support S6K1 variants
as a new candidate for HCM.

97-99

S6K1 belongs to family of kinases that plays a crucial role in protein synthesis, cell growth

00 101,102 03 104

synaptic plasticity "~ and

adipose differentiation,’

regulation,'® cell cycle progression,

maintaining homeostasis!®

etc. Among plethora of functions, protein synthesis is the major
function of RPS6KB1 which is imparted upon the phosphorylation of small subunit (40s) of
ribosome at two major phosphorylation sites Ser235/236 and Ser240/244 thus regulating the

protein biogenesis.
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Figure 4.6: UK Biobank cardiomyopathy-associated S6K1 variants (p.Q49K and p.Y62H)
activate S6K1/rpS6 and its associated pathways.

Representative immunoblots with indicated proteins from the total lysates of HEK293T expressing vector control
(VC), wild type (WT), Q49K and Y62H treated with Phorbol 12- myristate 13-acetate (PMA) for 30 min or 60 min
(pelF4E and pelF4G). Expression levels were normalized to total proteins and presented as relative expression levels
compared with the level in VC expressing HEK293T. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels
were used as a loading control. Values are shown as means+=SEM with each experiment performed in triplicate (n=3).
Significance was evaluated by Student’s t-test or one-way analysis of variance (ANOVA) with post hoc Tukey’s test,
respectively. *p<0.05, **p<0.01 and ****p<0.0001.

S6K1 is downstream of mechanistic target of rapamycin complex 1 (mTORC1) and its activation
is regulated by phosphorylation by mTORCI1 on at least 8 mapped sites with 3 major critical sites.

First is Threonine 229 in T-loop site activation loop, second one at Serine 371 in turn motif site in




linker domain and most important third one at Threonine 389 in hydrophobic motif.!®® mTORC1
itself is regulated by a complex signaling pathways and environmental cues like i) nutrient
availability particularly amino acids like leucine, ii) growth factors and hormones like insulin-like
growth factor (IGF-1) can activate mMTORCI via phosphoinositide 3-kinase (PI3K/Akt) pathway.
Activation of Akt results in inhibition of tuberous sclerosis complex (TSC); a negative regulator
of mTORC1.!%7 Inactivated TSC relieves the inhibitory effect on Rheb (Ras homolog enriched in

brain) allowing it to activate mTORC]1 and subsequently S6K1 iii) stress and cellular damages
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Figure 4.7: S6K1/rpSé6 activation in a genotype-positive patient heart tissue sample

S6K1/ rpS6 status in endomyocardial biopsy lysates from P1 and control subjects. Representative
immunoblots with indicated proteins from the endomyocardial biopsy lysates from P1 and control subjects
(Cland C2) without cardiomyopathy, respectively.

can activate p53 and MAP kinases which can either inhibit or activate mTORCI in a context and
severity dependent manner iv) regulatory proteins which directly interacts with the complex like
Rag GTPases which resident of lysosomal membrane can act as molecular switches that control
the recruitment of mTORC]1 to its activator Rheb.!’

S6K1 in general remains in closed confirmation; an auto-inhibitory state with its N-terminal
domain interaction with auto-inhibitory domain (Figure 4.1B). Upon phosphorylation by
mTORCI1 at Thr389 position, conformational change leads to opening of S6K1 and consequently
increase in activity (Figure 4.1E).

S6K1 is an integral part of the translational initiation and elongation process of protein
synthesis.”®* Of note, an increase in protein synthesis and subsequent cell size is a hallmark of

HCM. The relationship between S6K1 and cardiac hypertrophy has been recently explored in




feline and mice models.”®!% Accordingly, in a pressure overload model of feline cardiomyocytes,
S6K1 is known to activate hypertrophy through ERK1/2 and rpS6 pathways.'*® Transgenic mice
overexpressing S6K 1 displayed increased heart size and showed evidence of cardiac hypertrophy
through phosphorylation of rpS6 kinase.”® In line with these, we demonstrate that the
representative patient-specific S6K/ mutant constitutively stimulates cardiac hypertrophy in
cultured cardiomyocytes by increasing cell size and DAPS, reactivating the fetal gene program,

and activating the rpS6 and ERK1/2 pathways.
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Figure 4.8: Proposed mechanism of S6K1 mutants leading to cardiomyopathy

Under basal conditions, the S6K1 protein exists in an autoinhibited state due to the interaction
between its N-terminal and the autoinhibitory domain. The phosphorylation of specific residues
located in the linker region, including 389T by the mTOR pathway, results in the release of

interaction between the N-terminal and the autoinhibitory domain, allowing the S6K1 protein to
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be activated.®® The activated S6K1 results in phosphorylation of rpS6 and elF4F complex

members, including elF4G and eIF4E.%° Of note, most HCM mutations are in the S6K/ N-
terminal region that hyperphosphorylated specific sites of S6K1, rpS6 and elF4F complex
members. These results provide potential mechanistic insights of S6K1 mutants in enhancing
protein synthesis and causing cardiac hypertrophy.

Taken together, we identified variants in S6K/ in patients with HCM with different ancestry and
demonstrated that these are gain-of-function variants in cellular models and patient tissue samples
(P1). Additional screening in a large cohort of patients with HCM and a detailed mechanistic study

may enable these findings to be corroborated further.




CHAPTER: 5

RESULTS AND DISCUSSION

TTL P21 causes HCM in patient-specific iPSC-derived

cardiomyocytes by inducing oxidative stress




5.1 Introduction:

Cardiac function is contingent upon the harmonious operation of molecular mechanisms that
ensure optimal function in various physiological circumstances. One such mechanism is the de-
tyrosination/tyrosination cycle, which is a vital regulator of microtubule dynamics involved in
cellular processes.'?’

