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Abstract

Mutations within the DMD gene are responsible for the severe, X-linked
inherited disease Duchenne muscular dystrophy (DMD). DMD is
characterised by the absence of the costameric protein, dystrophin, from
striated muscle tissue. Dystrophin has a multitude of roles, but vitally,
prevents contraction-induced sarcolemmal damage by functioning as a
molecular spring. Dilated cardiomyopathy (DCM) is pathognomonic of

DMD, with patients typically succumbing to cardiac failure by 30 years.

Here, | hypothesised that dystrophin is central to mechanotransduction and
is a significant contributor to the viscoelasticity of cardiomyocytes.
Moreover, that dystrophin has a strong interaction with the underlying
cytoskeleton necessary to fulfil these roles. Further, | hypothesise that the
absence of dystrophin, as is the case in DMD, is a primary driver of the
DMD associated DCM pathology observed. | differentiated and
characterised wild-type (WT) and DMD mutant human induced pluripotent
stem cell derived cardiomyocytes (hiPSC-CMs), that acted as a
physiologically relevant platform to model DMD associated DCM at the

single-cell resolution.

Absence of dystrophin resulted in severely altered cellular and nuclear
morphology alongside significantly decreased localisation of the
mechanosensitive transcriptional co-activator, Yes-associated protein (YAP).
Moreover, the Young’s modulus and viscoelasticity in DMD hiPSC-CMs was
significantly decreased compared to WT. These changes were further
exacerbated by alterations to the extracellular matrix (ECM) from a healthy
(6 kPa) to fibrotic (130 kPa) elasticity. Lastly, DMD hiPSC-CMs had an altered

response to physiological stimuli, including cyclic stretch mimicking



myocardial contraction, and healthy cyclic cardiac pressure application,
notably in YAP localisation and cell and nuclear morphology. Together,
these data support the role of dystrophin as a vital mechanotransducing
protein that makes significant contributions to the underpinning
mechanical behaviour, and mechanoresponse of, cardiomyocytes. These
data provide avenues that may be exploited in the future for use

therapeutically.
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1 General Introduction

To see a world in a grain of sand
And a heaven in a wild flower,
Hold infinity in the palm of your hand
And eternity in an hour.

William Blake

Never confuse education with intelligence, you can have a

PhD and still be an idiot-

Richard Feynman
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1.1 Introduction to the Cardiomyocyte

Cells are in continual communication with their microenvironment, namely
the extracellular matrix (ECM), which is essential to their homeostatic and
regulatory functions, allowing the perception of physicochemical signals.
Physicochemical information is exchanged between cells and the ECM with
integration of these signals manifesting in cellular alterations including
activation of mechanosensitive proteins such as focal adhesion kinase
(FAK), activation of G protein coupled receptors, rearrangement of the

cytoskeleton, and lastly regulation of the (epi)genome.

Cells can distinguish between types of force including substrate sensing,
pressure, and stretch?®. Adaptability in the face of such forces requires the
complex integration of all physicochemical information, a process termed
mechanotransduction. Crucial to mechanotransduction in cardiomyocytes
are the costameric regions where myofibrils connect to the ECM, which are
comprised of integrin adhesions and the dystrophin-glycoprotein complex
(DGC) 2. In addition to the integrins and DGC, the sarcomere is connected
via proteins, such as obscurin and ankyrin. These discrete adhesions lead to
a cascade of physicochemical induced signalling within cells including the
upregulation of mechanosensitive transcription factors (e.g. Yes-associated
protein and FAK) that underpin differentiation, proliferation, organogenesis,

migration, and disease progression 34,

The integrin adhesions and DGC are so crucial within the context of
mechanotransduction that more detail on them is provided. The integrins
are a superfamily of transmembrane heterodimers comprised of alpha and
beta subunits, giving rise to 24 unique combinations in mammals. This
allows tissue specific integrin expression patterns to form, suited to the

specificities of the ECM required®. Integrins have been long recognised as
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anchoring cells to the ECM as well as mediating both ‘inside-out” and
‘outside-in’ signalling. In parallel to the integrins, the DGC directly bridges
the ECM to the actin and microtubule cytoskeleton thereby establishing the
critical connection between the exterior and the interior of the cell®. Of
particular importance to the DGC is dystrophin. Dystrophin is a cytoskeletal
protein encoded by DMD (Xp21.1-Xp22) acting to localise and maintain the
overall DGC. In addition to this, dystrophin has many other critical functions
including maintaining structural integrity of the sarcolemma by protecting

against contraction-induced injury and acting as a signalling nexus’-8.

Accessory proteins have been shown to localise to dystrophin including
bona fide mechanotransducers, such as neuronal nitric oxide synthase
(nNOS), Yes-associated protein (YAP), and caveolin-3 320, Full length
dystrophin is 427 kDa, however, multiple internal promoters within DMD
undergo transcription to produce several naturally truncated isoforms,
including the 71 kDa isoform, Dp71m?!. Full length dystrophin (Dp427m) is
expressed predominantly in cardiac and skeletal muscle, however, it has
been observed in central nervous system tissues including the retina and

Purkinje tissue!?.

In addition to the adhesome, the cellular machinery associated with cell-
matrix interactions, formed by the integrins and their downstream targets
and the DGC, these two complexes represent the critical interface between
the ‘inside’ and ‘outside’ of the cell. It is essential for cellular behaviour and
survival that these focal adhesions are not abnormally disrupted. Moreover,
evidence supports dystrophin as a regulator of mechanosensitive ion
channels including stretch-activated channels, particularly L-type Ca?*

channels and TRPC channels!3.
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Underpinning the importance of the ECM-cell connection and
mechanotransduction are the genetically and phenotypically heterogenous
diseases, the muscular dystrophies. Muscular dystrophies are frequently
the result of disruption between the sarcolemma and the ECM* or the
nuclear membrane and the cytoskeleton'®. Mutations in either the integrin
adhesion proteins or components within the DGC have revealed
themselves to be causes for muscular dystrophies, often culminating in
progressive dilated cardiomyopathy (DCM) (Table 1.1 and Figure 1.1)'%7,
Specifically, mutations within the DMD gene, that encodes dystrophin, are
the cause of Duchenne muscular dystrophy (DMD), and its milder, allelic
variant Becker muscular dystrophy (BMD)*2. The DGC is comprised of
several subcomplexes including a-, and B-dystroglycan (a/B-DG),
sarcoglycan-sarcospan, syntrophin, as well as dystrophin?. Each of which, if

mutated, result in some form of muscular dystrophy.

Table 1.1: Overview of mutations in DGC components and integrins that cause distinct
forms of muscular dystrophy. DCM = dilated cardiomyopathy. LGMD = Limb-Girdle
muscular dystrophy. WWS = Walker-Warburg syndrome. XLCM = X-Linked cardiomyopathy

Disease | Gene Location Mutation Phenotype Ref
Deletions
DMD | Xp21.1 AEx 1 (muscle | XLCM with fibrosis; 1’
promoter Fatal DCM 2
> .
% region)
§' AEx 48-50 DCM and aberrant 21
'§. Ca?* handling
I3 AEx 4 DCM with severe 2
a
fibrosis
AEx 48-54 Left ventricular 23
dysfunction with
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abnormal ECG. Pre-

mature death

Duplications

Ex 2 dup.

Decreased left
ventricular function,

hypokinesia, and DCM

24

Ex 8-11 dup. Cardiomyopathy =

present
Point Mutations

c.1043 A>G Mutation in hinge 1 26

(p.T279A) region of dystrophin.
XLCM

€.4996 C>T Premature stop 27

(p.Argl666X) codon. Arrhythmia
and aberrant Ca®*
handling. Increased
ROS production

¢.10801 C>T Premature stop 28

(p.GIn3601X)

codon. Exon 76
absent.

Cardiomyopathy.

Dystroglycanopathy

Deletions

LARGE

22q12.3

AEx9-10

WWS present,
hypotonia and severe
neurological
pathology. Premature

death at age 6 months

29

Point Mutations

FKRP

19913.3

c.296 A>G
(p.Y309C)

Congenital muscular

dystrophy with severe

30
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hypotonia. Cardiac
phenotype not
reported by

Brockington.

€.826 C>A Mutations in FKRP 31
caused LGMD2| with
cardiomyopathy
reported. Abnormal
ECG and respiratory
distress.

FCMD | 19g31 c.859 T>G Range of severity. Can | 3?

(p.C250G) be fatal by 1yr asin
WWS or relatively
mild. Cardiac
involvement has been
reported.

DAG1 3p21 c.575 C>T LGMD with 3

(p.T192M) neurocognitive
difficulties. No cardiac
pathology was found.

POMT | 9g34.1 c.430 A>G DCM onset at 12yrs 3

1 (p.N144D) with ejection fraction

of 36%.
Insertions
B SGCB | 4q12 (Ex 3) LGMD with severe =
-4 3837384ins37 | DCM
% 6-383
=
é" Point Mutations
3 SGCA | 17q21 c218 C>T (p. | LGMD2D %
P73L)
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Duplications

ITGA7 | 12qg13.2 €.1088dupG Congenital muscular 37
(p. dystrophy with limb
H363S5fs*15) atrophy. Cardiac
function was

reportedly normal.

Integrins

Point Mutations

¢.1506-2A>G Congenital muscular 38
dystrophy with severe
neurocognitive

difficulties

Whilst dystrophin is important to the homeostatic function of striated
muscle cells, the exact underpinning mechanisms are less obvious,
particularly in its capacity to mediate several downstream cellular events
such as regulation of mechanosensitive ion channels. Several outstanding
guestions in relation to the absence of dystrophin have arisen, including:
Does dystrophin regulate cytoskeletal architecture, if so, how? If acting as a
regulator of the cytoskeleton, to what extent does dystrophin dictate
cellular viscoelasticity and how does this compare to the integrins? Does
the DGC cross-talk with the integrin adhesions and, if so, how and to what
extent? Fully understanding and answering these questions will contribute

to better comprehension of the disease phenotype observed in DMD.

1.2 The Cardiomyocyte: The Contractile Cell of the

Myocardium

The mammalian heart is the first organ to fully develop during

embryogenesis and is comprised of two atria and two ventricles. The
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primary function of the heart is to pump blood throughout the body via
contraction-relaxation cycles to overcome the inherent limitations imposed
by diffusion based nutrient delivery®°. Central to this is the contractile cell
within the heart, termed the cardiomyocyte. Adult cardiomyocytes are

approximately 50-100 pm in length and 10-20 um in diameter?.

Despite the clearly vital contractile function of the heart, it may be
surprising that cardiomyocytes account for only 25-35% of the total cell
count within the heart (although they do account for some 70% of the total
volume)*!. The remaining cell types within the heart include endothelial
cells (approximately 50%) lining the endocardial surface creating a non-
thrombogenic layer; fibroblasts (15-20%) that regulate the composition of
the ECM thus acting as major determinants towards myocardial
viscoelasticity; and smaller cell populations have been described, including
leukocytes*'. Cardiomyocytes within distinct regions of the heart have
subtly different structures. For example, atrial cardiomyocytes typically do
not contain transverse (T) tubules. Other structures, such as the venous
and arterial vasculature, and lymphatics are comprised of specific cell
populations, including vascular smooth muscle cells and macrophages.
Interestingly, embryonic sub-populations of macrophages, delineated as
CCR2-, may be contribute towards cardiac regeneration in neonatal murine

model®2.
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Figure 1.1: Overview of Sarcomeric Cytoarchitecture. The cardiac sarcomere is comprised
of thin filaments (actin) and thick filaments (myosin). These interdigitate to form the
physical basis for cross-bridge cycling resulting in cardiac contraction. The Z-disc acts to
anchor the sarcomere and is a substantial mechanosensing nexus. Titin is anchored at the
Z-disc and confers passive stiffness to the cardiomyocyte. Below the schematic is an
electron micrograph highlighting the major sarcomeric regions. Figure created using

Biorender.com and EM image adapted +
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1.3 The Cardiomyocyte: Form Determines Function

1.3.1 Gap Junctions and Desmosomes

The intercalated disc regions of the cardiomyocyte are comprised of three
distinct sub-regions: gap junctions, desmosomes, and adherens junctions**.
Intercalated discs function to physically connect cardiomyocytes to one
another permitting rapid movement of ionic current as well as conferring
structural stability. Desmosomes connect to the intermediate filaments
within the cardiomyocyte via armadillo proteins, such as plakoglobin and
plakophilin, and desmoplakin which connects to desmin in the intermediate
filaments*. Here, desmosomes can then provide mechanical stability

throughout the cardiomyocyte.

Adherens junctions are comprised largely of N-cadherin that is an
anchorage site for myofibrils and actin®*. N-cadherin connects the actin
cytoskeleton of adjacent cardiomyocytes together and can interlink to
neighbouring N-cadherin proteins of cardiomyocytes. Together, this confers
mechanical stability across the myocardial network. Moreover, N-cadherin
can act as a mechanosensor and can regulate downstream proteins,

including JNK*4,

Gap junctions are large hexameric channels termed connexons that are in
close proximity to neighbouring cardiomyocytes (approximately 4 nm).
Each connexon is comprised of six connexin 43 proteins and allow
molecules of up to 1 kDa to readily pass**(Figure 1.2). Connexin 43 is the
predominantly expressed connexin within the heart and is highly expressed
in the ventricles. Gap junctions mediate rapid electrical throughput
between cardiomyocytes, allowing the myocardium to function as a

syncytium.
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Fibroblast Endothelial
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Figure 1.2: The Cardiomyocyte Intercalated Disc.The intercalated disc between two
cardiomyocytes depicting gap junctions, desmosomes, and adherens junction. Gap
junctions, comprised of connexin 43, facilitates rapid flux of Ca?* ions required for syncytial
contraction of the myocardium. The desmosome confers structural stability. Desmin is
bound via plakoglobins and plackophilins, connecting to intermediate filaments. Adherens
junctions comprised of cadherins provide tensile stability and anchorage between
cardiomyocytes. Adherens junctions also connect to F-actin filaments. Image created using

Biorender.

1.3.2 The Costamere

The costamere is located on the lateral aspect of the cardiomyocyte and is
the major site for the ECM-cell interface. Two macromolecular complexes
establish the connection to the ECM: integrin-vinculin-talin adhesions! and

the dystrophin-glycoprotein complex (DGC)*. Functionally, the costamere
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enables lateral force transmission and the dissipation of contraction-
induced forces, in addition to bidirectional signalling, although it is
important to note that not all signalling is bidirectional. Focal adhesions are
pivotal hubs for mechanotransduction and allow both ‘outside-in” and
‘inside-out’ signalling. The DGC is the focus of the work here and more

detail is provided later.

Integrins connect to talin and vinculin, both of which reinforce the stability
of the complex as well as connecting to the cytoskeleton®®. Integrin
activation depends on RIAM and VASP proteins as well as sufficient force.
The heart contains two isoforms of talin, talin-1 and -2, that share 80%
homology but are functionally distinct #’. These are developmentally
regulated within the myocardium with talin-2 having increased affinity for
B1D binding. Talin and vinculin act as mechanosensors where their
assembly is contingent upon a minimal force threshold, such that soft
substrates generate insufficient forces to activate talin and vinculin

localisation to the integrins?®.
1.3.3 The Sarcomere

Myofibrils are roughly 1 um in length and composed of multiple sarcomere
units*®. The sarcomere is the fundamental unit of contractility within the
cardiomyocyte with a hexagonal lattice of actin thin filaments that
interdigitate to myosin thick filaments*®, The diastolic resting length of the
sarcomere approximates 2 um with thick filaments being 1.6 um long and
11 nm wide alongside thin filaments that are 1.05 um in length and 6 nm

wide?8.

Thick filaments are chiefly comprised of class Il contractile myosins, of

which MYH6 and MYH?7 are cardiac specific*. Cardiac maturation sees
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isoform switching between MYH6 and MYH7 from the embryonic-like
MYH6 to MYH7 that is primarily expressed within adult cardiomyocytes.
The adult ventricle contains 95% MYH7 to 5% MYH6, and this is considered
a biomarker of maturity*®. Additionally, upregulation of GATA4 and
trilodothyronine 3 expression regulates sarcomere maturation®C.
Structurally, the globin heads of myosin bind to actin, and the coiled-coil
domains form a-helices to give the thick filaments typical appearance®.
Thick filaments also contain a sarcomeric stabilisation protein, cardiac

myosin binding protein C °2.

Thin filaments are comprised of F-actin, two forms of tropomyosin, and
three troponins: troponin | (Tnl), troponin C (TnC), and troponin T (TnT)>2.
Together, the troponin-tropomyosin complex forms the Ca?* regulatory
complex, vital to excitation-contraction coupling. The heart contains several
isoforms of actin, but a-cardiac actin encoded by ACTC accounts for some
80% of all isoforms*°. Actin and myosin interdigitate and slide during

excitation-contraction coupling causing sarcomere shortening.

Titin is the largest protein within the human genome formed by 363 exons
and spans from the Z-disc to the M-band of sarcomeres*®. Functionally, titin
primarily acts as a molecular spring, dictating passive diastolic stiffness
(smaller contributions to passive stiffness come from other proteins,
including microtubules)®. Three isoforms of titin have been described,
including the compliant foetal titin, and two adult isoforms, N2B and N2BA,
that share more than 90% homology*°. Isoform switching occurs during
cardiogenesis and further regulation of titin is achieved by posttranslational
modifications. The portion of titin within the I-band of the sarcomere
houses the highly extensible regions, including the PEVK and N2B(A)

domains*’. N2BA is more extensible and compliant than N2B, however both
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isoforms are expressed. The ratio between isoforms determines the overall
passive stiffness for the heart (30:70; N2BA: N2B)>3. Increased expression of
the more compliant N2BA isoform has been described in patients with
dilated cardiomyopathy (DCM), accounting for increased stretching and
dilatation observed in these patients®3. The portion of titin within the A-

band is inextensible.
1.4 The Cytoskeleton

The multitudinous functions of the cytoskeleton include cellular migration,
polarity, mitosis, nutrient delivery, and mechanotransduction to name a
few>*>>. Overall, the cytoskeleton is distinguished into three major
subtypes: actin filaments, microtubules, and the intermediate
filaments®*>>. The cytoskeleton is highly dynamic and adaptable, necessary
for responding to stimuli and enacting cellular alterations. Moreover, the
cytoskeleton governs the viscoelastic properties of the cardiomyocyte, an
important determinant for cell homeostasis. The cytoskeleton is a
prestressed structure that maintains morphology of the cell®®. This is largely
achieved by the tension generating actomyosin filaments against the
compressive, resistant microtubules. Together, actin and microtubules
maintain an equilibrium of force distribution throughout the cell. The
crosslinked nature of the cytoskeleton is largely responsible for the

viscoelastic properties observed>®.
1.4.1 The Actin Cytoskeleton

Free globular actin monomers (G-actin) assemble to form filamentous actin
(F-actin), a highly dynamic structure. Three actin isoforms are present
within vertebrates, a-, B-, and y-actin. Only a-actin is specific to striated

muscle, with B- and y-actin ubiquitously expressed amongst tissues. Actin
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filaments, approximately 8 nm in diameter and 6-7 um in length, have
polarity with barbed ends being inserted at the Z-disc of the sarcomere and
pointed ends face towards the M-band>>. Whilst individual actin filaments
have variable mechanical properties, such as stiffness, larger order
structures can be formed in conjunction with accessory proteins, increasing
overall actin stability>’. Nucleation of actin monomers is the main rate-

determining stage of actin assembly.

A suite of accessory proteins regulates the formation of higher order
structures. In cardiomyocytes, a-actinin is an important crosslinker of F-
actin, with cardiac specific isoform encoded by ACTA2>°. An a-actinin 2
homodimer cross-links two adjacent anti-parallel F-actin filaments forming
a structurally stable lattice, essential for Z-disc stability. Moreover, a-actinin
is a binding partner to numerous other proteins at the Z-disc, for example

titin and muscle LIM domain proteins®>.
1.4.2 The Microtubule Cytoskeleton

Microtubules are structurally larger compared to actin filaments and are
rigid, cylindrical hollow tubes approximately 25 nm in diameter2.
Microtubules are highly dynamic, and nucleation is GTP dependent, in
contrast to the ATP dependency of actin filaments (Figure 1.3). a- and B-
tubulin dimers form a protofilament and the assembly of thirteen such
protofilaments forms the microtubule polymer®2. This confers a large

degree of physical stiffness to the macromolecule.

The minus-end of the microtubule is stabilised by the microtubule-
organising centre and is slow growing and chiefly comprised of a-tubulin,
whereas the plus-end of the microtubule undergoes a series of rapid

polymerisation and depolymerisation, comprised of B-tubulin monomers>2.
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Tubulin monomers may also undergo various posttranslational
modifications, such as detyrosination or acetylation®>%%, that modulate the

biomechanical properties of the final structure.

Microtubules organise subcellular domains within the cardiomyocyte, for
example, anchoring the nucleus to the Z-disc. Detyrosinated microtubules
underpin this process via the A-kinase anchor proteins that bind to the
linker of nucleo- and cytoskeleton (LINC) complex®l. Moreover,
microtubules are responsible for trafficking and localising proteins to the
intercalated disc. Importantly, microtubules govern the transport of

connexin 43 to the intercalated discs®2.

Dynamic
instability %

Oo ap- tubulin heterodimer

Figure 1.3 Assembly and Disassembly of Microtubules. Microtubules form a protofilament
and extend at the + end in a GTP dependent manner. A microtubule organising centre (not
shown) anchors the growing microtubule. Actin undergoes similar formation but is ATP

dependent. Image created using Biorender.
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1.5 The Cardiac Extracellular Matrix is Critical to Cardiac

(Patho)physiology
1.5.1 The Healthy Cardiac Extracellular Matrix (ECM)

The cardiac ECM is a diverse, plastic, three-dimensional structural
meshwork maintaining the geometry of the heart®3. Embedded within this
network are cardiomyocytes, cardiac fibroblasts, endothelial cells, and
resident macrophages, each contributing to myocardial homeostasis. Far
from being an inert and passive entity, the ECM is intimately involved with
regulating cardiomyocyte functions including force transmission,
cytoskeleton dynamics, proliferation, as well as acting as a reservoir of
cytokines, metalloproteinases, and other signalling proteins®*¢* The ECM
responds to cardiomyocyte biochemical and biomechanical actions and, in
tandem, promotes a spatiotemporally regulated matrix optimised to
housing cardiomyocytes. At the organ scale, this translates to a functional
heart able to perform its diastolic and systolic functions that are essential

for life.

The physicochemical profile of the cardiac ECM alters throughout
development and disease®*. The embryonic cardiac ECM expresses collagen
I, chondroitin sulphate, fibulin, and fibronectin, amongst other
constituents®. In particular, fibronectin is instrumental in orchestrating the
initial myocardial developmental steps by promoting cell migration,
adhesion, and polarity®*, notably via the expression of the embryonic
isoforms EIlIIA and ElIB®>%%, Expression of fibronectin is critical to the
development of the nascent heart and mutations have been shown to be
embryonically lethal, underpinning its crucial role within the cardiac

ECMS7.68,
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As cardiac maturation proceeds, a phenotypic switch of the proteoglycans
occurs in the myocardial ECM, with glycosylation of a-DG marking the
transition from nascent/embryonic fibronectin rich cardiac ECM towards
the adult-like laminin-211 binding®°. Establishing the DGC-ECM axis signals
maturation of the costameric and focal adhesion regions necessary for

mechanotransduction®.

The interaction between the DGC and laminin is so essential to the
discussion that further detail on laminin is warranted here. The laminins are
a large family of heterotrimeric proteins composed of three peptide chains
(a, B, and y) located in the basement membrane compartment of the
cardiac ECM, with key functions in cell adhesion, mechanotransduction,
and cross-linking other proteins’%’!, Foremost, in the context of muscular
dystrophies, including DMD, laminin occupies a particularly important role
as it is the direct binding partner to a-DG and a7B1D’2. Disrupting the
interaction between the DGC and laminin a2 causes the phenotypes
observed in DMD/BMD and Limb Girdle Muscular Dystrophy Type 2I
(LGMD2I)%>7374 Moreover, mutations in the ITGA7 gene, encoding for a7
integrin, are a cause of congenital muscular dystrophy that is

phenotypically similar to DMD®7>,

In addition to laminin, the adult heart expresses collagen | (80%) and
collagen Il (10%) and the ratio between the two is particularly important to
myocardial elasticity’!. Type | collagen is a determinant of tensile strength
and stiffness, whilst type Il collagen confers elasticity to the ECM.
Overexpression of collagen | increases passive stiffness in the diseased
myocardium. Both collagens contribute to the overall viscoelasticity of the
ECM to give a Young’s modulus (a measure of stiffness) of approximately 10

kPa’®. The remainder of the cardiac ECM is comprised of several other
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distinct glycosaminoglycans and proteoglycans, for example agrin’’ and

pikachurin®478,

Although the exact mutations disrupting the ECM-cell interface may vary,
the underlying concept remains clear. That is to say, a compromise in the
connection of ECM-cell interface is a driver for the cardiac phenotype
associated with muscular dystrophy. Once the linkage to the ECM is lost,
the cardiomyocyte’s capacity for mechanosensing is diminished. This
subsequently impacts the ability of the myocardium to respond to, or

govern, alterations within its environment’®.
1.5.2 The Cardiac ECM in DMD Associated DCM

The ECM in DMD undergoes significant alterations including fibrosis,
elevated inflammatory infiltrate, and, as a result, cardiomyocyte necrosis.
As the cardiac ECM has a critical role in transmission of physiological force
at the cellular level, and regulating diastolic and systolic function, any

alterations to the biomechanical profile can distort mechanotransduction®3.

Further, the capacity for adult cardiomyocyte proliferation is extremely
limited occurring at a rate of approximately 1% per annum. This rate of
proliferation is incapable of maintaining pace with lost cardiomyocytes in
DCM and fulminant heart failure®°. DCM and heart failure commonly result
in the premature death of DMD/BMD patients, therefore consideration of
the cardiac ECM and cardiomyocyte renewal in the context of DMD is

prudent®l,

In response to injurious stimuli, ageing, or disease, the cardiac ECM
undergoes expansion in a process termed remodelling*®*. Remodelling
alters the physicochemical composition of the ECM, often exacerbating the

underlying pathology®. In this manner, the cardiomyocyte-ECM interaction
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results in a positive feedback axis pushing further towards heart failure. It
should be noted here that heart failure is a heterogenous disease with
distinct aetiologies that may all have some unique underpinning aspect. For
example, consider the distinction between dilated and hypertrophic

cardiomyopathies.

Viscoelasticity of healthy myocardium is reported as 10 kPa®? increasing to
as much as 50-130 kPa in the fibrotic myocardium®*’®. This is a direct
consequence of the increased deposition of collagen type | and
fibronectin®36684 with several groups reporting increased stiffness in
diseased hearts®>~2°, More specifically, the initial phases of remodelling
include the activation of proinflammatory and profibrogenic cytokines,
such as Transforming Growth Factor (TGF) B and lysyl oxidases (LOX), that
reside within the cardiac ECM?Y. TGF-B has been reported to decrease the
activity of matrix metalloproteinases whilst concomitantly increasing the
expression of profibrotic enzymes, such as tissue inhibitors of
metalloproteinases®?. Additionally, TGFB/LOX promote the deposition of
collagen type |, thus tilting the ratio in favour of collagen | thereby

increasing the myocardial stiffness®3°3,

Increased collagen type | promotes diastolic dysfunction due to decreased
compliance of the heart®, as well as promoting arrhythmias by disrupting
re-entry circuits®. Elevated myocardial stiffness leads to altered cell
morphology, disrupted sarcomeric architecture, abnormal
electromechanical coupling, aberrant mechanotransduction,
posttranslational modifications of the cytoskeleton, and altered gene
expression8>86:83.90.95 Groups®® have reported disorganised myofibril
striations when cardiomyocytes were cultured on fibrotic elasticity (34 kPa)

which were associated with decreased beating rates. This strongly supports
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the notion that ECM-cell relationship is well optimised and attuned in a

tissue specific manner.

Moreover, expression of alternatively spliced isoforms of fibronectin
increases, such as type lll repeat extra domain A (EDA), which promotes
cardiac inflammation via recruitment of myofibroblasts and monocytes.
Proinflammation leads to increased cardiac fibrosis®*°%°7, Inhibiting
fibronectin overexpression was shown to attenuate fibrosis associated with
heart failure and improved cardiac function for 4 weeks post-ischaemia®*.
Lastly, fibronectin EDA Il promoted activation of nuclear factor kB (NF-kB),
further exacerbating adverse cardiac remodelling®®. Cumulatively, these
data highlight the important and dynamic role that the cardiac ECM plays in
maintaining appropriate biomechanics of the heart. It also indicates how
the disrupted ECM in muscular dystrophies is a significant driver towards

the disease phenotype.

Finally, the interplay between fibrosis and altered mechanotransduction
caused by mutations in the DGC that disrupt the ECM-cell interface is not
clearly defined. What is clear, however, is that it does alter
mechanotransduction which can be a signifier of cell death®. Myocardial
remodelling has shown itself to be a cause for necroptosis via activation of
receptor-interacting kinase 3 (RIPK3) in DMD%%101 Recently it was shown
that myocardial fibrosis activated a RIPK1-RIPK3 complex that promoted
cardiac dysfunction and decreased autophagy, leading to increased cell
death%2, Moreover, fibrotic stiffness can have a deleterious impact on the
genome of DMD cardiomyocytes, where increased stiffness can drive

shortening of telomeres as well as promoting activation of p53 and p2113,

Therefore, the ECM-DGC axis of cardiomyocytes is vital, especially given

that fibrosis is a hallmark in the myocardium of DMD. A positive correlation
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between the extent of fibrosis and poor clinical outcomes has been

reported for DMD?%104,

The mechanosensing apparatus of cardiomyocytes at costameric regions
allows bidirectional communication via a cytoskeleton-DGC-ECM axis
alongside the integrins, influencing substrate rigidity*°. Cardiac passive
stiffness is determined by the interaction of titin and microtubule network
to the sarcomere* with de-tyrosination mediating this interaction%>1%, De-
tyrosinated microtubules are increased in DMD and is a driver of cardiac
pathogenesis by promoting reactive oxygen species (ROS), altered cell
stiffness, and dysregulated Ca%* handling®%%%°°, Decreasing de-tyrosination
of microtubules in mdx model improved the overall cardiac function, as
determined by decreased contraction-induced injury and incidence of
arrhythmias, highlighting the importance of the cytoskeleton in this

context®.

1.6 The Dystrophin Glycoprotein Complex (DGC) is a Large
Sub-Sarcolemmal Complex Connecting the Intracellular

Cytoskeleton to the Cardiac Extracellular Matrix

1.6.1 Overview of the DGC

The DGC is a multiprotein complex located at the costameric region of
cardiomyocytes with several important functions including, providing
structural stability to the sarcolemma and thus protecting against
contraction-induced injury; acting as a molecular scaffold for multiple
proteins thereby functioning as a signalling nexus; regulating
mechanosensitive ion channels, such as the TRPC channels, and lateral

force transmission at the costameres (Figure 1.4).
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Figure 1.4: Overview of the Dystrophin Glycoprotein Complex with a Focus on Dystrophin

Dystrophin

and its Isoforms. A) Schematic depicting several key dystrophin isoforms and important
binding regions. Utrophin localises at the sarcolemma of embryonic cardiomyocytes and is
replaced by full length dystrophin over time. Note the similarity between utrophin and
Dp427. However, utrophin is shorter and unable to bind to microtubules. Dystrophin has 24
spectrin repeats separated by four hinges, as well as having an actin binding domain
(ABD), cysteine rich (CR) domain, and c-terminus (CT). Key binding partners are highlighted,

including microtubules (MT) and the sarcolemma. B) The dystrophin glycoprotein complex
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(DGC) as a whole, situated at the sarcolemma. Biomechanical forces are transduced
between the ECM to F-actin. Note the potential crosstalk between the DGC and integrin

adhesions, with Dp71 potentially having a role at focal adhesions. Image adapted from: %°

The cornerstone of the DGC is the protein dystrophin, which is necessary
for the localisation and maintenance of the entire complex. Multiple
isoforms of dystrophin have been described and expression of these
isoforms can be unique within tissues. For example, cardiac tissue
expresses full length (Dp427m) as well as a shorter dystrophin isoform,
Dp71m, whilst skeletal tissue expresses only the former!!. Looking at the
roles that each isoform has may reveal novel insights into not only its
physiological function but also the pathogenesis in muscular dystrophies.
Elucidation of the shorter isoforms may also confer some therapeutic

advantage as a mini- or micro- dystrophin.

Mutations within the dystrophin gene (DMD) result in the severe muscular
dystrophy, DMD/BMD, as well as the downregulation, and in cases
complete absence, of the other DGC constituents. Therefore, an
appreciation for the entire DGC complex is required to understand how the

loss of these proteins contributes towards the disease phenotype.

The composition of the DGC was unravelled during the late 1980s with a
particular focus on dystrophin. Seminal discoveries towards identification of
dystrophin were carried out by Koenig!?’1%8 Hoffman%®, and Ervastil1®

revealing dystrophin to be a 427 kDa protein in striated muscle tissue'?,

Subsequent work revealed the presence of additional subcomplexes
associated with dystrophin including, sarcoglycans, sarcospans,
dystroglycans, dystrobrevin, and asyntrophins?, together forming the

current model of the DGC. This section will first disseminate the evidence
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for a role of the DGC in mechanosensing whilst looking at the individual

components in detail.
1.6.2 Dystrophin

The full-length isoform of dystrophin present in striated muscle tissue is
Dp427m (‘m’ indicates muscle isoform to distinguish from others, e.g.
brain) and is a large rod protein comprising four functional domains

localised at the sub-sarcolemma in cardiomyocytes, specifically at

costameric regionsi®!12, Dp427m is encoded at Xp21.1 by the DMD gene,

comprised of 79 exons from 2.2 megabases and is the largest gene within

the human genome?.

The presence of the DGC at costameres immediately suggests its role in
mechanotransduction and it has been shown to co-localise with integrin
adhesions and the cytoskeleton!3, Moreover, given that costameres are
focal points for lateral mechanical force transduction, the localisation of
Dp427m here highlights its role in protecting cells against contraction-
induced injury. Downstream, Dp427m interacts with the actin and
microtubule cytoskeleton thereby completing the connection of the

intracellular milieu to the ECM.

Several internal promoters within DMD produce a variety of functional

truncated isoforms of dystrophin, some of which display tissue specificity.

One such case is the small isoform, Dp71m. Dp71m lacks the spectrin
repeat domains and N-terminal actin binding domain (ABD), whilst
retaining a CR/CT domain, enabling Dp71m to interact with the

sarcolemma.

In cardiomyocytes, the role of Dp71m is unclear, but evidence suggests that

it localises at T-tubules suggesting a role in excitation-contraction
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coupling!'41%, To the best of my knowledge, examination of Dp71m in
cardiac tissue has not recently attracted significant attention, but previous
groups have shown it to be involved in stretch-activated ion channels and
the regulation of NNOS*#7 '|n contrast to cardiac research, Dp71 has
been the subject of extensive research in both neuroscience and platelet
research fields. Reviewing the findings from these works may further our

understanding, or hint at, a role for Dp71 in cardiomyocytes!18-120,

Within neural tissue, Dp71b is the predominantly expressed isoform of
dystrophin, with some 14 sub-variants reported!!®. Dp71b is an important
regulator of aquaporin-4 and Kir4.1 potassium ion channels, and its
absence has been shown to cause alterations in the permeability of the
blood-brain-barrier?. Given the role of Dp71b in regulating ion channels,

we can speculate that Dp71m may be acting similarly in cardiomyocytes.

A more in-depth examination of the protein structure of dystrophin now
follows. Structurally, Dp427m is a filamentous rod protein comprised of

four regions (Figure 1.4).

An N-terminal ABD1, composed of two calponin homology (CH) domains, is
crucial for interacting with F-actin and for securing y-actin to the sub-
sarcolemma??2123, The connection between the ECM and cytoskeleton is
mediated by dystrophin and this suggests that dystrophin contributes to
the viscoelasticity of the cell, as described by tensegrity model (this is

discussed in further detail?4#'2% in §1.8).

The central rod domain is comprised of 24 spectrin-like repeat proteins
(SR), each approximately 100 amino acid residues in length?. The SRs are
interspersed by four hinge domains conferring flexibility and extensibility to

dystrophin, hinting at a mechanoprotective function. Evidence for
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dystrophin’s putative mechanoprotective role was provided by Le® where
the extensibility of the SR domains was demonstrated. Using magnetic
tweezers it was shown that the SR domain could extend over 800 nm
within physiological force range (15-30 pN); forces achieved by actomyosin
contraction'?®, Here, the authors suggested that this was a plausible
property of dystrophin allowing it to ‘buffer’ against contraction-induced

injury, enabling dystrophin to act as a molecular shock absorber?.

Additionally, the central rod of Dp427m secures the protein to the
sarcolemma via hydrophobic and electrostatic interactions with
phosphatidylserine!?”128 Interestingly, dystrophin’s central rod interacts
with sarcolemmal phospholipids differently between skeletal and cardiac
tissue, perhaps reflecting tissue specific requirements for spring-like activity
(compare continual cardiac contractility to voluntary skeletal muscle
contractility)'?°. Specifically, in cardiomyocytes, SR domain R1-R3 and CT/CR
domains are crucial to sarcolemmal binding, whilst skeletal muscle

additionally binds via SR domain R10-R12%2°,

Dystrophin’s interaction to the cytoskeleton is partially mediated by the SR
domains. Connection to y-actin requires SR 11-17 of ABD2, composed of
basic amino acid residues, and is distinct from CH domains. Microtubules
directly interact with dystrophin’s rod-domain via SR 4-15 and 20-23130-132,
Disruptions between microtubules and dystrophin have been shown to

increase ROS, exacerbating the DMD phenotype®.

The CR region contains a WW domain binding directly to the PPxY motif of
B-DG2. The connection between dystrophin and the dystroglycan complex
establishes the ECM-cell axis!33. This connection is vital for striated muscle
as evidenced by the fact that disrupting the link between the ECM and cell

interior causes life-limiting muscular dystrophies.
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A secondary attachment point sarcolemmal phospholipids comes from the
CR domain. This interaction is mediated by the presence of ankyrin-B31,
Ankyrin-B and ankyrin-G are required for the costameric localisation of
dystrophin and the DGC as a whole, as their absence leads to diffuse

sarcolemmal patterning of the DGC3?,

Lastly, the CT domain is highly conserved region that forms coiled-coils,
crucial to binding with a-dystrobrevin and al-, B1-syntrophins3413 q-
dystrobrevin binds to the CT domain of dystrophin providing additional

sarcolemmal stabilisation of dystrophin?3,
1.6.3 Utrophin

Utrophin is the autologous homologue of dystrophin, expressed by UTRN
located on chromosome 6q, sharing 80% protein homology. Utrophin is
widely expressed in various tissues including endothelial cells, neuronal
tissues, and striated muscle tissue during embryonic and foetal
development!3’. Embryonically, utrophin localises at the sarcolemma and is
subsequently downregulated postnatally in striated muscle tissues, being
replaced by dystrophin®3>, Postnatally, utrophin localisation is limited to

myotendinous and neuromuscular junctions of skeletal muscle!37/138,

The binding partners of utrophin are generally similar to that of dystrophin,
although some key differences have been described. For example,
dystrophin interacts with B-DG specifically via its WW domain, stabilised by
the ZZ domain within its CT region (specifically mediated via cysteine
residues 3307-3354)13%140, Utrophin also binds to B-DG via WW/ZZ
domains, but the exact residues underpinning this interaction are distinct
to that of dystrophin (3064-3102 in utrophin)3%14°, Importantly, binding of

utrophin to B-DG was approximately 2-fold lower compared to that of
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dystrophin, suggesting some distinction in its function?#. It was reported
that dystrophin bound to F-actin via SR 11-17 whilst the comparable region
in utrophin was unable to bind to F-actin, regardless of large F-actin
concentrations!#17143, Lastly, utrophin cannot bind to microtubules, unlike

dystrophin?3?,

Biomechanically, the SR of utrophin have a distinct unfolding pattern
compared to dystrophin44, Utrophin SR unfold at larger forces, similar to
that of titin and not dystrophin!#4. This is appropriate in its capacity for
localising and transducing force at stiff elastic myotendinous junctions but
may render utrophin less suitable buffering against contraction-induced
forces!**. Together, these data suggest altered mechanotransduction and
mechanical buffering in the instance of utrophin overexpression, especially
in light of its differential binding partners and mechanisms, however this

requires further validation.