The post-translational modification of a-tubulin, which comprises microtubules, by the de-
tyrosination/tyrosination cycle occurs through alternating removal and addition of tyrosine at its

carboxyl terminus. This process, which is mediated by tubulin tyrosine ligase (TTL) and tubulin

carboxypeptidase (TCP), among others, governs the stability and dynamics of microtubules

required for intracellular trafficking, cell division, and organelle positioning.'!°

Heart failure patients including HCM are shown to be exhibiting disruption in the balance of the
de-tyrosination/tyrosination cycle of microtubules.!!! Additionally, alterations in signaling
pathways e.g. Calcium/Calmodulin-dependent protein kinase II (CaMKII), contribute to the
instability of microtubules and the development of HCM. It is now acknowledged as a significant
regulatory mechanism controlling microtubule dynamics, which are vital for normal cardiac
function, and is therefore considered a crucial determinant of the contractile properties and

responsiveness of heart tissue. !

In our research, we discovered a novel, heterozygous mutation in the Tubulin tyrosine ligase (TTL)
gene in a South Indian cohort. To understand the role of this TTL variant in hypertrophic
cardiomyopathy (HCM), we employed protein biochemistry, molecular dynamic simulations, and
patient-specific induced pluripotent stem cell-derived cardiomyocytes. Our findings provide direct
evidence that the TTL variant leads to decreased activity and increased accumulation of de-
tyrosinated tubulin in cardiomyocytes, ultimately resulting in oxidative stress. As far as we know,

this is the first time a mutation in TTL has been implicated in causing HCM.




5.2 RESULTS

5.2.1 TTL as a novel gene for hypertrophic cardiomyopathy:

Using the cohort of 101 HCM exomes (refer Figure 4.2), we identified a novel and potentially
pathogenic gene variant in the coding sequence of the Tubulin tyrosine ligase gene in a patient
named P7. Based upon the inclusion and exclusion criteria as explained in (Table 4.6), we selected
TTL as a potential candidate. In brief, the other genes are excluded because either they are not
expressed in the heart (tissue specific or single cell data) or failed to have direct interaction with
already known genes (protein-protein interaction network analysis). The patient's healthy family
members, P7a and P7b, tested negative for the specific variant, suggesting a de novo origin in the
individual with the TTL variant (Figure 5.1 A). In the patient with the TTL variant, the glycine
residue at position 219 was replaced with a serine residue (p.G219S). This position is highly
conserved across the species (Figure 5.1B) and various in silico tools have predicted it to be
damaging or deleterious in nature (Figure 5.1C). The variant was not observed in any of the
publicly accessible databases from various global population datasets, including the Single-
Nucleotide Polymorphism Database (dbSNP), 1000 Genomes Project, National Heart Lung and
Blood Institute- Grand Opportunity (NHLBI-GO) Exome Sequencing Project (ESP), Korean
exomes database (KOVA), Exome Aggregation Consortium (ExAC), Genome Aggregation
Consortium (gnomAD), Trans-Omics for Precision Medicine (TOPMed), Iranome, the Tohoku
Medical Megabank Organization 8.3K Japan, the Han Chinese Genomes Database (PGG. Han),
Genotype to Mendelian Phenotype (Geno2MP v2.2) cohorts, which comprise approximately
426,060 alleles, the NHLBI Exome Sequencing Project, Exome Variant Server, Swedish data sets
(SweGen and ACpop Variant Frequency data sets), Indian and Caucasian elderly control data sets
including healthy ageing Indian exomes (www.idhans.org) and the Wellderly data set, as well as
the South Asia-specific Indian control data (N=3521) sets such as Genome Asia 100K,

Indigenomes, and South Asian (Indian) healthy controls.

5.2.2 TTL p.G219S variant shows perturbed conformational dynamics than

wild type:

To further investigate the impact of the mutation in the TTL protein on its interaction with the

alpha tubulin C terminal tail (CTT), we performed MD simulation of the wild type and mutant
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TTL enzyme with CTT using GROMACS.'* TTL bound tubulin CTT structure was prepared from
the crystal structure of the tubulin-stathmin-TTL ADP complex (PDB ID: 4IHJ) by removing the
stathmin bound tubulin dimers using UCSF Chimera.''* A single amino acid substitution at the
glycine 213 position to serine was introduced in the wild type protein using UCSF Chimera to
generate the mutated version of the protein (Figure 5.2A). The deviation in the structural
characteristics, spatial displacement and stability of the protein was monitored during the course
of the 100 ns simulation and was represented using Root-Mean Square Deviation (RMSD), Root
Mean Square Fluctuation (RMSF) and change in radius of gyration (Figure 5.2B). The RMSD
fluctuation of the alpha carbons (Ca) backbone shown in figure 5.2B indicated that even though
fluctuations were evident throughout the simulation, the wild type system reached its equilibrium
after approximately 8ns with structure maintaining at level of around 1.5A till the end of the

simulation. In contrast, the mutant TTL system reached its equilibrium after 20ns and showed a

higher average displacement among atoms with structure maintaining at level above 2A. The

change in root mean square fluctuation was used to identify the protein regions with greater
flexibility. In comparison to wild type, the mutant exhibited higher flexibility in residues near to
219th site, which are in close proximity to the highly conserved nucleotide binding site.!!> The
measure of radius of gyration (Rg) reflects the overall compactness of the protein that correlates
with the stability of the protein.!'® The overall changes in the Rg value of wild type and mutant
during the course of simulation is shown in (Figure 5.2D) . Our result suggested that the mutant
protein has a higher degree of Rg as compared to wild type, indicating a reduction in compactness

in the mutant TTL variant.