Despite these distinctions, utrophin is considered to perform similarly to
dystrophin, leading to its consideration as a potential therapeutic strategy
for DMD/BMD#>14¢_|n fact, some patients with DMD re-express utrophin,
presumably as a compensatory mechanism, a notion supported by
phenotypic rescue in murine models with utrophin overexpression#’,
Whilst upregulation of utrophin is a plausible therapeutic strategy, long-
term utrophin strategies are unclear at present due to its distinct form and
function compared to dystrophin. Moreover, implementation and
localisation of utrophin over a long time-frame will require some degree of
consideration, as this is not straightforward. Of special interest are female
carriers harbouring DMD mutations. Here, a mosaic pattern of dystrophin
expression has been reported and it is interesting to note that this is also

reflected by the expression of utrophin. The ratio between dystrophin and
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utrophin may potentiate the extent of DCM in this cohort of patients!,
although murine carrier models have shown comparable cardiac
compliance to that of WT14° suggesting that female mosaics are less

affected compared to DMD patients.
1.6.4 The Dystroglycan Sub-Complex

The dystroglycan complex is comprised of both a- and B-dystroglycan (a-,
B-DG), transcribed from the DAG1 gene. DAG1 undergoes posttranslational
cleavage into the two constituent proteins'*°, a-DG is heavily glycosylated
on the extracellular aspect of the DGC and directly interacts with laminin-
211, agrin®®!, pikachurin’?, and the proline residues of dystrophin’s CT/CR
region’”78152153 The O-linked glycosylation, particularly that of serine
residues, is essential for its interaction with the ECM and is carried out by
the glycosyltransferase fukutin related protein encoded by FKRP. It is also
involved in the development and maintenance of the ECM, as indicated by
decreased expression of laminin a2 and a-DG when FKRP is mutated3%1>4,
Moreover, FKRP may also direct basal lamina formation and cardiac ECM
modification by glycosylating fibronectin®. Other proteins associated with
the functional glycosylation of a-DG include POMT2 which has O-

mannosyltransferase activity as well as the protein LARGE1%>>,

B-DG contains a PPxY binding motif that directly localises and sequesters
the mechanosensitive transcriptional co-activator YAP3, implicating the DGC
towards regulation of the cardiomyocyte cell cycle. a-DG in neonatal
cardiomyocytes interacts with agrin thereby promoting cardiac
regeneration at the expense of cell maturation as well as causing
dissolution of the DGC’’. As maturation of cardiomyocytes proceeds, agrin
expression decreases and is replaced by laminin, thought to promote cell-

cycle arrest”’. Morikawa? showed that double knockouts of dystrophin and
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Salvador (a negative regulator of YAP) lead to over proliferation of
cardiomyocytes at a scar region generated by myocardial infarction. This
has led to the exciting notion that manipulation of YAP could be clinically
valuable against tissue loss for heart failure. Dissolution of the DGC induced
by agrin may therefore represent an axis that permits the activation of YAP,
thus making it a potential avenue for cardiac regeneration. Although, the
long-term impact of YAP re-expression or agrin in the myocardium remains

unclear.

Mechanically, a- and B-DG are required to maintain the interaction
between the sarcolemma and the basal lamina®>®. Both a-DG and a7
integrin contribute to force production and transmission at costameres.
Absence of a-DG causes dissociation of the sarcolemma from the basal
lamina®®®, rendering muscle tissue susceptible to contraction-induced
injury. As mentioned previously, the dystroglycan complex regulates the
overall turnover of the DGC when engaged to its cognate ligand, laminin.
This results in phosphorylation of tyrosine 892 of PPxY binding motif in B-
DG %7, leading to detachment from dystrophin. Physiologically, this process

is highly regulated and is absent in muscular dystrophies®’.

Cyclic stretch has been shown to activate ERK1/2 and AMPK pathways via
the dystroglycan complex and plectin®®8. Together, plectin and dystroglycan
were required to act not only as a scaffold, but involved in
mechanotransduction as well, with the knockdown of plectin decreasing
ERK1/2 and AMPK activity'®8. The binding of plectin to the cytoskeletal
protein, desmin, was shown to ameliorate the disease phenotype observed
in a mdx:desmin and mdx mice®®. In this way, plectin acts to link B-DG to
the intermediate filament cytoskeleton. Moreover, dystroglycan interacts

with the growth factor receptor-bound protein 2 (Grb2) known to be
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involved with cytoskeletal rearrangement*®?, Integrin activation of Ras was
shown to be mediated via Grb2 and this may represent a potential avenue

for cross-talk between integrins and the DGC*?,

Mutations of the genes involved in the glycosylation of a-DG result in
dystroglycanopathies. Phenotypically, dystroglycanopathies display great
diversity. Underpinning each, however, is the disruption of the ECM-DGC
interaction®. Primary dystroglycanopathies caused by mutations in DAG1
are extremely rare due to the embryonic lethality®®2. This further underpins

the necessity for the ECM-cell axis.

The majority of dystroglycanopathies are caused by mutations of proteins
associated with the glycosylation stages. Glycosylation of a-DG is mediated
by over a sequential series of steps, each dependent on the successful
glycosylation of the preceding step. Therefore, a hierarchy presents itself,
where mutations nearer the initial steps of glycosylation cause increasingly
severe disease phenotypes. For example, mutations in POMT1 give rise to
the extremely severe Walker-Warburg Syndrome, characterised by
lissencephaly and significantly reduced lifespan of less than 3 years',
However, mutations in FKRP largely manifest as Limb Girdle Muscular
Dystrophy (LGMDs) which are often, though not always, relatively mild.
Mutations in FKRP have, however, been shown to be a rare cause for
WWS?e4 Numerous mutations have been identified in FKRP with the

founder mutation (c.826>A) most commonly causing LGMD21%>,
1.6.5 The Sarcospan-Sarcoglycan Sub-Complex

The sarcospan-sarcoglycan complex contributes to the formation of the
DGC and directly interacts with B-DG. In cardiac tissue, four single-pass

sarcoglycans are present: a, B, y, and 5. Recently, a missense mutation
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€.218C>T in exon 3 as well as a partial heterozygous deletion in exons 7-8
within the SGCA gene was shown to be causative of LGMD2D3°. However,

the authors did not assess the cardiac phenotype in this case.

Other groups have identified SGCD in both porcine'®” and murine!®® models
that led to decreased expression of proteins in the sarcoglycan complex
thereby disrupting the overall structure of the DGC and resulted in DCM.
Moreover, it has been reported that 19% of all patients containing a
mutation of SGCA, SGCB, or SGCG display DCM, with 25% of all patients

requiring respiratory support*®°,

Recessive mutations in sarcoglycan (SG) & lead to the reduction or
complete absence of the sarcoglycan complex, and subsequently the DGC,
in myocardial tissue and are a cause for LGMD and DCM°, Interestingly,
dominant negative mutations in SG-6 are cardiac specific resulting in
familial dilated cardiomyopathy!’. The SG-6 dominant negative mutations
R97Q and R71T were shown to be stably expressed in rat cardiomyocytes
without causing significant disruption to the overall DGC’2. However,
under mechanical stress cardiac cells harbouring these mutations were
more susceptible to sarcolemmal damage and permeability as well as

mechanical dysfunction, consistent with a DCM phenotype!’2.

Sarcospan (SSPN) is a 25 kDa tetraspanin localising with the sarcoglycan
sub-complex, thought to act as a protein scaffold'’374, As a protein
scaffold, SSPN stabilises the localisation and glycosylation of a-DG 173175,
Overexpression of SSPN in murine models revealed increased binding
between striated muscle and laminin'’®, Recently, overexpression of SSPN
enhanced both the maturation and glycosylation of a-DG in cardiac tissue
independently from galactosaminyltransferase 2 (Galgt2) knockdown in an

mdx model, thereby alleviating the disease phenotype!’>. Increased
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glycosylation of the dystroglycan complex strengthens the interaction to
the ECM and therefore mitigate the disease phenotype. Moreover, SSPN
overexpression decreased the interaction of integrin 1D with the DGC,
highlighting the possibility that SSPN may regulate crosstalk between
integrins and the DGC7>, In support of this notion, SSPN interacts with
integrin adhesions evidencing a degree of crosstalk between the DGC and
integrins!’4176 Indeed, knockdown of SSPN led to increased expression of

a7B1 in murine skeletal muscle.
1.6.6 The Syntrophins

The Syntrophins are a family of proteins, approximately 58 kDa in mass.
Syntrophins have no intrinsic enzymatic activity of their own acting as
molecular adaptors'’”:178, Five isoforms have been identified (a-1, B-1, B-2,
v-1, and y-2) displaying tissue-specific expression, for example a-1 is
predominantly expressed in striated muscle tissue!’®. Syntrophins are
important adaptors promoting association between dystrophin and
signalling molecules, including nNOS in skeletal muscle®. a-syntrophin
directly interacts with the SR 16-17 domain of dystrophin that, binds to the
PDZ binding motif of nNOS8%.181,

Syntrophins also interact with dystrobrevin via PH2 and SU binding
domains, and these also interact with the actin cytoskeleton®2. Indeed, the
syntrophins appear to have a particularly pivotal role in modulating
cytoskeletal dynamics with the a and B isoforms directly interacting with F-
actin'®?, perhaps contributing to the viscoelasticity and biomechanics of the
cell. Furthermore, syntrophins have been shown to modulate the

cytoskeleton via Rac1®3,
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Modulation of syntrophin restored functionality in DMD mdx model as
demonstrated by introducing a micro-dystrophin construct (AR4-R23/ACT)
that promoted a-syntrophin, as well as other DGC proteins, comparable to

that of the WT84,

Additionally, the syntrophins are well documented regulators of ion
channels®~187 The PDZ binding-motif of syntrophins regulates the cardiac
sodium voltage-gated channel, Na,1.5'8, essential to cardiac excitability
and conduction. Interestingly, in mdx murine models Na,1.5 channel was
downregulated, with animals displaying arrhythmias!8. Moreover, the
mechanosensitive ion channel family, the transient receptor potential
channels (TRPC), are also under regulation of al-syntrophin in cardiac
tissue'®” with TRPC6 inhibition ameliorating arrhythmia in a murine model
of DMD?*®’, Increased activity of TRPC6 was found to be proarrhythmic in
DMD and could be reversed by the addition of protein kinase G.
Mechanistically, the absence of dystrophin promotes stretch-induced [Ca?*]
influx acting upstream of TRPC6. Activation of TRPC6 in cardiomyocytes and

smooth muscle cells promoted Ca?* overload, a hallmark of DMD86.188,

1.6.7 The Entire DGC Complex Functions Synergistically: The Sum is

Greater than the Individual Components

In the absence of dystrophin, the entire DGC complex undergoes
substantial downregulation or, in some cases, complete dissolution. The
mechanoprotection and mechanotransduction afforded by the presence of
dystrophin and the DGC are thus lost, and this is the cause of DMD/BMD.
This aspect is not unique to dystrophin and mutations in other DGC
constituents can promote similar downregulation of the DGC as well as
cause other forms of muscular dystrophy. As such, it is crucial to consider

the DGC as a whole, considering that it appears to function synergistically.
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Each of the protein constituents contributes to the overall localisation and
stabilisation of the DGC and are important determinants for accessory
proteins, cytoskeletal interactions, ion channel regulation, and gene

expression.

1.6.8 The DGC is Well Positioned to Act as a Bona Fide

Mechanotransducer and is Critical to Cardiomyocyte Homeostasis

As shown above, many of the proteins of the DGC are involved in
mechanotransduction and signalling, with dystrophin being particularly
important for this role. Given that the DGC is located at costameres
supports the notion that it is involved in mechanotransduction along with
the integrins. Therefore, the DGC is physically receptive to force
transmission and is responsible for mechanosensing the microenvironment

and cytoskeletal rearrangement, consistent with the tensegrity model*®°.

Moreover, Dp427m acts as a mechanoprotector buffering against
biomechanical forces by extending SR domains within its central rod,
maintaining unravelling forces at 25 pN over an 800 nm extension®. By
unravelling its central rod domain, dystrophin acts as a molecular spring
and protects against contraction-induced forces generated by
cardiomyocytes®. Given the diversity of proteins and phospholipids that
interact with the SR domain, it is interesting to speculate whether
unravelling of the SR domain alters the binding kinetics of
mechanosensitive proteins, in a manner analogous to that of talin190-192,

However, this is currently not established and requires further examination.

Transmission of physical force occurs via the N-terminus of dystrophin as
this directly interacts with both F- and y-actin'?31%3, Conducting forces to

and from the sarcolemma permits the cell to perceive alterations to the
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environment and react accordingly, for example restructuring cytoskeletal

architecture.

Force can then be transmitted by actin to the LINC complex (Figure 1.5),
which communicates mechanical force to the nucleus®*. Studies have
shown that mechanotransduction can be more than 40 times more rapid
compared to soluble signalling and can regulate chromatin and gene
expression apparatus®#198, Dystrophin also interacts with microtubules,
and it is the interaction with both aspects of the cytoskeleton that makes
dystrophin well poised to regulate the viscoelasticity of
cardiomyocytes!3?1%, Indeed, it has been shown that dystrophin is
essential to the maintenance of y-actin and microtubule lattice formation at

the sub-sarcolemmal23199,

There is tentative evidence to suggest a link between cytoskeletal dynamics
and nuclear mechanotransduction in DMD. Recently, a study revealed a link
between gene regulation and the cytoskeleton in DMD?%, Here, deleterious
upregulation of histone deacetylase 8 (HDAC8) was observed in DMD and
selective inhibition improved skeletal muscle function. Specifically,
inhibition of HDACS increased acetylation of a-tubulin, restoring

cytoskeletal architecture in the myotubes isolated from DMD patients?%°,
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Figure 1.5: Overview of the LINC Complex in Striated Muscle. The LINC complex connects
the cytoskeleton to the nucleoskeleton and genome. Nesprin 1/2 giant have a KASH
domain that is a nuclear envelope targeting domain that binds to SUN 1/2 proteins. SUN
1/2 binds to emerin and lamin A/C and the genome. At the N-terminus, Nesprin 1/2 giant
have a calponin homology domain that binds to F-actin, facilitating mechanotransduction.
The spectrin repeat domains of nesprins can bind to multiple proteins, including
microtubules. This is specifically mediated by the highly conserved ‘LEWD’ binding domain
of nesprins to the KLC of microtubules. Nesprins are thought to bind to, and may localise
at, the sarcomere but the connecting proteins are not known. INM= inner nuclear
membrane; ONM= outer nuclear membrane; PNS= perinuclear space. Image created using

Biorender.

Finally, mechanosensitive accessory proteins localise at the DGC, including
ERK1/2, Grb, nNOS, and AMPK®. Dystrophin interacts with AMPK via
intermediate proteins, including sarcolemmal-associated dysferlin2°?,
Interestingly, unlike skeletal muscle, nNOS does not directly localise with
the DGC in cardiac tissue, although nNOS is phosphorylated in response to

AMPK mechanical activation. This occurs in response to stretch to form a
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dystrophin-AMPK-nNOS axis®. In the mdx model, the dystrophin-AMPK-
nNOS axis was disrupted but could be restored pharmacologically,
indicating that force was the primary driver for nNOS activation in

cardiomyocytes as the drug bypassed the requirement for force.
1.7 The Case for Crosstalk Between Integrins and the DGC

Integrins are a superfamily of transmembrane proteins responsible for focal
adhesion formation, mechanosensing of the ECM, and
mechanotransduction?. There are 24 distinct integrins formed as
heterodimers from 18 a- and 8 B-subunits displaying tissue specificity?9%2%3,
Moreover, integrin expression within the same tissue is subject to
spatiotemporal changes, notably during cardiogenesis. Such an example is
the shift from fibronectin a5B1 integrins (present in embryonic
cardiomyocytes) towards expression of laminin binding a7pf1D integrins,

indicative of cardiac maturation?942%,

In cardiomyocytes, integrins localise at costameric regions and are central
to mechanotransduction, regulation of cytoskeletal architecture and
dynamics, and cellular processes including migration. Importantly, integrins
contribute to the overall viscoelasticity of the cell by directing cytoskeletal
dynamics?%62% Whether forces directed by integrin adhesions converge
with those directed via dystrophin is currently unknown. It is beyond the
scope here to detail integrin activation and specific downstream targets,
although a short overview is provided. (The following references permit

further exploration of this area%20%:209,210),

In brief, the integrins facilitate rigidity sensing where increased force across
the ECM-integrin interface strengthens the bond between the integrin (as

well as recruitment of additional integrin units) and the ECM, a behaviour
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called a catch-bond?!!. Activation of integrins in this manner promotes a
signalling cascade and recruitment of multiple proteins, such as FAK and
the Src family kinases. Recruitment of talin and vinculin allows the integrin
to interact with F-actin. If the force is sufficiently large, segregation of
multiple integrins occurs to form nanoclusters that can induce formation of

more actin cables and thus increase force generation?*2.

Integrins have been widely described in the context of focal adhesion
formation and maturation, allowing cells to sense their microenvironment
and assess ECM rigidity and communicating this biomechanical

‘information’ along prestressed actin cables!96:213.214,

A small degree of evidence supports crosstalk between the DGC and the
integrins, which may not be particularly surprising given their similar locale
and synergistic function?'>-217, Mainly, these insights derive from studies
where either the DGC constituents or integrin proteins are mutated,
causing various muscular dystrophies. Double knockout studies (dystrophin
and integrin a7) reveal a more severe disease phenotype than individual
knockouts i.e. accelerated myopathy and premature lethality. This is
perhaps unsurprising given that near complete loss of anchorage can result
in anoikis. Intriguingly, expression of a7B1D integrins in the absence of
dystrophin is increased, hinting towards a compensatory
mechanism®218219 Together, these data suggest crosstalk between DGC

and integrin adhesions.

Previous work has shown that mutations in the integrin a7 (ITGA7) are a
cause of congenital muscular dystrophy with a disease phenotype similar to
DMD'”7>, Mayer’> showed that the absence of a7 caused necrosis of
myofibres, centralised nuclei, and disrupted the sarcomeric architecture,

features consistent with a later finding in humans harbouring primary
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mutations in ITGA7 38. The DGC did not appear to compensate for the loss

of a77°.

The absence of dystrophin, as in DMD or the mdx murine model, has
consistently revealed an upregulation in the a7 integrin. This is thought to
be a compensatory mechanism although this compensation appears
insufficient in the long-term for DMD patients3®7>220.221 Qverexpression of
a7 pharmacologically or via adeno-associated viruses (AAV) delivery has
shown attenuation of the DMD disease phenotype in both skeletal and

cardiac tissue?22,

Of particular promise is sunitinib, a Food and Drug Association (FDA)
approved tyrosine kinase inhibitor. Sunitinib functions to increase
expression of a7B1D promoting attachment to the ECM basement
membrane. Moreover, sunitinib downregulated signal transducer and
activator of transcription 3 (STAT3), a known promoter of fibrosis. Overall,
this acted to attenuate cardiac fibrosis. Another compound, SU9516, led to
similar cardiac improvements in C2C12 and mdx models??3. SU9516 acted
to downregulate NF-kB activity whilst increasing expression of a7p1D?23,
Interestingly, a mainstay treatment in DMD, the glucocorticosteroid
prednisone, also increases a7B1 in skeletal muscle of patients with DMD as
well as in the golden retriever model, GRMD?%*, Overexpression of SSPN
upregulated cardiac 1D expression in a dystrophin-utrophin double
knockout, mdx:utn*- model. Sarcolemmal stability was improved further
supporting crosstalk between the DGC and integrins 2%°. Lastly, a dag1
knockout modelling dystroglycanopathy showed elevated a7 expression
that attenuated, but did not fully rescue, the disease phenotype??®. The
authors suggested that a7 integrin compensation was beneficial in

attenuating the disease phenotype but was insufficient for long-term
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disease prevention. This observation aligns with disease progression

observed in DMD patients??®,

Truncated isoforms of dystrophin may offer unique insights into potential
crosstalk mechanisms. Dp71f directly interacts with B1 integrin in neuronal
tissue and interacts with downstream mechanosensitive proteins, such as
FAK?%7. Moreover, Dp71f localised at focal adhesions in astrocytes and co-
immunoprecipitated with B1 integrin as well as vinculin and actinin??®, To
the best of my knowledge this has not been demonstrated in
cardiomyocytes, but these studies offer a glimpse into a putative role for

Dp71-integrin crosstalk in cardiomyocytes.

Further studies have shown that double knockout of integrins and DGC
components result in an exacerbated, rapidly advancing disease phenotype
than either knockout alone, suggesting that the compensation by one or
other group does not fully attenuate disease phenotypel’622222> For
example, the mdx:61 double knockout showed worsening cardiac
dysfunction that progressed more rapidly towards heart failure compared

to knockout of DMD or 81 alone?!8.

Overall, these data indicate that not only do the DGC and integrin
complexes co-localise, but that there is complementary, synergistic
compensation occurring when either is disrupted. Compensation by either
complex, in the absence of the other, attempts to maintain the ECM-cell
interaction necessary for subsequent mechanotransduction events to
occur. Whilst initial compensation appears to improve the disease
phenotype, over time this begins to fail. What drives this failure is not well
understood but it is responsible for the deterioration of muscle tissue

displayed by patients. Further work into this research area, with a view to
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long-term phenotypic rescue, is urgently required for patients living with

muscular dystrophy.

1.8 The Role of the DGC in Cardiomyocyte

Mechanotransduction

1.8.1 Overview of Mechanotransduction

Cells are responsive to mechanical force that governs a multitude of
processes, including differentiation, embryogenesis, focal adhesion
formation, cell migration, proliferation, survival, cell morphology, and gene
regulation22°-231, The cytoskeleton is central to establishing and
maintaining the viscoelasticity of the cell and for communicating
mechanical force between the ECM and ICM of the cell. Perception of
mechanical forces across focal adhesions and the DGC induces cytoskeletal
rearrangements and activation of mechanosensitive proteins involved in
signalling or genetic regulation. Disruption between the ECM-cell interface
can negatively affect the cell’s ability to respond to physicochemical

alterations of the ECM (Figure 1.6).

1.8.2 The DGC Plays a Role in Maintaining the Viscoelasticity of

Cardiomyocytes as Described by the Tensegrity Model

Tensegrity is a model describing how prestressed structures physically
support themselves using a connected system of compressive and tensile
elements>®. Forces on the compressive and tensile elements are in
equilibrium during external force application, meaning that changes in
external forces cause remodelling of the structural components in order to

maintain internal equilibrium.
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force is propagated along pre-tensed actin and microtubule (MT) cables which can then be
transmitted to the nucleus. Moreover, this mechanism allows the cardiomyocyte to
maintain tensegrity and respond to changes in the ECM and is perhaps involved in rigidity
sensing. Stretch activated ion channels are regulated by dystrophin mediating Ca?* ion
entry, important for excitation-contraction coupling as well as signaling. Plectin is
associated with 8-DG and regulates ERK1/2 activity. In DMD, the absence of dystrophin
leads to contraction-induced microtears of the sarcolemma, allowing excess entry of Ca?*
ions, leading to mitochondrial dysfunction and cell death. Moreover, biomechanical signals
fail to propagate along actin and MT cables causing aberrant mechanotransduction. In the
absence of dystrophin, the whole DGC can be absent or downregulated, further disrupting

downstream signaling. Image adapted from: *°.

For cardiomyocytes, tensegrity describes how a prestressed cytoskeleton is
well poised for mechanical force transduction and propagation. Tension is
generated by the actin cytoskeleton, specifically via actomyosin
contraction, whilst microtubules form the compressive elements>%18°,
Equilibrium between tensile and compressive forces produces the overall
prestressed state of the cell, determining the overall viscoelasticity. As such,
alterations of the cytoskeleton, particularly cortical actin which is a key
regulator of cell surface tension, can be assessed by measuring Young’s
modulus of the cell?32. The prestressed state of the cytoskeleton mediates
its own mechanoresponsivity. In other words, force causes rearrangement

and redistribution of cytoskeletal components.

Adapting to changes in force involves the formation of new actin cables and
microtubule buckling and reformation®°. Propagation of forces along
prestressed actin cables has been shown to act more than 40-fold more
rapidly than soluble ligand interactions®**%, indicating that mechanical
force acutely regulates cell behaviour. Moreover, forces influence cell
behaviour across various time-scales from the rapid induction of integrin

activation to long-term (epi)genetic changes. Therefore, this mechanism
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allows cardiomyocytes to sense changes in the ECM in real-time and adapt

to long-term alterations, such as changes to ECM elasticity.

Recent work showed that dystrophin deficient C2C12 myoblasts displayed
significantly disrupted focal adhesions and altered YAP localisation,
indicating that dystrophin has a vital role in mechanotransduction?33, Focal
adhesion disruption renders the cytoskeleton-DGC-ECM axis dysfunctional
causing cardiac dilatation and increased compliance in mdx models!*°.
Interestingly, female carrier mdx, where only approximately 50% of the
cardiomyocytes expresses a functional DGC, did not show this increased
compliance in response to mechanical stretch!4°. The authors
demonstrated that this effect was distinct from sarcolemmal damage and
related to the disruption of ECM-cell interface by using knockouts of other

costameric region proteins, including B-SG#°.

The DGC is a key focal point for lateral force transmission in striated muscle
tissue across the costameres, connecting sarcomeres downstream via Z-
discs!'3. The sarcomere-ECM connection allows communication and
transduction of mechanical forces into biochemical and genetic alterations,
ultimately governing striated muscle behaviour. Magnetic
micromanipulation showed that disruption of the actin cytoskeleton led to
decreased cell stiffness when a-DG was stimulated compared to untreated
cells with an intact actin cytoskeleton?34. This suggests that the DGCis a

regulator of cellular viscoelasticity.
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1.9 Duchenne Muscular Dystrophy

The central focus of this thesis is how the loss of dystrophin affects
cardiomyocyte functionality. The loss of dystrophin causes Duchenne
muscular dystrophy (DMD) and the milder, allelic variant Becker muscular
dystrophy (BMD). Here, more detail is provided on the disease, reviewing

the underlying molecular mechanisms to gross pathology.

DMD/BMD is a catastrophic X-linked recessive muscular dystrophy caused
by mutations in the DMD gene, located on chromosome Xp2123>. Causative
mutations in DMD are highly diverse but insertions and deletions are the
most prevalent type accounting for 72% of all mutations in DMD?36, DMD is
characterised by the functional absence of dystrophin, defined as less than
3% protein by mass. DMD has an incidence of 1:3500-5000 males and is
characterised by the early loss of ambulation (< 5yrs), skeletal muscle
atrophy, neuropsychological impairment, respiratory insufficiency, and
progressive DCM, that carries a significantly poorer prognosis compared to
DCM of other aetiologies®:23>237_ Historically, respiratory insufficiency due
to diaphragmatic atrophy and pneumonia was the leading cause of
premature death of patients, typically occurring by their early twenties'4.
However, improved therapeutic strategies such as the introduction of
glucocorticosteroids and continuous positive airway pressure (CPAP) have
extended the lifespan of these patients to a median age of 28.1 years as
recorded in DMD patients born after 1990238, Improvement of supportive
respiratory care precipitated progressive DCM as a novel cause for
premature death with DCM and heart failure are now attributable for
approximately 50% of all deaths in DMD patients®1237, typically occurring

during the third decade®®.
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The milder BMD is also caused by mutations in DMD. However, multiple
internal promoters within DMD can produce truncated, but functional
isoforms, of dystrophin, such as Dp71. Synthesis of some portion of
dystrophin is superior to no expression this accounts for the milder

phenotype displayed in BMD.

However, the relationship between disease progression and the presence
or absence of specific regions of dystrophin has become apparent. For
example, the ABD1 has been revealed as being particularly important.
Patients with BMD have a comparatively better prognosis compared to
DMD and may retain ambulation into adulthood, with a lifespan of up to 60
yrs?3%, That being said, cardiac involvement develops in up to 75% of BMD
patients manifesting, on average, by 28.7 yrs?3°, Patients harbouring
deletions between exons 12-17 or 31-49 are particularly susceptible to

developing DCM, leading to a poorer prognosis?3°.
1.9.1 Progressive Dilated Cardiomyopathy in the Context of DMD

Clinically, DCM is a highly heterogenous disease that can be the result of
several distinct aetiologies, distinguished into either primary or secondary
causes???, Primary causes of DCM are often the result of mutations within
genes (very often sarcomeric or cytoskeletal) such as DMD%*, LMNA?*%, or
TTN?%?, Secondary causes are often attributed to environmental factors and
can range from viral infection induced myocarditis to alcohol?*3.
Irrespective of the underlying cause, DCM is characterised by left
ventricular dilatation with increased compliance, ventricular wall thinning,
proinflammatory and fibrofatty infiltrate, decreased systolic output (i.e.
ejection fraction < 50%), hypocontractility, and propensity for arrhythmia?.
The extent of DCM in DMD (Figure 1.7) patients is essentially ubiquitous by

late teens (90% by 18 years) but can be detected in approximately 59% of
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patients by 10 years>104244 |t s critically important to address this issue as

left ventricular ejection fraction steadily declines annually at a rate of 1.6%

per annum?*.
Fibrotic, s i
A Healthy pVOg?&S‘Ve to End-Stage
Heart Failure

Figure 1.7: DMD Associated DCM A) Progression of DMD associated DCM. The heart
becomes fibrotic with high levels of proinflammatory infiltrate during childhood. By teen-
years, 90% of all DMD patients have clinically overt DCM, described by thinning of the left
ventricular wall and extensive fibrosis. Cardiac physiology declines, as described, for
example, by the ejection fraction. B) Histological microphotograph stained with Masson’s
trichrome demonstrating extensive fibrosis within cardiac tissue in DMD. Fibrosis alters the
extracellular milieu, exacerbating the underlying pathology and is a cause for arrhythmias

in DMD. (A created using BioRender; B is adapted from 1%).

Treatment of cardiac dysfunction, adjacent to skeletal muscle therapeutics,
is critical to overall DMD patient quality of life. This fact was reinforced by a
study that sought to improve skeletal muscle function, without

consideration to cardiac tissue, utilising the mdx murine model?*.
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Transfection of a mini-dystrophin construct led to improvements in skeletal
muscle function but unexpectedly exacerbated underlying cardiac function.
Improved skeletal muscle function facilitated additional exercise that led to

a 5-fold increase in cardiac dysfunction?4®,

Arrhythmias are commonplace in DMD patients, particularly sinus and
ventricular tachycardia, and are a cause of sudden cardiac death in the
DMD population!®, Arrhythmias arise as a result of fibrofatty infiltration
and altered ECM, such as increased deposition of collagen type I. The
inferobasal aspect of the left ventricle is particularly susceptible to
arrhythmia due to disrupted re-entry circuits in conjunction with
dysfunctional [Ca%*]i handling and dysregulated ion channel function?47:248,
Recognition of the clinical cardiac picture is paramount as earlier

implementation of therapeutic strategies may delay onset of severe DCM.
1.10 Female Dystrophinopathy

The inheritance pattern of DMD is X-linked and as such overwhelmingly
effects males. However, in exceptionally rare cases (<1:1,000,000) females
may display fulminant DMD (Figure 1.8) due, in part, to i) Turner syndrome
(45, X) whereby the X chromosome harbours a DMD mutation, ii)
Unbalanced mosaic predominantly expressing mutated X chromosome due
to X-inactivation, iii) both X chromosomes harbouring DMD mutations-
which is possible in theory but not, to the authors knowledge, been

reported in the literature?#°-2>1,

More commonly are females displaying mosaicism, i.e. approximately 50%
of cells expressing unmutated X chromosome whilst the remainder express
the mutated form. Female mosaics tend not to have an elevated risk of

DCM compared to the general population however, approximately 20% do
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display a phenotype comparable to the milder allelic variant, BMD. In cases
such as these, up to 17% of patients subsequently develop DCM and heart
failure, even in the absence of skeletal muscle pathology®>°. Current

therapeutic strategies are non-distinct to male DMD counterparts focusing

mainly on treating under standard heart failure algorithms.

In light of this, more research into the female specific effects of DMD
mutations should be performed to better understand and treat the female

demographic.

Dystrophinopathy Healthy

Figure 1.8: Female Dystrophinopathy in Striated Muscle. The almost complete absence of
dystrophin in skeletal muscle biopsy from a female dystrophinopathy patient. In rare cases
such as these, female patients can develop signs and symptoms comparable to male DMD

patients, including DCM and heart failure. Image adapted from 52

78



1.11 Current Therapeutic Strategies for DMD

Cardiorespiratory complications limit survival in patients with DMD and
current therapeutic strategies are palliative, not curative. The mainstays
within the therapeutic algorithms centre around delaying the onset of
pathophysiological ‘milestones’, for example loss of ambulation?>3. Adding
to the difficulty in treating DMD is that alignment between genotype and
phenotype is not always clear in DMD/BMD, with some unexpectedly
severe phenotypes being reported for what were predicted to be minor
mutations. Approximately 10% of DMD/BMD patients do not align with the
‘reading frame’ rule and correlating genotype to phenotype is
challenging?>. Additionally, discordance between respiratory and cardiac
function can increase the complexity for implementing personalised
healthcare?>>2%, In general, two therapeutic branches for DMD/BMD can
be described. The first and most regularly utilised approach is to delay the
onset and progression of DCM and skeletal muscle dysfunction while
maintaining respiration. The second branch is more experimental with the
aim to cure the fundamental disease, primarily by attempting the

restoration of dystrophin.
1.11.1 Therapeutics Used to Stave Off Disease Progression

DMD associated DCM is amenable to traditional heart failure (HF)
treatments including angiotensin converting enzyme (ACEi) inhibitors%>’?, B-
blockers, Ca?* channel blockers, and mineralocorticoids?>®2°°, HF therapy is
utilised in conjunction with glucocorticosteroids, e.g. deflazacort, to reduce
inflammation. There is debate within the cardiology community as to when
HF treatments should be implemented, with some advocating for before
the onset of DCM is detected versus post-detection of DCM. Addressing

this issue, a randomised clinical trial assessed the effect of an ACE;,
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perindopril versus placebo in DMD patients (with ejection fraction > 55%).
After 60 months, the trial showed delayed onset of DCM with improved LV
function in the perindopril group compared to the placebo group, leading
to the use of perindopril and ACEi generally as standard treatments in
DMD/BMD?>’. Other trials have assessed the efficacy between ACEi and
angiotensin receptor blockers (ARBs), for example losartan compared to
lisinopril?®0, After 12 months, the trial concluded that there was no
significant difference losartan and lisinopril with both successfully
increasing ejection fraction in their respective patient cohorts, on average

by 6.9 %260,

In addition to ACEi/ARB therapy, mineralocorticoid antagonists can
significantly delay progression of LV dysfunction and preserve ejection
fraction in DMD. Eplerenone significantly decreased cardiac strain
compared to placebo and improved ejection fraction?>°. This effect was
particularly enhanced in combination with an ACEi. Other trials have
assessed various mineralocorticoid antagonists including spironolactone,
reporting findings comparable to eplerenone?®®. The addition of
mineralocorticoids, in combination with ACEi/ARBs, is beneficial in delaying

declining cardiac function in DMD associated DCM.

Overall, the onset and progression of DMD associated DCM can be delayed
utilising standard HF therapeutic strategies. Treatments are reportedly well
tolerated by patients and are shown to improve ejection fraction and
attenuate LV remodelling. However, the implementation of HF drugs does
not prevent ensuing heart failure and patients continue to decompensate.
Nor do these therapies act to cure DMD/BMD or act to restore dystrophin.
Therefore, the second branch aiming to address these concerns is

considered next.
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1.11.2 Experimental Treatment Stratagems Used to Improve Cardiac

Function

Experimental therapies aim to restore functional dystrophin to striated

muscle tissue to cease disease progression. A variety of methods have been

considered including exon skipping, AAV transfection, and clustered
regularly inter-spaced short palindromic repeats (CRISPR). Of these, exon
skipping has had moderate success and was approved by the FDA and
European Medicines Agency (EMA). Discussion of some of the more

relevant strategies is provided.
1.11.3 Exon Skipping

The reading frame rule states that adjacent exons that maintain an open
reading frame, despite deletion of other exons, should result in a
phenotype comparable to the milder BMD phenotype due to truncated,
but functional, dystrophin isoforms26. This motivated the advent of exon

skipping therapy for use in DMD.

In essence, exon skipping mediates the production of truncated, yet
functional, dystrophin isoforms that can partially restore function (Figure
1.9). Currently, FDA approved antisense oligonucleotides (AON) are
available including the phosphorodiamidate morpholino oligomers
eteplirsen (targets exon 51) and golodirsen (targets exon 53). Despite
moderate success with eteplirsen and golodirsen, they are of benefit to
only a limited number of patients. Specifically, only 14%2%? and 8%23 of

DMD patients are candidates for eteplirsen or golodirsen respectively.

Whilst dystrophin production and 6-minute time walk were both increased

in patients after 180 weeks when treated using eteplirsen, protein

quantification revealed very modest increases of dystrophin?%.
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Western blot analysis revealed the increase of dystrophin here to be only
0.28% compared to untreated patients, a finding supported by another trial
using golodirsen where dystrophin expression was increased by 0.92%2%°.
These findings raised some initial debate as to the efficacy of the AONs but
ultimately, due to the perceived benefits such as the improved walk time,
the FDA continued approval and indeed accelerated wider access to these

drugs.

Further confounding factors in restoring open reading frames is the vast
diversity of mutations, each requiring development of a unique AON. Some
83% of DMD patients are eligible for exon skipping therapy but the
aforementioned restriction has delayed treatment. Nonetheless, several
clinical trials are currently underway and will be reporting results in 2024
and may expand the pharmaceutical arsenal that can be used for exon

skipping in DMD/BMD patients?¢®,
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Figure 1.9: Exon Skipping as a Method to Restore Dystrophin Expression. A) The healthy
scenario whereby mRNA is transcirbed from DMD and translated to dystrophin, localising
at the sarcolemma in striated muscle. B) An example of an exon deletion in DMD causing
the loss of functional dystrophin. The absence of exon 50 results in a premature stop codon
causing mRNA to undergo nonsense mediated decay. This prevents the translation of
functional dystrophin, resulting in DMD. C) Eteplirsen (shown in blue) restores the the open
reading frame of mRNA by skipping exon 51. This results in a truncated, yet importantly,
functional isoform of dystrophin shown to improve patient outcomes. However, eteplirsen

is only suitable for 14% of DMD patients. (Figure created using BioRender).