5.2.3 TTL p.G219S variant displayed delayed activity:

MD simulation suggested that variant site of TTL (G219S) induces a conformational change near
the beta loop and the nucleotide binding site and alters its interacting ability with the tubulin C-ter
tail. To validate this observation, we conducted an in vifro tyrosination assay using purified
recombinant wild type and mutant TTL protein (Figure 5.1C) with carboxypeptidase-treated goat
brain tubulin as substrate. The enzymatic activity of both wild type and mutant TTL was captured
by immunoblotting for different time points. Our findings revealed that the rate of tyrosine addition
to the tubulin substrate by the mutant TTL protein was notably delayed than that of the wild type
TTL protein (Figure 5.1D).
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Figure 5.1: Molecular genetic analysis of TTL and its activity assay.

(A) Pedigree of HCM family with TTL p.G219S variant. Black shaded boxes represent the affected individual. (+)
and (-) represents the presence and absence of variant in the individual respectively, (-/+) represents the presence of
heterozygous condition with respect to variant. (B) In silico analysis of TTL gene using various pathogenicity
determining tools. (C) Multiple sequence alignment of the protein region across different species with the amino acid
conservation at 219" position is shown in red box. (D) Immunoblot of in vitro tyrosination assay with purified TTL
WT and TTL p.G219S and quantification of the same on the right side (n=3).
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Figure 5.2: Molecular dynamics (MD) simulation of Wild type TTL and p.G219S TTL.

(A) MD simulation of wild type and mutant TTL (PDBID: 4IHJ) (bound to C terminal tail of o/B-tubulin heterodimer
and ATP) showing multiple regions not overlapping upon the complex formation. (B) Root mean square deviation
(RMSD) of WT versus TTL p.G219S. (C) Root mean square fluctuations (RMSF) of WT versus TTL p.G219S. (D)
Radius of gyration (Rg) of WT versus TTL p.G219S.




5.2.4 Generation and characterization of TTL patient specific -iPSCs:

The generation of an induced pluripotent stem cell (iPSC) line from a 40-year-old male patient
carrying the TTL p.G219S variant is a critical component in understanding the progression of
hypertrophic cardiomyopathy (HCM). In order to separate the peripheral blood mononuclear cells
(PBMCs) from whole blood, a SepMate tube and histopaque 1077 were used to perform density
gradient centrifugation. The non-integrative Sendai virus vectors expressing c-Myc, KIf4, Oct3/4,
and Sox2 were used to reprogram the PBMCs into iPSCs (Figue5.3A). On the 10th day of
transduction, the iPSC colonies displayed human embryonic stem cell morphology (Figure 5.3B)
and genotyping of the established iPSC line showed the presence of a heterozygous G219Spoint
mutation (Figure 5.3E). The high-level expression of pluripotency markers, including OCT3/4,
NANOG, and SSEA4, was observed using immunofluorescence staining of iPSC (Figure 5.3F).
The iPSC colonies were allowed to form embryoid bodies (Figure 5.3C) to validate the
differentiation potential, and the expression of ectoderm (SOX2 and NESTIN), mesoderm
(GATA4), and endoderm (Nodal and GATA4) markers was assessed using quantitative reverse
transcriptase PCR (Figure 5.3D). Karyotyping analysis using the Giemsa-banding technique
revealed that the iPSC line had a diploid 46, XY karyotype without any chromosomal anomalies
(Figure 5.3G). Regular monitoring of Mycoplasma contamination revealed the absence of
contamination in the cultured iPSC line.

5.2.5 Cardiomyocytes derived from TTL p.G219S patient specific iPSCs

displays HCM phenotypes:

To elucidate the fundamental pathophysiology, TTL p.G219S induced pluripotent stem cell (iPSC)
lines were differentiated into cardiomyocytes (iIPSC-CMs) by modulating the Wnt/B-catenin

pathway,!!'” followed by lactate-based selection and purification to achieve a high yield of

cardiomyocytes (>90%) (Figure 5.4A). After differentiation, the cell surface area of TTL p.G219S
iPSC-CMs, as revealed by a-sarcomeric actinin (ACTN2), phalloidin, and Hoechst staining,
showed a marked increase in the cell surface area in comparison to its wild type (Figure 5.4A).




‘@
ey
@ "o
AT »)
-
Donor PBMCs
blood

cells plated on
. vitronectin coated
transduction plate
transition to
Cells i medium l iPSCs medium

plated changed

Day -4 Day0 Day 1 Day3 Day 7 Day8

Emerging iPSCs colonies
colonies

trasferred

3-4 weeks

( PBMCs medium | Stem-pro 34 SFM )

ATAGAGAGGG

CG G AC

8

fih KK

15 16

b BN A8 28w

_BE  an

12

17 18

Nestin

D1

D2

GATA4

D1

D2

D1

D2

Oct3/4

Tra 1-80

Figure 5.3: Patient specific iPSCs generation and characterization.

(A) Schematic diagram displaying iPSC generation from TTL p.G219S patient specific peripheral blood mononuclear
cells (PBMCs) (B) Representative images at different stages of iPSC generation. (C) Representative images of
embryoid body formation. (D) Agarose gel image of amplified germ layer markers from total RNA isolated from day
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1 and day 2 of embryoid bodies. (E) Sanger sequencing results from WT and TTL p.G219S iPSCs amplicon. (F) iPSC
showing normal stem cell morphology and stemness markers including Oct3/4, Tra 1-60, SSEA4, Tra 1-80 and
SSEA3. (G) Karyotype analysis of TTL p.G219S iPSCs.

We subsequently analyzed the organization of the myofibrils in both the induced pluripotent stem
cell-derived cardiomyocytes (iPSCs-CMs). The myofibrillar system is crucial for cardiac
contraction and undergoes significant intrinsic changes during the development of HCM.!'® To
study myofibrillar organization and sarcomeric integrity, we utilized ACTN2 immunofluorescence
staining as a marker. Our findings revealed a significant increase in sarcomeric organization at day
30 and subsequent increase in sarcomeric disorganization at day 40 in the cardiomyocytes derived
from TTL (p.G219S) compared to WT. The increased sarcomeric organization might be due to an
adaptive response to increased force production in stressed cells, which subsequently leads to

disorganization supporting the disease phenotype (Figure 5.4B).