1.11.4 Mini/Micro-Dystrophin Expression using Adeno-Associated Viruses

Another approach seeking to restore dystrophin in cardiomyocytes is the
use of AAV vectors?®”. The primary limitation to this approach is the small
carrying capacity of AAV, which is approximately 5 kb. The cDNA of
dystrophin is substantially larger than 5 kb, being approximately 11.5 kb,

motivating development of the so-called mini- or micro-dystrophins (Figure
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1.10). The presence of some dystrophin is far superior to complete absence

of dystrophin and currently some AAV are at the clinical trial stage?6>2¢%,

A natural question arising in the face of this limitation is which sections of
the dystrophin protein should be included within an AAV vector. Thus far,
preclinical trials have identified four essential components necessary for a
mini/micro-dystrophin. First, the N-terminal ABD is required for functional
mini/micro-dystrophin constructs to support localisation to the
sarcolemma, which is interesting as not all naturally occurring isoforms
contain this feature, such as Dp71 (although Dp71 does not strictly always
localise to the sarcolemma). Second, the WW domain within the CT region
is required for binding to B-DG. Third, hinge regions 1 and 4 as well as SR
domains 4-5 are required. Finally, it needs variable remaining SR

domainsZ>,

Despite the limited carrying capacity of AAV, the vector does display a
natural tropism for striated muscle tissue and is not highly immunogenic,
making them attractive therapeutic strategies?®*. However, within the
human population it is common to have neutralising antibodies targeted
against AAV that may render the therapy ineffective?®*. Moreover, AAV has
been scrutinised due to complications arising during a Pfizer trial that
resulted in the death of a patient?%4. Therefore, careful consideration and
wider research is necessary to evaluate the utility of this mode of

treatment.
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Figure 1.10: Current Mini/Micro-Dystrophins at Clinical Trial Stage for DMD Several

mini/micro-dystrophins have been developed for AAV delivery into striated muscle tissue.

High dose transfection is more effective but may be more toxic to patients. AAV has been

shown to increase dystrophin expression within skeletal muscle tissue as well as increasing

the 6-minute time walk in patients. Figure adapted from Boehler®®.

Overall, experimental therapies have shown moderate success towards

restoring dystrophin as well as improving the quality of life for patients.

However, significant challenges and unanswered questions remain,

primarily directed towards patient safety and treatment efficacy. Many of
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the clinical trials mentioned have end-points of less than 5 years, meaning
that the results may not translate or extend to decades-long improvements
for patients. Nonetheless, despite these concerns, continued investment
into advancing these areas has generated tangible improvements to patient
quality of life, which is a substantial achievement alone. Furthering these
areas over the following years will hopefully continue this trend and yield

continued benefits.
1.11.5 Can Mechanobiology Reveal Novel Therapeutic Targets?

Many of the therapies discussed are based on classic genetic and cell
signalling pathways. The genetic revolution has been notably vital towards
the development of clinically relevant therapies as well as furthering the
understanding of basic biology. The relevant question now is to ask if there
is a role for mechanotherapies. In essence, there are two aspects to be
considered for mechanotherapy. Firstly, the elucidation of biomechanical
pathways and how these interact and alter throughout disease progression.

Second, the implementation of mechano-centric therapeutics.

The first aspect is easier to comprehend and to implement. Indeed, the
work of this thesis is within the remit of this first consideration of
mechanotherapy. Revealing and disentangling mechanical pathways will be
essential to better grasp the overall biology and is necessary at all levels

from individual molecules to the whole organ.

The second consideration is somewhat more difficult, and clarification may
be required here when considering what may be considered a
‘mechanotherapy’. Do we simply mean a drug, or intervention, that
modulates the activity of a known mechanosensor? For example, should

we consider the promotion or inhibition of, say, integrins to be
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mechanotherapy? Or do we mean the advent and implementation of
bioengineered and mechanical devices that can regulate tissues, such
examples include ventricular assist devices and the development of cardiac

patches?’0.

In any case, the furthering and development of this aspect of medicine may
yield great revelations similar to the genetic revolution. Attention should be
focused on the integration of ‘higher order’ biomechanics and how changes
at molecular level can translate to cellular and long-term changes?’*.

Consideration towards (epi)genetic regulation and the integration between

mechanics and genetics will likely be of significant clinical benefit.

1.12 The Molecular Mechanisms Underpinning Cardiac

Dysfunction in the DMD Patient

Having discussed the gross pathology and cardiac specific effect of DMD,
consideration to the underlying molecular and cellular mechanisms is now
provided. The molecular pathomechanisms underpinning DMD associated
DCM are attributable to several stages: i) structural integrity of the
sarcolemma is compromised’, ii) dysregulation of Ca%* handling caused by
influx via sarcolemmal microtears and dysregulated ion channels?7?, iii)
disruption to both the actin and microtubule cytoskeleton, resulting in
aberrant mechanotransduction'®®, iv) generation of ROS®®, and v)

mitochondrial dysfunction leading to necrosis?’3.
1.12.1 The Cardiac Sarcolemma Is Compromised in DMD

One of the primary roles of dystrophin is to protect against contraction-
induced injury and other mechanical forces. The high extensibility of the SR
domains allows dystrophin to function as a molecular spring®. This was

evidenced by Le® where it was shown that the central rod domain of
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dystrophin acts as a molecular spring maintaining forces below 25 pN over
an 800 nm length, falling within physiologically normal parameters®. This
provided strong evidence that dystrophin buffers against excessive forces to
maintain the integrity of the sarcolemma as well as supporting its role in

mechanotransduction.

Sarcolemmal fragility in DMD was demonstrated using dyes that are usually
impermeable to intact membranes. Porcion orange was detectable in the
skeletal muscle of mdx mice, but not in WT, after a diaphragmatic stress
test’. Similarly, ex vivo mechanical stress in dystrophin-deficient
myocardium showed increased uptake of Evan’s blue dye which is unable to
penetrate an intact sarcolemma?’4. Together, these data provide evidence
of sarcolemmal fragility in dystrophin deficient myocardium making it less
resistant to contraction forces, with comparable observations being made
for human DMD patients®27>, Further, decreased afterload in vivo improved
the cardiomyocyte sarcolemma in DMD patients, as evidenced by the

diminished uptake of Evan’s blue dye?’4.

The use of the artificial membrane sealants, poloxamers, provides further
evidence that dystrophin is required for maintaining sarcolemmal integrity.

277 model

The use of poloxamer 188 (P188) in both a canine?’® and murine
of DMD substantially reduced myocardial fibrosis and prevented uptake of
Evan’s dye. Further, a reduction in LV remodelling was reported alongside
decreased serum biomarkers of cardiac injury, cardiac troponin | and brain
natriuretic peptide?’8. These studies highlight the susceptibility of the
cardiac sarcolemma to contraction-induced injury in the absence of
dystrophin. P188 is FDA approved for short-term use but clinical trials

examining its efficacy in treating progressive DCM and skeletal muscle

dysfunction in DMD patients are still underway. However, it may be a
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promising adjunct to the more conventionally utilised therapies discussed

earlier?”?,

In addition to sarcolemmal fragility, mounting evidence is showing
dysregulated sarcolemmal repair mechanisms in muscular
dystrophies?’328, Elevated Ca?* flux due to microtears of the sarcolemma
may further weaken the ability of cells to repair the damage?®'.
Mitochondria have been reported to respond to sarcolemmal injury by
binding to microtears and initiating repair?®2. One hypothesis accounting for
this phenomenon is that mitochondria act to absorb excess Ca* ions?82,
Indeed, it has been shown in muscular dystrophies that sustained Ca?*
overload promotes mitochondrial dysfunction, resulting in poor

sarcolemmal injury-repair mechanisms?82,

Sustained Ca?* overload promotes a transition in permeability of
mitochondria causing development of a large pore complex, promoting
autophagy of mitochondria and cell death?’3. Elevated Ca®* promotes the
activation of cyclophilin D. Cyclophilin D is implicated as increasing
mitochondrial permeability culminating in rupture if not rapidly reversed.
Pharmacological and genetic ablation of cyclophilin D prevented
mitochondrial sensitivity to Ca%* overload, concomitant mitochondrial
swelling, and mitochondrial driven necrosis and may thus be a valid

therapeutic option?’3.

1.12.2 Ca**Is a Potent Secondary Mechanism Contributing to the

Pathogenesis in DMD

The dysregulation of Ca?* handling is a hallmark of DMD/BMD?7%283, Not
only is Ca?* pivotal for excitation-contraction coupling of cardiomyocytes

but it is also a significant secondary signalling ion. Therefore, it is no
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surprise that [Ca®*]; is tightly controlled in cardiomyocytes. Groups have
reported that increased Ca?* entry into cardiomyocytes leads to the
activation of proteases?®4, mitochondrial dysfunction?®2%, generation of
ROS%287 cellular necrosis'®1?88, and aberrant mechanotransduction”®.
Dysregulated Ca?* entry is considered to occur via two non-mutually
exclusive mechanisms. First, Ca%* enters via microtears down its
concentration gradient into the cardiomyocyte 2%. Second, the
dysregulation of mechanosensitive CaZ* ion channels (including TRPC, LTCC,
and stretch-activated channels), may also permit the influx of excessive
Ca?* ions!>%°, Evidently, excess Ca?* entry leading to calcium overload

actuates the DMD phenotype in cardiomyocytes?/2290.291,

Particular attention should be afforded to channels associated with calcium
induced calcium release (CICR). CICR is the mechanism by which a cardiac
action potential triggers activation of the L-type Ca%* ion channels. In turn,
Ca?* entry via L-type Ca?* channels stimulate the opening of ryanodine
(RyR2) receptors that then release additional Ca?* from the sarcoplasmic
reticulum (SR) to the cytosol, generating localised Ca?* sparks. Cumulatively,
the synchronised, cell-wide generation of Ca?* sparks produce the Ca?* flux
required for exciotation-contraction?®2. Hypernitrosylation of RyR1/2
channels in mdx and human cardiomyocytes increased the frequency of
Ca?* sparks leading to arrhythmia?%3. Because hypernitrosylation is a ROS
induced posttranslational modification, this relates Ca?* dysregulation to
ROS activity?®*. Destabilisation of the RyR2 channel in cardiomyocytes
causes them to become ‘leaky’, manifesting as arrhythmias as well as
depleting the SR Ca?* store, thus weakening contraction. Fauconnier?®*
showed that stabilising the RyR2 receptor by preventing calstabin2

depletion was sufficient to prevent arrhythmia in vivo*®*. Lastly, P188 can
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normalise Ca%* flux into the cardiomyocyte, providing convincing evidence
that sarcolemmal disruption is a bona fide Ca?* entry mechanism and that

this is a driver of aberrant CICR and fatal arrhythmias in DMD?.

Mechanosensitive stretch-activated calcium channels, such as the TRPC
family of cation channels, are hyperactive in DMD?°°, TRPC were shown to
be hypersensitive to stress-stimulated contraction that augments the

physiological systolic contraction within the DMD heart!8°,

Specifically, the mechanosensitive TRPC6 channel is one such example of
how stress-stimulated contraction results in excess Ca®* flux leading to
increased reports of sudden cardiac death in DMD patients. Moreover,
excessive activation of TRPC6 is linked to hypernitrosylation of RyR2,
reinforcing the connection between Ca?* dysregulation, ROS production,
and cardiac pathology. The administration of PKG decreases activity of
TRPC6, improving the cardiac response to stress-stimulated contraction and
arrhythmia generation'®’. Deletion of theTRPC6 gene in the double
knockout murine model mdx:utrn*- reversed the underlying cardiac
pathology by decreasing hypernitrosylation, restoring homeostatic Ca?*,

and improving cardiac remodelling'®’.

Pharmacological inhibition of TRPC6 and TRPC3 in DMD vascular smooth
muscle cells using GsMTx-4, a highly specific mechanosensitive ion channel
inhibitor, attenuated pathological [Ca%*]i?®>. GsMTx-4 downregulated
NADPH oxidase 2 (NOX2) activity as well as ROS, although the underlying
mechanism was not clearly delineated?®®. Furthermore, application of
GsMTx-4 was reportedly cardioprotective and therefore this may represent
a pharmacological strategy targeting mechanosensitive channels for

DMD?%7,
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1.12.3 The Cytoskeleton is Dysfunctional in DMD and is a Key Contributor

to the Mechanopathogenesis of Cardiomyocytes

Alterations in the architecture or dynamics of the cytoskeleton are prime
candidates for overall cellular disruption, and this is indeed the case for

DMD.

In particular, the microtubule cytoskeleton has garnered widespread
interest in the context of DMD?%199.2%8 Dystrophin directly interacts with
microtubules specifically at SR domain 24 and the WW domain'®. Absence
of dystrophin disrupts the microtubule lattice, with mdx mice
demonstrating a 2.5-fold increase in a-, and B-tubulin monomers,
suggesting disorganisation of microtubules?®®. Interestingly, elevated
tubulin monomers in mdx did not correlate to a shift in the balance of
tubulin-microtubule equilibrium, but rather the long-term stabilisation of
microtubules was disrupted®. This contrasts with other evidence
indicating a hyperdense microtubular network in DMD cardiomyocytes and

may be the result of the underlying genetic heterogeneity of DMD>°.

In DMD, the microtubule cytoskeleton was reportedly stiffer compared to
WT controls®?, indicating an alteration to the overall viscoelasticity of the
cell. Increased stiffness of cardiomyocytes causes impaired sarcomeric
contraction and time to peak due to cytoskeletal resistance, parameters
that can be improved by the application of parthenolide, which decreases
detyrosinated microtubules, thought to be responsible for the increased
stiffness®®. Moreover, parthenolide prevented aberrant Ca?* waves in
response to stress, underscoring the relationship between the cytoskeleton
and Ca?*regulation®. Overall, these findings implicate the disorganisation

of the cytoskeleton as a determinant of DMD pathogenesis.
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Functionally, it has been reported that mechanical stretch increases NOX2
generated ROS as well as elevated Ca?* in mdx but not in WT muscles?®°.
The role of the microtubule network in connecting axial stress with NOX2,
and Ca?* is particularly significant as it relates all of the core pathological
features in DMD. The authors suggested that either Piezo 1/2 or TRPC1
stretch activated channels were responsible for the influx of Ca®* observed

and are significant contributors towards the DMD cardiac phenotype?®°.

Disorganised costameric microtubules in DMD relates to the mislocalisation
of organelles, including the Golgi complex3%. The Golgi apparatus was
shown to be mislocalised with an altered morphology in mdx compared to
WT. Additionally, Golgi functionality was disrupted causing abnormal
posttranslational modifications of proteins3®. The authors successfully
rescued the disease phenotype by transfecting mdx skeletal muscle cells
with the micro-dystrophin, AR4-R23, containing binding motifs to actin and
microtubules, indicating that it is the cytoskeletal regulation of the Golgi

that has gone awry in DMD3%°,

Furthermore, nuclear localisation was reportedly hypermobile in mdx.
Interestingly, lyer?®® demonstrated downregulation of integral LINC complex
proteins in mdx mice that disrupted the connection between the nucleus
and cytoskeleton. Disruption to the LINC complex is also a notable cause for
muscular dystrophy and DCM3°1-303, Transcriptional activity of nesprin-1, a
LINC complex protein connecting to the F-actin cytoskeleton, was also
diminished, indicating not only disruption to the LINC complex proteome,
but dysregulated gene expression. This may be caused by an inability to
regulate chromosome nuclear localisation and epigenetic markers2?8.
Together these findings suggest that disruption to the microtubule

cytoskeleton is a significant factor contributing towards the DMD
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phenotype. An overwhelming majority of studies have utilised skeletal
muscle and the mdx model for elucidating the role of microtubule in DMD.

Further work clarifying the role in cardiomyocytes should be performed.

The actin cytoskeleton also contributes to the viscoelasticity, force
propagation, and overall mechanobiology of the cell*®*. Reports using hiPSC
derived cardiomyocytes (hiPSC-CMs) showed that restoring the ABD1/2
binding sites of dystrophin significantly improved Ca?* handling dynamics3%
suggesting that it is not only microtubules that govern Ca* dynamics. In
support of this notion, mutations in cytoskeletal genes, including those of
the DGC (DMD, PDLIM3, FKTN, SGCG, and SSPN), are a cause for atrial
fibrillation in inherited DCM3%>3%, Fatal tachyarrhythmias are

pathognomonic in DMD, and it is interesting that mutations of the

cytoskeleton seem to be so strongly associated with this phenotype.

The y-actin subsarcolemmal lattice directly interacts with dystrophin and is
increased 10-fold in mdx mice compared to WT3%. This is likely a
compensatory mechanism to maintain the integrity of the subsarcolemmal
lattice. Notably, the connection to F-actin is disrupted, thereby negatively
impacting mechanotransduction along prestressed actin cables.
Upregulation of y-actin potentially complements the increased a7p1

expression discussed previously in relation to DMD.

Lastly, aberrant epigenetic regulation of the actin cytoskeleton has been
reported in DMD human cardiac tissue3%8, Lysine acetylation of nucleoporin
(NUP) 153 promoted its activation, allowing NUP 153 to subsequently
localise and transcribe downstream targets. Multiple genes associated with
regulation of the actin cytoskeleton (such as nexilin and p300) and cardiac
remodelling were upregulated due to NUP 153 activity, exacerbating the

underlying DMD phenotype. Moreover, overexpression of NUP 153 led to
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increased Cay1.2 ion channel activity and Ca?* overload. Accordingly, NUP
153 silencing reversed these findings, demonstrating that epigenetics

makes an important contribution to the overall DMD phenotype3°8,

1.13 The Use of Human Induced Pluripotent Stem Cell Derived
Cardiomyocytes (hiPSC-CMs) in DMD

Conventional models for DMD research have typically centred on using
animal models. Of these, the most popular has long been the mdx murine
model3®, Pilot studies utilising mdx found it particularly suited to
recapitulating the skeletal muscle phenotype, which at the time was the
primary research concern for DMD. Later work revealed that mdx was a
poor proxy for mimicking the cardiac phenotype that is observed in DMD
patients. This, coupled to the fundamental differences between murine and
human cardiac physiology, have brought into question the usefulness of
this model3'°. Alternative animal models for DMD are in use, such as

canine3!!

and porcine3'? models, however these are expensive to generate
and maintain as they require more sophisticated facilities and expertise not
widely available. Nevertheless, the golden retriever muscular dystrophy
(GRMD) model does indeed display DCM comparable to that of the human
and are therefore vital to preclinical trials. One such example is the use of

GRMD in trialling mini/micro-dystrophin constructs for preclinical trials3!*.

The advent of human induced pluripotent stem cells (hiPSCs) and
downstream tissue differentiation have highlighted the shortcomings of the
various animal models. Moreover, hiPSCs are human derived and thus
physiologically relevant for modelling pathophysiology. Additionally, hiPSCs
are capable of recapitulating disease phenotypes observed and have

garnered widespread usage in the DMD field as well as cardiology in
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general33-316_ Qriginally hiPSCs were described and characterised by
Yamanaka using mouse embryonic fibroblasts (MEFs)3'”. The elucidation
and transfection of four governing transcription factors led to the
dedifferentiation of the MEFs. These four factors are c-MYC, KLF4, OCT3/4,
and SOX2, and are now dubbed the ‘Yamanaka’ factors. Subsequent work
by Yamanaka3!® using human dermal fibroblasts demonstrated the
conservation of the transcription factors by successfully dedifferentiating
human dermal fibroblasts. It should be noted here that reprogramming of
somatic cells can be achieved using either viral vectors, CRISPR, or the
tetracycline inducible piggyBac transposon. The elegance of the hiPSC is
multifactorial. hiPSCs can, in theory, provide an unlimited supply of stem
cells and can undergo redirected differentiation, that is to say make any

desired cell type.

The generation of hiPSC-CMs was finessed in work by Lian3!® and
Burridge3?°, amongst others, where pharmacological manipulation of
Wnt/B-catenin pathway was shown to be sufficient to induce cardiogenesis
in hiPSCs. Since then, significant effort has been made towards optimising
hiPSC-CMs with the aim to as faithfully recapitulating the adult
cardiomyocyte phenotype as possible3?1322, Due to the importance of

Wnt/B-catenin in hiPSC-CM differentiation, a brief overview is provided.

The highly evolutionarily conserved Wnt/B-catenin family of proteins are
central to the cardiac differentiation utilised in this work. Wnt binds to the
transmembrane ligand, G-protein couple receptor, frizzled. Activation of
frizzled upregulates the activity of the transcriptional activator, B-catenin.
In the absence of Wnt, glycogen synthase kinase-3 (GSK3B) forms a
destruction complex targeting the N-terminus of B-catenin causing its

ubiquitination and subsequent degradation323. However, binding of Wnt to
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frizzled promotes the activity of dishevelled, which localises to GSK3j,
interfering with its ability to ubiquitinate B-catenin. This enables B-catenin
to translocate to the nucleus and activate downstream genes, for example
VEGF. It is also important to note that Wnt undergoes a series of lipidation
steps that are necessary for its secretion. A palmitoylation stage carried out
by porcupine is particularly notable as this is one of the targets for

inhibiting Wnt used here for cardiac differentiation324,

The use of hiPSC-CMs in DMD has emerged as a revolutionary model with
widespread applications such as the screening of pharmacological
compounds, elucidating underlying (patho)mechanisms, and can be used to
complement and further in vivo work. The emergence of several limitations
in hiPSC-CM has hindered their use clinically, such as an immature
phenotype where hiPSC-CMs are comparable to embryonic and foetal
cardiomyocytes and not adult cardiomyocytes. This aspect has been
extensively characterised at the (epi)genome, proteome, and metabolome

levels.
1.14 Summary of General Introduction

The importance of the DGC in the maintenance of striated muscle tissue
cannot be overstated. In its absence, patients suffer from a catastrophic,
life-limiting muscular dystrophy (DMD) that impacts all aspects of their
lives. In order to alleviate the disease phenotype, with the aim of curing
patients with DMD, it is important to elucidate and examine the
underpinning mechanisms. The myocardium leverages the spring-like
action of dystrophin to protect against contraction-induced injury, and thus
maintain the sarcolemma. Moreover, the DGC acts to scaffold additional
mechanosensitive proteins, such as nNOS, YAP, and AMPK. Finally,

maintaining the ECM-cell interface poises dystrophin as a governing body
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of cellular viscoelasticity, a feature important for overall cardiomyocyte
functionality. The absence of dystrophin or other DGC components impairs
the integrity of the sarcolemma as well as preventing repair mechanisms
from being carried out. In addition to this, several key aspects of cellular
physiology undergo disruption including Ca?*, cytoskeletal architecture, and

epigenetic regulation.

Examination into biomechanics has revealed itself to be particularly
important in governing cellular and molecular processes, dictating higher
order phenotypes. In particular, | have highlighted and examined evidence
showcasing the impact of disrupted biomechanics in DMD and how this
may drive the underlying pathomechanisms. Overall, the absence of
dystrophin and other constituents of the DGC, or disruption to their
functional aspects e.g. glycosylation, results in a weakened and structurally
fragile sarcolemma. This renders it susceptible to contraction-induced
injury with a negative impact on cellular mechanotransduction,
mitochondrial dysfunction, pro-inflammatory state, and necrotic cell death
being characteristic. Moreover, faulty ion channel regulation, elevated Ca?*,
and ROS production further drive the disease phenotype accounting for
arrhythmias and sudden cardiac death observed in patients.
Communication to the nucleus is disrupted leading to aberrant

mechanotransduction and altered gene expression.

In summary, disrupting the ECM-cell interface promotes aberrant
mechanotransduction that may prevent adaptation and appropriate
responsivity of cardiomyocytes to their microenvironment. Altogether, this
contributes towards the overall DCM and end-stage heart failure observed

in DMD.
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1.15 Aims and Hypothesis of Thesis

The cause of death within the majority of DMD patients is now DCM and
end-stage heart failure. Over 90% of the DMD population at 18 years have
clinically overt signs of DCM32°, with heart function declining steadily, with
death typically ensuing by the third decade of life. This severe disease is
caused by the absence of the protein, dystrophin, which functions as a

mechanoprotector of the sarcolemma.

My hypothesis is the requirement of dystrophin for maintaining the overall
integrity and function of cardiomyocytes, with an essential role in
mechanotransduction. | hypothesise that dystrophin enacts these features
via its ability to interact and regulate the cytoskeleton, acting to bridge the
extra- and intra-cellular components and actuating cellular viscoelasticity,
overall facilitating cardiac adaptation to the microenvironment. Thus, the
absence of dystrophin, as is the case for DMD/BMD, results in the loss of

these vital functions and is the central driver of the DMD pathogenesis.

To validate my hypothesis, several aims have been devised for this thesis.
First, | aimed to generate, maintain, and characterise a human DMD
relevant cardiac model. Here, | used a 2-D monolayer culture to generate
both WT and DMD mutant hiPSC-CM cell lines. Establishing the model is of

critical importance as this determines all subsequent experiments.

Second, to characterise the cellular and nuclear morphology of hiPSC-CMs
in response to a variety of physiologically relevant mechanical stimuli.
These include altered substrate elasticity, hydrodynamic pressure
application, and stretch. In addition to this, | aimed to characterise the

overall cardiomyocyte viscoelasticity.
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Finally, | aimed to determine whether downstream signalling events were
affected in DMD compared to WT cardiomyocytes. hiPSC-CMs at baseline
or subjected to the aforementioned mechanical experiments were
examined. In particular, | want to examine the nuclear localisation of the

mechanosensitive protein, YAP.
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2 Methods and Materials

Do it or do not do it- you will regret both:

Sgren Kierkegaard

Never work with animals or children...(I'd like to add ‘or

iPSCs’1)

W.C. Fields (modified by Darren Wilson)

101



2.1 Cell Culture Techniques

2.1.1 Overview of the Four Human Pluripotent Stem Cell (hiPSC) Cell

Lines
This work utilised four human pluripotent stem cell (hiPSC) lines:

GM25256 ‘CRISPRi’ termed WT 1 throughout the work. This cell line was
obtained from the Coriell Institute GM25256 and was derived from human

dermal fibroblasts. The donor was a healthy 30-year-old male.

HPSI0214i-kucg_2 termed WT 2 throughout the work. This cell line was
obtained from European Collection of Authenticated Cell Cultures and was
derived from human dermal fibroblasts. The donor was a healthy 65—69-

year-old male.

CENSOQIi002-B termed DMD 1 throughout the work. This cell line was
obtained from the European Collection of Authenticated Cell Culture and
was derived from fibroblasts. The donor was a confirmed DMD patient

aged 5-9 year old male harbouring the mutation c.9691C>T (p.GIn3231%*).

CENSOQIi007-A termed DMD 2 throughout the work. This cell line was
obtained from a collaborator at University College London, Great Ormond
Street Hospital, from Professor Jennifer Morgan. The donor was a
confirmed DMD patient aged 10—14-year-old male harbouring a deletion of
exon 52 in DMD.

All of the above hiPSC cell line were verified via teratoma formation and
pluripotency biomarkers (including SSEA-4, TRA-1-60, OCT3/4) prior to this
body of work by either the company at source or by previous laboratory

members within Dr Lin’s [aboratory.
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2.1.2 Thawing and Plating of hiPSCs

Conventional hiPSCs were thawed from liquid nitrogen or -80°C at 37°C. 1
mL StemFlex medium (see §2.8) supplemented with 10 uM Y-27632
dihydrochloride ROCK inhibitor (RI; Tocris 1254) was added dropwise to the
cryovial prior to transfer to a 15 mL falcon tube. Then, hiPSCs were
centrifuged at 1200 rpm for 5 min at RT before being transferred to a 6 well
plate. All experiments using hiPSCs were carried out in sterile conditions in

a class Il laminar flow biological safety cabinet.

6-well plates were coated with vitronectin recombinant human protein
(Invitrogen, A14700) for 1 hr at room temperature (RT) at a concentration
of 5 ug/mL in 1x phosphate buffered saline (PBS; ThermoFisher, 14190-
169). Plates were washed with 1x PBS twice after coating with vitronectin
prior to the seeding of hiPSCs. hiPSCs were thawed at 37°C in StemFlex
medium (Gibco, A3349401) supplemented with 1% penicillin-streptomycin
(P/S; ThermoFisher, 15070063) and 10 uM Rl before centrifuging at 1200
rpm for 5 min at RT. hiPSCs were then resuspended in Stemflex medium
supplemented with 1% P/S and Rl and plated for 24 hrs at 37°C, 5% CO,.
Afterwards, the medium was changed to Stemflex plus 1% P/S and changed
every other day until cells were 80-90% confluent. When confluent, hiPSCs
were dissociated non-enzymatically using Versene solution (Gibco,
15040066) and incubated for 5 min at RT (0.5 mL/well). Versene was
aspirated and cells were mechanically detached into clumps using a wide
bore P1000 tip and replated in Stemflex medium supplemented with 1%
P/S and 10 uM RI. Cells were then distributed as required (typical passage
was 1:6). The passage number used for the hiPSC cell lines ranged between

4-80.
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2.1.3 hiPSC Cell Cryopreservation

Cryopreservation of hiPSCs was carried out by passaging cells as described
previously (§2.1.2). After the removal of Versene, 1 mL StemFlex
supplemented with both 10 uM Rl and 10% DMSO (Sigma, D2650) was
added to each well, termed hiPSC freezing media. Cells were harvested as
described before (§2.1.2) and then placed into a cryovial. hiPSCs were then
transferred to -80°C for 24 hrs and then transferred to -196°C in liquid N3

for long-term storage.
2.1.4 Cardiac Differentiation Protocol for hiPSC

Cardiac differentiation was carried out based on protocols developed by
Lian3'?, Burridge3?°, Mandegar32®, and Parikh3?’. hiPSCs were dissociated
using 0.5 mL of Trypsin-EDTA (0.05%) (Gibco, 11580626) for 5-7 min at 37°C
before being neutralised by Stemflex medium supplemented with 1% P/S
and 10 puM RI. hiPSCs were counted and then seeded at a density of 4.5x10*
cm2in a 24-well plate coated using Matrigel® (Corning, 1543550) at a
concentration of 0.3 mg/mL in DMEM/F-12 medium (Gibco, 11554546) for
1 hr at 37°C and then rinsed once with 1x PBS before seeding hiPSCs.
hiPSCs were seeded onto the Matrigel® coated plate using Stemflex
medium supplemented with 1% P/S and 10 uM Rl for 24 hrs, this was
termed Day -3 (D-3) (Figure 2.1). After 24 hrs, the media was changed to
Stemflex medium with only 1% P/S and hiPSCs were incubated for 48 hrs to

recover.

Biphasic manipulation of the Wnt/B-catenin pathway is required to
generate hiPSC-CMs and is generally referred to as the ‘GiWi’ protocol,
wherein the initial step is to inhibit glycogen synthase kinase 3-B (GSK3-;
Gi) followed by the second step which is to inhibit Wnt activity (Wi).
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Pharmacological modulation using CHIR99021 and C59 is sufficient for

generating hiPSC-CMs by modulating Gi and Wi respectively.

Outline of Cardiac Differentiation
Protocol

D-3 DO D2 D4 D7 D10-15 D13-18 D16-21 D30-onwards
& o ) ‘,.\00
N
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Figure 2.1: Timeline of pharmacological driven cardiac differentiation of hiPSCs to hiPSC-
CMs hiPSCs were seeded at 4.5x10* cm? at D-3. Pharmacological modulation of the
Whnt/B-catenin was used to produce hiPSC-CMs. 6 uM CHIR was used to inhibit GSK-36 to
allow expression of 8-catenin thereby directing cells towards mesoderm lineage. Following
this, 2 uM C59 was used to inhibit production of Wnt, thus committing cells to cardiac
lineage. hiPSC-CMs were given RPMI 1640 supplemented with B27 without insulin until D7
where the media was supplemented with B27 with insulin. To purify hiPSC-CMs, 5 mM
lactate was used in glucose free media for 6 days. Maturation was enhanced using 0.1 uM

T3 and 1 uM dex was administered for 10 days prior to experimentation.

At DO, the media was changed to RPMI-1640 medium (Sigma, R5886)
supplemented with 1x B27 (-insulin) (ThermoFisher, A1895601) with 150 pL
P/S and 213 pg/mL 2-Phospho-L-ascorbic acid (L-AA) (Sigma, 49752) and
500 pg/mL recombinant human albumin (rHA) (Sigma, A9731) and 6 uM
CHIR99021 (Tocris, 4423) for 48 hrs at 37°C, 5% CO,. CHIR99021 enhances
Wnt/B-catenin activation by inhibiting GSK3-p.

Following this, the media was changed to RPMI-1640 medium plus B27 (-
insulin) with 1% P/S and L-AA and rHA supplemented with 2 uM C59
(abcam, ab142216) for 48 hrs at 37°C, 5% CO; inhibiting Wnt activity.
Afterwards, the media was changed to RPMI-1640 medium plus B27 (-
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insulin) containing 150uL P/S, 213 pg/mL L-AA, and 500 pg/mL rHA and

changed every other day until D7.

At D7, the media was changed to contain B27 (+insulin) and changed every
other day until cells were observed beating (between D7-10). hiPSC-CMs
then underwent metabolic selection to purify the hiPSC-CMs using RPMI-
1640 medium (without glucose) (ThermoFisher, 11879020) plus 150 uL P/S,
213 pg/mL L-AA, 500 pg/mL rHA supplemented with 5 mM lactate (Sigma,
71718) for 6 days, with the media being refreshed on day 3.

Following metabolic selection, hiPSC-CMs were incubated with 0.5mL
Accutase (Merck, SCR0O05) for 10-15 min at 37°C before being neutralised
using RPMI-1640 medium containing B27 (+insulin), 150 pL P/S, 213 pg/mL
L-AA, 500 pg/mL rHA supplemented with 0.1 uM tri-iodothyronine (T3)
(Sigma, T2877) and 1 uM dexamethasone (Dex) (Cayman, 11015) plus 10%
knockout replacement serum (KSR) (ThermoFisher, 10828028) plus 2 uM

thiazovivin (Selleck, S1459) for use in experiments.

T3 and Dex supplemented media was used for a minimum of 10 days to
improve hiPSC-CM maturation before use in subsequent experiments.
Brightfield images of hiPSC-CMs were obtained using the EVOSTM XL Core
configured microscope at different time points documenting the progress
of cardiac differentiation. These were namely DO, D2, D4, D7, post-T3/Dex
(~D30). hiPSC-CMs were maintained at 37°C with 5% CO; for the duration of

their incubation.
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2.2 Nucleotide Techniques

2.2.1 Genomic DNA Extraction

Genomic DNA (gDNA) was extracted from a minimum of 5x10° cells using
the QlAamp DNA Mini Kit (Qiagen, 51304) as per the manufacturer’s
instructions. In brief, cell pellets were thawed on ice. Following this, 180 pL
of buffer ATL with 20 uL proteinase K were added, prior to 30 s vortex to
homogenise cells. Following this, 200 uL buffer AL was added and cells
underwent vortexing, prior to 10 min incubation at 70°C. Afterwards, 200
pL 70% ethanol was added and the cells were vortexed again. The mixture
was then added to a QlAamp Mini spin column within a 2 mL collection
tube and centrifuged at 8000 rpm for 1 min. Flow through was discarded.
500 pL of buffer AW1 was added, followed by centrifugation at 8000 rpm
for 1 min. After flow through was discarded 500 uL of buffer AW2 was
added. The cells were then centrifuged at 14000 rpm for 3 min. The
QlAamp mini spin column was then transferred to a fresh 2 mL collection
tube and centrifuged at 14000 rpm for 1 min to reduce carry over of any
buffer. 30 pL of ultrapure water (Invitrogen, 10977-035) was then added
and incubated at RT for 5 min. Following this, cells were then centrifuged at
8000 rpm for 1 min, thereby eluting the DNA. 1 pL of DNA sample was
taken and quantified using either nanodrop or Qubit™ Fluorometer (Life

Technologies, Q32216.

gDNA was then eluted into a sterile collection column using 30 uL of
nucleotide-free ultrapure water (Invitrogen, 10977-035) and the
concentration of gDNA was determined using Qubit™ Fluorometer (Life
Technologies, Q32216) with the Qubit™ dsDNA high sensitivity assay kit

(Invitrogen, Q32854) as per the kit’s instructions.
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2.2.2 Polymerase Chain Reaction

Polymerase chain reaction (PCR) was used to amplify regions of interest

prior to sequencing, notably over the mutation site c.9691 exon 67 of DMD

(Table 2.10), to confirm the mutational status of the hiPSC cell lines. PCR

was carried out using 60 ng total gDNA using the LongAmp Tag DNA

Polymerase Amplification Kit (New England Biolabs, M0323S), with

reaction set-up shown in Table 2.2 and cycling parameters in Table 2.3.

Table 2.1: Primers used to amplify and sequence exon 67 of DMD ¢c.9691C>T Custom

primers were produced by Integrated DNA Technologies, UK.

Primers Sequence Product
Length (bp)
F 5" GCACAAATTAGAAGTAACCCCA 3’
DMD c.9691C>T 1192
R 5" AAATCTCCATCTGCAGCAGG 3’

Table 2.2: LongAmp gDNA PCR Reaction Set-up

Reagent Volume (pL) Final Concentration
5X LongAmp Taq Reaction Buffer 5 1X
10 mM dNTPs 0.75 300 uM
DMSO 1.25
Forward Primer (10 uM) 1 0.4 uL
Reverse Primer (10 uM) 1 0.4 pL
LongAmp Tag DNA Polymerase 1 2.5 units/ 25 pL
Nuclease-free Water to 25 uL
Template DNA Variable >60 ng
Total Reaction Volume 25

108




Table 2.3: Thermocycling conditions for amplifying gDNA using PCR

Step Temperature (°C) Time
Initial denaturation 94 30s
30 Cycles 94 30s
45-65 1 min
65 60 s/kb
Final Extension 65 10 min
Hold 4 indefinitely

2.2.3 Gel Electrophoresis

A 1% agarose gel was prepared by dissolving 0.5 g of agarose powder
(Sigma, 9012-36-6) in 50 mL of 1x Tris acetate EDTA buffer (TAE) with 5 pL
Sybr safe (ThermoFisher, S33100) and poured into the casting tray with
comb (to form wells) and allowed to set at RT for a minimum of 20 min.
Afterwards, the gel was placed into a gel electrophoresis tank with
sufficient 1x TAE buffer added to submerge the gel and then the comb was
removed. 5 pL of a DNA ladder (Thermo, 10488058) was added into the
first well with 15 pL of PCR product added into the subsequent wells. Gel
electrophoresis was set at a voltage of 100 mV for 30 min. After, the gel was

visualised using a Chemidoc system.
2.2.4 Sequencing of Genomic DNA Fragments

Amplified gDNA was sequenced using the primers listed in Table 2.1 by
Source BioScience (Cambridge) with results analysed in SnapGene® Viewer
5.0.7. First, the PCR products were purified using the MinElute PCR
Purification Kit (Qiagen, 28004) as per kit instructions. In brief, 5 volumes of
buffer PB was added to 1 volume of PCR reaction mix. The colour of the

mixture was checked to ensure optimal pH (yellow indicated optimal pH.

109



Orange or violet colouring indicated pH was basic and required the addition
of sodium acetate at pH 5.0). A MiniElute column was then placed into a 2
mL collection tube, and the PCR mixture was added to the MiniElute
column. Following this, the MiniElute column was centrifuged at 13000 rpm
for 1 min. Flow through was then discarded, and the MiniElute column was
added back to the 2 mL collection tube. Subsequently, 750 pL buffer PE was
then added to the sample and centrifuge, as before, for 1 min. Afterwards,
the MiniElute column was then added to a fresh 2 mL collection tube. 10 pL
of ultrapure water then added and the sample incubated at RT for 2 min

prior to centrifugation, as before, for 1 min.