Along with this, the relative mRNA levels of bona-fide hypertrophy markers like ANP (atrial
natriuretic peptide), BNP (brain natriuretic peptide), MHC (alpha myosin heavy chain/
Myh6)/MHC (beta myosin heavy chain/Myh7) ratio and ACTA1 (Actin Alpha 1, Skeletal
Muscle), have shown significantly upregulation in TTL p.G219S iPSC-CMs in comparison with

its WT (Figure 5.5A). Immunoblot analysis was performed to examine the level of extracellular

regulated kinase (ERK1/2), a hallmark of pathological hypertrophy.”> Persistent ERK1/2
stimulation was observed in TTL p.G219S iPSC-CMs (Figure 5.5B), which can result in

hypertrophy, which can ultimately lead to heart failure. In summary, upregulation of hypertrophy
markers, increase in cell size, myofibrillar disarray, increased levels of ERK1/2, suggests that TTL

(p.G219S) variant can lead to pathological cardiac hypertrophy.
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Figure 5.4: Patient specific iPSCs derived cardiomyocytes shows hypertrophic phenotypes.

(A) Representative images of iPSC-CMs stained for alpha-sarcomeric actinin, phalloidin and Hoechst. Schematic
showing the cardiomyocyte differentiation using Wnt perturbation pathway and quantification of cell surface area in
WT and TTL p.G219S iPSC-CMs on the right-side. (B) Quantification of percentage of cells with increased
organization and decreased disorganization arrangement at day 30 and day 40 of differentiation. Values are shown as
means = SEM with each experiment performed in triplicate (n=3). (****P<0.0001, Student’s t-test (60-90 cells per

group)).




5.2.6 TTL p.G219S iPSCs derived cardiomyocytes displays contractile
dysfunction:

During the diastolic phase, the heart muscle expands, resulting in the release of calcium ions
(Ca2+), which leads to an increase in intracellular free Ca2+ levels and the propagation of Ca2+

119

waves throughout the cell."” However, in abnormal conditions, the excessive accumulation of

Ca2+ in the sarcoplasmic reticulum and increased sensitivity of ryanodine receptors (RyR2s) can

result in more significant increases in intracellular Ca2+ levels.'?® We observed a decrease in

SERCA2 (a sarcoplasmic reticulum Ca2+ ATPase, ATP2A2) expression in the mutant CMs
compared to the wild type, which suggests reduced reuptake of cytosolic Ca2+ into the
sarcoplasmic reticulum, leading to contractile defect and relaxation as shown in (Figure 5.5D).
Phospholamban (PLN) regulates the function of SERCA by inhibiting it in its unphosphorylated
form and relinquishing this inhibition when phosphorylated.'?! The ratio of SERCA2 to PLN is
very crucial for the appropriate contraction cycle. Any imbalance to this may lead to systolic
(inappropriate contraction) or diastolic dysfunction (inappropriate relaxation).!? Our findings
indicated that the ratio of SERCAZ2 to PLN levels had also significantly diminished in both qPCR
and immunoblots Figure 5.5D, E), suggesting left ventricular remodeling. Notably, the contractile
amplitude was observed to be higher in mutant CMs compared to WT CMs suggesting an increased

force of contraction as a consequence of hypertrophy (Figure 5.5C).

5.2.7 TTL p.G219S iPSC-CMs displayed increased de-tyrosinated tubulin:

The process of de-tyrosination is facilitated by a tubulin carboxypeptidase (TCP) and can be
reversed by the action of tubulin tyrosine ligase (TTL). To investigate whether a decrease in TTL
p.G219S gene variant activity may result in an accumulation of de-tyrosinated tubulin within
cardiomyocytes, we utilized immunofluorescence images and immunoblots to target the de-
tyrosinated alpha tubulin protein in wild-type and mutant cardiomyocytes. Our findings revealed
a substantial increase in the levels of de-tyrosinated tubulin in mutant cardiomyocytes compared
to wild-type cardiomyocytes, as depicted in the accompanying figure (Figure 5.6A and C). Our
immunoblots data suggest the same (Figure 5.6D). This accumulation of modified microtubules
disrupts the balance between de-tyrosinated and tyrosinated tubulin, which in turn influences the
structural and functional dynamics of microtubules, ultimately leading to altered mechanical

properties by increasing the overall stiffness and binding interactions of the microtubules in cardio-
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Figure 5.5: Patient specific iPSCs derived cardiomyocytes showing activation of fetal gene
markers, ERK1/2 and contractile defects.

(A) Quantitative real time PCR (qRT-PCR) analysis for hypertrophic markers (NPPA, NPPB, MYH7 and ACTAI).
mRNA levels were normalized to U6. (B) Representative immunoblot images from the total lysates of WT and TTL
p-G219S iPSCs-CMs, quantification on the right side. (C) Comparison of iPSCs-CMs contractile physiology
compared with respect to time using muscle motion plugin in ImageJ. (D) qRT-PCR analysis of SERCA2 (ATP2A):
PLN (Phospholamban), involved in calcium regulation in sarcomere. (E) Representative immunoblots of SERCA2
and PLN levels in iPSC-CMs and its quantification on the right side. Values are shown as means+=SEM with each
experiment performed in triplicate (n=3). Significance was evaluated by Student’s t test or one-way analysis of
variance (ANOVA) with post hoc Tukey’s test, respectively. *P < 0.05, **P <0.01, and ****P < (.0001.




-myocytes.'?® In order to investigate the impact of elevated de-tyrosinated tubulin on intermediate
filament proteins, such as desmin, we conducted a study using WT and mutant cells. Desmin is
primarily located at the Z-discs, where it forms a striated pattern and plays a critical role in the
mechanical stability of cardiomyocytes.!?* Our results showed that desmin levels were higher in
both immunoblots (Figure 5.6D) and immunofluorescence in the mutant cells (Figure 5.6B and
C). These findings suggest that the mutant cardiomyocytes experience impaired stability and

altered mechano-transduction processes.