The principle behind the purification step centres around the pH and
nucleic acid adsorption to the silica membrane within the MiniElute
column. The buffer adds a high-salt environment to mediate this
interaction. Impurities within the PCR mixture fail to adsorb and are

subsequently washed away leaving a low-salt, purified PCR product.

Following purification of the PCR product, 10 ng/uL of PCR product and 3.2
pmol/uL/primer in 5 L reactions were sent to Source BioScience for

analysis. The result was then analysed using SnapGene® Viewer 5.0.7.
2.2.5 RNA Extraction

hiPSCs or hiPSC-CMs were harvested using 175 pL/well RLT buffer (Qiagen,
79216) supplemented with 10 pL B-2-mercaptoethanol (Gibco, 11528926).
Samples were then snap frozen at -20°C before being transferred to -80°C

for storage of up to 1 month.

When ready for use, the work surface and equipment were treated using

RNaseZAP (Thermo, AM9780) to reduce risk of cross-contamination.
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Samples were thawed on ice and total RNA was extracted using the RNeasy

Plus Mini Kit (Qiagen, 74134) as per the manufacturer’s instructions.

The principle of the RNeasy Plus Mini Kit is first to lyse and homogenise
samples, in a buffer that inactivates and denatures RNases, thus protecting
the RNA. Previously harvested cell samples were thawed on ice (contained
within 350 pL of buffer RLT and 10 pL B-mercaptoethanol). The 350 uL of
the cell mixture was then added to a genomic DNA (gDNA) collection tube
that was contained within a 2 mL collection tube. Then, the sample was
centrifuged at 10000 rpm for 2 min. The column was discarded and the
flow through was retained. Following this, 350 uL of 70 % ethanol was
added to the flow through and mixed via pipetting. The addition of ethanol
optimises binding conditions for RNA to the membrane within the column.
Subsequent washes result in the rinsing away of impurities. Then, 700 pL of
the sample was added to an RNeasy spin column within a 2 mL collection
tube and centrifuged at 10000 rpm for 15 s. Flow through was discarded
and 700 pL of buffer RW 1 was added to the sample. The sample was
centrifuged as before for 15 s. Afterwards, 500 ulL buffer RPE was added to
the sample followed by centrifugation, as before. Flow through was
discarded and this step was repeated, except the sample was centrifuged
for 2 min at 10000 rpm. The RNeasy column was then placed into a new 2
mL collection tube and 30 uL of RNase-free ultrapure water was added and

incubated for 1 min at RT prior to centrifugation at 10000 rpm for 1 min.

30 plL was eluted into a sterile collection tube in nucleotide-free ultrapure
water. The concentration of total RNA was determined using the Qubit™

Fluorometer with the Qubit™ RNA HS Assay Kit (Invitrogen, Q32852).
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2.2.6 Reverse Transcription: cDNA Synthesis from mRNA Template

mRNA was converted to cDNA using the High-Capacity cDNA Reverse

Transcription Kit (Applied Biosystems, 4368814). 300 ng of total mRNA was

added up to a volume of 10 uL and mixed with the master mix outlined in

Table 2.4. Thermocycling PCR conditions for synthesising cDNA are outlined

in Table 2.5. cDNA templates were stored at -20°C until required.

Table 2.4: High-capacity cDNA reverse transcription reaction master mix.

Reagent Volume (uL) Final concentration

10X RT Buffer 2

25X dNTP Mix (100 mM) 0.8

10X RT Random Primers 2

Reverse Transcriptase 1 50 U/ uL

RNase Inhibitor 1

Nucleotide-free Water 3.2

mRNA 300 ng 10

Total Volume 20

Table 2.5: Thermocycling parameters for the conversion of mRNA to cDNA.

Step Temperature (°C) Time
1 25 10 min
2 37 2 hrs
3 85 5 min
Hold 4 Indefinite
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2.2.7 Real-Time Quantitative PCR (RT-qPCR)

Once mRNA was converted to cDNA, relative gene expression was
measured by RT-gPCR using the PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems, A25742) in the so-called 2-step RT-qPCR process. The
reaction set-up is detailed in Table 2.6 and thermocycling conditions are
detailed in Table 2.7. Primers were sourced from the literature or were
designed using NCBI Blast. Custom primers for RT-qPCR were purchased
from Integrated DNA Technologies UK and the sequences are provided in

Table 2.8.

Table 2.6: RT-qPCR reaction set-up

Reagent Volume Final Concentration
(ut)
PowerUp™SYBR™ Green Master Mix (2X) | 6 1X
Forward Primer (10 uM) 0.12 0.1 uM
Reverse Primer (10 uM) 0.12 0.1 uM
cDNA (diluted 1:10) 5
Nucleotide-free Water 0.72
Total Volume 12
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Table 2.7: Thermocycling conditions for RT-qPCR

Step Temperature (°C) Time
Holding Stage 1 50 2 min
2 95 2 min
Cycling Stage (x40) 1 95 3s
2 60 30s
Melt Curve Stage 1 95 15s
2 60 1 min
3 95 15s
Table 2.8: List of primers used for RT-qPCR.
Gene Type Gene Sequence
F5 CTTCTACCACGCTTTTGCGG 3’
" ACTN2 R 5 AGGCACCAGCAATATCCGAC 3’
§ F 5" TTCAGGATTCTCCGTGAAGGG 3’
g MYH6 R 5 GTCGAACTTGGGTGGGTTCT 3’
g F 5 TTGGCACGAAGGGCTTGAA 3’
g MYH7 R 5 TTCCTCCCAAGGAGCTGTTAC 3’
g F 5" GACAGAGCGGAAAAGTGGGA 3’
° TNNT2 R 5 CTCCTTGGCCTTCTCCCTCA 3’
= F 5 GGATTTGGAATGGCATGCGG 3’
§ ISL-1 R 5" CATTTGATCCCGTACAACCTGA 3’
_8' @ F 5 CAAGTGTGCGTCTGCCTTTC 3’
§ é NKX2.5 R 5" CGCACAGCTCTTTCTTTTCGG 3’
é F 5" TCCTCCCACGCATATTATCG 3’
S GATA 4 R 5" AAGCTCTGATACATGGTCCC ¥

114



F 5" CCTGAGAAGAGGAGAGATGGTA 3’

ITGA1 R 5 GCTGTCACTTGTTGCACTTAAA 3’
F' 5" TGATCCTGTGTCCCATTGTAAG 3’
ITGB1A R 5" TGACCTCGTTGTTCCCATTC 3’
§ F 5 TGATCCTGTGTCCCATTGTAAG 3’
é ITGB1D R 5" TGACCTCGTTGTTCCCATTC 3’
'% F5 CTGTGAGATGAGAGTGGGTAAA 3’
::!J- ITGA7 R 5" GAATGGGAGAGGAAGGGATTAG 3’
E F 5’ TTGGCGAGCAAGCTATGAA 3’
%D ITGA6 R 5" CTGTGCCGAGGTTTGTAAGA 3’
F 5" GGTGGACCAGGAAGCTATTT 3’
ITGA5 R 5 GAACCAGGTTGATCAGGTACTC 3’
F 5’ CCTGAGAAGAGGAGAGATGGTA 3’
ITGA1 R 5 GCTGTCACTTGTTGCACTTAAA 3’
> = F 5 AGAAAAACAACTGGCCGAAGAAT 3’
§ 2w NANOG R 5 GTTGAATTGTTCCAGGTCTGGTT 3’
3 ¢ g
$2°
L
c DMD (whole F 5 TGGGGGCAGTAACATTGAGC 3’
'g gene) R 5’ CCGCTTCGATCTCTGGCTTA 3
lg' g DMD C- F 5’ TGACCACTATTTATGACCGCCTG 3’
-_§ & terminus R 5 CTCCCTGTTCGTCCCGTATC 3’
g DMD N- F 5" CACTGGCAGGTCAAAAATGTAATG 3’
) terminus R 5’ TGGCCTATGACTATGGATGAGAGC 3’
= F 5 GCGGCTGAAACAGCAAGAAC 3’
.§ g YAP R 5 TTGGTAACTGGCTACGCAGG 3’
.g— .é
5 §
=
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F 5 CTCCTCCACCTTTGACGCTG 3’
GAPDH R 5" CATACCAGGAAATGAGCTTGACA 3’

Housekeeping
Gene

The RT-gPCR reaction was carried out using the SteponePlus™ Real-Time
PCR System and Thermal Cycling Block and data was analysed using the
delta-delta Ct method (222¢t). GAPDH was used as the housekeeping gene

for normalisation.

The 222 method is a relative quantification of mRNA gene transcripts to a
reference gene, the so-called ‘housekeeping gene’, and is not an absolute
guantification. The Ct is the point at which fluorescence breaches the

defined threshold. The quantification steps are as follows.

The change in ACt is calculated by:

ACt = CtTarget gene — CtHousekeeping gene (EQ- 2-1)

Next, the AACt is calculated by:

AACt = ACtTarget sample — ACtHousekeeping sample (EQ- 2-2)

From this, the 222t can be determined directly. The normalisation value is
setto 1, as 2°=1. The 2 is derived from the normalisation value plus the
PCR amplification efficiency under the assumption of 100% (i.e. 1). Once
the 2-22¢ has been calculated, normalisation to WT 1 can then take place

and values are then in reference to this.

Melt curves for each primer pair were examined to ensure that only single
peaks were produced, an indicator that primer-dimers were not produced
indicative primers specificity. The Ct value was defined when the

amplification curve passes the threshold which typically begins
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approximately cycle 15 onwards, depending on the gene. The more cycles
required to breach the threshold indicates a lower abundance detectable
mMRNA product and thus decreased gene expression. Maximum number of

cycles was 40.
2.3 Immunocytochemistry Techniques

Immunocytochemistry was used to throughout to determine expression,
localisation, and relative fluorescence intensity of proteins within hiPSCs or
hiPSC-CMs, with primary and secondary antibodies listed in Table 2.9.
Firstly, hiPSCs or hiPSC-CMs were washed using 1x PBS prior to fixation
using 4% (v/v) paraformaldehyde (ThermoFisher, 28906) in 1x PBS for 10
min at RT. Cells were then washed three times in 1x PBS, 5 min per wash.
Permeabilisation of cells was carried out using 0.1% Triton-X 100x (Sigma,
T8787) in 1x PBS for 10 min at RT. Following three washes in 1x PBS, 5 min
each, cells were blocked using 5% goat serum (Sigma, G9023) and 1% BSA
(Fisher, BP9700-100) in 1x PBS for 1 hr at RT, termed blocking buffer. Then,
the primary antibody in blocking buffer was added either overnight at 4°C
or 2 hr at RT. Following incubation with primary antibody, the cells were
washed three times as before prior to the addition of the secondary

antibody.

Secondary antibodies and 4’,6-diamidino-2-phenylindole (DAPI) were made
up in blocking buffer and incubated at RT for 1 hr hidden from light.
Following incubation with secondary antibody, cells were washed as before,

and stored in 1x PBS at 4°C (in the dark) until imaged.

Imaging was carried out using either the Nikon CSU-W1 SoRa Spinning Disk
Confocal or the Zeiss LSM710 Confocal and Elyra PS.1 Super-resolution

microscopes. For image intensity data acquisition, the same imaging
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parameters (laser intensity; exposure time) were maintained per

experiment between cell lines to ensure consistency.

Table 2.9: Primary and secondary antibodies used for inmunocytochemistry

Biomarker Species Isotype | Dilution Catalogue
Number
Primary Antibodies
Anti-NANOG | Mouse IgG1 1:100 Abcam,
Monoclonal ab80892
v Anti-OCT3/4 | Mouse IgG2b 1:100 Santa Cruz, sc-
[J]
E Monoclonal 5279
£
bgn Anti-SSEA4 Mouse IgG3 1:50 BD Bioscience,
g Monoclonal 560796
[J]
° Anti-TRA-1- | Mouse IgM 1:100 | Santa Cruz, sc-
2 60 Monoclonal 21705
Anti-SOX2 Mouse IgG2a 1:100 R&D, MAB2018
Monoclonal
| Anti-NKX2.5 Mouse IgG1 1:100 Santa Cruz, sc-
[J]
2 ¥ Monoclonal 376565
5 ¢
g S | Anti-TNNT2 | Mouse lgG1 1:300 Abcam, ab8295
2 o
S = Monoclonal
g 5
g E Anti-a- Mouse IgM 1:100 Sigma, A2172
o— Q.
T o .
5 | actinin Monoclonal
S 3
a | (sarcomeric)
5 Anti-Vinculin | Mouse IgG1 1:100 Sigma, V9131
.g S Monoclonal
T &
g E Anti-Integrin | Mouse IgG1 1:100 Abcam,
[0}
(8]
2 B1 Monoclonal ab30394
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Anti- Rabbit - 1:100 CST 2101
Phospho Src | Polyclonal
(Tyr 416)
Anti- Rabbit IgG 1:100 CST 8556
Phospho-FAK | Monoclonal
(Y397)
) Anti-Lamin Rabbit IgG 1:200 ThermofFisher,
ig T§ A/C Monoclonal 2Q2G6
Z &
5 w Recombinant | Rabbit IgG 1:50 Abcam,
g 'é Anti- Monoclonal ab275391
@ & | Dystrophin
2 3
8 & Anti-a- Rabbit - 1:100 Abcam, ab4074
5 & Tubulin Polyclonal
o Anti-YAP1 Mouse IgG2a 1:100 Santa Cruz, sc-
g E Monoclonal 101199
2
Secondary Antibodies
Alexa Fluor™ | Goat Anti- IgG 1:100 ThermoFisher,
488 Mouse A32723
Alexa Fluor™ | Goat Anti- lgG2a 1:100 ThermoFisher,
594 Mouse A21135
Alexa Fluor™ | Goat Anti- IgM 1:100 ThermoFisher,
546 Mouse A21045
Alexa Fluor™ | Goat Anti- IgG 1:100 ThermoFisher,
546 Mouse A11035
Phalloidin - - 1:100 SantaCruz, sc-
CruzFluor™ 363797
647nm
Conjugate
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2.4 Biomechanical Techniques

2.4.1 Fabrication of Polydimethylsiloxane (PDMS) of Different Elasticities

Polydimethylsiloxane (PDMS) is a silicone-based polymer widely used in
microfluidics, organ-on-a-chip models, and in the manufacture of different
substrate elasticities. PDMS is widely used as it is biocompatible, optically

transparent, and the elastic moduli are easily tuneable.

Sylgard® 184 (Dow Corning, 101697) silicone elastomer base was added to
Sylgard® silicone elastomer curing agent in a 1:10 ratio, being determined
by mass. This was then mixed at RT until opaque white prior to
centrifugation at 10,000 rpm for 5 min at 4°C. Sylgard® 527 (Dow Corning,
101693) was made by mixing equal parts ‘Part A’ and ‘Part B’, again by

measuring mass, and was centrifuged at 10,000 rpm for 5 min at 4°C.

To produce coverslips mimicking the Young’s modulus of a healthy cardiac
environment (6 kPa) or a fibrotic cardiac environment (130 kPa), blending
of Sylgard® 184 and Sylgard® 527 was carried out to produce graded PDMS.
For 6 kPa PDMS the mixing ratio between Sylgard® 184 to Sylgard® 527 was
1:20 and for the 130 kPa PDMS the mixing ratio was 1:5. These ratios had
been established within Dr Iskratsch’s lab previously and reported in the
literature3?8. Once the PDMS had been mixed according to the different

ratios it was allowed to precure at RT for 1 hr.
2.4.2 Fabrication of PDMS Coated Glass Coverslips

18 x 18 mm round, glass coverslips (VWR, 631-153P) were oxygen plasma
treated for 5 min (Harrick Plasma, room air, 18 W) to facilitate binding of
PDMS to the glass coverslip and to sterilise and remove organic

contaminants32°. Specifically, oxygen plasma treatment introduces

120



functional polar groups, namely SiOH (silanol) to PDMS3%°. The introduction
of the silanol group increases hydrophilicity which in turn facilitates the

binding of PDMS to the glass and extracellular matrix constituent, laminin.

Following the initial round of oxygen plasma treatment, coverslips were
coated with 150 uL of either 6 kPa or 130 kPa PDMS. Coverslips were then
spin coated clockwise at 1000 rpm for 40 s using the WS-650 Spin 3000
(Laurell Technologies) to ensure an evenly distributed PDMS layer.
Afterwards, spin coated coverslips were then cured at either 60°C overnight
or at 80°C for 2 hrs prior to use. Coverslips were then plasma treated for 30
s and then sterilised for 10 min at RT using 70% ethanol. Excess ethanol was
then removed, and coverslips were air-dried for 10 min prior to being

washed using sterile 1x PBS, three times, 5 min per wash.

After sterilisation, the addition of 10 pg/mL laminin (Sigma, L2020) was
added to the PDMS coated coverslips for 2 hr at 37°C. Following this,
coverslips were washed once with 1x PBS for 5 min before hiPSC-CMs were
reseeded, as described §2.1.4, onto the coverslips. hiPSC-CMs were
allowed to recover for 5 days on the coverslips before undergoing
subsequent experiments. This also ensured that hiPSC-CMs could adapt to

the respective substrate elasticity.

2.4.3 Nanoindentation as a means for determining Young’s modulus of

hiPSC-CMs

The mechanical properties of cells have emerged as a critical parameter for
determining disease states, development, and for examining underlying
structures- in particular the cytoskeleton. Importantly, alterations in cellular

viscoelasticity are increasingly acknowledged disease biomarkers33°,
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Two techniques have been developed to examine the underlying
viscoelasticity, or more accurately, the Young’s modulus of cells: atomic
force spectroscopy (AFM) and nanoindentation. Both nanoindentation and
AFM are based on similar principles, the central distinguishing
characteristic being the scale of operation. AFM typically measures on a
smaller scale compared to nanoindentation and can probe single
molecules. Although there is considerable overlap between the two.
Nanoindentation was used in this work to measure larger scale areas of
hiPSC-CMs. Specifically, nanoindentation was performed over the
cytoplasmic region of hiPSC-CMs to maintain consistency across

experiments. Nuclear nanoindentation was not carried out in this work.

The Young’s modulus is a characteristic quantifying the stiffness of
materials in response to deformation; and in this case is largely determined
by the cytoskeletal architecture and dynamics in cells. Mathematically, the
Young’s modulus (E) relates two properties tensile stress (o) and tensile
strain (€) in response to a known force, measuring the capacity of the
material to deform. Tensile stress is defined as the force (F) over the area
(A) and tensile strain is defined as the change in length (dL) over the total
original length (Lo). The relationships are defined as follows:

o F/A

E = = ——
e dL/Lo

(Eq.2.3)

Further consideration for nanoindentation is to indent onto a cell by a given
force. In other words, the load application should be optimised so as not to
indent beyond 10% of the total cell height. In this way, the Hertzian model

can be applied to interpret the data.

Loading the force onto the sample requires the deflection of a cantilever, of

known spring constant, that can then generate a loading-unloading force
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curve. Essentially, a force-displacement curve is obtained and then the
Hertzian model (Figure 2.2) is applied to the loading region of this curve.
Indentation force (F) is assumed to be linear to cantilever bending and can

be related by Hooke’s law: (Eq. 2.4).
F =x6 (Eq.2.4)

Where k is the spring constant of the cantilever and 6 is the deflection of
the cantilever. Importantly, Hooke’s law can also be applied to cytoskeletal

elements.

The Hertzian model is commonly used to obtain the Young’s modulus from
the loading-unloading force curve by relating depth, spring constant, the
probe, and the cell. Due to the role that height plays in interpretation of the
loading-unloading curve, it is vital to maintain across experiments for
consistent and comparable data acquisition. With the Hertzian model,
knowing the force and depth of indentation allows for calculation of the

underlying stiffness. The Hertz model can be written as (Eq. 2.5):

F= %Eeﬁ\/ﬁi h2 (Eq.2.5)

Where Ef is the effective Young’s modulus, R;is the radius of the spherical
probe, and h is the indentation height. The Hertzian model predicts a linear
load-unload curve where load and unload curves are superimposed. This is
not observed in live cells due to their viscoelasticity which, in contrast,
generate a hysteresis curve. The Hertzian model assumes that the sample is
homogenous, isotropic, and has a linear elastic response. These conditions
are not satisfied in living cells, nonetheless research has revealed that small

indentation depths (not more than 10% cell height) coupled to a small
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spherical probe radius broadly follows the Hertzian model and therefore

this can be used.
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Figure 2.2: Representative example of a loading-unloading force curve acquired during
nanoindentation using the Piuma Data Viewer V2.3.5. and principle of the Hertzian
model A) a) The blue line indicates the approach of the nanoindenter probe to the cell that
at b) contacts the cell and indicates the initiation of indentation. The red line specifically
measures the Young’s modulus via the Hertzian model and is where the elasticity of hiPSC-
CMs derives from. C) indicates the remainder of the indentation. The green trace indicates
unloading, i.e., retraction, of the nanoindenter probe. The Piuma Data Viewer software
calculates the Young’s modulus from the portion of the curve as indicated by b. B) The
Hertz model used to produce the Young’s modulus. The yellow section within the probe
represents the contact area (a) to the hiPSC-CM giving a contact area of radius as: a =
V(Rihumax) imay is the total indentation with h, being the final contact depth. R is the

radius of the spherical probe.
2.4.4 Nanoindentation of hiPSC-CMs on PDMS Substrates of Differing

Elasticities

The Chiaro Piuma nanoindenter (Optics 11, Life) was mounted onto an air
table at the side of the Leica DMi8 Epifluorescence Microscope (Leica

Microsystems) (Figure 2.3) and secured using bolts to minimise vibrations.
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The arm of the nanoindenter was positioned over either the 10x or 20x lens
of the Leica DMIi8 Epifluorescence and secured. Following manufacturer
guidelines, the 0.49 N/m; 49 um probe (Optics 11, Life) was selected to

measure the Young’s modulus of live hiPSC-CMs.

Figure 2.3: Overview of the Chiaro Piuma nanoindenter set-upA) Set-up of the
nanoindenter. (Yellow text) A) The nanoindenter body, B) The arm of the nanoindenter, C)
Leica DMI8 Epifluorescence, D) closer, and alternative view showing nanoindenter arm, E)
Probe tip. Using an inverted Leica DMi8 microscope the nanoindenter was situated to the
right. The arm of the nanoindenter with the probe attached was lowered over the 10x or
20 x objective lens. B) Brightfield image showing the nanoindenter probe (spring constant,

0.49 N/m; radius, 49 um) at 20x zoom highlighted by the asterisk. Scale bar= 100 um.

Following set-up, the Chiaro Piuma nanoindenter was calibrated using a
glass bottomed petri dish using RPMI-1640 medium supplemented with
T3/Dex at RT. This maintained the optical density necessary for calibrating
the probe. Manufacturer’s instructions recommend that calibration had a
geometrical factor between 0.8 and 2.5. hiPSC-CMs on laminin coated
PDMS 18 x 18 mm glass coverslips were then transferred to a plastic petri
dish. RPMI-1640 medium supplemented with T3/Dex was added in addition
to 20 mM HEPES (Sigma, H3375-25G) to minimise pH disruption. As hiPSC-
CMs were not in a temperature-controlled environment, experiments were
limited to a maximum of 1 hr at RT to mitigate any effects that may be

attributable to temperature sensitivity or cell death due to this. hiPSC-CMs
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were visualised using the Leica DMi8 and the nanoindenter probe was
gently lowered into position approximately 100 um above the hiPSC-CMs

prior to data acquisition.

The nanoindentation was carried out with following parameters. The probe
indented by a depth of 1000 nm, with a contact threshold of 0.004 and
approach speed of 2000 nm/s. 1000 nm was 10% of the cell height allowing
application of the Hertzian model for determination of the Young'’s

modulus.

To elucidate the viscoelasticity further, the nanoindenter was used for
dynamic mechanical analysis (DMA). For DMA, three frequencies of 1 Hz, 4
Hz, and 10 Hz were selected to stimulate the hiPSC-CMs, each for a time of
2s while indenting 1000 nm with an amplitude of 200 nm. The DMA

function allowed examination of oscillatory stimulation on hiPSC-CMs.

A minimum of ten hiPSC-CMs per cell line per substrate elasticity were
analysed per experiment with a minimum of three independent
experiments being carried out. After nanoindentation, hiPSC-CMs were
washed once using 1x PBS for 5 min and then fixed using 4% PFA in 1x PBS
for 10 min at RT. Cells were then washed three times in 1x PBS for 5 min

before being stored at 4°C until required for immunocytochemistry.

Nanoindentation experiments examining the effect of cytoskeletal
(de)stabilisers on Young’s modulus of hiPSC-CMs were carried out as
described but with the addition of pharmacological agents (Table 2.10).
Each pair of drugs targeted either the actin cytoskeleton (cytochalasin D

and jasplakinolide) or the microtubule cytoskeleton (taxol and vinblastine).
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Table 2.10: Drugs used to (de)stabilise the cytoskeleton.

Drug Concentration (uM) | Incubation time
Cytochalasin D (Tocris, 1233) 1 30 min
Jasplakinolide (Tocris, 2792) 1 45 min
Taxol 10 2 hr
(Tocris, 1097)
Vinblastine 1 1hr
(Tocris, 1256)

2.4.5 Hydrodynamic application of healthy cardiac pressure onto hiPSC-

CMs using a pressure chamber

To examine the effect of normal cyclic cardiac pressure, the use of a
hydrostatic pressure chamber was used. In conjunction with this, different
substrate elasticities were used to examine the dual effect of pressure and
substrate forces on hiPSC-CMs. Experiments were carried out using the
MechanoCulture TR Hydro mechanical stimulation system (CellScale
Biomaterials testing) (Figure 2.4). Healthy cardiac cycling parameters were
defined as 120/10 mmHg (0.015/0.0015 MPa) and the cycle is detailed in
Table 2.11. These parameters (compress, hold, and recovery times) were
tested for achieving reproducible and stable pressure cycling at the set
conditions for long-time periods (Figure 2.5). This ensured constant levels

throughout the cycle and were optimised within Dr Iskratsch’s laboratory.
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Figure 2.4: Schematic Demonstrating the MechanoCulture TR hydro Mechanical
Stimulation System. The Top view shows the hydrostatic chamber with a schematic of the
coverslip position. This work used 18x18 mm, 10 ug mL* laminin coated PDMS coverslips
with substrate elasticity of either 6 kPa or 130 kPa. The side view left shows how the
hydrostatic pressure was applied as a downward force, via the flexible membrane, via
direct contact with the culture media. Side view right shows a zoomed in schematic of cells
on the coverslip. The hydrostatic pressure applies mechanical force to all dimensions of the

cell. Image adapted from 33!
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Table 2.11: Hydrostatic chamber cycling parameters Applied hydrostatic pressure

mimicking healthy cardiac pressure (120/10 mmHg). Cycling was sinusoid and parameters

were established within Dr Iskratsch’s laboratory

Parameter Value
Pressure 120/10
Time 6hr
Frequency 1Hz
Compress 0.2s
Hold 0.3s
Recovery 0.2s
Rest 0.3s
Repetitions 21600 (For 6 hr)
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Figure 2.5: Representative Plot Displaying the Applied Pressure using the

MechanoCulture TR hydro Mechanical Stimulation System. A representative 30 s period

to demonstrate the cyclic application of hydrodynamic pressure mimicking healthy cardiac

pressure cycles.
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hiPSC-CMs were passaged onto 18x18 mm coverslips as described
previously (§2.4.3). After 5 days, they were transferred to the hydrostatic
pressure chamber- an example experimental set-up is shown in Figure 2.4.
The hydrostatic chamber was sterilised using 70% isopropanol for 10 min
and allowed to air dry for a following 10 min at RT in a sterile culture hood.
The chamber was then washed using 1x PBS three times, each for 5 min.
Afterwards, the chamber was sterilised using UV radiation for 5 min.
Coverslips with hiPSC-CMs were then placed into the chamber and RPMI-
1640 media was added to until each well was completely filled (total
volume of media was approximately 100 mL). Then, the chamber was
connected to pressurised air set to 1 bar and the experiment was carried
out at 37°C. In parallel to the hydrostatic chamber, coverslips with hiPSC-
CMs were left in the incubator (37°C, 5% CO;) as an atmospheric pressure
control. The experiment was carried out for a total of 6 hrs. Afterwards,
hiPSC-CMs were fixed using 4% PFA and immunostained as described

previously (§2.3).

In the case of addition of cytoskeletal drugs, these were added into the
media for both the hydrostatic chamber run as well as the non-chamber.

The pharmacological agents used are as described before (Table 2.10).
2.5 Cyclic 2D Equibiaxial Tension Application of hiPSC-CMs

Cyclic mechanical stretching of cells was used to mimic myocardial
contraction and to assess how this may affected hiPSC-CMs. Here, the FX-
5000™ tension system was used to carry out the mechanical stretching,
with the cycling parameters detailed in Table 2.11. Collagen | coated 6 well
bioflex® culture plates were oxygen plasma treated for 5 min and then
coated with 10 pg/mL laminin for a minimum of 2 hrs at 37°C. Afterwards,

the culture plates were washed once with 1x PBS for 5 min.
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hiPSC-CMs were then passaged (as previously described in §2.1) at a
density of 5.0x10* cm™ and cultured overnight at 37°C and 5% CO,. The
next day, the cardiac transfer media was exchanged and hiPSC-CMs were
cultured overnight, to allow recovery and spontaneous contraction to
resume. Afterwards, hiPSC-CMs were transferred to the FX-5000™ tension
system contained within a 37°C incubator and equibiaxial mechanical
tension was applied for 6 hrs (Figure 2.6 and Table 2.12). A pre-stretching
protocol was employed to help prevent detachment of hiPSC-CMs from the
bioflex® membrane. Stretch application was applied at the same frequency
as the pressure cycle, i.e. 1 Hz. This maintained consistency across
experiments.

Table 2.12: Cycling Parameters for the Bioflex® Membrane Equibiaxial Tension

Application. Pre-stretch was used to prevent hiPSC-CMs from detaching before moving into

the stretch cycle protocol.

Minimum Maximum Frequency | Cycles | Duration | Cycle

(% elongation) | (% elongation) (Hz) (s) Shape

Pre-stretch

0 0.5 0.5 60 120 % SINE

0 1.5 0.5 60 120 % SINE

0 3.0 0.5 60 120 % SINE

0 8.0 0.5 60 120 % SINE
Stretch

0 10.0 1.0 21600 | 21600 % SINE
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Figure 2.6: Schematic for the Bioflex® Membrane System. A) Bioflex® 6-well plate with
schematic that details function. The Bioflex plate was placed on top of the loading posts
and the system was connected to a vacuum pump. At rest, the hiPSC-CMs are unstretched
on the flexible membrane. During the stretch phase of the cycle, the vacuum pulls on the
flexible membrane thereby generating a predefined elongation, in this case 10%. The
hiPSC-CMs were subjected to this regimen in an equibiaxial manner. B) Schematic detailing

hiPSC-CMs undergoing the rest-stretch cycle.

2.6 Data Analysis and Statistical Analysis

All hiPSC-CM cellular and nuclear morphological parameters (area,
perimeter, length, width, circularity) were determined using ImageJ Fiji.
Images were loaded into Imagel Fiji and individual hiPSC-CMs were
delineated manually using polygon tool (Figure 2.7). Automation of this

process was attempted using CellProfiler but the algorithm was unable to
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consistently delineate cells across experiments and was therefore

abandoned in favour for manual characterisation.

hiPSC-CMs were delineated, using the analyse tab, the measurements were
set- j.e. area, shape descriptors, perimeter, and fit ellipse. The values
output from this were then recorded in Excel and analysed using GraphPad

Prism.

A

Figure 2.7: Representative Example Demonstrating the Characterisation of Cellular
morphology using Imagel Fiji: manual versus automated. A) Original confocal image
using Imagel Fiji showing hiPSC-CMs immunostained for phalloidin. B) The same image
from A thresholded. As observed, thresholding is not exact and unable to delineate
individual hiPSC-CMs. C) Output of thresholded image from B for cellular morphology.
Clearly the algorithm was unable to define individual hiPSC-CMs and produced highly
erroneous and inconsistent results. D) Manually delineated hiPSC-CMs produced accurate

cellular morphological characterisation.
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2.7 hiPSC-CM cell signaling and immunofluorescence data

analysis
2.7.1 YAP nuclear: cytoplasmic ratio

The nuclear to cytoplasmic ratio of YAP was carried out using Image)J Fiji.
Delineation of the cell and the nucleus were performed then combined
such that mean grey value intensity measured the cytoplasmic pixel
intensity (Figure 2.10). Then, the nuclear mean grey value could be
measured. The background fluorescence was then measured and
subtracted from the cell values acquired. Using Imagel FlJI, under ‘analyse’
-> ‘set measurements’, ‘mean grey value’ was selected and used to
generate the cellular and nuclear YAP fluorescence intensities respectively.
These values were then used to generate the nuclear to cytoplasmic YAP

ratio (Eq. 2.6):

YAPnucleus_YAPbackground

YAPyqtio = (Eq. 2.6)

YAPcytoplasm - YAPbackground

The laser intensity and exposure times were maintained between samples

during each experiment to ensure consistency during the analysis.
2.7.2 Determining microtubule density of hiPSC-CMs

Microtubule density was determined using Imagel FlJI and was performed
according to Chen'%, Here, hiPSC-CMs were selected and cropped (Figure
2.11). Following this, images underwent colour thresholding to delineate
microtubules. From this image, a selection was made using the ‘Edit’ tab.
The selection acted as a mask and could then be superimposed over the
original cropped hiPSC-CM. The area was then measured using the
‘Analyse’ tab. Following this, the whole hiPSC-CM area was calculated. From

this, a simple percentage was found.
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Figure 2.10: YAP Nuclear-to-Cytoplasmic Ratio. A) Delineation of the hiPSC-CM was
performed, followed by B) nuclei are then delineated. C) Regions of interest were then
combined using the ‘XOR’ function in ImageJ FlJI. The white arrows indicate the regions
that were measured to determine YAP intensity. The entire cytoplasm and each nucleus
was then measured. Using the formula in Eq. 2.6, the nuclear-to-cytoplasmic ratio was

determined.

Figure 2.11: Workflow for Determining the Microtubule Density. A) Original hiPSC-CM
confocal image showing the microtubule network. B) Thresholding of microtubules within
the image. C) Microtubules were then selected. D) The selection was then superimposed
onto the original microtubule image and the area calculated. From this, the area

percentage of microtubules can be determined.
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2.7.3 Determining Coherency of actin

Coherency is a measure of alignment of a structure and is determined using
the Orientation J plugin from Imagel FlJI. A value of 0 indicates a highly
disorganised, non-aligned, isotropic structure whereas a value of 1
indicates strong alignment and organisation of a structure. To assess the
alignment and organisation of the actin cytoskeleton, hiPSC-CMs were
selected, and the image cropped to isolate a single hiPSC-CM. Then
Orientation J plugin -> Orientation Measure was selected for the phalloidin
channel. Coherency and orientation outputs were then acquired and

analysed using GraphPad Prism version 9.
2.7.4 Statistical analysis

All data were plotted as Tukey boxplots and analysed using GraphPad Prism
Version 9.1. Data was reported in text as mean + standard error of the
mean (S.E.M) or mean # standard deviation (S.D.) as appropriate. Normality
tests were performed to determine the normality of the data and to guide
appropriate statistical analysis. For experiments comparing two samples
unpaired Student’s two-tailed t-test was carried out with Tukey’s or Dunn’s
post-hoc analysis. For multiple comparisons, either a one-way or two-way
analysis of variance (ANOVA) was performed with Tukey’s post hoc test if
normality was satisfied. If normality could not be assumed, data were
analysed using a Kruskal-Wallis or Mann-Whitney U test. For all data,
significance was indicated by stars as follows *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001. Data was considered to be significant when the
p value was below 0.05. Details of each test and assumptions are provided

within each figure legend.
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2.8 Materials

Table 2.13: List of Reagents

Reagent

Components

StemFlex medium

45 mL StemFlex + 5mL Supplement +

500 pL Pen/strep

hiPSC Freezing media

90% StemFlex media (see above) +

500 pL RevitaCell™ + 10% DMSO

RPMI 1640 +B27(-insulin)

49 mL RPMI1640 + 1 mL B27 (-insulin)
+ 150 pL Pen/strep

RPMI 1640 +B27 (+insulin)

49 mL RPMI1640 +1 mL B27(+insulin)
+ 150 pL Pen/strep

Lactate selection media

50 mL RPMI 1640 without glucose + 4
mM lactate + 500 pug/mL recombinant
human albumin + 500 pg/mL L-
ascorbic acid + 150 pL Pen/strep

T3/dex media

RPMI 1640 + B27(+insulin) (see
above) + 0.1 uM T3 + 1 uM

dexamethasone.

RNA pellet collection buffer

9 mL RLT + 1 mL B-mercaptoethanol

Matrigel 1 mL Matrigel + 9 mL DMEM/F-12 +
glutamine

Laminin 10 pL laminin + 1 mL PBS

Vitronectin 10 pL vitronectin + 1 mL PBS

hiPSC-CM plating media

45 mL RPMI 1640 + B27 (+insulin)
(see above) + 5 mL knockout
replacement serum + 10 pL

thiazovivin (2uM)
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Polydimethylsiloxane (PDMS) 184

6.3mL Sylgard® 184 elastomer base
PDMS + 700 pL Sylgard® 184 curing

agent

PDMS 527 5 mL Sylgard® 527 part ‘A’ + 5 mL
Sylgard® 527 part ‘B’

PDMS 6 kPa (for 10 mL) 9.5 mL 527: 0.5 mL 184

PDMS 130 kPa

(for 10 mL) 8 mL 527: 2 mL 184

Blocking buffer

(For 5 mL) 250 pL goat serum + 50 mg
BSA into 4.75 mL PBS

Low Ca?* Tyrode’s buffe

(1L) 140 mM NaCl + 5 mM KCl + 10
mM HEPES + 5.5 mM glucose + 2 mM
MgCl,. + 0.9 mM Ca?*. Adjust to pH
7.2.
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3 Maintenance and Generation of WT and DMD
hiPSC-CMs as a Disease Relevant Platform to Model
DMD Associated DCM

Cell culture is a little like gardening. You sit and you look
at cells, and then you see something and say, 'You know,

that doesn't look right'.

Siddhartha Mukherjee
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3.1 Introduction to Stem Cells

The mid-2000s witnessed the advent of human induced pluripotent stem
cell (hiPSCs) technology developed, and finessed, by Yamanaka and
colleagues3!’. Yamanaka and colleagues capitalised upon several decades of
groundbreaking work that demonstrated somatic cell nuclear transfer was
feasible. Seminal experiments demonstrated the successful transfer of a
fully differentiated amphibian somatic nucleus to an enucleated oocyte, a
multipotent state could be achieved. In this manner, Gurdon332333 showed
that the cytoplasmic environment of the enucleated oocyte must contain

factors mediating pluripotency.

To Identify the factors responsible for inducing pluripotency, Yamanaka et al
screened 24 candidate factors, subsequently narrowing these down to four
key proteins: KLF4, OCT3/4, c-MYC, and SOX237. Mouse embryonic
fibroblasts could be inducted into pluripotent teratoma forming cells.
Afterwards, Yamanaka3!8 successfully utilised this technique to induce a
pluripotent state in human fibroblasts3!. The human fibroblasts fully
expressed pluripotent associated surface markers, including stage-specific
embryonic antigen 4 (SSEA-4) and tumour rejection antigen 1-60 (TRA-1-60)

as well as being capable of forming each of the three germ layers3'8,

As the characterisation of pluripotency of the hiPSCs is used here, a brief
consideration to the central transcription factors and genes involved should
be given. Nanog is a homeobox domain transcription factor associated with
maintaining the stemness of embryonic stem cells by blocking mesoderm
formation. Its expression decreases shortly after cells undergo
differentiation334. Expression of OCT3/4 is a critical to the maintenance of
pluripotency of cells with its absence shown to be embryonically lethal and

is present within the inner cell mass during development33>. Moreover,
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OCT3/4 interacts with Nanog and SOX2 to control a regulatory network
maintaining pluripotency33>. The SRY related gene member, SOX2, is an
indispensable transcription factor working in concert with OCT3/4336, SOX2
and OCT3/4 are required for the progression for the formation of the
epiblast during embryogenesis3?’. Similar to OCT3/4, Sox2 null is
embryonically lethal. Both stage-specific embryonic antigen 4 (SSEA-4) and
tumour rejection antigen 1-60 (TRA-1-60) are glycolipid surface markers
associated with pluripotency. Interestingly, SSEA-4 is not required for
pluripotency and its presence decreases rapidly after differentiation33%. As

these biomarkers represent stemness, their expression was characterised.

Moreover, the iPSCs Yamanaka3!® generated showed exponential growth
due to prolific telomerase activity, thereby enabling an endless supply of
cells. Given this property of pluripotent stem cells, their development
permits, in theory, a limitless supply of human derived cells that can
subsequently undergo re-differentiation into the required cell types,

underpinning their substantial value to biomedical research.

Owing to the fundamental capability of hiPSC to undergo further re-
differentiation the generation of hiPSC derived cardiomyocytes (hiPSC-CMs)
can be achieved pharmacologically with a degree of relative ease, primarily

via modulation of the Wnt/B-catenin pathway3%°.

Briefly, work by Lian3!° and Burridge3?° demonstrated that hiPSC-CMs could
be manufactured pharmacologically with relative ease. Primarily,
modulation of the Wnt/B-catenin pathway in a biphasic manner allows for
the generation of hiPSC-CMs. The Wnt/B-catenin pathway in vivo acts in a
biphasic manner, whereupon initial activation followed by inhibition is
required to achieve full cardiogenic potential. Activation of Wnt produces

ISL* cardioprogenitor cells and is achieved pharmacologically by inhibiting
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glycogen synthase kinase 3-B (GSK-3pB), the negative regulator of Wnt in

vivo.

The initial promotion of Wnt allows it to bind in an autocrine and paracrine
fashion to frizzled receptors, thereby facilitating the cytoplasmic
accumulation of B-catenin. Subsequently, B-catenin translocates to the
nucleus to activate Wnt sensitive genes, namely via the HMG-box
transcription factors of the TCF/LEF domain family. This process is termed

the canonical Wnt pathway.

Following on from this, the subsequent inhibition of Wnt is required to, in
this case, interfere with the palmitoylation of Wnt. Subsequent purification
using lactate and concomitant metabolic maturation allows for a well-
developed and widely utilised disease relevant 2D in vitro platform for

modelling disease.

A brief overview of the central structural and developmental and genes
should be introduced. The cardiac developmental gene insulin gene
enhancer binding protein 1 (ISL-1) is a LIM domain transcription factor
instrumental in regulating downstream cardiogenic genes. Moreover, ISL-1
seems to have a role in epigenetic regulation where it promotes
cardiogenesis via an H3K27me3 alteration, leading to the upregulation of
the morphogenetic genes, MYOCD and MEF2C. Expression of ISL-1
decreases after terminal differentiation has been achieved, observed as

early as E9 in murine models.

GATA4 is a zinc finger domain transcription factor that directly interacts
with the homeobox domain transcription factor NKX2.5. Both originate
from the lateral plate of the mesoderm and are biomarkers distinguishing

precardiac cells. Both GATA4 and NKX2.5 coordinate a vast network of
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transcription factors crucial to the spatiotemporal regulation of

cardiogenesis.

Structural genes associated with cardiac tissues include both TNNT2 and
ACTA2. These are crucial, cardiac specific proteins within the cardiomyocyte
cytoarchitecture. a-actinin functions as a crosslinker for actin at the Z-disc
within the sarcomere33?, whilst TNNT2 is a central constituent of the

troponin-tropomyosin complex localising at the sarcomere34°

, making their
characterisation necessary to demonstrate successful cardiac

differentiation.

The limitations of hiPSC-CMs must be addressed, which include, but are not
limited to, two central issues: maturation and scalability. Typically, hiPSC-
CMs are described as maintaining an immature phenotype akin to
foetal/embryonic stage cardiomyocytes. They lack the structural and
functional maturity that is observed by adult cardiomyocytes and
significant efforts are underway to minimise the gap between them (see

§1.13 for details).

Another significant challenge within the cardiac stem cell field is the inter-
and intra-cell line variability, including morphology, beating rate, and Ca?*
handling3*'. Countering the issues surrounding variation can include the
use of cell lines from diverse backgrounds and the use of large-scale
technical replicates. However, the scale required to mitigate the observed

phenotypic variation may be difficult to implement in practice.

Throughout this work, | was primarily concerned with the role of
dystrophin in cardiomyocytes and defining the underpinning
pathomechanisms observed in its absence. To briefly reiterate, the absence

of dystrophin is the primary cause for the catastrophic muscular dystrophy,
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DMD. Given that DMD is the most prevalent muscular dystrophy, coupled
to DCM as the leading cause of death in this cohort, defining the role of

dystrophin in both WT and DMD cardiomyocytes is of great importance.

Moreover, establishing a patient-derived DMD relevant platform is
paramount as the leading animal DMD models poorly recapitulate the
cardiac phenotype observed in humans. The most common animal model is
the mdx murine model which has proven valuable to skeletal muscle
physiology in DMD but, unless carrying additional genetic knockdowns,
poorly resembles the deleterious cardiac phenotype observed in
humans342. Alternative animal models can more faithfully reproduce the
cardiac phenotype observed in humans, such as the golden retriever
muscular dystrophy model3!?, but are difficult to acquire and maintain and
are therefore uncommon. In addition to these problems, murine
cardiomyocytes are physiologically distinct to that of the human with
significantly higher resting heart rates (70 bpm vs 500 bpm), inversely
proportional relationship between heart rate and inotropy, as well as
distinct ion channel expression3*3. These factors motivate the necessity for

developing platforms that are more physiologically relevant to the human.

Therefore, the primary aim for this chapter was to establish the hiPSC-CM
platform that would form the basis for the subsequent work. Here, |

generated hiPSC-CMs to model DMD associated DCM.
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3.2 Human Induced Pluripotent Stem Cell Pluripotency and

Cardiac Differentiation

3.2.1 Establishing Pluripotency and Downstream Mutational Sites

Initially, | sought to establish and maintain hiPSC colonies that could be
utilised for downstream experimentation and development of the hiPSC-
CM platform to model DMD-DCM (Figure 3.1). To this end, | utilised four

hiPSC non-isogenic cell lines.

The hiPSCs used in this work were initially acquired via commercially
available sources (see §2.8 for more detailed information). The project
initially focused on two hiPSC cell lines derived from human fibroblasts, one
wildtype (WT) and one DMD mutant (DMD). Firstly, the hiPSC cell line,
GM25256 ‘CRISPRi’, or WT 1 was derived from a healthy patient and the
second hiPSC cell line acquired was the CENS0i002-B ¢c.9691C>T (p.
GIn3231%*) ‘L1060 Parental’ DMD mutant, or DMD 1 (Table 3.1). Originally,
the project was to leverage an isogenic control developed for the DMD 1
hiPSC cell line within the laboratory of Dr Lin. Unfortunately, the isogenic
control was found to be mixed with the parental mutant line. Attempts to
isolate the corrected cells was performed but were ultimately unsuccessful.
Unfortunately, due to time-constraints and the impact of the COVID-19
pandemic lockdown restrictions, re-establishing an isogenic control cell line

de novo was not possible (See §A1).
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Figure 3.1: Representative Brightfield Images of hiPSC cell line Colonies. hiPSC cell line
colonies were expanded until 80% confluent then passaged for cryopreservation,
expansion, or use for cardiac differentiation. Morphological characteristics were typical of
hiPSCs including well defined boundaries and a classic bright white appearance under

brightfield. Scale bar= 100 um for 10 x magnification (left column); 50 um for 20 x
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magnification (right column), N= 2 repeats for WT 2; 3 repeats for DMD 1 and DMD 2; 4
repeats for WT 1 hiPSCs.

During the latter half of the project, a second DMD mutant hiPSC cell line
was acquired to support experimental findings uncovered by hiPSC cell line
DMD 1. This cell line, CENSQi007-A exon 52 deletion ‘L1295’ DMD mutant
or DMD 2, was expanded and utilised. Again, this cell line did not have an
accompanying isogenic control for comparison and, due to the reasons

outlined above, these were not generated for this project.

Lastly, during the final months of the project a new control cell line was
acquired, the HPSI0214i-kucg_2 ‘KG2’ or WT 2. All of the hiPSC cell lines
were confirmed to be pluripotent by the companies as well as having been
confirmed by several publications3#4345. However, for the purposes of the
project, pluripotency was demonstrated for WT 1, DMD 1, and DMD 2 cell
lines as well as their mutational status. Due to time-constraints on the
project, | was unable to carry out these verification steps for the WT 2
hiPSC cell line. hiPSC cell lines were expanded on 5 pg mL* vitronectin until
approximately 80% confluent and were then split for further expansion or

for use in cardiac differentiation.
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Table 3.1: Overview of Patient hiPSC Cell Lines used Detailing the Mutations and

Phenotype.
hiPSC Cell Line WT1 WT 2 DMD 1 DMD 2
Mutation N/A N/A €.9691C>T Exon 52
(p.GIn3231%) deletion
Affected Exon N/A N/A 67 52
Hypertrophic
Histopathology fibres, necrosis,
of Skeletal N/A N/A and Similar to
Muscle inflammatory DMD 1
infiltrate
present.
Cardiomyopathy | Decreased
Cardiac Defects | N/A N/A present fractional
shortening
hiPSC Type Conventional | Conventional | Conventional Conventional
iPSC iPSC iPSC iPSC
hiPSC Growth Stemflex Stemflex Stemflex Stemflex
Media

3.2.2 Immunocytochemistry and RT-qPCR Analysis Confirmed the
Pluripotent Status of WT 1, DMD 1, and DMD 2 hiPSC Cell Lines

Once hiPSC cell colonies were established and observed (Figure 3.1),
immunocytochemistry (ICC) and reverse transcription quantitative
polymerase chain reaction (RT-gPCR) were used to determine whether
pluripotency was maintained. Pluripotency was confirmed in WT 1, DMD 1,
and DMD 2 hiPSC cell lines, as determined by the expression of

pluripotency biomarkers, including Nanog, Sox2, and Oct3/4. Due to the
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late addition of the WT 2 hiPSC cell line, these analyses could not be carried
out not performed on this cell line, however the pluripotency of this cell

line was previously verified elsewhere3%.

Following the establishment of the hiPSC colonies, | next determined the
pluripotent nature of the hiPSC cell lines by assessing key biomarkers.
Immunocytochemistry (ICC) confirmed pluripotency in all of the hiPSC cell
lines (WT 1 Figure 3.2; DMD 1 Figure 3.3; DMD 2 Figure 3.4) as determined
by positive staining for Nanog, OCT 3/4, Sox 2, TRA-1-60, and SSEA-4.

Positive expression of all pluripotency biomarkers was present, providing

comprehensive evidence that the cell lines were indeed pluripotent.

In addition to examining protein expression using ICC, gene expression for
NANOG was further examined in the WT 1 and DMD 1 hiPSC cell lines at DO
and D30 of the cardiac differentiation protocol using RT-qPCR. NANOG
expression at the start and end of the cardiac differentiation protocol

demonstrated a decrease of pluripotency over time (Figure 3.5).
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Figure 3.2: Pluripotency Expression in the WT 1 hiPSC Cell Line. WT 1 hiPSC cell line
demonstrating high expression of pluripotency biomarkers Nanog, TRA-1-60, OCT 3/4,
SOX2, and SSEA-4. All cells were counterstained using DAPI. Scale bar= 100 um, N= 3.
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DMD 1 p24

Figure 3.3: Pluripotency Expression in the DMD 1 hiPSC Cell Line. DMD 1 hiPSC cell line
harbouring the c.9691C>T (p.GIn3231%*) mutation demonstrating high expression of
pluripotency biomarkers Nanog, TRA-1-60, OCT %, SOX2, and SSEA-4. All cells were

counterstained using DAPI. Scale bar= 100 um, N= 3.
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Figure 3.4: Pluripotency Expression in the DMD 2 hiPSC Cell Line. DMD 2 hiPSC cell line
harbouring the Aexon 52 mutation demonstrating high expression of pluripotency
biomarkers Nanog, TRA-1-60, OCT 3/4, SOX2, and SSEA-4. All cells were counterstained
using DAPI. Scale bar= 100 um, N= 2.
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As expected, NANOG expression at D30 was significantly downregulated in
both WT 1 and DMD 1 by 1000-fold in hiPSC-CMs indicative of an inversely
proportional relationship between pluripotency and cardiogenesis.
Collectively, ICC and RT-qPCR provided comprehensive evidence of
pluripotency within the hiPSC cell lines, and | was satisfied that the cells

generated were suitable for subsequent experimentation.
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Figure 3.5: RT-qPCR Analysis of NANOG in WT 1 and DMD 1 hiPSCs at DO and D30 of the
Cardiac Differentiation Protocol At DO, the initiation of cardiac differentiation, expression
of NANOG mRNA was significantly higher compared to the end of the differentiation

protocol at D30. These data confirmed an inverse relationship between cardiogenesis and
pluripotency. Unpaired Student’s t-test, data shown as mean + S.E.M., p< 0.05 considered

significant. N= 3 biological replicates.

3.2.3 PCR and Gene Sequencing Confirmed the Mutational Status of
DMD hiPSC Cell Lines

Having established that the hiPSC cell lines were pluripotent, the next step
was to ensure that the DMD mutant cell lines harboured the expected
mutations, in this case the ¢.9691C>T single nucleotide polymorphism
(SNP) in the DMD 1 hiPSC cell line and the exon deletion, AExon 52, in DMD
2 hiPSC cell line. To examine DMD 1, gene sequencing was carried out over

the mutational region at exon 67 (Figure 3.6) with the expected c.9691C>T
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mutation present in the DMD 1, but absent in the WT 1 hiPSC cell line,

confirming the presence of mutant SNP in DMD 1.

A Exon 67
G G G G '. G G G G GGG
WT1 ., A | _
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Figure 3.6: Gene Sequencing of Exon 67 Confirmed the Presence of the c.9691C>T
Mutation in the DMD 1 hiPSC Cell Line. Gene sequencing of exon 67 confirmed that DMD 1
cell line harboured the c.9691C>T SNP. B) Amplification of exon 67 was performed to
demonstrate its presence in both WT 1 and DMD 1 cell lines and was subsequently used for
gene sequencing to confirm the presence of c.9691C>T in DMD 1. N= 2 PCR of exon 67; N=

4 for gene sequencing.
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The nature of the mutation in the DMD 2 hiPSC cell line is the absence of
exon 52 and, therefore, characterisation is not amenable to gene
sequencing. Demonstration of the Aexon 52 mutation required the use of
PCR amplification, where it was expected that exon 52 would be absent. To
ensure that PCR was effective, two additional exons were amplified (exon 1
and exon 70) and performed on all of the hiPSC cell lines (except WT 2)
(Figure 3.7).

The absence of exon 52 in the DMD 2 hiPSC cell line confirmed the
expected mutation was present. Moreover, it demonstrated the presence
of the other exons amplified, indicating that the PCR was successful,
although it is important to note that exon 70 does not undergo
downstream translation in the DMD 2 cell line. The DMD 2 cell line only
produces a small, yet functional, isoform of dystrophin: Dp71m. This is due
to the alternative internal promoters present prior to exon 52 in the DMD

gene.

WT 1 DMD 1 DMD 2

MW Exon1 Exon52 Exon70 Exon1 Exon52 Exon70 Exon1 Exon52 Exon70 Neg

1.5kb

1.2kb
1.0kb

0.5kb

Figure 3.7: PCR Amplification of Exons 1, 52, and 70 Confirmed the Absence of Exon 52 in
the DMD 2 hiPSC Cell Line. PCR amplification of both WT 1 and DMD 1 hiPSCs revealed the
presence of all exons examined (exon 1, 52, and 70). As expected, exon 52 was absent from
the DMD 2 hiPSC cell line, as indicated by the white asterisk. DMD 2 amplification of exon

70 was present but does not undergo translation. N= 1.
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Lastly, the presence of all exons in the WT 1 and DMD 1 hiPSC cell lines

indicated that there were no major deletions to these exons.

3.3 Manufacturing hiPSC Derived Cardiomyocytes using a
Chemically Defined Protocol that Modulates the Wnt/pB-

Catenin Pathway

Satisfied that pluripotency and the correct mutations were confirmed, |
determined that the hiPSC-CMs were suitable candidates for cardiac
differentiation. Here, | aimed to generate and demonstrate successful
cardiac differentiation to establish a 2D cardiac platform required for

subsequent experiments throughout this work.

Here, a 2D monolayer, chemically defined cardiac differentiation protocol

was used, based on modified versions of Burridge3%° and Parikh3?” protocols

(Figure 3.8A). Pharmacological modulation of the Wnt pathway is sufficient

to drive hiPSCs towards a cardiac lineage and is necessary for mesoderm

formation (Figure 3.8B). The critical early steps of the cardiac differentiation

protocol require biphasic modulation of Wnt, initially increasing B-catenin,

via GSK3B inhibition using CHIR99021, and then Wnt inhibition, via the
porcupine inhibitor C59, giving rise to what is termed the ‘GiW/’

protocol319320,
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Figure 3.8: Chemically Defined Cardiac Differentiation Protocol via Modulation of the
Whnt/B-catenin Pathway Utilising the ‘GiWi’ Method. A) Schematic of the chemically
defined protocol used, highlighting key time-points and pharmacological interventions to
generate high yield hiPSC-CMs. Initial seeding density was 4.5x10* cm™ on matrigel. At
D30, hiPSC-CMs were used for various downstream experiments including
nanoindentation, RT-qPCR, immunocytochemistry. B) Brightfield images of hiPSC-CMs at
key time-points throughout the cardiac differentiation. Spontaneous beating was observed
between days 7-10. Once beating initiated, hiPSC-CMs underwent metabolic selection
using 4 mM lactate, starting at D10-15. Afterwards, hiPSC-CMs were treated using tri-
iodothyronine (T3) and dexamethasone (Dex). T3/dex was used to further enhance
maturation of the hiPSC-CMs as described by Parikh et al®*” and hiPSC-CMs formed large

beating clusters, as shown by the yellow arrows. Scale bar= 200 um, N= 5.
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Prior work using the WT 1 hiPSC cell line during the MRes component of my
project showed that initial hiPSC seeding density has a profound influence
over the cardiac differentiation efficiency, a finding reported by other
groups3#®. In this work, an initial cell seeding density of 4.5x10* cm2
generated consistently high yield hiPSC cardiomyocytes across all hiPSC cell
lines used with a mean of 89.6% across all hiPSC-CM cell lines; as
determined by the cardiac specific biomarker, TNNT2. ICC positive cardiac
TNNT2 cells accounted for 89.7 + 4.0% in WT 1; 90.7 + 4.7% in DMD 1; and
88.3 £2.9% in DMD 2 (Figure 3.9A and B). Due to time-constraints, | was
unable to specifically quantify the percentage of TNNT2 positive hiPSC-CMs
for the WT 2 cell line and relied on visual inspection of well-developed

beating clusters and sarcomeric definition as determined by phalloidin ICC.

Alternate initial seeding densities were tested visually (3.5, 4.5, 5.5, and 6.5
x10* cm™) for beating aggregates and it was observed that a seeding
density of 4.5x10% cm had the most consistent number of beating
aggregates compared to other initial seeding densities. However, in this
work the densities were not specifically analysed for cardiac TNNT2 as had
been carried out during the MRes phase for the WT1 cell line. This was
primarily due to time constraints, which COVID-19 pandemic restrictions
factored into, and visual inspection for beating was considered appropriate.
It must be noted, however, that only cells with sarcomeric patterning were

utilised in subsequent data analysis.

Adult mammalian cardiomyocytes are acytokinetic but do undergo rounds
of DNA synthesis with approximately 80% of murine ventricular
cardiomyocytes displaying polyploidy and multinucleation3¥’. This
motivated me to characterise the percentage of multinucleated hiPSC-CMs

here and was considered to be a feature of maturity for these cells.
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Binucleation was present in WT 1, DMD 1, and DMD 2 hiPSC-CM cell lines
(Figure 3.9C and D).
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Figure 3.9: Cardiac Specific Biomarker TNNT2 Confirmed High Yield hiPSC-CMs at D30 A)
Immunofiuorescence of the cardiac sarcomeric protein TNNT2 confirmed the presence of
hiPSC-CMs at D30. B) 2x zoom detailing sarcomeric localisation of TNNT2, further indicated
by white arrows. C) Quantification of TNNT2 positive hiPSC-CMs demonstrated highly pure
cardiomyocytes. D) Sub-populations of cardiomyocytes were binucleated, an indicator of
cardiac maturation. Despite an increase in binucleation on fibrotic stiffness this was not
significant and there was no difference in number of binucleated hiPSC-CMs between cell
lines. One-way ANOVA, data shown as Tukey box plot, p<0.05 was significant (No

significant changes). Scale bar= 50 um, N=3.
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In this case, hiPSC-CMs were characterised whilst on laminin coated
polydimethylsiloxane (PDMS) substrates of either 6 kPa or 130 kPa,
representing healthy and fibrotic myocardial tissue respectively. The use of
PDMS coated substrates at 6 kPa and 130 kPa forms the basis of

subsequent work and is discussed in detail in §4.8.1.

The percentage of binucleated hiPSC-CMs was not different between cell
lines, indicating consistency between the cell lines and differentiation
protocol (WT 1; 6kPa vs 130kPa: 22.3 + 4.6% vs 44.7 + 14.4%; DMD 1; 6kPa
vs 130kPa: 24.7 + 14.2% vs 45.9 + 13.3%; DMD 2; 6kPa vs 130kPa: 19.9 +
6.1% vs 16.2 £ 6.9%).

An issue commonly encountered during chemically defined cardiac
differentiation is the generation of ‘off-target’ cell types, namely fibroblasts.
Therefore, it is necessary to subject the hiPSC-CMs to a purification stage to
derive high yield cardiac populations. The purification step performed here
eliminated non-cardiomyocyte populations. It is also important to state that
the cardiac differentiation protocol likely produced a variety of
subpopulations of cardiomyocytes (nodal, atrial, ventricular etc) as this
protocol was not designed to specify subpopulation lineages. For example,
the early addition of retinoic acid can promote the generation of atrial

cardiomyocytes3%°,

To achieve high-yield hiPSC-CM cardiac populations, the addition of lactate
can be used due to cardiomyocytes’ ability to derive energy from this,
unlike other cell populations present. Metabolic selection here consistently

yielded cardiac populations with >85% purity.

Moreover, to ensure successful cardiac differentiation, | further

characterised the hiPSC-CMs via ICC and RT-qPCR for cardiac specific

160



developmental (NKX2.5, ISL-1, GATA4) and structural (TNNT2, ACTN,

MYHG6/7) genes/protein expression at the end of differentiation.

Initially, cardiac developmental gene expression was confirmed at the
beginning of cardiac differentiation, indicative of cardiogenesis proceeding
correctly. Based on previous reports32%34 | characterised NKX2.5 (via both
immunofluorescence and RT-gPCR), ISL-1 and GATA4 (via RT-qPCR) to
demonstrate cardiogenesis using either D7 cardiomyocytes (in the case of
ISL-1 due to its early peak and subsequent decline of expression), and D30
cardiomyocytes (in the case of all other cardiac developmental
genes/proteins as they persist into adult myocardium). ICC revealed high
nuclear expression of NKX2.5in WT 1, DMD 1, and DMD 2 hiPSC-CMs
(Figure 3.10).

DMD 1 WT 1

DMD 2

I
-

Figure 3.10: Presence of NKX2.5, a Cardiac Developmental Biomarker, Confirmed

Successful Cardiac Differentiation at D30. The presence of NKX2.5 confirmed hiPSC-CMs.
NKX2.5 is a transcription factor and primarily localises to the nucleus, as indicated by the
yellow arrows. Scale bar= 100 um, N= 1 for DMD 2; N= 3 for DMD 1 and WT 1. Scale bar=

50 um.
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Both TNNT2 (Figure 3.9) and a-actinin (Figure 3.11) were highly expressed
across WT 1, DMD 1, and DMD 2 hiPSC-CMs, providing sufficient evidence
that these were indeed cardiomyocytes. Moreover, ICC revealed sarcomeric
localisation of TNNT2 and a-actinin, with banding patterning present, again
consistent with cardiomyocyte formation. Interestingly, sarcomeric
patterning was stronger in both the WT 1 and DMD 1 hiPSC-CM cell lines
compared to DMD 2, where a more disorganised, foetal-like appearance

was noted for a-actinin (Figure 3.11).

WT1

DMD 1

DMD 2

a-actinin

Figure 3.11: a-actinin Confirmed Successful Cardiac Differentiation. Localisation of a-
actinin at the sarcomere indicates successful cardiac differentiation (D30 hiPSC-CM). White
arrows indicate sarcomeric localisation. N= 1 biological replicates for DMD 2; N= 2 for DMD

1 and WT 1. Scale bar= 10 um.
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Figure 3.12: Gene Expression of Critical Structural and Developmental Cardiac Specific
Biomarkers. RT-qPCR confirmed gene expression of structural sarcomeric proteins (TNNT2,
ACTN 2, MYH6, MYH7) and crucial cardiac developmental gene expression (ISL-1, GATA4,
NKX2.5). RT-qgPCR was performed at the end of the cardiac differentiation protocol (D30)
except for ISL-1, where expression peaked at approximately D7. One-way ANOVA, data
presented as mean + S.E.M., p<0.05 considered significant (No significant changes

observed), N= 3.

Successful generation of hiPSC-CMs was further supported by RT-qPCR at
the end of cardiac differentiation (Figure 3.12). Expression of crucial cardiac
structural genes (TNNT2, ACTN2, MYH6, and MYH7) were concordant with
the ICC data obtained. Moreover, cardiac developmental gene expression
(NKX2.5, ISL-1, GATA4) was upregulated, again confirming reliable and
successful differentiation for the cell lines used in this work. There was no
significant difference in the expression of structural or developmental
genes between hiPSC cell lines. Unfortunately, RT-gPCR for ACTN2 was
unsuccessful on DMD 2 hiPSC-CM cell line. However, given the other
substantiating evidence provided, it was unlikely to be due to failed

cardiogenesis.
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3.4 Heart rate was significantly decreased for DMD 1

compared to other hiPSC-CM cell lines

Heart rate (HR) is a key physiological parameter and has previously been
reported as being altered to some extent in patients with DMD. Moreover,
it may be considered a prelude to fulminant heart failure observed in
patients with DMD3%°. | therefore decided to elucidate whether there was
any variation in HR between the different hiPSC-CM cell lines. HR of hiPSC-
CMs at D30 at 37°C was characterised by counting number of beats using
brightfield microscopy over the course of 60 s, described as beats per
minute (BPM), which was repeated in triplicate per experiment (Figure
3.13). All hiPSC-CM cell lines were within the expected human in vivo HR
spectrum.

HR was found to be significantly decreased in the DMD 1 hiPSC-CM (67.6 +
17.6 BPM) compared to WT 1 (95.3 + 23.5 BPM) and DMD 2 (96.7 + 37.1
BPM) by approximately 30%. Surprisingly, there was no difference in HR
between DMD 1 and WT 2 (84.3 + 24.4 BPM), despite a 20% reduction in
HR observed in DMD 1 compared to WT 2. Intriguingly, DMD 2 was similar
to both WT 1 and WT 2 cell lines and was increased 30% compared DMD 1
(significant). This suggests that the presence of the Dp71m isoform may be
associated with regulating HR. Moreover, it supports the notion that the
complete absence of dystrophin results in dysregulation of HR, as observed

in DMD patients.
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Figure 3.13: Heart Rate in DMD 1 hiPSC-CMs was Significantly Decreased at D30. DMD 1
hiPSC-CMs had a significantly decreased HR compared to WT 1 and DMD 2 cell lines. Of
note, DMD 1 was not different to WT 2, despite a 20% decrease in HR. One-way ANOVA
with Tukey’s post-hoc test; Data shown as mean + S.D., p<0.05 considered significant, WT

1, WT 2, and DMD 1 hiPSC-CMs, N=5; DMD 2 hiPSC-CMs, N= 3.

3.5 Dystrophin is not expressed by the DMD 1 hiPSC-CM Cell

Line.

Satisfied with the consistent production of pure, high yield hiPSC-CMs, as
well as confirming that the hiPSCs harbour the expected DMD mutations,
next it was important to demonstrate a lack of dystrophin by the mutant
hiPSC-CMs. ICC and RT-gPCR both confirmed the absence of Dp427m in the
DMD 1 hiPSC cell line (Figure 3.14). The DMD 2 hiPSC-CM cell line produces
a truncated isoform of dystrophin, Dp71m and likely accounts for the low

intensity immunofluorescence detected (Figure 3.14A).

RT-qPCR revealed gene expression of full length DMD was significantly
downregulated by approximately 20 times in the DMD 1 hiPSC-CM cell line

compared to WT 1, indicating reduced transcription of mRNA (Figure
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3.14B). It is expected within the DMD 1 hiPSC cell line that the remaining
mMRNA undergoes nonsense mediated decay, although this was not
examined in this work. The RT-qPCR is consistent with the

immunofluorescence data whereby no translation of Dp427m is apparent.

Specifically, the N- terminus revealed significantly lower gene expression in
both mutant hiPSC-CMs compared to WT 1 whereas the C-terminus was
comparably expressed by DMD 2 (WT 1: 1.0+ 0.2, DMD 2: 1.1 £+ 0.4 A.U.)
indicating that DMD 2 hiPSC-CM have similar expression of this region. The
DMD 2 cell line is expected to produce Dp71m, which indeed retains the C-

terminus site.
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Figure 3.14: Full Length dystrophin (Dp427m) is not Expressed by the DMD 1 hiPSC Cell
Line. A) Immunocytochemistry revealed dystrophin localising at the sarcolemma in WT 1
hiPSC-CMis as indicated by the white arrow. Notably, dystrophin is absent in the DMD 1
hiPSC-CM cell line. DMID 2 shows low expression of dystrophin, likely the Dp71m isoform. B)
RT-gPCR revealed significantly decreased gene expression of DMD for the DMD 1 cell line
compared to WT 1. mRNA from DMD 1 undergoes nonsense mediated decay and is not
translated. Primers targeting either the N- or C-termini of DMD display low expression of
the N-terminus in both mutant cell lines compared to WT 1. DMD 2 produces comparable

C-terminus mRNA, consistent with the retention of the CT-region required to produce the
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Dp71m dystrophin isoform. Scale bar= 20 um, One-way ANOVA for more than two groups,
unpaired student’s t-test for two groups, data presented as mean + S.E.M, p<0.05

considered significant, N= 3.

3.6 Chapter Discussion

For this chapter, | sought to establish a disease relevant platform using
hiPSC-CMs to model DMD associated DCM and examine the role of
dystrophin under different biomechanical contexts. | successfully
maintained and differentiated hiPSCs into high-yield hiPSC-CMs,
demonstrating multiple hiPSC-CM specific targets. Moreover, | confirmed
the status of the mutations for the DMD 1 and DMD 2 hiPSC cell lines.
Lastly, | showed that dystrophin expression was absent from the DMD 1
hiPSC-CM cell line.

3.7 Differentiation and Maturation of hiPSC-CMs

The use of hiPSC-CMs as in vitro models has revolutionised cardiovascular
research. The advent of the small molecule modulation of the Wnt/j-
catenin pathway made production of hiPSC-CMs accessible and relatively
scalable for many laboratories3?%34 Nonetheless, a significant hurdle
within the hiPSC-CM field today is their foetal/embryonic like phenotype
which limits their full therapeutic and research potential. hiPSC-CMs rarely
have a full adult-like phenotype of primary cardiomyocytes and lack
maturation. This feature has potentiated a great deal of research into
furthering the maturation status of hiPSC-CMs to make them not only more
physiologically relevant models but also clinically viable in regenerative
medicine. That being said, hiPSC-CMs are capable of recapitulating disease

phenotypes and are therefore valuable as human disease relevant models.
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3.7.1 hiPSC-CM Differentiation

First, | established pluripotency using canonical biomarkers, of which
Nanog, OCT3/4, and SOX2 are particularly important. Ensuring pluripotency
prior to cardiac differentiation was vital in order to feel confident about
subsequent experiments. The positive immunofluorescence was in
concordance with the RT-gPCR data and supported my observation that the
hiPSCs were pluripotent. The use of ICC and RT-qPCR to determine
pluripotency is consistent with other bodies of work319320,350.351 ‘A sharp
decrease in gene expression of NANOG as cardiac differentiation
progressed was also a good indicator of functional hiPSCs, as pluripotency
is inversely related to terminal differentiation32°. Although, a limitation here
would be the lack of RT-gPCR evidence of other biomarkers of pluripotency,

such as OCT3/4 and SOX2, at this time-point.

Additional experiments could have further demonstrated stemness,
particularly teratoma formation to characterise the three germ layers
(endo-, ecto-, and meso-derm) derived from the hiPSCs. This had been
carried out in the DMD 1 hiPSC cell line by a previous PhD student within Dr
Lin’s laboratory. Moreover, these characterisations were performed by the
companies supplying the cell lines and as such | am confident in the
stemness of the hiPSCs. In addition to assessing teratoma formation,
analysis of the hiPSC karyotype could have been performed here. Karyotype
analysis assesses chromosome level mutations, particularly effective for
large deletions and insertions. This was not performed during this work
and, as such, is a limitation. However, previous work within Dr Lin’s
laboratory did examine this aspect for the WT 1 cell line and discovered no

abnormalities.
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Additional consideration should be applied to the epigenome of hiPSCs3>2.
Evidence suggests that the epigenetic memory of hiPSCs may predispose
cells to differentiation towards their cell of origin. Recent evidence supports
this notion whereby progenitor cells derived from somatic cardiac lineage
demonstrated significantly upregulated cardiac specific gene expression in
response to differentiation in contrast to hiPSC-CMs derived from bone
marrow derived mesenchymal stem cells or human dermal fibroblasts3°3.
Other work has shown that histone deacetylase activity is also an important
regulator for cardiac differentiation3>4. Analysis of the epigenome was not
carried out on the cell lines in this work during cardiogenesis but would

make for an interesting future study.

The pharmacological modulation of Wnt, the so called ‘GiWi’ protocol,
alongside metabolic selection produced consistently high yield hiPSC-CMs
for this work with a mean ~89% TNNT2 positive across hiPSC-CM cell lines
by D30. This yield is consistent with the seminal works that established the
2D monolayer and small molecule cardiac differentiation protocols.
Burridge3?° had a yield of ~95% TNNT2 positive hiPSC-CMs after metabolic
selection with lactate for 6 days, though the range was highly variable at

80-95%.

Moreover, Burridge3?° examined the effect of passage number on
differentiation efficacy and found that there was no difference in
differentiation using hiPSCs with a passage number of less than 25 versus
more than 80, with other groups using up to passage 853°°. This work did
not exceed passage number 80 for cardiac differentiation and is consistent
with the findings of Burridge3?° and Jelinkova3>°. Other authors did not
report the passage number of cells used3>®. Laflamme3>® was able to

produce a yield of 71-95% TNNT2 positive hiPSC-CMs with an average of
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83%. They did not use metabolic selection for cardiomyocyte enrichment,
rather they used a percoll gradient centrifugation method. Whilst the
centrifugation appears to have enriched hiPSC-CMs this method may
subject the cells to additional shear stress and may have a more

detrimental effect compared to the metabolic enrichment alone.

As cardiogenesis proceeds it requires complex coordination between
numerous transcription factors, including NKX2.5 and GATA4, which are
master regulators®’. Both NKX2.5 and GATA4 form a transcriptional
complex directing upregulation of downstream genes including SCN5A and
MYH6 as well as being responsible for differentiation into atrial and
ventricular cardiomyocytes®>738, Knockout of Nkx2.5 in murine models is
embryonically lethal underscoring its importance, and SNPs in NKX2.5 are a
cause for congenital heart disease3*°. The expression of these cardiac
transcription factors here, again, supports not only the success of the
cardiac differentiation protocol but that the cardiac progression proceeded

according to expected milestones.

In this work, | did not carry out a time-course to examine the alteration of
key cardiac gene expression, thereby limiting the tracking of pluripotency/
cardiogenesis across various time-points. Nor did | examine the changes of
dystrophin isoforms throughout development, which may have given
additional insights between the mutants and WT. During my MRes project
using the WT 1 hiPSCs, a time-series carried out over six days assessing
NKX2.5, ISL-1, TNNT2, and NANOG. It revealed a trend consistent with the
data presented here, whereby pluripotent gene expression decreased
whilst cardiac lineage gene expression increased. However, it would be
prudent to carry out such a time-series for all of the cell lines utilised and

should be done in future work.
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Differentiation of the hiPSC-CMs here was based on the protocol
established by Burridge3?° that established the use of 6 uM CHIR99021 and
2 UM C59 as a method to modulate the Wnt/B-catenin pathway. The use of
different compounds to enhance the initial phase of Wnt revealed that
CHIR99021 was the most suitable in promoting high yield hiPSC-CMs
(>80%) with other compounds, such as TWS119-another GSK3p inhibitor,
producing very little to no TNNT2 positive hiPSC-CMs (~0%). This finding is
consistent with the work here, although other compounds were not tested

for efficacy in differentiation.

This work utilised a 2D monolayer ‘chemically defined’ protocol to produce
hiPSC-CMs, a method widely used for hiPSC-CM generation319:320:350,356
Spontaneous beating of hiPSC-CMs was observed between D7 and D10-15
of cardiac differentiation with variability in this regard being relatively large.

If hiPSC-CMs failed to beat by D15 they were discarded.

The ECM has an instrumental role in the proliferation, differentiation, and
maintenance of cardiomyocytes. Consistent with Burridge3?°, | used
matrigel for the cardiac differentiation. Matrigel is extracted from
Engelbreth-Holm-Swarm mouse sarcoma and is enriched in laminin.
Laminin-521 and -511 were also both found to enhance hiPSC-CMs
differentiation. After differentiation, laminin-511 was used for subsequent
experiments (i.e. PDMS coverslips, coated with laminin-511). Interestingly,
vitronectin and fibronectin were inferior to matrigel and laminin in
maintaining hiPSC-CMs, in particular vitronectin32°. hiPSC-CMs
differentiated on vitronectin detached at approximately D15 which likely
reflects the alteration of integrin expression throughout maturation of

cardiomyocytes towards more laminin based a7B1D integrins’43¢°,
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Initial seeding density has an instrumental effect on the differentiation of
hiPSC-CMs31, This work established that 4.5x10* cm™ consistently yielded
large TNNT2 positive hiPSC-CM populations across all cell lines used.

320 examined several densities ranging from 0.6-1.6x10%* cm~2and

Burridge
revealed that TNNT2 positive populations of hiPSC-CMs were >80% across
all tested densities. Laflamme3°6 used 1.0x10° cmin their work, generating
on average 83% TNNT2 positive hiPSC-CM populations. Hamad3®! examined
a wide range of densities from 1.0x10* cm™ to 4x10° cm™ reporting no
change in TNNT2 positive hiPSC-CMs produced, although there was a non-
significant increase for initial seeding densities over 1.0x10° cm236%, The
variation described by these groups may be attributable to the differing

(epi)genetic landscape of the cell lines used as an adjunct to cell line

variability.