5.2.8 De-tyrosination is higher in TTL p.G219S iPSC-CMs compared to other
known HCM iPSCs-CMs:

To verify the role of the TTL variant in causing the disease, we utilized two different types of
iPSC-derived cardiomyocytes that had known variants for hypertrophic cardiomyopathy,
specifically MyBPC34%°% (which affects a sarcomeric gene)’® and SHOC2 p.S2G (which affects a
signaling gene)!®. Our results demonstrated that the ratio of de-tyrosinated alpha tubulin to

tyrosinated alpha tubulin was higher in the lysates of TTL p.G219S variant cardiomyocytes

compared to both the other sarcomeric (MyBPC34%%") and signaling (SHOC2 p.S2G) gene

variants, as shown in the figure (Figure 5.7A). This data suggests our finding that the pathological
condition because of de-tyrosination in TTL p.G219S iPSC-CMs is greater than known HCM

variants.

5.2.9 RNA-Seq analysis shown perturbed redox and calcium handling genes:

To gain a deeper understanding of the molecular mechanisms underlying the disease pathology,
we performed bulk RNA-Seq on wild-type (WT) and TTL p.G219S induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs). Our RNA-Seq analysis revealed differential expression
patterns of genes involved in the organization of sarcomeres, myofibrils and the assembly and

redox metabolism related to contractile function of the heart (Figure 5.8 A).
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Figure 5.6: TTL variant iPSCs-CMs showing increase in the levels of de-tyrosinated a-

tubulin and intermediate filament protein (Desmin).

Representative (A) Immunofluorescence images of de-tyrosinated a-tubulin (cyan), a-sarcomeric actinin (green),
phalloidin (red) and Hoechst (blue) in wild type and mutant TTL iPSCs derived cardiomyocytes. Shown below is the
grey scale of de-tyrosinated a-tubulin form of the same image. (B) Immunofluorescence images of desmin (magenta),
a-sarcomeric actinin (green), and Hoechst (cyan) in wild type and mutant TTL iPSCs-CMs. Shown below is the grey
scale of desmin of the same image. (C) Quantification of (A) and (B) resp. (D) Immunoblots from the lysates from
WT and TTL p.G219S iPSCs-CMs, with quantifications on the right side. Levels of de-tyrosinated a-tubulin form and
desmin have been quantified based on intensity and corrected total cell fluorescence have been calculated as shown
on right side. Values are shown as means+SEM with each experiment performed in triplicate (n=3). Significance was
evaluated by Student’s t test. (n=50-60 cells per group)) **P < 0.01, ***P < 0.001, and ****P < 0.0001.




Our results showed that genes associated with hypertrophic cardiomyopathy, such as NPPA,
NPPB, TNNCI1, and desmin, were markedly upregulated in the mutant compared to WT (Figure
5.8B top panel). Furthermore, we found that genes involved in maintaining redox homeostasis,
including CYBB (p91-phox), NCF2 (p67-phox), COX7A1, COX7B, CYBB, TRPCS, and
CHCHD?2 were dysregulated (Figure 5.8B middle panel). Additionally, genes associated with
calcium handling in cardiomyocytes, such as PLN, RyR2, CAMK2B, CASQ and CACNAI1C,
were also found to be dysregulated in the mutant iPSC-CMs (Figure 5.8B bottom panel). Given
that optimal calcium and reactive oxygen species (ROS) levels are essential for maintaining the
balance of cellular signaling networks, the disturbed calcium handling and redox-related genes in

the mutant iPSC-CMs suggest a pathological condition (Figure 5.8C).
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Figure 5.7: De-tyrosination levels were higher in TTL p.G219S iPSC-CMs compared to
other HCM gene variant iPSC-CMs.

(A) Representative immunoblot analysis from lysates obtained from iPSC-CMs (day 30) of TTL variant
and two other HCM gene variants (SHOC2 p.S2G and MyBPC3*"). Ratios of de-tyrosinated to
tyrosinated a-tubulin is increased only in TTL variants compared to WT and other HCM iPSC-CMs. Values
are shown as means=SEM with each experiment performed in triplicate (n=3). Significance was evaluated
by ****p<(0.0001, one-way ANOVA.
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(A) Volcano plot showing the differentially expressed genes in WT versus TTL p.G219S iPSC-CMs (p-value <0.05),
FC denotes fold change. (B) A heat map illustrates the genes that are dysregulated in TTL p.G219S iPSC-CMs
compared to WT iPSC-CMs, with a FC greater than 2. The heat map is divided into three sections, with the top section
representing hypertrophy-related and structural genes, the middle section representing redox homeostasis-related
genes, and the bottom section representing calcium-related genes. (C) The dysregulated genes are further analyzed
using gene ontology (GO) to identify the biological processes and molecular functions that are significantly affected,
with a p-value less than 0.05. The top section of the GO analysis shows the biological processes, and the bottom
section shows the molecular functions.




5.2.10 TTL p.G219S iPSCs-CMs exhibits oxidative stress:

TTL plays an important role in tyrosination process of microtubules. Specifically de-tyrosinated
microtubules have been shown to exert a significant influence on mechano-transduction within the
heart and skeletal muscle by enhancing stiffness, which consequently results in aberrant contractile
properties.'?* This dysfunctional contractility, coupled with abnormal calcium handling and ROS

is linked to heart failure.'?