Given that seeding density is an important feature it should be tested and
may vary between hiPSC cell lines. Prior work, during my MRes project,
using the WT 1 cell line established that 4.5x10* cm2 was the optimal
density, producing high yield TNNT2 positive hiPSC-CMs as well as beating
sheets of cardiomyocytes. A small density test was carried out using the
other cell line with the primary read out being spontaneous cardiomyocyte
beating, as some densities were observed to not beat at all. Mainly due to
time-constraints a more detailed examination was not carried out, and as
such presents a central limitation to the work. A more comprehensive and
evidence-based approach towards initial seeding density should be carried

out.

Additionally, more techniques such as western blots and flow cytometry
and more genes could have been examined to provide a more

comprehensive and definitive determination of the phenotype and
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maturation status of the hiPSC-CMs used. For example, gene expression
and immunofluorescence for ion channels focusing on those located within
the ventricles e.g. RYR2, SERCA2. Separation based on chamber specificity
could have been achieved by analysing MLC2a and MLC2v as the latter are
ventricle specific3®?. Thus, this work is limited by the likely inclusion of
cardiomyocyte subpopulations. Future work may present clearer data
analysis and more distinct/specific phenotypes when subpopulations are
considered separately. As DMD-DCM primarily affects ventricular
cardiomyocytes, examination of this particular subpopulation would be

advantageous.

Determining the presence of T-tubules should also be carried out, as this is
also a feature of maturation, as well as examining the action potentials of
the hiPSC-CMs. However, binucleation was characterised and at least 20%
of hiPSC-CMs demonstrated this feature across different the cell lines and
between healthy and fibrotic Young’s modulus. This feature is broadly
consistent with human in vivo scenario whereby some 25% of
cardiomyocytes are binucleated3®3. This is in contrast to murine
cardiomyocytes that are approximately 90% binucleated3®*. However, the
presence of binucleation is dependent upon maturity of the myocardium,

which can be detected in murine models at P73,

In summary, the data presented here provide evidence for high yield
TNNT2 positive hiPSC-CMs using a reproducible protocol. The hiPSC-CMs
generated using the chemically induced protocol are consistent with
previous works that established the use of 2D models. However, perhaps a
fuller examination of genes at different time-points could have documented
the differentiation and maturation more accurately. That being said, studies

into maturation and optimisation of hiPSC-CMs can be exhaustive with no
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clear end-point in sight. | determined that the work presented was
sufficient evidence for showing successful hiPSC-CM production that could

then be used for further experimentation.

3.7.2 Further Maturation of hiPSC-CMs

Given the general lack of maturity that hiPSC-CMs display, many groups
work towards closing the phenotypic gap between embryonic/foetal hiPSC-
CMs and adult cardiomyocytes. Several advanced methods are now gaining
traction and are being used within labs including long-term culture366:367,
engineered heart tissue 3D culture3®®, co-culture3®®, substrates mimicking a
native Young’s modulus®, electromechanical stimulation3®8, and finally the
use of more appropriate metabolites3’° (i.e. addition of fatty acids such as
palmitic acid, oleic acid, and linoleic acid rather than the use of glucose).
Together, these methods have each been shown to enhance hiPSC-CM
morphology and function characteristics (T-tubule formation, action
potentials, etc) but no single method has yet fully recapitulated an adult
cardiomyocyte phenotype. Long-term culture has proven to be somewhat
effective to advancing the maturation of hiPSC-CMs, however when
compared to the in vivo heart, these culture times are often
insignificant363%7 (<200 days vs years of development). It is reasonable to
predict that further and prolonged cell culture would promote the maturity
of hiPSC-CMs, however a balance is to be struck between what is ideal and

the experimental reality.

Further, it is less known how readily transferable each of these techniques
are between laboratories and across cell lines. Potentially, certain cell lines
are more responsive to different maturation techniques compared to

others and would be an interesting series of experiments to conduct.
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Here, maturation was enhanced using hiPSC-CMs that were treated using
0.1 uM T3 and 1 uM Dex for a period of 10 days before use in subsequent
experiments. Both thyroid hormones and glucocorticosteroids are
necessary for appropriate maturation in vivo with T3 being instrumental in
driving key morphogenetic alterations in the cardiac environment3’%, such
as the phenotypic switch of titin from the compliant N2BA isoform to the
stiffer N2B372, Moreover, T3 rises rapidly after birth and therefore | wanted

to recapitulate this aspect of human physiology.

Parikh3?” observed T-tubule formation in the presence of T3/dex, a feature
typically absent in hiPSC-CMs. T-tubule formation was further enhanced
using a matrigel mattress, though hiPSC-CMs were less organised compared
to adult cardiomyocytes. Moreover, Parikh3?” observed a significant
increase in hiPSC-CM cellular morphology, particularly volume and width
when T3 and Dex were used. Functionally, the addition of T3/dex led to
decreased time to peak as well as increased Ca?* efflux from hiPSC-CMs
compared to vehicle controls. Given more time, comparison between
presence/absence of T3/dex on the hiPSC-CMs used here may have given
some insight into its ability for maturation and effect. Given that other

372-374 have reported improved cardiac phenotype when T3 or dex,

groups
are applied, | felt confident that this effect would be applicable to the cell

lines used here.

In vivo, there is a phenotypic switch from MYH6 to MYH7, with MYH6 being

375 whereas,

the less mature isoform present in atria and embryonic hearts
MYH7 is the predominant isoform in mature left ventricles. Here, gene
expression revealed the presence of both isoforms, a finding that has been

320

reported elsewhere3#°, and provides evidence that there may be some

isoform switching occurring. Perhaps increased isoform switching would be
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found under long-term cardiac culture or when combined with other
maturation methods. As mentioned previously, examination of MLC2a and
MLC2v could also have further substantiated the claim that predominantly
ventricular cardiomyocytes were present. Phenotypic switching from
MLC2a to MLC2v would have provided further evidence for the maturation

of the hiPSC-CMs used here.

To summarise, a variety of techniques are gaining attention towards further
hiPSC-CM maturation. Here, | opted for metabolic enhancement using T3
and Dex as described by Parikh3?’. Combining and optimising the methods
would provide an interesting study towards further enhancing hiPSC-CMs.

However, due to time-constraints this was not possible.

3.7.3 hiPSC-CMs as a Model for Duchenne Muscular Dystrophy

As mentioned previously, animal models for DMD do not fully recapitulate
the phenotype, particularly that of the decompensated heart in DMD. The
use of hiPSC-CMs provides a human derived platform to model DMD and
can be used to generate isogenic controls, harnessing the use of

CRISPR/Cas9 and AAV vectors.

Satisfied with the hiPSC-CM differentiation protocol, | re-confirmed the
presence of the mutations within the DMD mutant cell lines as well as
showing the absence of full-length dystrophin in the DMD 1 cell line using
immunofluorescence and RT-gPCR. These methods are standard for
demonstrating the absence of dystrophin and have been widely
reported313316:350,355376 The gddition of a western blot may have further

substantiated these findings and was not performed here.

An unexplored avenue here was the characterisation of isoform switching

of dystrophin as well as utrophin expression. Given that in vivo utrophin is
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predominantly expressed in embryonic phase and is replaced by dystrophin
over time, it would be interesting to examine this using the hiPSC-CMs.
Moreover, some groups have reported that utrophin may compensate for
dystrophin loss in DMD. Characterising utrophin expression here should be
included in future work to determine the possibility of utrophin

contributing to the findings reported throughout this work.

Work by Jelinkova3>° reported decreased cardiac differentiation efficiency in
DMD cell lines compared to WT by characterising gene expression. The
cardiac developmental gene NKX2.5 was downregulated compared to WT,
with a reduction in structural and ion channel genes MYH6 and RYR 23>,
The work presented here did not find any difference between the cardiac
differentiation efficiency, as determined by TNNT2 positive hiPSC-CMs and
gene expression, that was comparable across all cell lines. Jelinkova3>® also
reported a decrease in spontaneous beating in their DMD cell lines, a
finding inconsistent with the work here, although this was not formally
characterised in this work. They also reported comparable beat rate
between WT and DMD cell lines, with beat rates ranging from 50-90
BPM?3>>, This contrasts with my observation that DMD hiPSC-CMs had a

significantly decreased beat rate compared to WT.

3.8 Limitations and Future Work

Throughout this chapter several limitations have arisen. It should be noted
that the COVID-19 pandemic presented a significant challenge to the
optimisation and data acquisition throughout this work, whereby several
months of time were lost. Aside from this, the most pressing limitation here
is the lack of isogenic controls. The isogenic controls are the gold standard
for hiPSC experimentation as it provides, in theory, the same genetic

background, thus mitigating SNPs or any other unknown mutations from
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confounding the data. Unfortunately, the isogenic pairs that were to be
sourced from Dr Lin’s laboratory were found to be irretrievably mixed and,
despite several efforts by laboratory members, could not be salvaged.
Examination utilising other cell lines, for example an FKRP pair, were trialled
as an alternative thus widening the work to muscular dystrophies
associated with the DGC as a whole. However, these cells failed to

differentiate to cardiomyocytes, despite the most valiant efforts.

In attempt to counter this clear obstacle, | incorporated the use of different
mutants and wild-type cell lines. However, this may have further
confounded interpretation by increasing cell line heterogeneity.
Nonetheless, the data collected here has been shown to be consistent with
that of previously published groups. For future work, the de novo
generation of isogenic pairs should be carried out, although this will require

a substantial investment of time and characterisation to ensure success.

An additional series of experiments that may have supported the findings
would be the use of siRNA to knockdown dystrophin within the WT cell
lines. Utilising siRNA knockdown would provide a faster experimental
platform to characterise the loss of dystrophin in the WT 1 cell line and
could be implemented for a wide-range of experiments. Although, an
important caveat to consider for siRNA is the incomplete knockdown
efficiency thereby not faithfully recapitulating the DMD phenotype but may
provide some insights to the BMD phenotype. However, this has yet to be
explored and may yield some interesting findings for further

experimentation.

Third, a lack of time-series and more comprehensive genetic/protein level
examination. For example, carrying out time-series for certain genes across

all of the cell lines, performing western blots, or analysis of wider genetic
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panel may have substantiated more of the findings presented here.
Nonetheless, data acquired is consistent with previous bodies of work and
key genes and proteins were examined that support successful cardiac

differentiation.

3.9 Chapter Summary

In summary, | successfully generated fully functional hiPSC-CMs using a
chemically defined protocol modulating the Wnt/B-catenin pathway.
Moreover, | re-confirmed the presence of the expected mutations for both
DMD 1 and DMD 2 hiPSC cell lines, and as such, generated a human derived
model for DMD. Satisfied with the consistent production of hiPSC-CMs and
their mutation status, the cells could be utilised for further investigations,
in particular examination into the biomechanics of dystrophin deficient

hiPSC-CMs.
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4 Characterising Cellular and Nuclear Biomechanics

using the hiPSC-CM Model

Experience is the one thing you can't get for nothing

Oscar Wilde
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4.1 Introduction to Biomechanics

Over the last two decades, an appreciation for physical forces and
mechanics in the context of cells has revealed their importance towards the
development, migration, regeneration, embryogenesis, repair, and
pathology in cells. The integration of mechanobiology with genetics and
cell signalling will allow higher order understanding of cellular behaviour
that may be harnessed to discover and deliver significantly improved
treatment strategies and biological tools. For example, the regulation of the
(epi)genome in response to different mechanical forces, experienced under
differing spatiotemporal circumstances, such as embryogenesis versus

mature hiPSC-CM in situ.

As discussed in the general introduction (§1), the central players in
mechanotransduction in the context of hiPSC-CMs are the integrin
adhesion complex, in particular the laminin binding integrin a7B1D, as well
as the DGC. Both the integrins and DGC are conduits for bidirectional
communication with the ECM, communicating biomechanical signals to,
and from, the hiPSC-CMs and the nucleus, thereby regulating cellular
physiology (Figure 4.1). In turn, disruption to costameric complexes is
responsible for aberrant mechanotransduction and cellular behaviour,

together driving the pathogenesis observed in disease states such as DMD.

A significant physiological parameter governed by physical force is cellular
and nuclear morphology. FA and the DGC, in conjunction with their
connection to the ECM, dictate morphology. The actin and microtubule
cytoskeletons are both highly dynamic and responsive to alterations of
externally applied physical forces, rearranging their structures to maintain

force equilibrium as described by the tensegrity model®®. Given the
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importance that tensegrity holds for contextualising the response of cells to

physical force, a fuller description is introduced here.

Cardiomyocyte

) = N
Mechanotransduction % Cell
behaviour
Z A

557, | (epi)genetic
l /| / Regulation
ECM
Mechanical
Stimulus
I E Hours Weeks Years
Time
Frame
Integrin DGC &9 a-actinin Myosin
Actin Microtubule

Figure 4.1: Overview of Mechanotransduction. Mechanical stimuli, such as substrate
elasticity, pressure, or stretch, are perceived by the cell via costameric regions comprising
of integrins and the DGC. Substrate sensing is the result of actin and microtubule clustering
thus permitting mechanosensing. Mechanosensitive proteins, such as FAK and YAP,
regulate cellular processes over distinct timeframes from minutes to hours to years. Long
term alterations govern cellular behaviour and adaptability, as enacted via alterations of
the (epi)genome. (Epi)genetic regulation in response to mechanical signaling can effect

change over a period of years. Figure created using Biorender.com

Tensegrity architecture of cells depends upon the prestress of the
cytoskeletal elements as generated by the actomyosin and microtubules
(Figure 4.2). These two opposing forces balance to find a force equilibrium
for the cell. The ECM adhesions, i.e. FAs and DGC, are poised to resist
tension acting as conduits for force transmission, with some FAs acting to

transmit forces inwardly while others preferentially act to transmit forces
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outwardly. This allows local changes, occurring at a handful of FAs or DGC
sites, leading to global changes of the cell, including detectable parameters,

such as the elasticity, or Young’s modulus.

(a) (b) ,

M Cell membrane (CM) Actin filaments (4Fs)

M Cytoplasm 5 s B Microtubules (M7s)

M Nucleus A\ f B Intermediate filaments (IFs)
A A B Nucleus

(C) M Actin cortex (4C) (d) M Actin bundles (4Bs)
M Cytoplasm W Microtubules (MTs)
B Nucleus B Intermediate Gilaments (IFs)

W Nucleus

Figure 4.2: Tensegrity Model Displaying Adaptable Cytoskeletal Elements. The tensegrity
model describes how actin acts as the ‘cables’ that generate tension, via actomyosin
contraction, against which the microtubule ‘struts’ resist. In turn, the microtubule
cytoskeleton and ECM adhesions tend to act to ‘push against’ the tension generated by
actin, thus acting as the compressive force. By balancing the push-pull of tension and
compression forces the cytoskeleton maintains a prestressed architecture that is sensitive

to, and can readjust in response to, external force application. Image adapted from 377

Prestress is absolutely critical to tensegrity architecture, with experimental
evidence supporting this*®378379_ Critically, prestress is a central regulator of
cellular and nuclear morphology and provides the stability for these. The
Young’s modulus, a measure for stiffness, and viscoelasticity can
characterise the tensegrity architecture of the cell and are therefore able to
provide information on the status of the underlying cytoskeleton. As

tension in actomyosin increases or decreases, so does the Young’s modulus.
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Defining some of the mechanical parameters is required for this chapter.
Cells are described as possessing both viscous and elastic properties, that is
to say they are viscoelastic®®°. Elasticity defines the deformability of an
object in response to an applied force, whilst viscosity refers to the
resistance to flow under a given force38%381, Therefore, a viscoelastic object
is one undergoing deformation whilst simultaneously storing and releasing
mechanical energy. The ratio between the storage and dissipation of energy
is given by Tan 6. The scaling between stress and strain gives rise to the

Young’s modulus389381 where stress (o) is defined in Eq. 4.1:

—FE41
O-_A(q")

Where, F is the force (in N) and A is area. Strain (E) is defined in Eq. 4.2:

AL
E=— (Eq.42)

Where AL is the change in length and L is the original length of the object.
Together, the ratio between stress and strain gives rise to the Young’s
modulus, which is a measure of the stiffness of a material defined by Eg.

4.3:

o
YM =~ (Eq.43)

Where, YM is the Young’s modulus in Pascals (Pa). Characterisation of the
Young’s modulus is to characterise the stiffness of the cell, which is
predominantly modulated by the actin cytoskeleton322. Therefore,
measuring the cellular Young’s modulus can provide information about the
underlying physiology of the cytoskeleton and overall physiology of the cell.
Of course, the actin cytoskeleton is regulated by a multitude of accessory
proteins, such as a-actinin and ARP2/3, which govern higher order actin

formation such as the formation of actin cables that may affect the Young'’s
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modulus®. Characterisation of the viscoelastic properties of cells has
emerged as a biomarker for disease progression and underpins the

motivation to examine this in detail throughout this chapter.

It must be noted that the mechanical behaviour of cells is inherently
viscoelastic, thus an understanding of equations 4.1 - 4.3 is required for this

chapter, especially the section on nanoindentation.

Therefore, viewing the mechanics of hiPSC-CMs of this chapter through the
lens of tensegrity architecture, with the underlying equations in support of
cellular viscoelasticity, is key to understanding and contextualising the
underlying changes. In this context, | aimed to characterise the
biomechanics of WT and DMD hiPSC-CMs when challenged by substrates of
different Young’s moduli as well as the viscoelasticity. In particular, the
cellular and nuclear morphology, actin cytoskeleton and sarcomeric

architecture, and viscoelastic properties of the hiPSC-CMs was examined.

4.2 Dystrophin Mechanosenses Variations in the Young’s
Modulus of the ECM as Determined by hiPSC-CM Cellular and

Nuclear Morphology

4.2.1 hiPSC-CM Cellular Morphology

Alterations to the cardiac ECM appear as DMD progresses towards cardiac
failure, including an increase in the Young’s modulus from approximately 10
kPa to 130 kPa’®83, This change is potentiated by increased collagen type |
deposition by cardiac fibroblasts and associated pro-inflammatory
responses mediated by infiltrating CD40 expressing T-cells and M1/M2
macrophages®3. Variations to the composition of the ECM are
communicated through focal adhesions, including the DGC. These changes

are then transduced into various physicochemical responses that are
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mediated, in part, by the actin and microtubule cytoskeleton. Therefore, |
postulated that the DGC, in particular dystrophin, was required to
mechanosense the change between a healthy cardiac ECM Young’s

modulus (6 kPa) or a fibrotic Young’s modulus (130 kPa).

As such, this formed the basis for my initial investigation into the effect of
changing the Young’s modulus on the cellular and nuclear morphology of
hiPSC-CMs. Laminin coated PDMS coverslips of either 6 kPa or 130 kPa
were used to examine this change. hiPSC-CMs were maintained on the
coated coverslips for 5 days, to recover from passage and adjust to the new
ECM. Images of hiPSC-CMs were then obtained and quantified using Image)
to determine if any change in the morphological shape descriptors were

apparent.

The cellular area for WT 1 (2788.1 + 2552.4 um?vs 4442.8 + 3303.6 um?)
and WT 2 (2504.9 + 1567.4 pm?vs 3292.2 + 2275.6 um?) significantly
increased from being on a healthy cardiac Young’s modulus of 6 kPa to that
of the fibrotic Young’s modulus of 130 kPa (Figure 4.4A). Interestingly, no
change in cellular area was observed for DMD 1 (3701.2 + 3563.8 pm?vs
3425.4 + 2745.4 um?) and DMD 2 (2534.9 + 2099.8 um?vs 1989.6 + 1438
um?). Moreover, the perimeter (Figure 4.4B) followed a similar trend as the
cellular area, with an increase in WT 1 (224.7 + 109.1 um vs 255.6 + 103.3
pum) but not WT 2 (234 £ 96.2 um vs 241.9 £ 93.3 um). Similarly, DMD 1
(284.1 £149.4 um vs 251.9 + 123.7 um) and DMD 2 (219.3 £ 95.1 um vs
195.3 + 82.2 um) were contrary to WT 1 and WT 2 and showed a decreased

cell perimeter in response to the fibrotic cardiac Young’s modulus.

Comparing the hiPSC-CM cell lines (Figure 4.3) revealed that DMD 1 had a
significantly larger area compared to WT 1 and DMD 2 on a 6 kPa stiffness
(DMD 1, 3701.2 + 3562.8 um?; WT 1, 2788.1 + 2552.4 um?; DMD 2, 2533.9
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+2098.8 um?) but was no different to WT 2 (2503.9 + 1567.4 um?).
Interestingly, WT 1 responded to the substrate stiffness by increasing in cell
area between 6 kPa and 130 kPa (2788.1 + 2552.4 um? vs 4441.8 + 3302.6
um?) which was not the case for the other cell lines. hiPSC-CM area for WT
1 was significantly increased compared to both DMD 1 and DMD 2 on 130
kPa (WT 1, 4441.8 + 3302.6 um?; DMD 1, 3425.4 + 2745.4 um?; DMD 2,
1988.6 + 1437.7 um?). WT 2 was also significantly larger compared to DMD
1 on 130 kPa, but not to DMD 2. Of interest, DMD 1 was significantly larger
compared to DMD 2 at 130 kPa (DMD 1, 3425.4 + 2745.4 um?; DMD 2,

1988.6 + 1437.7 um?). The perimeter followed a similar trend to the cell

area.
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Figure 4.3: hiPSC-CM Cell Area and Perimeter between Cell Lines on Either 6 kPa or 130
kPa Substrate. A) hiPSC-CM cell area showing that DMD 1 was significantly increased at 6
kPa compared to DMD 2 and WT 1 but not WT 2. However, at 130 kPa, DMD 1 was smaller
compared to WT 1 and WT 2 but larger than DMD 2. B) Similar trend was observed as cell
area. Data presented as Tukey boxplot, reported as mean * S.D.; Mann-Whitney U test,
p<0.05 considered statistically significant. N= 3 biological replicates; WT 1, 6 kPa vs 130
kPa n number of cells= 120 vs 148 hiPSC-CMs; WT 2, 6 kPa vs 130 kPa, n=42 vs 67 hiPSC-
CMs; DMD 1, 6 kPa vs 130 kPa, n= 180 vs 145 hiPSC-CMs; DMD 2, 6 kPa vs 130 kPa, n= 88
vs 83 hiPSC-CM:s.
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Together, the cell area and perimeter of the hiPSC-CM cell lines here
suggest a role for dystrophin in responding to alterations of the ECM, in
particular the ability to mechanosense changes to the Young’s modulus.
Importantly, this supports the notion that DMD hiPSC-CMs are less able to
adapt to the fibrotic environment, which is associated with the DMD

phenotype, and may be a driver for the cardiac pathogenesis.
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Figure 4.4: Dystrophin is a Regulator of hiPSC-CM Cell Area and Perimeter. A) hiPSC-CM
cell area and B) perimeter on either a 6 kPa or 130 kPa substrate. WT 1 and WT 2 hiPSC-
CMs increased cell area significantly in response to increased substrate stiffness, whereas
DMD 1 and DMD 2 both showed a decrease. Similar findings were observed for hiPSC-CM
perimeter. Representative images are shown in Figure 4.3. Data presented as Tukey
boxplot, reported as mean * S.D.; Mann-Whitney U test, p<0.05 considered statistically
significant. N= 3 biological replicates; WT 1, 6 kPa vs 130 kPa n number of cells= 120 vs 148
hiPSC-CMs; WT 2, 6 kPa vs 130 kPa, n= 42 vs 67 hiPSC-CMs; DMD 1, 6 kPa vs 130 kPa, n=
180 vs 145 hiPSC-CMs; DMD 2, 6 kPa vs 130 kPa, n= 88 vs 83 hiPSC-CMs.

hiPSC-CMs cell morphology was further characterised using circularity and
aspect ratio (defined as cell length / cell width) (Figure 4.5). Circularity

significantly increased for WT 1 and DMD 1 but no change was apparent for
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other cell lines. Increased circularity from 6 kPa to 130 kPa suggests that
the cell becomes more rounded, with 1.0 indicating the perfect circle and 0
indicating an irregular, polygonal morphology. WT 1 showed a significant
increase between 6 kPa and 130 kPa (0.62 + 0.19 A.U. vs 0.68 + 0.18 A.U.),
whilst WT 2 hiPSC-CMs did not (0.61 + 0.22 A.U.vs 0.70 £ 0.18 A.U.).
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Figure 4.5: Dystrophin is not Necessary for hiPSC-CM Cell Circularity or Aspect Ratio. A)
hiPSC-CM cell circularity, where 1.0 is the perfect circle and 0 is amorphous. B) Aspect ratio
of hiPSC-CMs. All hiPSC-CM cell lines displayed similar trends for circularity and aspect
ratio (AR). WT 1 and DMD 1 had significantly increased circularity, i.e. became more
rounded, on 130 kPa. Representative images are shown in Figure 4.4. Data presented as
Tukey boxplot and reported as mean + S.D.; Mann-Whitney U test, p<0.05 considered
statistically significant. N= 3 biological replicates; WT 1, 6 kPa vs 130 kPa n number of
cells= 120 vs 148 hiPSC-CMs; WT 2, 6 kPa vs 130 kPa, n=42 vs 67 hiPSC-CMs; DMD 1, 6 kPa
vs 130 kPa, n= 180 vs 145 hiPSC-CMs; DMD 2, 6 kPa vs 130 kPa, n= 88 vs 83 hiPSC-CMs.

Similar to WT 1 and WT 2, DMD 1 (0.63 +0.21 A.U.vs 0.73 £ 0.19 A.U.)

showed a significant increase in circularity when maintained on the 130 kPa
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substrate. Interestingly, DMD 2 showed very little change between 6 kPa
and 130 kPa (0.65 + 0.21 vs 0.66 + 0.20 A.U.), the reason for this was
unclear. No difference in circularity was observed between the hiPSC-CM

cell lines that is likely attributable to cell line variability (Figure 4.6).
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Figure 4.6: Comparison between hiPSC-CM cell lines. Showing no difference between A)
circularity or B) aspect ratio. hiPSC-CM cell circularity, where 1.0 is the perfect circle and 0
is amorphous. All hiPSC-CM cell lines displayed similar trends for circularity and aspect
ratio (AR). WT 1 and DMD 1 had significantly increased circularity, i.e. became more
rounded, at 130 kPa. WT 2 showed a trend towards increased circularity at 130 kPa,
although this did not reach statistical significance. Representative images are shown in
Figure 4.4. Data presented as Tukey boxplot and reported as mean * S.D.; Mann-Whitney U
test, p<0.05 considered statistically significant. N= 3 biological replicates; WT 1, 6 kPa vs
130 kPa n number of cells= 120 vs 148 hiPSC-CMs; WT 2, 6 kPa vs 130 kPa, n=42 vs 67
hiPSC-CMs; DMD 1, 6 kPa vs 130 kPa, n= 180 vs 145 hiPSC-CMs; DMD 2, 6 kPa vs 130 kPa,
n= 88 vs 83 hiPSC-CMs.

The aspect ratio (AR) for all hiPSC-CM cell lines tended to decrease on the
130 kPa substrate, suggesting that hiPSC-CMs widened i.e., an increase of

the minor axis. This change in the AR can accord with the increased hiPSC-
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CM circularity as the irregularity of the cells was more dramatic on the 130

kPa compared to the 6 kPa substrate (Figure 4.5B and Figure 4.7).

WT 1 showed a 14% significant decrease in AR (2.16 + 1.01 A.U.vs 1.86
0.96 A.U.) which was more dramatic than the 10% significant decrease
observed in DMD 1 (1.98 + 1.02 A.U.vs 1.78 £ 1.11 A.U.). There was no
significant change observed for either WT 2 (13% decrease) or DMD 2
(1.5% increase) hiPSC-CMs. Given that WT 2 did not reach significance is
whereas DMD 1 did suggests strong cell line variability. Nonetheless, these
data here suggest that dystrophin was not required for hiPSC-CM changes

in circularity or AR.
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Figure 4.7: hiPSC-CMs on Either a 6 kPa or 130 kPa Laminin Coated Coverslip Mimicking
Healthy or Fibrotic Cardiac ECM Respectively. Representative immunofluorescence images

of WT 1, WT 2, DMD 1, and DMD 2 hiPSC-CMis cell lines. Each cell line was plated onto
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either a 6 kPa or 130 kPa PDMS coated substrate for 5 days prior to fixation and
immunofluorescence. White asterisks on WT 1 and WT 2 indicate the larger cell area
observed here on 130 kPa. DMD 1 showed no significant change in cell area whilst DMD 2
showed significant decrease from 6 kPa to 130 kPa. Other morphological characteristics
were altered, for example circularity was increased in both WT 1 and DMD 1 hiPSC-CMs at
130 kPa, as indicated by the yellow arrows. hiPSC-CMs were stained using DAPI and
phalloidin to delineate cell and nuclear morphology. Scale bar= 50 um. N= 3 biological

replicates.

Overall, the data support a role for dystrophin in the mechanosensing of
the ECM, particularly in response to changes of the Young’s modulus, as
demonstrated by the significant increase in morphological parameters for
WT 1 and WT 2, such as cell area and circularity. DMD 1 and DMD 2 did not
recapitulate the changes of cell area observed in WT 1 and, to an extent,
WT 2, again, supporting the notion that dystrophin is important for
mechanosensing for specifically these facets of morphology. Indeed, DMD 1
and DMD 2 appeared to show the opposite trends in terms of cell area and
perimeter, but all cell lines had similarities in circularity and AR. WT 1 and
DMD 1 hiPSC-CM cell lines were observed to become increasingly rounded
on the 130 kPa substrate compared to 6 kPa, with a concurrent decrease in
the AR- indicating a widening of the cell. These data would suggest that
dystrophin influences the overall cell area and perimeter of the hiPSC-CM

but is dispensable in regard to roundedness and aspect ratio.
4.2.2 hiPSC-CM Nuclear Morphology

Nuclear mechanotransduction is an important regulator governing long-
term cell behaviour primarily via differential gene expression®7.1%,
Mechanical signals are communicated to the nucleus via the cytoskeleton,
that connects to the LINC complex downstream. In turn, the LINC complex

traverses the nuclear membrane and directly interacts with chromatin, thus
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regulating gene expression38. Because mechanical signals from the ECM
are communicated across focal adhesions, | hypothesised that the absence
of dystrophin in DMD mutant hiPSC-CMs result in largely unchanged

nuclear morphology, contrary to my expectation for the WT hiPSC-CMs.

The nuclear area significantly increased for WT 1 (122.3 + 62.6 pm? vs

136.7 £ 51.2 um?) and for WT 2 (147.6 + 66.8 pm? vs 182.6 + 78.3 um?)
from a 6 kPa to a 130 kPa substrate (Figure 4.8A) whilst the nuclear
perimeter for WT 1 (40.51 + 16.4 um vs 41.94 + 8.1 um) remained
unchanged. However, WT 2 (45.91 + 10.6 um vs 50.04 + 11.3 um) displayed
a significant increase of the nuclear perimeter (Figure 4.8A and Figure

4.8B).

In contrast, the nuclear area for the DMD mutants was observed to become
significantly smaller on the fibrotic 130 kPa substrate for DMD 1 (148.8 +
70.2 um? vs 136.5 + 67.7 um?). The nuclear area for DMD 2 did not
decrease (114.7 + 55.5 um?vs 111.8 + 64.7 um?). Interestingly, the nuclear
perimeter for DMD 1 was found to be significantly decreased (43.7 + 10.3
pm vs 41.7 £ 10.2 um) whilst the perimeter of DMD 2 remained unchanged
(38.9£10.3 um vs 38.5 £ 11.6 um). Subsequently, | further characterised
the nuclear morphology by examining the circularity (Figure 4.8C). Nuclear
circularity increased in WT 1 (0.88 £ 0.13 A.U. vs 0.95 + 0.05 A.U.) and WT 2
(0.85 +0.09 A.U. vs 0.89 + 0.08 A.U.) showing that nuclei responded to the

increased Young’s modulus by becoming more rounded.
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Figure 4.8: Dystrophin Plays a Role in Determining Nuclear Morphology in Response to
Healthy versus Fibrotic Young’s Modulus of the ECM. A) Nuclear area, B) nuclear
perimeter, and C) nuclear circularity for WT 1, WT 2, DMD 1, and DMD 2 hiPSC-CM cell
lines. Representative nuclei are shown in Figure 4.4. Data presented as Tukey boxplot and
reported as mean * S.D.; Mann-Whitney U test, p<0.05 considered statistically significant.
N= 3 biological replicates; WT 1, 6 kPa vs 130 kPa n number of nuclei= 138 vs 178 nuclei;
WT 2, 6 kPa vs 130 kPa, n=47 vs 62 nuclei; DMD 1, 6 kPa vs 130 kPa, n= 225 vs 187 nuclei;
DMD 2, 6 kPa vs 130 kPa, n= 104 vs 105 nuclei.

Furthermore, increased circularity suggests increased actomyosin
interaction with the nucleus. Conversely, DMD 1 nuclei showed no change
in nuclear circularity (0.94 + 0.05 A.U. vs 0.93 + 0.05 A.U.) suggesting a

disconnect between the nucleus and the ECM, likely due to the lack of
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dystrophin. DMD 2 showed decreased circularity (0.91 + 0.08 A.U. vs 0.89 +
0.08 A.U.) in response to the 130 kPa Young’s modulus. This suggests that
WT nuclei became increasingly rounded, whilst DMD nuclei responded
differently to stiffness, by becoming elongated or not changing.
Interestingly, it may suggest that expression of Dp71m may be sufficient for

a degree of mechanotransduction in DMD 2 hiPSC-CMs.

Comparing the cell lines revealed significant changes to both nuclear area
and perimeter (Figure 4.9). At 6 kPa, nuclei from WT 1 had a significantly
decreased area compared to WT 2 and DMD 1 but were no different to
DMD 2 (WT 1, 122.3 £ 62.6 um?, WT 2, 147.6 £ 66.8 um?; DMD 1, 148.8 +
70.1 um?; DMD 2, 114.7 + 55.5 um?). At 130 kPa, DMD 1 and DMD 2 nuclei
were both significantly decreased compared to WT 2 but not WT 1 (WT 1,
136.7 £ 51.2 um?; WT 2, 182.6 + 78.3 um?;, DMD 1, 136.5 + 67.7 um?; DMD
2,111.8 £ 64.7 um?). Similarly, WT 1 nuclei were significantly decreased
compared to WT 2.

For nuclear perimeter at 6 kPa, only DMD 2 was significantly decreased
compared to both DMD 1 and WT 2, with no changes between any cell
linesand WT 1 (WT 1, 40.5 +16.4 um; WT 2,459+ 10.6 um; DMD 1, 43.7 +
10.3 um; DMD 2, 38.9 + 10.2 um). At 130 kPa, WT 2 nuclei had significantly
increased perimeter compared to all other cell lines with no other changes
between cell lines observed (WT 1, 41.9 £+ 8.0 um; WT 2,50.0 + 11.3 um;
DMD 1,41.7 £10.2 um; DMD 2, 38.5 + 11.6 um).
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Figure 4.9: Comparison of Nuclear Morphology between hiPSC Cell Lines. A) nuclear area
was significantly altered at both 6 kPa and 130 kPa, in particular WT 2 appeared to be
larger. B) Nuclear perimeter. Fewer differences were observed here, however, WT 2 was
significantly increased compared to both DMD 1 and DMD 2 nuclei. Data presented as
Tukey boxplot and reported as mean + S.D.; Mann-Whitney U test, p<0.05 considered
statistically significant. N= 3 biological replicates; WT 1, 6 kPa vs 130 kPa n number of
nuclei= 138 vs 178 nuclei; WT 2, 6 kPa vs 130 kPa, n= 47 vs 62 nuclei; DMD 1, 6 kPa vs 130
kPa, n= 225 vs 187 nuclei; DMD 2, 6 kPa vs 130 kPa, n= 104 vs 105 nuclei.

The nuclear shape descriptors revealed extensive changes to hiPSC-CM
nuclei in response to increasing the Young’s modulus of the ECM. For WT
cell lines, nuclei tended to respond by increasing their area, perimeter, and
circularity, thus supporting the notion that the nuclei were able to
mechanosense, and respond, to their environments, and that this was likely
mediated via the cytoskeleton-LINC complex interface. In contrast, DMD
cell lines tended to be opposite, and showed unchanged or decreased
nuclear area, perimeter, and circularity in response to 130 kPa. These data
support dystrophin as a contributor towards maintaining nuclear
morphology and mechanotransduction in hiPSC-CMs. An important

consideration at this point is to note that nuclear volume was not
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examined, which may confound interpretation of any true distinctions

between the cell lines.

4.3 Nuclear Localisation of the Mechanosensitive Co-
transcriptional Activator YAP Responds to Increased Substrate

Stiffness in DMD 1 but notin WT 1

YAP is a well characterised mechanosensitive transcriptional co-activator3®4,
Binding to TEAD within the nucleus, YAP conducts expression of genes
associated with proliferation3, embryogenesis3°, focal adhesions38¢, and

cytoskeletal components- including the DGC protein, SGCD3¥.

Several groups have reported interesting changes in YAP localisation in
relation to dystrophin and the DGC. Morikawa3 showed that WT mice had
decreased nuclear localisation of YAP compared to double knockout mdx
and Salvador (Salvador is an upstream negative regulator of YAP).
Moreover, co-immunoprecipitation assays revealed direct interaction
between the PPxY domain of a-DG and YAP3. Moreover, it has been shown
by several other groups that nuclear YAP localisation increases on stiffer
substrates, thought to be mediated by more readily accessible nuclear pore
complexes and the actin cytoskeleton3®*. These reports, in conjunction to
my findings in the preceding section, led me to hypothesise that YAP may
be differentially localised, and thus affect mechanosensitive gene

regulation, in DMD 1 hiPSC-CMs (Figure 4.10).

Using fluorescence intensity, | examined the nuclear to cytoplasmic ratio for
YAP on either 6 kPa or 130 kPa substrate. On 6 kPa, YAP nuclear localisation
was significantly decreased in DMD 1 compared to WT 1 (6.1 + 4.5 A.U. vs
4.4 + 4.1 A.U.) but was not changed at 130 kPa. Interestingly, | observed no

change in YAP localisation between 6 kPa and 130 kPa for either WT 1 or
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DMD 1 hiPSC-CMs (WT 1 6 kPavs 130 kPa: 6.1 +4.5A.U.vs5.1+2.9A.U;
DMD 16 kPavs 130 kPa: 4.4 +4.1vs4.8+3.2 A.U.).

These data indicated that YAP nuclear localisation is affected by the
absence of dystrophin at 6 kPa but not at 130 kPa. This is consistent with
the 6 kPa data and indicates a role of dystrophin in regulating YAP
localisation. It further supports the notion that YAP localisation is

mechanosensitive.
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Figure 4.10: Nuclear YAP Localisation, but not Gene Expression, in DMD 1 is Decreased
Compared to WT 1. A) WT 1 and DMD 1 hiPSC-CMs were plated onto either a 6 kPa or 130

kPa laminin coated PDMS and quantified by examining the nuclear to cytoplasmic ratio. B)
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quantification of the nuclear to cytoplasmic localisation of YAP in WT 1 and DMD 1.
Nuclear localisation was significantly decreased in DMD 1 on a 6 kPa substrate elasticity
but not 130 kPa. C) Baseline YAP mRNA expression was determined using RT-qPCR. For A
and B N= 3 biological replicates (except for WT 1 130 kPa where N=2), WT 1, 6 kPa vs 130
kPa, n number of cells= 62 vs 44 hiPSC-CMs; DMD 1, 6 kPa vs 130 kPa, n= 76 vs 61. Scale
bar= 50 um. Data are presented as mean + S.D; Two-way ANOVA with Bonferroni’s multiple
comparisons post-hoc test, p<0.05 was considered significant. For C, N=3 biological
replicates; Data presented as Tukey box plot and reported as mean * S.D.; Mann-Whitney

U test, p<0.05 was considered significant.

Leveraging RT-gPCR, | examined baseline YAP mRNA expression and
observed no difference between WT 1 and DMD 1 (WT1vsDMD 1, 1.0 £
0.24 A.U.vs 1.2 £ 1.7 A.U.). This suggests that gene expression of YAP is
unaffected by a lack of dystrophin but, rather, its subcellular localisation is

altered.

4.4 Assessment of Actin Cytoskeleton and Sarcomeres of WT
1 and DMD 1 hiPSC-CMs in Response to Differential ECM

Young’s Moduli

The actin cytoskeleton is integral to the overall architecture of the cell,
critical for mechanotransduction, and is an instrumental constituent of the
cardiac sarcomere. The sarcomere is the highly specialised contractile unit
of hiPSC-CMs consisting of more than 200 known proteins and is
responsible for generating both active and passive tension forces*. Indeed,
generation of active force, via actomyosin, actuates cross-bridge cycling and

is responsible for the tensile forces against which microtubules resist.

The Frank-Starling law of the heart describes the proportional relationship

between sarcomere length and inotropy #°. Here, | hypothesised that DMD
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hiPSC-CMs would have altered cardiac sarcomeres as well as an altered

actin cytoskeleton, that would be apparent at either 6 kPa or 130 kPa.

Comparison between WT 1 and DMD 1 sarcomere length was performed
on phalloidin immunostained hiPSC-CMs with clearly delineated sarcomeric
banding using Image J (Figure 4.11A and Figure 4.11B). Sarcomeres from
WT 1 were significantly longer compared to DMD 1 at both 6 kPa and 130
kPa (WT 1vs DMD 16 kPa, 1.94 + 0.25 um vs 1.69 + 0.32 um; 130 kPa, 1.98
1+ 0.25 umvs 1.78 £ 0.21 um). There was no observable change between 6
kPa or 130 kPa for either WT 1 or DMD 1. These observations are indicative
of defective sarcomere architecture in DMD 1 that may contribute to

decreased force generation that has been previously reported for DMD328,

In addition to sarcomere length, organisation of the actin cytoskeleton was
assessed using Orientation J’s coherency function (from Imagel FlJI).
Coherency bounds values between 0 and 1 where 1 indicates a highly
organised, anisotropic structure, and 0 indicates a disorganised and
isotropic structure. Coherency for WT 1 hiPSC-CMs was observed to be
significantly increased compared to DMD 1, suggesting greater orientation
and organisation in WT 1 on both a 6 kPa and 130 kPa (WT 1vs DMD 1 6
kPa, 0.17 £ 0.15 A.U. vs 0.090 + 0.07 A.U.; 130 kPa, 0.13 + 0.11 A.U. vs 0.078
+ 0.068 A.U.). This data supports significant disorganisation to the actin
cytoskeleton in DMD 1 hiPSC-CMs (Figure 4.11A and Figure 4.11C).
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Figure 4.11: Sarcomeric and Actin Cytoskeletal Architecture were Significantly Altered in
DMD 1 hiPSC-CMs Compared to WT 1. A) Phalloidin immunofluorescence revealed altered
sarcomeric and actin architecture in DMD 1, notably at 6 kPa. Note that WT 1 appears
highly oriented in contrast to DMD 1 hiPSC-CMs. B) Quantification of sarcomere length
revealed a significant decrease in DMD 1 hiPSC-CMs compared to WT 1 at both 6 kPa and
130 kPa. C) Coherency, a measure of orientation, where 1 represents a highly oriented and
anisotropic structure and 0 represents a highly disoriented and isotropic structure, revealed
the actin cytoskeleton in DMD 1 to be significantly less oriented compared to WT 1. Data
are presented as Tukey boxplots but are reported as mean * S.D. in text, analysed using
Two-way ANOVA with Bonferroni’s post-hoc test, p<0.05 was considered significant. N= 3
biological repeats; Sarcomeres analysed: WT 1 6 kPa vs 130 kPa, 409 vs 620 from 20 and
30 cells respectively; DMD 1 6 kPa vs 130 kPa, 605 vs 599 sarcomeres from 29 and 28
hiPSC-CMs respectively. WT 1 6 kPa vs 130 kPa: 77 vs 69; DMD 1 6 kPa vs 130 kPa: 87 vs 80
hiPSC-CMs.
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4.5 Examination of Pharmacologically Modifying the
Cytoskeleton in Relation to Changes in the Young’s Modulus of

the ECM

Given that the cellular and nuclear morphology, as well as nuclear
localisation of YAP were significantly altered in DMD compared to WT
hiPSC-CMs, | wanted to further investigate, and to elucidate a putative
mechanism, for the propagation of the mechanical force transduction in
relation to dystrophin. Both the actin and microtubule cytoskeleton are
integral components mediating mechanotransduction bidirectionally, to
and from the ECM. As such, | used several known pharmacological agents
to either stabilise or disrupt, either the actin or microtubular cytoskeleton.
Based on the literature, dosages were selected and a time-series looking at
the effect of the drugs was carried out and assessed using
immunofluorescence and confocal microscopy in neonatal rat

cardiomyocytes.

4.5.1 Destabilising the Actin Cytoskeleton: Cytochalasin D Disrupts
Cellular and Nuclear Morphology in both WT 1 and DMD 1 hiPSC-CMs

Initially, | examined the actin cytoskeleton, and to do so utilised the well-
known actin disruptor, cytochalasin D. Cytochalasin D inhibits actin
polymerisation thus acting overall to disrupt the actin architecture. |
hypothesised that cytochalasin D would disrupt the WT 1 hiPSC-CMs whilst
having a minimal impact on DMD 1. Both WT 1 and DMD 1 were incubated
with 1 uM cytochalasin D at 37°C for 30 min prior to wash-out, fixation, and

subsequent analysis.

Cytochalasin D caused a significant decrease of cell area (Figure 4.12A) and

perimeter for WT 1 on the 130 kPa substrate (Area: 130 kPa no drug vs
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cytochalasin D, 4441.8 + 3302.6 um? vs 2735.3 + 1864.7 um?; Perimeter:
255.6 £ 103.3 um vs 212.7 £ 62.3 um). The effect of cytochalasin D on

actin’s architecture was not observed on the 6 kPa substrate.

In contrast to WT 1, cell area was not significantly changed by cytochalasin
D on 6 kPa or 130 kPa in DMD 1 (Figure 4.12B) (3701.2 + 3562.8 um?vs
4338.3 +3427.2 um? and 3425.4 + 2745.4 um? vs 2435.1 + 2012.8 um?,
respectively). However, a significant decrease in the cell perimeter was
observed on 130 kPa in the presence of cytochalasin D (251.9 + 123.7 um
vs 188.8 + 72.7 um).

These data indicated that the actin cytoskeleton was required for
mechanosensing, especially on the fibrotic Young’s modulus, as disruption
caused significant decreases in both cell area and perimeter for WT 1.
Given that the DMD 1 hiPSC-CMs did not show a change in cell area
coupled to a modest decrease in perimeter suggests an already present
disruption to the actin cytoskeleton, or an inability to communicate the

mechanical signal within the cell.
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Figure 4.12: 1 uM Cytochalasin D Significantly Disrupted the Cellular Phenotype of WT 1
but not DMD 1 on 130 kPa. A) WT 1 and B) DMD 1 hiPSC-CM morphological descriptors on
either 6 kPa or 130 kPa PDMS substrate with 1 uM cytochalasin D for 30 min at 37°C.
Representative images are shown in Figure 4.14. Data presented as Tukey boxplot and
reported mean * S.D.; Two-way ANOVA with Bonferroni’s multiple comparisons post-hoc
test, p<0.05 considered statistically significant. N= 2 biological replicates; WT 1 no drug 6
kPa vs 130 kPa, n number of cells= 120 vs 148 hiPSC-CMs; WT 1 + cytochalasin D 6 kPa vs
130 kPa, n= 72 vs 73 hiPSC-CMs; DMD 1 no drug 6 kPa vs 130 kPa, n= 180 vs 143 hiPSC-
CMs; DMD 1 + cytochalasin D 6 kPa vs 130 kPa, n= 40 vs 40 hiPSC-CMs.

Cytochalasin D indicated that a connection between the dystrophin and
actin influences cell morphology, and given the downstream connection to
the LINC complex, | wanted to examine whether this affected nuclear
morphology, and to explore the potential role of dystrophin here (Figure
4.13). The addition of cytochalasin D prevented an increase in nuclear area
in WT 1, which was the case for untreated samples between 6 kPa and 130

kPa (cytochalasin D nuclear area; 130.9 + 56.0 um? vs 143.7 + 50.0 um?),
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suggesting that actin is a key mediator in regulating nuclear area and for

propagating mechanical signals within the cell.

Surprisingly, cytochalasin D caused an increase in nuclear area in DMD 1 on
6 kPa (6 kPa untreated vs treated: 148.8 + 70.2 um?vs 174.2 + 70.3 um?).
The underlying mechanism for this was not entirely clear but may indicate a
decrease in aligned actin fibre cables, thus less nuclear constriction.
Similarly, no change between 6 kPa to 130 kPa in the presence of

cytochalasin D was apparent.

Additionally, the nuclear circularity for WT 1 was increased by cytochalasin
D on 6 kPa by 7%, showing a more rounded nuclear phenotype. Rounding
of the nucleus may indicate a lack of aligned actin stress fibres that would
be consistent with the action of cytochalasin D. Interestingly, no change in
circularity between 6 kPa and 130 kPa was apparent for WT 1 (0.95 £ 0.05
A.U.vs 0.95 + 0.04 A.U.). This further supported the notion that actin is
important in communicating and regulating nuclear phenotype in response

to altered Young’s modulus of the ECM.

Importantly, disruption to actin did not affect the circularity in DMD 1
nuclei on either stiffness, again implying that dystrophin mediates this

effect via actin.

The use of cytochalasin D revealed the importance that actin plays in
propagating mechanical signals from the ECM to the nucleus. Moreover, it
clarified the role that dystrophin has in potentiating this, which was
expected as dystrophin has several actin binding domains. Additional

nuclear shape descriptors are detailed in §A2.

208



Rk

kR

~ 1 =} —
<< 500 < 1.0q
g =1 WT 1 No Drug > ?1‘ T
m 4004 - 3 WT 1 + Cytochalasin D 3 -
< | 2 |
53004 & . . 5 i
1§ Qo 5054 -
2 200 L
= Z
8 100 =
@]
2 8]
£ 0 T T @ 0.0 T T
6kPa 130kPa e 6kPa 130kPa
B * %
iy
— * ]
<5004 1 < 1.0+
g ) 3 DMD 1 No Drug > T-} %-P
g 4004 o 3 DMD 1 + Cytochalasin D s Tl T
j : B 3 i .
5 300 . (3] - .
5 : & 05
=3 - Q@
3 2004 3
= =
Q 1004 =
Q o]
£ O
= 0 T T » 0.0 T T
B6kPa 130kPa % 6kPa 130kPa

Figure 4.13: 1 uM Cytochalasin D Alters the Nuclear Phenotype in Response to Increasing
Young’s Modulus. Nuclear area and nuclear circularity for A) WT 1 and B) DMD 1 hiPSC-
CM cell lines in response to 1 uM cytochalasin for 30 min at 37°C. Representative nuclei are
shown in Figure 4.14. Data are presented as Tukey boxplot and reported as mean + S.D.,
Two-way ANOVA with Bonferroni’s multiple comparison post-hoc test, p<0.05 was
considered significant. N= 3 biological replicates (without drug); N= 2 (+ cytochalasin D);
WT 1 no drug 6 kPa vs 130 kPa, n= 138 vs 178 nuclei; WT 1 + cytochalasin D 6 kPa vs 130
kPa, n=80vs 78, DMD 1 no drug 6 kPa vs 130 kPa, n= 226 vs 187, DMD 1 + cytochalasin D
6 kPa vs 130 kPa, n=49 vs 50 nuclei.
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Figure 4.14: Representative Images of WT 1 and DMD 1 hiPSC-CMs Treated Using 1 uM

WT1+1uM
Cytochalasin D

130 kPa

6 kPa

DMD 1+ 1uM
Cytochalasin D

130 kPa

Cytochalasin D on Either a 6 kPa or 130 kPa laminin coated PDMS Substrate. Both WT 1
and DMD 1 hiPSC-CMs adjusted to laminin coated PDMS substrate for 5 days prior to the
addition of 1 uM cytochalasin D for 30 min at 37°C. White arrows highlight the significantly
smaller DMD 1 hiPSC-CMs on 130 kPa in response to the cytochalasin D treatment. Scale

bar= 100 um. N= 2 biological replicates.

4.5.2 Stabilising the Actin Cytoskeleton: Jasplakinolide Failed to act as

Expected and Appeared to Disrupt the Actin Cytoskeleton

| wanted to examine whether stabilising the actin cytoskeleton in DMD 1
would ‘rescue’ the phenotype, as determined by cell and nuclear
morphology. To do this, | used the actin stabilising drug, jasplakinolide.
However, application of 1 uM jasplakinolide for 45 min at 37 °C appeared
to have the undesired effect by disrupting the actin cytoskeleton in both
WT 1 and DMD 1 hiPSC-CMs (Figure 4.15).
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Figure 4.15: 1 uM Jasplakinolide Unexpectedly Disrupted the Actin Cytoskeleton in both
WT 1 and DMD 1 hiPSC-CMs. Representative images showing the effect of 1 uM
jasplakinolide incubation for 45 min at 37°C. Jasplakinolide was originally used to examine
the effect of stabilising the actin cytoskeleton, however, unexpectedly disrupted it in both
WT 1 and DMD 1 hiPSC-CM cell lines. Untreated WT 1 on 130 kPa were shown to have

intact sarcomeric actin. Scale bar= 50 um, N= 2 biological replicates.
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Jasplakinolide is known to have a cytotoxic effect on hiPSC-CMs although
this typically occurs at higher dosages and time-frames than that used here.
Intriguingly, jasplakinolide and phalloidin compete at the same binding
region on F-actin. As such, it is not possible to draw conclusions from the
jasplakinolide experiments here regards actin stabilisation in DMD hiPSC-

CMs.

4.5.3 Stabilising and Destabilising the Microtubule Cytoskeleton using
Taxol and Vinblastine Respectively: Destabilising the Microtubule
Cytoskeleton using 1 uM Vinblastine did not affect Cell Morphology but
Significantly Altered Nuclear Morphology of WT 1 hiPSC-CMs

Vinblastine binds to the exterior ends of microtubules acting to
depolymerise and destabilise the microtubule polymers, and thus overall
microtubule framework within the cell. The rationale behind destabilising
the microtubule network was to recapitulate the DMD phenotype in the

WT 1 hiPSC-CMs.

The addition of vinblastine did not alter the cellular morphology of WT 1
hiPSC-CMs (Figure 4.16).

hiPSC-CM cell area for WT 1 did not significantly differ in the presence of 1
UM vinblastine on either a 6 kPa (untreated vs treated, 2788.1 + 2552.4
um?2 vs 2772.6 + 1828.7 um?) or a 130 kPa (untreated vs treated, 4441.8 +
3302.6 um? vs 3997.6 + 2332.4 um?) laminin coated PDMS substrate. A
similar trend was observed for the cell perimeter in WT 1 (untreated vs
treated, 6 kPa: 224.7 £ 109.1 um vs 218.9 + 80.1 um; 130 kPa: 255.6 +
103.3 um vs 262.7 + 74.5 um) and these data support the notion that

disruption to the microtubule cytoskeleton is less critical to regulating the
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cell morphology compared to the actin cytoskeleton, as in the case of

cytochalasin D described in the preceding section (§4.5).
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Figure 4.16: Vinblastine did not Alter the Cell Morphology of hiPSC-CMs. WT 1 A) and
DMD 1 B) hiPSC-CMs were incubated with 1 uM vinblastine for 1 hr at 37°C. Vinblastine did
not alter the cell area or perimeter of hiPSC-CMs. Representative images are shown in
Figure 4.11. Data are presented as Tukey boxplot and reported as mean + S.D., Two-way
ANOVA with Bonferroni’s post-hoc test, p< 0.05 was considered significant. WT 1, N
biological replicates= 2 for vinblastine; N= 3 for no drug. WT 1 no drug, 6 kPa vs 130 kPa, n
number of cells= 120 vs 148 hiPSC-CMs; vinblastine, 6 kPa vs 130 kPa, n= 56 vs 73 hiPSC-
CMs; DMD 1 N= 3 for no drug, 6 kPa vs 130 kPa, n= 180 vs 143; N= 2 for 6 kPa but N= 1 for
130 kPa (as such no statistics were carried out), 6 kPa vs 130 kPa, n= 31 vs 5 hiPSC-CMs.

Due to the small n-number of DMD 1 hiPSC-CMs in the 130 kPa and 1 uM
group, no statistics were carried out. Largely, the small n-number was due
to insufficient DMD 1 hiPSC-CMs surviving the experiment. This was
unlikely due to the vinblastine as evidenced by the survival of these cells on
the 6 kPa substrate and attributable to some alternative influence. As such,

no conclusions can be attributed to the disruption of the microtubule
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cytoskeleton in DMD, however, there appeared to be very little difference
in cell morphology on a 6 kPa substrate in the presence of vinblastine,

which would be consistent with the data for the WT 1 hiPSC-CMs.

With this caveat in mind, there appeared to be no distinction in DMD 1
hiPSC-CM cell area between untreated and vinblastine at 6 kPa (3701.2 +
3562.8 um?vs 3188.7 + 2244.8 um?) and the perimeter (284.1 + 149.4 um
vs 333.0 £ 150.2 um). It is vital to keep in mind that no statistics were
carried out for DMD 1 vinblastine data, and these are merely the

observations made.

On the other hand, vinblastine had a profound effect on nuclear
morphology (Figure 4.17 and Figure 4.18) particularly in the WT 1 hiPSC-
CMs.

All nuclear shape descriptors for WT 1 were significantly increased in the
presence of vinblastine. The nuclear area significantly increased by 34% on
6 kPa (untreated vs treated 122.3 + 62.6 um? vs 164.1 + 53.9 um?) and by
31% (untreated vs treated 136.7 £ 51.2 um? vs 178.3 £ 78.1 um?) on 130
kPa. Moreover, the perimeter increased by 15% on 6 kPa (40.5 + 16.4 um vs
46.6 + 8.3 um) and 12% on 130 kPa (41.9 £ 8.1 um vs 47.4 £ 9.4 um) and
the circularity significantly increased in the presence of vinblastine at 6 kPa
(0.88 £ 0.1 A.U.vs 0.93 £ 0.05 A.U.). These data support the role that
microtubules have in regulating the nuclear morphology. Previous reports
have shown that microtubules counteract lamin A/C and compress the
nucleus, thereby maintaining nuclear morphology3®. Therefore, in the
scenario where microtubules are destabilised, enlargement of the nucleus

is expected to be observed.
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Figure 4.17: Vinblastine Significantly Alters Nuclear Morphology in WT 1 hiPSC-CMs but
not DMD 1. 1 uM of vinblastine was incubated for 1 hr at 37°C for WT 1 A) and DMD 1 B)
hiPSC-CMis. Vinblastine significantly increased all nuclear morphological descriptors in WT
1 hiPSC-CMs, supporting the notion that microtubules are important regulators of nuclear
morphology. Representative images are shown in Figure 4.12. Data are presented as Tukey
boxplot and reported as mean * S.D., Two-way ANOVA with Bonferroni’s post-hoc test, p<
0.05 was considered significant. WT 1, N biological replicates= 2 for vinblastine; N= 3 for no
drug. WT 1 no drug, 6 kPa vs 130 kPa, n number of nuclei= 138 vs 178 hiPSC-CMs;
vinblastine, 6 kPa vs 130 kPa, n= 60 vs 81 hiPSC-CMs; DMD 1 N= 3 for no drug, 6 kPa vs 130
kPa, n=225vs 187; N= 2 for 6 kPa but N= 1 for 130 kPa (as such no statistics were carried
out), 6 kPa vs 130 kPa, n= 35 vs 7 hiPSC-CMs.
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Figure 4.18: Disruption to the Microtubular Lattice Resulted in Altered Nuclear

Morphology in WT 1 hiPSC-CMs using 1 uM vinblastine. Vinblastine produced no

significant changes to cell morphology of hiPSC-CMs. However, disruption to microtubules
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significantly increased the nuclear area, perimeter, and circularity of WT 1, particularly in
response to 130 kPa laminin coated PDMS substrate. The yellow arrows indicate
representative nuclear enlargement. Due to the small n number used for DMD 1 no
definitive statements can be attributed to the impact of vinblastine here. WT 1, N= 2 for
vinblastine; N= 3 for no drug. DMD 1 N= 3 for no drug; N= 1 for 130 kPa.

Due to the small n-number for DMD 1 on at 130 kPa treated with
vinblastine, no statistics or definitive conclusions can be attributed to the
effect of destabilising the microtubule lattice. However, there are two
interesting comments that may be made in light of the preceding caveat: i)
treatment with vinblastine on 6 kPa stiffness caused a small reduction in
nuclear morphology, ii) on 130 kPa substrate, the contrary was true, and
nuclear morphology increased. In any case, data relating to DMD 1 in the

presence of vinblastine should be viewed as extremely preliminary.

4.5.4 Stabilising the Microtubule Cytoskeleton using 10 pM Taxol
Significantly Increased Cellular and Nuclear morphology in WT 1 hiPSC-
CMs

Taxol acts to stabilise microtubules by binding to B-tubulin ends. Ultimately,
taxol is cytotoxic and is used clinically in the treatment against cancer, as
the long-term stabilisation of the microtubule cytoskeleton disrupts its
homeostatic cellular functions. As before, my rationale was to establish the
effect that stabilising the microtubule cytoskeleton would have, notably on
the DMD 1 hiPSC-CMs- to examine if | could make DMD 1 recapitulate the

WT 1 phenotype.

Stabilisation of microtubules had three main interesting effects, i)
significantly increased cell morphological parameters for WT 1 on a 6 kPa
substrate. The percentage increase was 50%, 16%, and 21% between

untreated and treated WT 1 for cell area (untreated vs treated: 2788.1 +
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2552.4 um?vs 4190.7 + 2296.3 um?), perimeter (untreated vs treated:
224.7 £109.1 um vs 259.6 + 81.7 um), and circularity respectively
(untreated vs treated: 0.62 + 0.19 A.U. vs 0.75 + 0.13 A.U.) ii) significantly

decreased cell morphological parameters for WT 1 on a 130 kPa substrate.

The percentage decrease was 55% (4441.8 + 3302.6 um? vs 1994.8 + 2105.9
um?2) 32% (255.6 + 103.3 um vs 173.9 £ 58.3 um), and 12% (0.68 + 0.18 A.U.
vs 0.76 £ 0.14 A.U.) at 130 kPa for cell area, perimeter, and circularity
respectively; and iii) For DMD 1 hiPSC-CMs each parameter, with the
exception of circularity (0.73 £ 0.19 A.U. vs 0.79 £ 0.14 A.U.), actuated a
significantly decreased cell morphology and cell perimeter by 63% and 47%
at 6 kPa between untreated and treated. At 130 kPa, DMD 1 hiPSC-CMs
area and perimeter both decreased by 22% (Area: 3425.4 + 2745.4 um? vs
2678.2 + 2384.3 um?; Perimeter: 251.9 + 123.7 um vs 195.6 + 81.0 um). The
22% decrease displayed by the perimeter was significant, whereas the
decrease for cell area was not (Figure 4.19). Interestingly, microtubule
bundles were more visible via immunofluorescence in WT 1 hiPSC-CMs
compared to DMD 1 hiPSC-CMs, potentially indicating an inherent
disruption to the microtubule cytoskeletal lattice in DMD mutant hiPSC-
CMs (Figure 4.20).

Together these data indicate that stabilisation of the microtubule network
leads to a differential effect that is dependent upon stiffness of the
substrate for WT 1. Stabilisation of microtubules on a 6 kPa substrate led to
a significant increase in cell area and perimeter, whilst on 130 kPa there
was a significant decrease. The underlying mechanism for this is stiffness

dependent difference is not well understood.
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Figure 4.19: Stabilisation of Microtubules Using 10 uM Taxol Significantly Altered Cell
Morphology in WT 1 and DMD 1 hiPSC-CMs. WT 1 A) and DMD 1 B) hiPSC-CMs were
treated using 10 uM taxol for 2 hr at 37°C to examine the effect of stabilising the
microtubule cytoskeleton. All morphological descriptors were significantly altered in WT 1.
In particular, microtubule stabilisation caused increased cell area, perimeter, and circularity
on a 6 kPa laminin coated PDMS substrate. Other than circularity, taxol resulted in
decreased cell area and perimeter at 130 kPa for WT 1. In contrast, taxol was observed to
decrease cell area and perimeter for DMD 1 at 6 kPa, with only the circularity increasing in
the presence of taxol. Representative images are shown in Figure 4.14. Data are presented
as Tukey boxplot and reported as mean + S.D., Two-way ANOVA with Bonferroni’s post-hoc
test, p<0.05 was considered significant. WT 1, N biological replicates= 2 for taxol; N= 3 for
no drug. WT 1 no drug, 6 kPa vs 130 kPa, n number of cells= 120 vs 148 hiPSC-CMs; taxol, 6
kPa vs 130 kPa, n= 114 vs 60 hiPSC-CMs; DMD 1 N= 3 for no drug, 6 kPa vs 130 kPa, n= 180
vs 143; taxol N= 2, 6 kPa vs 130 kPa, n= 28 vs 75 hiPSC-CM:s.
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Figure 4.20: Taxol Promotes Stabilisation of Microtubules in WT 1 on a 6 kPa Substrate
Resulting in Significantly Larger hiPSC-CMs. WT 1 microtubule bundles are clearly visible
(vellow arrows) whilst in DMD 1 hiPSC-CMs microtubules lack definition (yellow arrows
lower panels). This suggests an inherent defect with microtubules in DMD 1. Moreover, WT
1 hiPSC-CMs were shown to enlarge in response to 10 uM taxol on a 6 kPa substrate,
however this effect was contrary in DMD 1 hiPSC-CMs. On 130 kPa substrate, WT 1 hiPSC-
CMs had decreased cell area and perimeter, although circularity increased. Nuclei
underwent enlargement on a 6 kPa substrate for WT 1 hiPSC-CMs but this was not
recapitulated in DMD 1. N= 2 biological replicates for taxol treatment; N= 3 for no

treatment.
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The DMD 1 hiPSC-CMs responded similarly across stiffnesses to taxol with
cell area and perimeter significantly decreasing on either a 6 kPa or 130 kPa
substrate. This is consistent with previous reports showing this trend in
cells3%, This indicates that stabilisation of the microtubule cytoskeleton has

role in regulating cell morphology in DMD.

The effect of microtubule stabilisation on WT 1 hiPSC-CM nuclei followed a
similar trend as the cell morphology, with a significantly increased nuclear
area (untreated vs treated: 122.3 + 62.6 pm? vs 175.7 + 61.8 um?) and
perimeter (untreated vs treated: 40.5 £ 16.4 umvs 47.8 £ 8.2 um)ona 6
kPa substrate in response to taxol (Figure 4.21A). In contrast, on 130 kPa
the nuclear area significantly decreased by 15% (136.7 + 51.2 um? vs 116.4
vs 37.6 um?) and by 8% in perimeter (41.9 £ 8.1 um vs 38.7 £ 6.2 um).

Interestingly, taxol affected DMD 1 nuclei contrariwise to WT 1 (Figure
4.21B). At 6 kPa, both the nuclear area (untreated vs treated: 148.8 + 70.1
um? vs 130.4 + 46.1 um?), perimeter (43.7 + 10.3 um vs 41.1 + 7.3 um), and
circularity (0.94 + 0.05 A.U. vs 0.94 + 0.04 A.U.) were unaffected by taxol.
Intriguingly, whilst cultured on 130 kPa, there were significant increases
observed for nuclear area (untreated vs treated 136.5 + 67.7 um? vs 173.7 +
60.0 um?), perimeter (untreated vs treated 41.7 + 10.2 um vs 47.4 + 7.9
pum), and circularity (0.93 + 0.05 A.U. vs 0.95 + 0.03 A.U.).

In sum, both the actin and microtubule cytoskeleton are central to
governing cellular and nuclear morphology. Cytochalasin D strongly
implicated the actin cytoskeleton and dystrophin as being required for
regulating cell and nuclear morphology. Taxol further supported this notion.
Sadly, the immunofluorescence for jasplakinolide failed and the n number

for vinblastine were too small to draw inferences from these.
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Figure 4.21: Nuclear Morphology was Altered in Response to 10 uM taxol on either a 6
kPa or 130 kPa laminin Substrate for both WT 1 and DMD 1 hiPSC-CMs. hiPSC-CM nuclei
from WT 1 A) or DMID 1 B) were characterised in response to 10 uM taxol for 2 hr at 37°C.
On 6 kPa, WT 1 nuclei had a significantly increased nuclear area, perimeter, and circularity,
whilst the opposite was found on 130 kPa. DMD 1 nuclei were not found to be different in
response to taxol on 6 kPa but were significantly increased on the 130 kPa substrate.
Representative images are shown in Figure 4.14. Data are presented as Tukey boxplot and
reported as mean * S.D., Two-way ANOVA with Bonferroni’s post-hoc test, p<0.05 was
considered significant. WT 1, N= 2 biological replicates for taxol; N= 3 for no drug. WT 1 no
drug, 6 kPa vs 130 kPa, n number of nuclei= 138 vs 178 nuclei; taxol, 6 kPa vs 130 kPa, n=
134 vs 70 nuclei; DMD 1 N= 3 for no drug, 6 kPa vs 130 kPa, n= 225 vs 187; taxol N= 2, 6
kPa vs 130 kPa, n= 35 vs 79 nuclei.

222



4.6 Nanoindentation as a Means for Determining the Young’s

Modulus of hiPSC-CMs

4.6.1 Determination of the Young’s Modulus in hiPSC-CMs to Examine
Cytoskeletal Function as well as Interrogating their Viscoelastic Properties

via Dynamic Mechanical Analysis

Within cardiomyocytes, titin is the major contributor to the overall passive
stiffness and prestress, with contributions provided by the actomyosin and
microtubule networks. The cytoskeleton responds to alterations of the ECM
that are transduced via FAs. | wanted to assess the impact on the Young’s
modulus of hiPSC-CMs in the absence of dystrophin, as is the case for DMD,
as well as examine whether the Young’s modulus was dependent on ECM

substrate stiffness.

As before, hiPSC-CMs were plated onto laminin coated PDMS coverslips
with a Young’s modulus of either 6 kPa or 130 kPa stiffness and allowed to
recover for 5 days prior to experimentation. At 6 kPa, the Young’s modulus
of WT 1 was significantly larger compared to DMD 1 (3.2 + 2.7 kPavs 1.9 +
1.8 kPa) but was comparable to DMD 2 (3.2 £ 2.7 kPa vs 2.9 + 2.91 kPa)
(Figure 4.22).

Similarly, at 130 kPa the Young’s modulus of WT 1 was significant larger
compared to both DMD 1 (4.0 £ 3.1 kPavs 1.5 + 1.3 kPa) and DMD 2 (4.0 +
3.1 kPavs 2.4 £+ 2.0 kPa). This suggests that the WT 1 hiPSC-CMs are rigidity
sensing and adapting to the ECM, whereas the DMD mutants were unable
to do so. No cell line displayed a significant increase in Young’s modulus
between 6 kPa and 130 kPa.These data support WT 1 mechanosensing the
ECM and could adapt which was in contrast to DMD mutants. These data

support the requirement of dystrophin for this phenomenon.
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Figure 4.22: Nanoindentation Revealed an Important Role for Dystrophin in Adapting to
ECM Stiffness. hiPSC-CMs were plated onto a laminin coated PDMS substrate of either 6
kPa, or 130 kPa and allowed to recover for 5 days prior to experimentation. WT 1 hiPSC-
CMs had a significantly larger Young’s modulus compared to DMD 1 at 6 kPa and both
DMD 1 and DMD 2 at 130 kPa. No significant differences were observed between 6 kPa
and 130 kPa. Data are presented as Tukey boxplot and reported as mean £ S.D., N=5
biological replicates for both WT 1 and DMD 1; N= 3 for DMD 2. WT 1, 6 kPa vs 130 kPa, n
number of cells= 46 vs 59 hiPSC-CMs; DMD 1, 6 kPa vs 130 kPa, n= 77 vs 64 hiPSC-CMs;
DMD 2, 6 kPa vs 130 kPa, n= 35 vs 45 hiPSC-CMs.

To characterise the viscoelastic properties of the hiPSC-CMs more fully, |
used dynamic mechanical analysis (DMA), which uses oscillatory
indentations at different frequencies to measure the elastic, or storage
modulus, E’, and the viscous, or loss modulus, E”. Together, the ratio
between E” and E’, Tan & that provides insight into the dissipation of energy

of the material, in this case, elastic energy stored by hiPSC-CMs. | analysed
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the hiPSC-CMs in response to three frequencies, 1 Hz, 4 Hz, and 10 Hz
(Figure 4.23).

The elastic modulus E” for WT 1 showed a frequency dependent alteration
with increases from 1 Hz to 10 Hz observed for both 6 kPa and 130 kPa.
However, there was no significant difference of E’ between 6 kPa and 130
kPa (Figure 4.23A). E’ tended to increase in frequency dependent manner.
In contrast, the loss modulus E” was significantly increased in WT 1 hiPSC-
CMs between 6 kPa and 130 kPa at all frequencies (Figure 4.17B), indicating
a change in cytoskeletal arrangements, such as cross-linking of a-
actinin®®13%2_ Interestingly, the loss modulus was significantly increased at
all frequencies on a 6 kPa substrate. In contrast, a significant increase at
130 kPa was observed between 1 Hz and 10 Hz. The Tan 6 for WT 1 (Figure
4.23C) was significantly increased between 6 kPa and 130 kPa at 4 Hz by
30%. Moreover, there was a significant increase between 4 Hz and 10 Hz on
6 kPa substrate (6 kPa vs 130 kPa, 0.30 + 0.24 A.U. vs 0.40 + 0.21 A.U.) as
well as between 4 Hz and 10 Hz on a 130 kPa substrate (6 kPa vs 130 kPa,
0.39+0.12A.U.vs 0.45£0.17 A.U.).
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Figure 4.23: Dynamic Mechanical Analysis Reveals Alterations in the Elastic, E’, (Storage),
Viscous, E”, (Loss) Moduli, and Tan & in hiPSC-CMs on either a 6 kPa or 130 kPa PDMS

substrate. A) The E’ (elastic storage) component did not significantly increase between 6
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kPa and 130 kPa for hiPSC-CM cell lines. Nevertheless, there was a frequency dependent
increase in E’. B) The E” (viscous loss) modulus was significantly increased in WT 1 between
6 kPa and 130 kPa at all frequencies indicating greater dissipation of mechanical energy in
response to increased substrate stiffness. Similarly, DMD 1 showed increased loss modulus
at 1 Hz and 4 Hz, although was not significantly changed at 10 Hz. DMD 2 showed no
significant change. C) The Tan & (ratio between viscous and elastic moduli, E”/E’) revealed
significant increases between 6 kPa and 130 kPa as well as within each of these groups for
WT 1, DMD 1, and DMD 2 hiPSC-CMs. Data are presented as mean + S.D., Two-way ANOVA
with Tukey’s post-hoc test applied, p<0.05 was considered significant. N biological
replicates=5 for both WT 1 and DMD 1; N= 3 for DMD 2. WT 1, 6 kPa vs 130 kPa, n number
of cells= 41 vs 60 hiPSC-CMs; DMD 1, 6 kPa vs 130 kPa, n= 59 vs 59 hiPSC-CMs; DMD 2, 6
kPa vs 130 kPa, n= 30 vs 43 hiPSC-CMs.

Similar to WT 1, the DMD 1 hiPSC-CMs displayed a frequency dependent
increase to the £’ on both the 6 kPa and 130 kPa substrates. There was no
significant difference in E’ between 6 kPa and 130 kPa, again consistent
with the WT 1 data (Figure 4.17A). Interestingly, E” was significantly larger
in WT 1 compared to DMD 1 on 130 kPa (WT 1vs DMD 1, 10 Hz: 17510.0 £
24289.8 A.U. vs 10022.0 + 12308.9 A.U.) indicating greater elasticity of WT
1 hiPSC-CMs. The viscous component of DMD 1 also displayed frequency
dependent increases, similar to E’. Moreover, viscosity altered in response
to substrate, with significant differences between 6 kPa and 130 kPa at 1 Hz
and 4 Hz (DMD 1, 6 kPa vs 130 kPa, 1 Hz: 1450.6 + 1327.8 A.U. vs 3536.4 +
5116.0 A.U.; 4 Hz: 1995.9 + 1685.2 A.U. vs 3949.9 + 4771.5 A.U.). No
change was observed between WT 1 and DMD 1 regarding E”. The Tan
was significantly larger between 6 kPa and 130 kPa at 1 Hz and 4 Hz for
DMD 1 (6 kPa vs 130 kPa, 1 Hz: 0.31 +0.15 A.U. vs 0.46 + 0.23 A.U.; 10 Hz:
0.44 +£0.12 A.U.vs 0.51 £ 0.16 A.U.) indicating that either elasticity
decreased, or viscosity increased. No change of Tan 6 was found between

WT 1 and DMD 1.
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Similar to both WT 1 and DMD 1, There was a frequency dependent
increase to the E”in DMD 2, although this was not significant between
substrates. Nor were any changes to E’ found between WT 1 and DMD 2.
Contrariwise to WT 1 and DMD 1, there was no significant change to E”
between 6 kPa and 130 kPa. However, there was a significant increase in E”
in DMD 2 compared to WT 1 on the 6 kPa substrate at 10 Hz (WT 1 vs DMD
2:3849.4 £ 2491.6 vs 6726.9 + 4675.5 A.U.), suggesting that DMD 2 had a
larger viscosity compared to WT 1. Similar to DMD 1, there was a significant
increase of Tan 6 between 6 kPa and 130 kPa at 1 Hz (0.25 + 0.09 A.U. vs
0.37 £0.12 A.U.) indicating either decreased elasticity, or increased
viscosity, whilst on 130 kPa. No significant differences of Tan 6 were
observed between WT 1 and DMD 2 for any given substrate stiffness or

oscillation.

In sum, these data suggest differences in viscoelastic properties in response
to increased Young’s modulus of the substrate. Moreover, all cell lines
displayed frequency dependent increases in elasticity, viscosity, and Tan 6.
Interestingly, the Tan 6 supports the notion that the viscous component

was the dominant effect in the hiPSC-CMs in response to stimulation.