To evaluate the role of ROS in disease pathogenesis, we performed a live cell staining assay using
Dihydroethidium (DHE) to assess the levels of reactive oxygen species (ROS) in wild-type (WT)
and TTL p.G219S iPSC-CMs. DHE reacts with free O* to form two red fluorescent products,
ethidium (E") and 2-Hydroxyethidium (2-OH-E*), which are indicative of ROS. The
immunofluorescence images showed a higher intensity of (E) and (2-OH-E") in the TTL p.G219S
variant iPSC-CMs compared to the WT iPSC-CMs, indicating increased ROS generation in the
mutant iPSC-CMs and suggesting an oxidative stress condition (Figure 5.9A).

Increased ROS production is shown to be associated with NADPH oxidase 4 (NOX4) and CYBA

22phox, a component of NOX4 complex) expression.'?’ Similarly, our qRT-PCR data shown an
p<<zp p p p Yy

increase in the mutant compared to the wildtype (Figure 5.9C). The connection between ROS-
mediated oxidative stress and disrupted calcium handling, which exacerbates cardiac pathology, is
well-known.!?® Our RNA-Seq data indicates that the upregulation of genes involved in calcium
handling, such as CAMK2B, CACNA1C, SERCA2, RYR2, and CASQ, along with perturbed

redox signaling, is indicative of improper calcium handling mediated by ROS.

We subsequently analyzed the levels of NRF2-AKT (a master regulator of the redox pathway),
which activates the Antioxidant Response Element (ARE) genes.'” Our analysis revealed a

significant increase in the expression levels of NRF2, AKT, and ARE in TTL p.G219S

cardiomyocytes compared to wild-




WT TTL iPSCs-CMs G219S TTL iPSCs-CMs

logyo DHE CTCF (normalized)

WT G219S

Nrf2

pAKT S473

Relative protein levels
Relative protein levels

Total AKT

PAKT S473

C mwT
W G219S TTL

deok e

F
I M

NQO1 GCLC GCLM GSR

Fekkk

!

S

L (ARE genes)

Relative mRNA levels
Relative mRNA levels

Nrf2

NQO1

GCLC

Relative protein levels

SOD1

GAPDH b - Nrf2 Ngo1 Gcelc Sod1

Figure 5.9: TTL p.G219S iPSCs-CMs shows increased ROS levels and induction of
antioxidant response element genes.

(A) Representative immunofluorescence of reactive oxygen species (ROS) by dihyrdoethidium (DHE) in wild type
and mutant iPSC-CMs (live cell staining). (B) Schematic depicting the ROS induced NRF2/AKT pathway and
induction of antioxidant response element genes. Representative immunoblots from the lysates from WT and TTL
p.G219S iPSCs-CMs probed for p-AKT (S473) and Nrf2. (C) qRT-PCR analysis of antioxidant response element




genes like (NQO1, GCLC, GCLM). (D) Representative immunoblots from the lysates from WT and TTL p.G219S
iPSCs-CMs probed for NRF2 and antioxidant response element proteins NQO1, SOD1 and GCLC quantified on the
right. Levels of ROS have been quantified based on intensity and corrected total cell fluorescence have been calculated
as shown on right side. Values are shown as means+tSEM with each experiment performed in triplicate (n=3).
Significance was evaluated by Student’s t test (for DHE staining, n=80-90 cells per group)) *P < 0.05, ***P < 0.001,
*#%%P < 0.0001 and ns=not significant.

type cardiomyocytes, as demonstrated in the figure (Figure 5.9B). Moreover, we found that genes
involved in the antioxidant response element, such as GCLC (Glutamate-cysteine ligase catalytic
subunit), NQOI1 (NAD(P)H dehydrogenase (quinone 1)), GCLM (Glutamate-cysteine ligase
modified subunit), and GSR (Glutathione reductase), were upregulated in TTL p.G219S relative
to WT iPSCs-CMs as shown in qRT-PCR and immunoblots (Figure 5.9C and D). These findings

confirm the presence of oxidative stress in the respective cells.

5.2.11 Parthenolide rescues TTL p.G219S iPSC-CMs associated de-tyrosinated
tubulin and ROS levels:

To ascertain whether the reduction in de-tyrosinated tubulin levels due to decreased TTL activity,

we treated WT and TTL p.G219S 1PSC-CMs with parthenolide (PTL, an inhibitor of Tubulin

carboxy peptidases).!*® Following the treatment of PTL (10uM), we observed a substantial

decrease in de-tyrosinated tubulin levels in the immunostaining and immunoblots of TTL p.G219S
compared to WT iPSC-CMs (Figure5.10A, C and D). Consequently, as expected, there was also a
significant decrease in levels of the intermediate filament protein desmin, indicating that the
increased amount of de-tyrosinated alpha tubulin as a result of a reduction in TTL p.G219S variant
activity (Figure 5.10B, C and D). We also observed a significant decrease in expression of
hypertrophy markers upon PTL treatment in TTL p.G219S versus WT iPSCs-CMs (Figure 5.10E).
Following the PTL treatment we observed a significant reduction in DHE staining and expression
levels of NRF2 and ARE genes as shown by immunofluorescence, qRT-PCR and immunoblots.
(Figure 5.11A and B). These findings strongly suggest that de-tyrosinated alpha tubulin plays a

significant role in the oxidative stress.




5.3 Discussion:

More than half of HCM cases have unknown causes, and the South Asian population is
understudied. To address this, we aimed to identify a new gene and discovered a novel gene variant,
p-G2198S, in the tubulin tyrosine ligase gene (TTL). Interestingly, neither of the proband's parents
carried the mutation, suggesting that the variant arose de novo. The region containing the variation

is highly conserved across various species.

TTL codes for the tubulin tyrosine ligase, which catalyzes the addition of a tyrosine residue to the
C-terminal tail of de-tyrosinated alpha-tubulin in an ATP-dependent manner.!” This modification
is a reversible post-translational modification (PTM) of alpha-tubulin and is essential for
maintaining microtubule dynamics. The process of tyrosination is involved in the regulation of
specific microtubule-associated protein (MAP) recruitment, which in turn regulates cytoskeletal
integrity and imparts context-dependent functions in cells.'*! Various tubulin isotypes and their

associated PTMs regulate microtubule dynamics, properties, and functions, collectively known as

the "tubulin code".!?? These tubulin codes act as specific fine regulators rather than a binary switch

for microtubule functions. Since the discovery of TTL as the enzyme responsible for tyrosination
of tubulin, the multiple roles of this cycle have been studied and found to be extremely crucial in
the regulation of microtubule dynamics. Based on the type of PTMs, specific MAPs are recruited
to the C-ter tail of alpha tubulin. De-tyrosination is one such PTM, critical for maintaining

microtubule stability.!*

MTs maintain a delicate balance between their de-tyrosinated and
tyrosinated forms, as well as their interactions with microtubule-associated proteins (MAPs). Any
alterations in the de-tyrosination of MTs signifies myocardial dysfunction, which can be
accompanied by mechanical and pathological stress such as disrupted redox homeostasis and

calcium handling.'?

In this study, we report a novel, heterozygous mutation in which glycine is replaced with serine at
position 219 of the TTL enzyme. The TTL enzyme interacts with the de-tyrosinated o/B-tubulin
dimer to form a complex, and the interaction between the two is dependent on a specific
conformation of the dimer.!'>!3 This conformation is lost when o/B-tubulin dimers are

incorporated into microtubules, which prevents TTL from tyrosination of microtubules. 34133
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Figure 5.10: Parthenolide (PTL)treatment blocks hypertrophy in TTL p.G129S iPSC-CMs.

Representative (A) Immunofluorescence images of de-tyrosinated a-tubulin (in cyan), a-sarcomeric actinin (in green),
phalloidin (in red), and Hoechst (in blue) were captured in wild-type (WT), untreated mutant TTL iPSCs-CMs, and
treated mutant TTL iPSCs-CMs with PTL (10M). The WT, regardless of treatment or no treatment, showed no




significant differences. The WT serves merely as a comparative control. The lower panel displays the grey-scale
representation of the de-tyrosinated a-tubulin in the same image. (B) Immunofluorescence images of desmin
(magenta), a-sarcomeric actinin (green), and Hoechst (cyan) in WT, untreated mutant TTL iPSCs-CMs and treated
TTL iPSCs-CMs with PTL (10uM). Lower panel is the grey scale for desmin of the same image. (C) Levels of de-
tyrosinated a-tubulin and desmin have been quantified based on intensity and corrected total cell fluorescence have
been calculated. (D) Immunoblots from the lysates from WT and TTL p.G219S iPSCs-CMs with and without with
10uM PTL treatment, with quantifications below. (E) qRT-PCR analysis of hypertrophic gene (fetal gene markers) in
WT, TTL p.G219S untreated and TTL p.G219S treated with PTL. Values are shown as means+=SEM with each
experiment performed in triplicate (n=3). Significance was evaluated by One-way ANOVA (n=50-60 cells per
group)), **P < 0.01 and ****P < 0.0001.

Our MD simulation of the o/p-tubulin dimer and the mutant TTL protein revealed alterations in
the conformation of the mutant protein near its catalytic region. This alteration may reduce its
ability to attach to the o/B-tubulin heterodimer compared to the wild-type protein. Our in vitro
tyrosination assay confirmed this in silico finding, showing delayed activity of the TTL p.G219S
mutant, which resulted in increased de-tyrosinated alpha tubulin. To gain a deeper understanding
of the patient's cellular environment, we utilized patient-specific induced pluripotent stem cells
(iPSCs) to create a disease model. We generated iPSCs from the patient's peripheral blood
mononuclear cells (PBMCs) and differentiated them into cardiomyocytes to simulate the actual
patient's condition. Our results showed an increase in cell surface area, as expected in HCM, along
with the upregulation of fetal gene re-expression and activated RAS-MAPK signaling, as indicated
by higher levels of p-ERK 1/2.”> We also observed two distinct cell states across time, one with
increased sarcomeric organization, which represents a hypertrophic response and the other with
decreased sarcomeric disorganization, which represents a state of heart failure stage.'** Our

findings suggest that TTL p.G219S patient are at risk of heart failure.

We also observed increased de-tyrosinated tubulin form in patient specific cardiomyocyte
confirming the delayed activity of TTL p.G219S variant. De-tyrosinated microtubules in
cardiomyocytes offer mechanical resistance, hindering the movement of contracting

cardiomyocytes and resulting in reduced cell biomechanics, contractility and mechano-

transduction.'? A prominent characteristic upon increased stability of microtubules which happens

when de-tyrosinated form are more in cardiomyocyte is the heightened manifestation of
cytoskeletal proteins, specifically intermediate filaments like desmin.!? It is hypothesized that,
like other forms of cardiac remodeling, these alterations may initially serve an adaptive purpose,

perhaps safeguarding a heart under significant mechanical strain. !’
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Figure 5.11: PTL treatment rescues oxidative stress and anti-oxidant response element
(ARE) expression in TTL p.G219S iPSC-CMs.

(A) Representative immunofluorescence of reactive oxygen species (ROS) by dihyrdoethidium (DHE) in
WT and TTL p.G219S iPSC-CMs with and without PTL treatment (10uM) (live cell staining). The WT,
regardless of treatment or no treatment, showed no significant differences. The WT serves merely as a
comparative control. (B) Representative immunoblots results probed for Nrf2 and antioxidant response
element genes (NQO1, SODI1 and GCLC) upon treatment with PTL (10uM) in mutant TTL iPSC-CMs.
Levels of ROS have been quantified based on intensity and corrected total cell fluorescence have been
calculated as shown on right side. For DHE staining, n=80-90 cells per group were taken for analysis.
Values are shown as means+SEM with each experiment performed in triplicate (n=3). Significance was
evaluated by One-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0. 0001.

However, as they advance, these changes might become maladaptive by further increasing the
microtubule stability impairing sarcomeric contraction and relaxation.'3” In our study we have

found that desmin levels are significantly high in mutant versus wild type which is reversed upon
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treatment with PTL suggesting the increased levels of desmin are due to increased stability of
microtubules in mutant because of de-tyrosinated tubulin form.'?*> We also found that this increase
in de-tyrosinated tubulin form is not a common phenomenon in other genetically predisposed

HCM cases like SHOC2 p.S2G and MyBP(C342%,

A growing body of evidence suggests that oxidative stress is implicated in cardiac dysfunctions
associated with microtubules. Specifically, the role of reactive oxygen species (ROS) regulatory
components, such as NADPH oxidases (e.g., NOX2 and NOX4) and its downstream pathways
(NRF2/AKT axis) in the progression of cardiac hypertrophy is well-documented.'?’ In our study,
we observed a significant increase in ROS regulatory components (NOX4 and NRF2/AKT) in
mutant cardiomyocytes compared to wild-type cells. This is also confirmed by DHE staining,

suggesting that increased oxidative stress plays a role in the TTL p.G219S iPSC-CMs.

The interplay between increased reactive oxygen species ROS and calcium signaling in the heart
is a complex yet crucial aspect of cardiac physiopathology.'?® ROS led oxidation adjusts the
sensitivity of the RyR2s, leading to an elevated rate of Ca2+ sparks and an improvement in Ca2+
signaling. ROS can directly influence the activity of calcium-handling proteins such as ryanodine
receptors (RyRs) and sarcoplasmic reticulum calcium ATPase (SERCA), thereby impacting
calcium release and reuptake kinetics within the cardiac myocyte.'*® Additionally, ROS can induce

post-translational modifications of key calcium-handling proteins,'*’

altering their function and
contributing to aberrant calcium handling observed in conditions such as heart failure and
ischemia-reperfusion injury. In line with this we have observed dysregulation of calcium handling

protein.

In our study, we utilized Parthenolide (PTL) to investigate the influence of TTL p.G219S induced

pathogenesis. PTL acts as an inhibitor that prevents tubulin de-tyrosination and de-tyrosination

cycle by inhibiting tubulin carboxy peptidases (TCP).!?! These enzymes are responsible for

removing tyrosine residues from the C-ter tail of alpha tubulin. After administering Parthenolide
(PTL), we observed a reduction in hypertrophy response by decreasing the levels of de-tyrosinated
alpha tubulin in TTL p.G219S, as compared to the WT iPSC-CMs. This might be attributed to the
delayed activity of the TTL variant. Furthermore, PTL treatment eliminated the levels of ROS and

oxidative stress-induced antioxidant response pathway. These results imply that disruption of the
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redox balance is the primary pathway that leads to the hypertrophic response caused by the TTL
p.G219S variant.
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Figure 5.12: Proposed disease pathogenesis model for TTL p.G219S induced HCM via
redox perturbation.




Our current study has made an important discovery in the HCM field by identifying a novel gene
TTL and its variant, which has been proven to play a critical role in the context of the HCM.
Overall, our findings provide a mechanistic framework for the TTL variant, where a decrease in
its activity leads to an accumulation of de-tyrosinated alpha tubulin in cardiomyocytes, causing
redox imbalance and contractile dysfunction. In conclusion, our data suggest that the TTL variant

is a novel gene associated with HCM and can contribute to disease pathogenesis by disrupting

redox homeostasis. Furthermore, small molecule inhibitors targeting the TCPs may be beneficial

for individuals with TTL mutations.




CHAPTER: 6

SUMMARY




Hypertrophic cardiomyopathy (HCM) is a hereditary heart condition in which the heart muscle
experiences an increase in size without any additional causes. This condition is characterized by a
preserved or increased ejection fraction, which refers to the percentage of blood that is pumped
out of the heart with each beat. The primary cause of HCM is mutations in genes that encode for
sarcomeric proteins. However, there is limited understanding of the genes impacting the signaling

proteins have on the development of HCM.

This study aims to address a research gap by discovering novel gene loci pertaining to signaling
proteins using next-generation sequencing (NGS) and examining their functional implications
through a multi-model approach. By integrating data from multiple models and conducting
functional studies, it seeks to provide a deeper understanding of signaling gene traits. The ultimate
goal is to develop personalized therapies or medicines based on an individual's unique genetic

make-up.

Our method led to the discovery of two previously unidentified HCM genes and their variants,
RPS6KBI1 and TTL. This finding is of great clinical relevance, as RPS6KBI1 has been
acknowledged by the global HCM expert committee of the Clinical Genome Resource (ClinGen)

as a new gene to be tested for this condition.

The RPS6KB1 gene encodes the ribosomal protein S6 kinase beta 1, which we have found to have

pathological novel variants, primarily in the N-terminal region, that is critical for maintaining the

protein in an auto-inhibitory state. The variants fail to maintain this auto inhibitory state. Thus,

RPS6KBI1 variants tends to function in a gain-of-function manner, stimulating the protein
synthesis pathway by activating ribosomal S6 protein (rpS6) and eukaryotic initiation factor 4F
complex (elF4F) components, as well as the ERK1/2 pathways. In contrast, the TTL gene codes
for tubulin tyrosine ligase, and its variant results in a loss-of-function, that leads to delayed activity
and the accumulation of de-tyrosinated tubulin in cardiac cells, disrupting redox homeostasis.

Therefore, different genes can exert influences on multiple pathways culminating to HCM.




Understanding these complex interactions is crucial as it can have significant implications for the

design of targeted therapeutic interventions and the delivery of personalized care to affected

individuals. By elucidating the intricate genetic underpinnings of HCM and their relationship to

various biological pathways helps in tailored medicine leading to improved outcomes and patient-

specific management strategies.
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