4.7 Further Interrogation Into the Role of the Cytoskeleton in
Regulating the Young’s Modulus of hiPSC-CMs in Response to

Pharmacological Manipulation of the Cytoskeleton

As defined by the tensegrity model, the cytoskeleton particularly influences
the stiffness, or Young’s modulus, of the cell. To further examine the role of
the cytoskeleton, | used stabilising or destabilising drugs, as before in the

substrate stiffness section (§4.5), to examine the Young’s modulus.
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Depolymerising the actin cytoskeleton had a profound impact towards the
Young’s modulus of the WT 1 hiPSC-CMs (Figure 4.24A) at both 6 kPa (3.2 +
2.7 kPavs 1.3 £ 0.5 kPa) and 130 kPa (4.0 + 3.1 kPa vs 1.2 + 0.7 kPa). Here,
disrupting the cytoskeleton led to significant decreases in hiPSC-CM
stiffness, supporting the role of actin in determining stiffness of the cell.
Moreover, preventing microtubule polymerisation (Figure 4.24B) also led to
a significant reduction in the Young’s modulus of WT 1 hiPSC-CMs at both 6
kPa (3.2 + 2.7 kPavs 1.3 + 0.6 kPa) and 130 kPa (4.0 £ 3.1 vs 1.5 £ 0.9 kPa).
Again, this supports a role for the microtubule cytoskeleton as a contributor

towards the cellular Young’s modulus.

Stabilisation of the actin cytoskeleton could not be performed due to the
uncertainty surrounding the use of jasplakinolide, as described earlier
(84.5). The addition of the microtubule stabilising drug, taxol, caused no
change in Young’s modulus at 6 kPa (3.2 £ 2.7 kPa vs 2.8 + 2.9 kPa) whilst
surprisingly, caused a significant decrease at 130 kPa (4.0 + 3.1 kPavs 2.3 +
1.4 kPa).
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Figure 4.24: Young’s Modulus of WT 1 or DMD 1 hiPSC-CMs on either a 6 kPa or 130 kPa
Laminin Substrate in Response to Cytoskeletal Modulators. A) hiPSC-CMs were treated
using 1 uM cytochalasin D for 30 min at 37°C prior to PBS washout and nanoindentation.
Disruption to the actin cytoskeleton resulted in a significant decrease in Young’s modulus
for WT 1 but no change in DMD 1 hiPSC-CMs. B) hiPSC-CMs were treated using 1 uM
vinblastine for 1 hr at 37°C displaying a similar pattern to cytochalasin D, whereby WT 1
had a significantly decrease Young’s modulus whilst DMD 1 was unaffected. C) In this case,
hiPSC-CM microtubules were stabilised using 10 uM taxol for 2 hr at 37°C. At 6 kPa there
was no significant increase in Young’s modulus for either WT 1 or DMD 1. There was a
significant increase in Young’s modulus for DMD 1 on 130 kPa suggesting that stabilisation
of microtubules could mitigate some of the cytoskeletal disruption observed in DMD hiPSC-
CMs. Data are presented as Tukey boxplot and reported as mean + S.D., Two-tailed Mann-
Whitney U test where P<0.05 was considered significant. N= 3 biological replicates for
untreated hiPSC-CMs; N= 1 for treated hiPSC-CMs. WT 1, cytochalasin D, 6 kPa untreated
vs treated, n number of cells= 46 vs 11; 130 kPa untreated vs treated, n=59 vs 15; WT 1
vinblastine, 6 kPa untreated vs treated, n= 46 vs 12; 130 kPa untreated vs treated, n= 59 vs
15; WT 1, taxol, 6 kPa untreated vs treated, n=46 vs 19; 130 kPa untreated vs treated, n=
59 vs 16; DMD 1 cytochalasin D, 6 kPa untreated vs treated, n= 77 vs 10; 130 kPa

untreated vs treated, n= 64 vs 7; DMD 1 vinblastine, 6 kPa untreated vs treated, n= 77 vs
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13; 130 kPa untreated vs treated, n= 64 vs 13; DMD 1, taxol, 6 kPa untreated vs treated, n=
77 vs 11; 130 kPa untreated vs treated, n= 64 vs 13

Interestingly, destabilising the actin cytoskeleton in DMD 1 did not have any
effect at either 6 kPa (1.8 + 1.8 kPa vs 1.0 + 0.4 kPa) or 130 kPa (1.5 +1.3
kPa vs 1.3 + 0.8 kPa). These data suggest that the actin cytoskeleton is
already disrupted and the addition of the depolymerising cytochalasin D
has no further affect in DMD. A similar observation was made when
vinblastine was added. These data also suggest an already inherent

disruption to the underlying microtubule network.

Strikingly, the addition of taxol to the DMD 1 hiPSC-CMs led to a significant
increase of Young’s modulus at 130 kPa (1.5 + 1.3 kPa vs 2.1 + 1.0 kPa); and
had no effect at 6 kPa (1.8 + 1.8 kPa vs 2.2 + 1.0 kPa). This was in opposition
to the observations made in WT 1 hiPSC-CMs and may suggest an unknown
mechanism of microtubule regulation in DMD. These data suggest that
stabilising the cytoskeleton can elevate the Young’s modulus in DMD 1,
although this does not achieve compatibility to the WT 1 without taxol (4.0
+ 3.1 kPa vs 2.1 + 1.0 kPa; significant).

Together, these data support the role of the actin and microtubule
cytoskeleton in regulating the Young’s modulus of the cell. Moreover, they
revealed an already dysfunctional cytoskeleton in the DMD hiPSC-CMs. This
indicated that dystrophin is required for mechanosensing, and for cell

adaptability to, changes in substrate elasticity.
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4.8 Chapter Discussion

Here, | explored how alterations in the cardiomyocyte microenvironment,
i.e. ECM, regulate and influence, underlying cardiomyocyte behaviour. |
observed marked distinctions in cardiomyocyte behaviour on healthy 6 kPa
compared to fibrotic 130 kPa substrate elasticities. Moreover, the absence
of dystrophin potentiated these differences. Subsequently, | focused on the
contribution of the cytoskeleton in governing cell and nuclear morphology,
and the interaction between cytoskeleton and dystrophin. Moreover, |
showed that dystrophin is required for regulating the Young’s modulus of
cardiomyocytes and that interaction between dystrophin and the

cytoskeleton is vital to this.

4.8.1 Altering substrate elasticity has a profound impact on cellular and

nuclear morphology

The cardiac ECM is responsible for transmitting contractile forces as well as
other mechanical signals®. Matrix rigidity governs cellular behaviour and
cardiomyocytes can adapt to these changes of microenvironmental niche®®.
Marked alterations to the microenvironment encourage pathological

phenotypes observed in disease states, such as DCM.

To model hiPSC-CM responses to elasticity representing a healthy or fibrotic
myocardium, and the role of dystrophin in this context, | leveraged the use
of the synthetic polymer, polydimethylsiloxane (PDMS). PDMS is commonly
utilised to form a hydrogel for cells for a multitude of reasons, but
importantly here, for the ease by which its elasticity can be tuned. It is
within this context that | explored the role that dystrophin may have

towards mechanosensing alterations to the elasticity of the environment.
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hiPSC-CMs harbouring mutations in DMD displayed an inability to adapt to
shifts of substrate elasticity, which was in stark contrast to both of the WT
hiPSC-CMs cell lines used. The morphological metrics examined here
revealed significant adjustments in both WT cell lines, notably the increase
in cell and nuclear area and perimeter in response to differing substrate
elasticity. The phenotype displayed by the WT hiPSC-CMs is consistent with
many other bodies of work that have also demonstrated an increase in cell
area, and other morphological metrics, in response to increased substrate
elasticity3®3-3°6, Reports by Chang'®® provided evidence consistent with the
findings here whereby several DMD hiPSC cell lines had significantly
decreased cell areas in contrast to WT hiPSC-CMs at both a healthy and
fibrotic stiffness (they used 10 kPa and 35 kPa PDMS respectively).
Moreover, the substrate stiffness had functional consequences for DMD
hiPSC-CMs in the work by Chang!® where they reported disrupted Ca?*

handling mechanics, including rapid time-to-peak and delayed decay tau.

At 6 kPa, DMD 1 hiPSC-CMs had a significantly larger cell and nuclear area,
perimeter, and circularity compared to WT 1 hiPSC-CMs. Increased cell
morphology of DMD hiPSC-CMs has been reported by other groups3163°7-
399 Intriguingly, increased cell area is a feature uncovered by murine
models of DMD, thereby validating my in vitro hiPSC-CM model for
examining the cardiac phenotype of DMD. At 130 kPa, WT 1 hiPSC-CMs
were significantly larger compared to other cell lines, including WT 2, and
this may indicate an increased sensitivity of this cell line to mechanical
stimuli, which may have overridden the DMD hiPSC-CMs inherent larger
size observed at 6 kPa. Alternatively, it may represent the intrinsic
variability between hiPSC cell lines that is well acknowledged within the

field.

233



The connectivity between the ECM-cytoskeleton extends to the nucleus via
the LINC complex, allowing for nuclear mechanotransduction®*. Here, |
provided evidence suggesting that nuclear mechanics are altered in DMD
mutant hiPSC-CMs compared to WT. Nuclear morphology underwent
different changes, for example decreasing in area and perimeter in
response to increasing substrate elasticity. Altered nuclear morphology
coupled to differential cytoskeletal dynamics have been shown to alter
gene expression by altering localisation of heterochromatin and histone

proteins*90,

Nuclei of anisotropically aligned cells became, perhaps unsurprisingly,
increasingly elliptical i.e. flattened, in shape, that may be due to increased
actin cytoskeletal dynamics, such as stiff cable formation. Previous work
has shown nuclei to be sensitive to alterations in substrate elasticity, where
softer substrates tended to promote a more rounded phenotype®®?,
Interestingly, DMD 1 nuclei were significantly larger compared to other cell
lines, as determined by area and perimeter. Moreover, DMD 1 nuclei were
substantially more rounded compared to WT hiPSC-CM counterparts. This
peculiarity is a feature observed in certain disruptions of the LINC complex
whereby nuclei tend to be larger and is thought to be mediated by the
uncoupling between the nucleus and cytoskeleton or due to mislocalised
proteins, such as lamin A/C such as the recent work by Wallace*®?,

uncovered defective nuclear mechanics in mutant LMNA hiPSC-CMs.

Whilst full-length dystrophin does not itself localise to the nucleus, the
nucleo-cytoskeletal connection to the ECM is adversely affected. This acts
to negatively impact cytoskeletal prestress and perception of mechanical
force by the nucleus. It was shown that nuclear mechanotransduction is

dependent upon actomyosin tension- a feature that was shown to be
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significantly disrupted in DMD 1 hiPSC-CMS in this work and is discussed
more below?®, This is consistent with previous reports where uncoupling
the LINC complex abolished nuclear mechanosensing®®!. Unlike Wallace?*??,
| did not extensively characterise nuclear fragility or specifically aim to
assess nuclear elasticity, and this is an avenue for further future

exploration.

Another potential explanation accounting for observations in nuclear
morphology is the expression, and nuclear localisation, of small isoforms of
dystrophin, such as Dp714%3, The nuclear localisation of Dp71 is dependent
on a functional microtubule network, a feature lacking in DMD
cardiomyocytes?®®4%3, Examination of specific isoforms and their cellular
locale was not considered in this work, however, provides an exciting
avenue for further work. Detailing the role of specific isoforms and their
potential contributions towards mechanotransduction in DMD could be
critical, especially in light of the micro- and mini-dystrophin therapeutic

strategies being developed%,
4.8.2 YAP localisation was altered in DMD

| next examined the effect that a lack of dystrophin would have on the
nuclear localisation of the mechanosensitive transcriptional co-activator,
YAP. YAP has garnered significant attention particularly in the regenerative
field for its potential in promoting cardiomyocyte proliferation, with YAP
being central to kickstarting the growth cycle. Previous work showed that
YAP localised to, and is sequestered by, the DGC and thus, the DGC is at the
forefront in regulating the cardiac cell cycle3. On stiff substrates (>10 kPa),
YAP was shown to promote gene expression for cardiac cell anchorage

including multiple integrins and laminin subunits*®>. When YAP was
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silenced via knockdown, the anchorage capacity of cardiomyocytes was

decreased?*®>.

Here, | reported that the nuclear localisation of YAP was significantly
decreased in DMD 1 hiPSC-CMs compared to WT 1 whilst on 6 kPa
elasticity. This data agrees with previous reports showing decreased and
defective YAP nuclear localisation in DMD cardiomyocytes33%’. It is
interesting that | did not observe this difference between the cell lines at
the fibrotic 130 kPa elasticity. This was an unexpected observation, notably
for the WT 1 cell line, as it has previously been shown that YAP localisation
increases in response to stiffer substrates®84. Moreover, there was no
significant increase within the WT 1 cell line between 6 kPa and 130 kPa. It
may be that the responses observed here were due to culture time.
Elosegui-Artola38* performed experiments and analysis within 4-8 hr after
seeding of cells and may have noted an acute effect of YAP localisation.
Here, my cells were seeded and allowed to recover for 5 days and may
reflect a more chronic response to YAP nuclear localisation. Moreover, both

384

Morikawa? and Elosegui-Artola3®* utilised murine fibroblast cells whereas |

used a hiPSC-CM model that may further confound these interpretations.

However, recent work by Yasutake3’¢ utilised DMD hiPSC-CMs and
examined nuclear localisation of YAP. They reported significantly decreased
nuclear localisation of YAP in DMD hiPSC-CMs compared to a non-isogenic
WT as well as an isogenic corrected DMD cell line. These data are
consistent with my findings, although, Yasutake3’® did not examine the
effect that substrate stiffness had on YAP localisation. Other reports*°® have
shown that nuclear localisation of YAP is mechanoresponsive to stiffness in
hiPSCs. Hsiao*°® described increased nuclear YAP localisation in response to

elevated cell density, that can modulate mechanical force perceived by
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individual cells. Moreover, Pagliari*®’ reported that substrate Young’s
moduli in excess of 20 kPa promoted nuclear localisation of YAP. My data is
consistent with these reports, in that nuclear YAP was observed in hiPSC-
CMs at both 6 kPa and 130 kPa. Why this did not achieve significance
between the substrate stiffnesses for WT 1 remains unknown and is
inconsistent with many of the reports discussed here. Increasing the n
number of cells examining this effect would be of significant interest here

to further tease apart the role of YAP in the WT and DMD cardiomyocytes.

Further, | reported no significant difference in gene expression of YAP using
RT-gPCR. This suggests that it is not strictly gene expression affected in
DMD but, rather, the localisation of the protein. In turn, mislocalised YAP
has a profound impact on downstream transcriptional targets and cellular

mechanotransduction, that may contribute to the DMD pathology.

Importantly, the RT-gPCR data here was not derived from hiPSC-CMs
cultured on different substrate elasticities, but from cells maintained within
24 well plates, and therefore are considered to be baseline. Further work
should be guided towards the acquisition of mMRNA from hiPSC-CMs
cultured on different substrate elasticities to support the preceding
localisation findings. Moreover, co-immunoprecipitations and western blots
could further determine whether YAP is mislocalised, and to what extent,
within my hiPSC-CM model. However, recently | harvested WT 1 and DMD 1
hiPSC-CMs subjected to different substrate elasticities for analysis
leveraging the assay for transposase-accessible chromatin with sequencing
(ATAC-Seq); a powerful method for examining gene expression. It is
expected that | will be extensively analysing this data-set as part of future

work to better determine what changes are apparent between the hiPSC-
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CMs in response to differing elasticity. It will be interesting to determine if

YAP accessibility is differential between conditions and genotypes.

4.8.3 Sarcomere length and the actin architecture were significantly

disorganised in DMD hiPSC-CMs

Substrate stiffness is a determinant for the maintenance of myofibril and
sarcomere architecture, that in turn dictates cardiomyocyte mechanics.
Here, | employed the use of coherency to determine actin organisation.
Values close to 1 indicate highly organised and anisotropic structures,
whilst values close to 0 indicate highly disorganised and isotropic
structures. Higher coherency, i.e., higher orientation and organisation, is
required for homeostatic cardiac physiology. This is apparent when hiPSC-
CMs have been cultured onto functionalised nanopatterns that not only
promote alignment32>4% put increase Ca?* handling and force

generation®®,

Consistent with work by Atmanli*®7 | showed that DMD 1 hiPSC-CMs had a
shorter sarcomere length compared to WT 1. Moreover, significant
reductions in sarcomere density were reported by Eguchi*'? that may be
applicable to this work (although sarcomere density was not specifically
analysed here). However, the report by Eguchi*'® does support the notion
that sarcomeres are disrupted in DMD and that this is the cause for the
density decrease observed. In contrast, Pioner31® reported no difference in
sarcomere length between DMD and WT hiPSC-CMs. This may be
attributable to hiPSC-CMs maturity as Pioner3'® examined sarcomere length
at D20. In contrast, | employed the use of T3 and dexamethasone to further
advance maturation of my model, with T3 specifically enhancing sarcomere

327

maturity®4’. Moreover, my hiPSC-CMs were not used experimentally until

D30.
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Moreover, the work presented here is consistent with the majority of work
examining sarcomere length in DMD and with murine models
demonstrating significant reduction in sarcomere length*!1. Not only does
this validate the hiPSC-CM model utilised here, but also supports the

findings consistent with the DMD phenotype more generally.

WT 1 hiPSC-CM sarcomeric architecture displayed regularity and the
healthy length of approximately 2 um?'2. Sarcomeric length is an important
consideration as extensive deviations from the 2 um length cause highly
inefficient cardiac dynamics. This is especially the case when sarcomere
length falls to < 1.8 pm showing diminished maximal velocity*!3, that may

account for the decreased force generation in DMD cardiomyocytes.

| showed that WT hiPSC-CMs on both 6 kPa and 130 kPa had a more
anisotropic and organised actin cytoskeleton in contrast to DMD 1. This was
demonstrated by using the coherency output from Orientation). This
finding is particularly important considering the significant decrease in
Young’s modulus observed (Chapter 4; 4.6). Given that the actin
cytoskeleton is a vital determinant for cell stiffness, providing evidence
supporting its disorganisation, therefore, agrees with the significantly
decreased Young’s modulus displayed and may be a significant factor

contributing towards the underlying viscoelasticity of the hiPSC-CMs.

Although not directly assessed here in this body of work, | would
hypothesise that force generation would be decreased in DMD hiPSC-CMs,
especially in view of the disorganised sarcomeric and actin cytoskeletal
architecture. This could be examined as part of future work utilising
nanopillar arrays. Moreover, disruptions to the actomyosin network may

compromise rigidity sensing in DMD hiPSC-CMs heightening their inability
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to adjust morphologically to alterations of their environment, consistent

with the cell morphology data presented here.

4.8.4 Nanoindentation revealed the Young’s modulus to be significantly

decreased in DMD hiPSC-CMs

The elastic modulus of WT 1 hiPSC-CMs was significantly larger compared
to both DMD 1 and DMD 2, and this was apparent at both 6 kPa and 130
kPa (although WT 1 vs DMD 2 at 6 kPa was not significant).

Furthermore, the significantly decreased elasticity in DMD 1 is consistent
with the disrupted actin cytoskeleton and altered cellular morphology |
discussed earlier. This is consistent with work by Pasternak, Wong, and
Elson?> where they described a significant decrease in elasticity of
dystrophic myotubes compared to healthy murine myotubes. Additionally,
Liu*** showed hiPSC-CMs derived from patients with DCM had significantly
decreased elasticity when compared to healthy samples, again a finding
that | report here in this work. Moreover, the values reported by Liu*'4 of
up to 5 kPa in healthy hiPSC-CMs are consistent with the values reported

here.

The elasticity of native human cardiac tissue is reported at approximately
10 kPa, which exceeds the values presented in this work®. However, this
likely reflects the difference in maturity between the models. A report by
Liu** reported hiPSC-CM Young’s modulus values on the magnitude of 5
kPa, not inconsistent with the work here. It would be interesting to utilise
3D constructs with co-culture to examine whether there is a compensation

in tissue elasticity for DMD.

4.8.5 DMA analysis reveals alterations to the viscoelastic nature of DMD

hiPSC-CMs
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Using dynamic mechanical analysis (DMA), | revealed significant alterations
to the £/, E”, and Tan 6 in DMD 1 and DMD 2 compared to WT 1 and to one
another at both 6 kPa and 130 kPa substrate elasticities. Firstly, | found that
all hiPSC-CMs displayed a frequency dependent linear increase in E’, E”, and
Tan 6. Furthermore, at 6 kPa, | reported that WT 1 had a significantly larger
E’ compared to DMD 1, indicative of WT 1 capacity for elastic storage,
implicating dystrophin in this capacity. Unexpectedly, DMD 2 was
significantly more elastic compared to WT 1. There was no significant
difference in viscosity between WT 1 and DMD 1, although DMD 2
appeared to be more viscous than either. Interestingly, the Tan 6 remained
unchanged between the cell lines. However, Tan 6 DMD 1 was non-
significantly larger than WT 1 suggesting that it is less elastic. Moreover,
similar findings were observed at 130 kPa. These data support the notion
that dystrophin is a strong contributor towards viscoelasticity of cells. This
is supported by the work of Le?, who showed the SR domain of dystrophin
to function as a molecular spring. This spring-like action by dystrophin
naturally lends itself to the storage-dissipation cycles, that is to say elastic

and viscous components.
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4.8.6 Does tensegrity account for the observations made?

Tensegrity is a theoretical framework to conceptualise how mechanical
force influences the overall cellular viscoelasticity and mechanical
behaviour of cells?%. Under tensegrity, the central determinants are the
actin and microtubule cytoskeleton, that acts as ‘cables’ and ‘struts’
respectively, whereby prestress is generated by actomyosin contraction?>.
This differs from alternative models that view cellular structure as a
continuum. Tensegrity has shown itself capable of accurately predicting cell
behaviour under certain assumptions, such as microtubules bearing

compressive force similarly to struts in theoretical tensegrity models3913°2,

For example, the tensegrity model’s second assumption is that both £’ and
E” will linearly increase, at a given frequency, in accordance with a weak
power law3913%2 This is supported by experimental evidence*'®, and is
consistent with the data acquired here whereby E, E”, and Tan &
demonstrated frequency dependent increases. Interestingly, the data here

also supports a role for dystrophin in mediating this.

However, the tensegrity model is limited by its assumption of static elastic
behaviour of cells**2. In reality, cell behaviour typically follows a viscoelastic
rheological profile. Attempts to compensate for this include the viewing of
the cell into divisible compartments, such as investigating the contribution
of cortical versus deep cytoskeleton towards cell mechanics. Moreover,
tensegrity models often fail to include critical aspects of the cytoskeleton

such as the intermediate filaments3%2.

Other reports have suggested that the underlying model describing stress-

dependent stiffness and relating this to the weak power law of rheology is
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poorly defined. Moreover, tensegrity is not capable of predicting power-law

rheology32.

Another aspect worth consideration is the inherent nature of the
cytoskeleton itself. Prestressed cytoskeletal filaments develop and
modulate mechanical stress by changing their spacing, orientation, and
lengthening*'®. For example, F-actin undergoes extensive cross-links,
especially in cardiomyocytes. Important cross-linkers include a-actinin, and
this modulates the stiffness of the F-actin network, such that it elevates
stiffness*!’. Considering that DMD cardiomyocytes appeared to have
disrupted actin and microtubule architectures, it may be that actually cross-

linking bears more importance in governing stiffness here.

On balance, the tensegrity model is a useful lens for viewing cellular
dynamics and to account for aspects of the viscoelastic nature of cells.
However, it must be utilised under the knowledge and assumption of the
aforementioned caveats that may affect the interpretation of the data.
Here, the data are broadly consistent with what tensegrity has to offer. That
is to say, the expected alteration to the actin and microtubule cytoskeleton
resulted in altered mechanics, such that, the Young’s modulus of the

cardiomyocytes decreased.

4.8.7 Pharmacological modulation of the cytoskeleton revealed DMD

was already impaired

Modulating the stability of the cytoskeleton was conducted to more fully
examine the role that it, and dystrophin, had in determining
mechanosensing and viscoelasticity. Using cytochalasin D, | observed
negative regulation of actin in hiPSC-CMs at both 6 kPa and 130 kPa,

regarding cell morphology. This was perhaps not entirely surprising as actin
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is a key moderator of cell morphology and spreading. | then hypothesised
that cytochalasin D would decrease the Young’s modulus in WT 1 and DMD
1 hiPSC-CMs. As expected, Young’s modulus significantly decreased in WT 1
hiPSC-CMs in response to cytochalasin D at both 6 kPa and 130 kPa, a
feature consistent with other groups#'®41°, Surprisingly, cytochalasin D had
no significant effect on DMD 1 hiPSC-CMs, suggesting that the underlying
actin cytoskeleton was already dysregulated. Why cytochalasin D did not
further decrease the Young’s modulus in DMD 1 hiPSC-CMs here is not
known. Moreover, | found a similar trend in the presence of the
microtubule destabilisation agent, vinblastine, that is again consistent with

the work by others?#?°,

Lastly, | hypothesised that stabilising the cytoskeletal network had potential
to ‘rescue’ the Young’s modulus of DMD 1 to that of untreated WT 1 hiPSC-
CMs. In other words, stabilisation could potentially increase the Young’s
modulus to that of healthy phenotype. Indeed, as expected stabilisation of
the microtubule network significantly increased Young’s modulus in DMD 1,
particularly at 130 kPa. However, the Young’s modulus was still significantly
lower compared to WT 1. Nevertheless, this notion is consistent with other
work*2? and is an exciting avenue for further exploration. It may well be,
given that some of these pharmaceuticals are used therapeutically, a viable
adjunct to DMD therapy. However, careful dosage with extensive
monitoring would be required as these drugs are typically utilised against

cancer.
4.8.8 Accounting for the unexpected finding of jasplakinolide

Informed by the cell and nuclear morphological assays, jasplakinolide was
not carried forward for examination by nanoindentation. But what are the

explanations underlying jasplakinolide’s apparent adverse effect? It has
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been reported (and this was noted at the end of my time within the
laboratory) that jasplakinolide and phalloidin compete for the same binding
site along F-actin filaments. Therefore, the use of phalloidin to visualise the
effect of jasplakinolide on the cytoskeleton may have failed as a direct
result of this*?!. Therefore, jasplakinolide may actually have functioned as
intended despite the data presented here indicating the contrary. However,

this is a speculative argument at present and would require confirmation.

A second explanation may be the cytotoxic nature of jasplakinolide that
has been documented in cardiomyocytes*?2. Schweikart*?? reported
substantial cell death in cardiomyocytes in concentrations of jasplakinolide
of 210 uM up to 30 uM. Schweikart*?? reported above 80% cardiomyocyte
viability in the presence of 1 uM jasplakinolide for a period of up to 10 hrs.
Moreover, Wang*?? also used and visualised sarcomeric actin banding in the
presence of 1 uM jasplakinolide. It is therefore unlikely, but not strictly
impossible, that the hiPSC-CMs utilised here displayed an increased
sensitivity to jasplakinolide resulting in apoptosis. Although, | hypothesise
that using an alternative F-actin marker would remedy the discrepancy
observed here. Thus, future work should be directed towards establishing
the effect of jasplakinolide, particularly given the importance of the actin
cytoskeleton towards the Young’s modulus and viscoelastic properties of

cells.
4.9 Limitations Within the Chapter

Heterogeneity between cell lines is a widely acknowledged phenomenon
within the stem cell field, and therefore, isogenic controls would have been
preferred here (See §3 and §A1 for further detail). As a result of time-
constraints | was unable to generate, validate, maintain, and differentiate

de novo isogenic cell lines. Nevertheless, future work should use, where

245



possible, isogenic pairs or murine models to clarify and substantiate the

findings reported by this work.

Cardiac differentiation also carries significant variation, in other words
‘batch-to-batch’ variation, despite adherence, as far as possible, to
safeguarding the reproducibility of the protocol. That being said, it is not
uncommon or unknown for studies to employ the use of non-isogenic
controls in contrast to their mutant models. Data reported here under this

caveat should not be disregarded as a result of this.

Further analysis into downstream targets of YAP should also have been
carried out. Indeed, RT-qPCR for CTGF and ANKRD were attempted but
failed. Additional techniques to perturb YAP could also have been
leveraged, including looking at YAP in response to cytoskeletal drugs used
here. Future work should aim to complete these avenues to further tease

apart the role that dystrophin may have over YAP localisation.

The addition of DMSO only controls whilst examining the effect of
cytoskeletal drugs may have provided more information to the exact
contribution the drug of interest was generating in contrast to the drug of
interest with DMSO. In the future, should these experiments be repeated,

this step should be performed alongside.

4.10 Future Work

This chapter has provided an extensive number of avenues for further work
regarding the dissection of cardiomyocyte biomechanics and the
contribution of dystrophin in this capacity. A particularly interesting avenue
would be to improve the cardiac model to better recapitulate the
physiological scenario. For example, employing the use of 3D co-cultures or

organ-on-a-chip models would provide excellent platforms for examining
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tissue level mechanics, such as elasticity, where cell-cell interactions may
be explored, including connexin 43 and tissue level electrophysiology. The
use of 3D engineered heart tissues would allow for more full and in-depth
tissue level determination of viscoelasticity. Moreover, introducing specific
subpopulations of cardiomyocytes here could provide interesting
information as to whether differential myocardial layers contribute
differently to tissue viscoelasticity. 3D models mimicking healthy and
fibrotic environments could also be developed to further explore the

impact of this on cell behaviour and tissue-level dynamics.

Another aspect ripe for examination would be the use of different ECM
constituents, such as fibronectin, agrin, collagens, matrigel, or
combinations of these to better mimic the true cardiac ECM. Here, | utilised
only laminin as the matrix component for experiments, as this is the major
binding partner for a-DG as well as the major cardiac integrin, a7B1D. It has
been shown in previous works, using neonatal rat cardiomyocytes, that
different ECM constituents differentially regulate cardiac morphology as
well as traction forces*?*. Therefore, exploration of this would provide a
more comprehensive examination as to how the underlying ECM
constituents modulate cardiomyocyte behaviour. Again, modulating the
composition of the ECM could reveal underlying pathomechanisms that

contribute towards DCM.

Further, directly examining the role that dystrophin has in governing
cytoskeletal and nuclear dynamics could be carried out using magnetic
tweezers or magnetic twisting cytometry. In these experiments, the
stimulation on a-DG could provide key insights towards how the DGC alters
the cytoskeleton, YAP localisation, as well as potentially assess cross-talk to

integrin complexes. These experiments could then be performed using
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DMD hiPSC-CMs, where it would be expected that these features would be

absent.

Recently, | received the ATAC-seq data set examining WT 1 and DMD 1
hiPSC-CMs that were cultured on either 6 kPa or 130 kPa for 5 days. Full
analysis of this data-set has yet to occur but is a high priority item. The
ATAC-seq data may reveal differential gene expression between genotypes
and/or substrate elasticities. It will be exciting to visualise and ascertain
what distinctions are present and whether these can be related to the data
presented throughout this chapter. | would expect to observe some form of
differential expression, notably within cytoskeletal elements and

mechanosensitive proteins based on the work here.

Lastly, scaling up these preliminary findings to in vivo models could provide
an excellent opportunity to validate the model and results found here.
Whilst much of the work is consistent with previous findings, confirmation
here would be preferable and could be determined using in vivo models.
Moreover, application of the techniques utilised here could further our
understanding in pathophysiology of DMD, importantly examining tissue
level elasticity and assessing the efficacy, or lack thereof, of using a

cytoskeletal stabilising agent as a potential therapeutic strategy.
4.11 Chapter Summary

Herein, | demonstrated the important contribution towards cell and nuclear
morphology, mechanosensitive protein localisation, and Young’s modulus
and cellular viscoelasticity imparted by dystrophin. Moreover, dystrophin
appears to be required for appropriate organisation of the actin

cytoskeleton and sarcomere formation. In sum, | provide evidence
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supporting dystrophin as a critical modulator of mechanotransduction

within cardiomyocytes.
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5 Examining the Response of hiPSC-CMs under

Cyclic Cardiac Pressure and Equibiaxial Stresses

The world is full of magical things patiently waiting for

our wits to grow sharper

Bertrand Russell
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5.1 Chapter Introduction

Following on from the preceding chapter, | wanted to further investigate
the response of WT and DMD hiPSC-CMs to mechanical load, namely
healthy cardiac pressure of 120/10 mmHg and myocardial contractile
stretch. The cardiac cycle is comprised of several distinct stages and is
characterised by adjustments in both pressure-volume and contractility as
blood tracts through the various chambers and is broadly defined by states
of diastole and systole and is described well by pressure-volume loops
(Figure 5.1). Diastole defines the relaxation and filling of cardiac chambers
with blood and is the phase whereby cardiomyocytes are stretched i.e., is
the preload. In contrast, the systolic phase describes the contraction and
ejection of blood. The aortic pressure and wall stress defines the afterload

against which blood is ejected.

An intimate relationship between volume of blood and pressure, termed
preload, has a significant impact on cardiomyocyte contractility, as defined
by the Frank-Starling law of contraction. The relationship between
pressure-volume and inotropy are proportional, therefore, changes within
the preload have a profound impact on cardiac output, stroke volume, and
ejection fraction. Importantly, preload increases the sensitivity of thin
filaments to Ca?*, and thereby increasing the preload allows more Ca?* to
bind, and the larger the force produced by the sarcomeres in the healthy

myocardium.
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Figure 5.1: Left Ventricular Pressure-Volume Loop. Pressure volume loop detailing diastole
and systole. At 10 mmHg the mitral valve opens (A) allowing blood to fill to 120 mL, until
the mitral valve closes (B)- this is the end diastolic volume. Isovolumetric contraction then
occurs, and the pressure increases from 10 mmHg to 120 mmHg until the aortic valve
opens (C). Ejection occurs at this point with peak systolic pressure reaching 120 mmHg and
the aortic valve closing at (D)- this is the end systolic volume. The end diastolic volume
minus the end systolic volume is equal to the stroke volume (~70 mL). Isovolumetric
relaxation occurs pressure decreases to approximately 10 mmHg. Image created using

Biorender.

The contractile apparatus of the cardiomyocyte is chiefly composed by
actomyosin crossbridge cycling within the sarcomeres with the sum of all
actively engaged sarcomeres generating force production®. According to
the Frank-Starling law, the force generated is dependent on sarcomere
length and is maximal at native sarcomere length. More recent work
suggested this to be related to mechanical stress-sensing and signalling
from thick filaments leading to the Ca?* activation of the thin filaments#2>,

As such volume and/or pressure overload are significant contributors to
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myocardial remodelling. In DCM, as occurs in DMD, eccentric remodelling is
commonly observed, defined by decreased wall thickness and increased
chamber radius*?®. Overall, this functions to decrease systolic output as

described by the Law of Laplace*?’ (Eq. 5.1).

The Law of Laplace relates pressure (P) and tension (T) to wall stress (S) and

wall thickness (W) to the radius of the chamber (r):

P_ZT_ZSW o 51
== (Eq.5.1)

Broadly, as the radius increases in DCM, the curvature decreases resulting
in decreased tension, and thus the ejection fraction subsequently falls. In
contrast to healthy myocardium where the Frank-Starling law accounts for
the dominant effect, in the DCM myocardium, the Law of Laplace describes

the dominant effect.

Additionally, the sarcolemma within DMD hearts suffer from structural
instability resulting in microtears over time?®. Cumulatively, microtears
damage the cardiomyocyte by permitting pathological CaZ* entry. Excess
intracellular Ca%* further compounds the underlying structural dysfunction
observed via several distinct mechanisms, such as promoting necroptosis

via elevated ROS production?®°,

Furthermore, consideration of the cardiac ECM in DMD should be provided.
The relationship between the cardiac ECM and cardiomyocytes across the
costameric region is considered to be bidirectional and the cardiac ECM has
a critical role in dissipation of lateral force transmission generated by
cardiomyocyte contraction. Moreover, the ECM framework provides
stability towards the passive mechanical state of the myocardium and can

become severely disorganised in DMD*?842°_ Elevated TGF-B secretion is
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one such example and is a promoter of collagen fibrillogenesis that, in
conjunction with the extensive fibrofatty and inflammatory milieu, is a
cause for grave pathological alterations of the ECM within DMD associated
DCM?2, This disruption of the myocardium further confounds the
contractile ability by decreasing passive elasticity of cardiomyocytes,

thereby directly impacting overall functionality of the myocardium.

Therefore, leading on from the work shown in the preceding chapter, |
wanted to delve further into the response of hiPSC-CMs under these
physiological cardiac stressors, namely, cardiac pressure to mimic left
ventricular blood pressure and equibiaxial stretch to mimic the in vivo

cardiac contraction cycle.

5.2 Stretching WT 1 hiPSC-CMs Induces Cellular and Nuclear
Morphological Alterations not Recapitulated in DMD 1 hiPSC-
CMs

The cardiac environment is mechanically active undergoing contraction-
relaxation cycles throughout the duration of life. Mechanical stretch of the
environment will be subject to myocardial elasticity, that is in turn,
contingent upon the composition of the ECM. Cardiomyocytes housed
within the myocardium will experience not only individually generated
contractions but also the overall contraction due to the syncytial network.
This coupled to the notion that DMD cardiomyocytes are structurally less
stable, motivated me to examine how they cope under physiological

myocardial stretch.

Using the Flexcell® system, hiPSC-CMS were subjected to a 6-hr sine-wave
cyclic stretch of 1 Hz at 10 % elongation, thus mimicking healthy myocardial

contraction. Initially, | characterised whether the cellular and nuclear
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morphology altered in response to stretch (Figure 5.2). Strikingly, the cell
area, perimeter, and circularity were significantly increased in WT hiPSC-
CMs when subjected to stretch, whereas in opposition, the DMD hiPSC-
CMs showed no change (Figure 5.3). Stetch induced a 44% increase in cell
area for WT 1, and for WT 2 hiPSC-CMs. In contrast, DMD 1 and DMD 2 cell
areas did not increase in response to stretch. The cell perimeter and
circularity followed a similar trend, with only the WT hiPSC-CMs

significantly responding to cyclic stretch.

Given that mechanotransduction extends to the nucleus and is a known
regulator of nuclear morphology, | subsequently characterised whether the
cyclic stretch regimen here induced any nuclear alterations. Similar to the
observations made in the cellular morphology, the nuclear morphology was
significantly altered in response to stretch for the WT hiPSC-CMs (Figure
5.4). WT 1 nuclei demonstrated a significant increase in area of 17% in
response to stretch, as well as 9% increase in perimeter. The circularity in
WT 1 nuclei did not alter significantly (unstretched vs stretch: 0.92 + 0.07
A.U.vs 0.91 +£0.06 A.U.). Nuclei in the WT 2 cell line demonstrated a similar
response to stretch to WT 1, with nuclear area increasing by 32%, cell
perimeter by 17%, and again, no alteration to the nuclear circularity

(unstretched vs stretch: 0.91 £ 0.05 A.U. vs 0.89 £ 0.06 A.U.).

In stark opposition to the WT hiPSC-CM nuclei, DMD 1 nuclei demonstrated

no significant response to stretch for any of the morphological parameters.
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Figure 5.2: WT and DMD hiPSC-CMs on Collagen and Laminin Coated Flexcell Membrane
Subjected to Either Cyclic Stretch or No Stretch. hiPSC-CMs plated onto the flexcell

membrane and allowed to recover for 48 hrs prior to experimentation. Representative
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figures showing that equibiaxial stretch caused a significant increase in WT hiPSC-CMs

whilst DMD 1 hiPSC-CMs were unaffected. N= 3 biological replicates
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Figure 5.3: Quantification of Cell Morphology Descriptors in Response to Equibiaxial
Cyclic Stretch. WT and DMD hiPSC-CMs were subjected to either no stretch or a 6 hr cyclic
stretch (10% elongation) at a frequency of 1 Hz. Both WT hiPSC-CMs responded to stretch
by significantly increasing cell area, perimeter, and circularity (WT 1 only here). In contrast,
DMD hiPSC-CMs showed no change in response to stretch. N= 3 biological replicates. Data
analysed by a two-tailed Mann-Whiteny U test where p<0.05 was considered significant.
Data are presented as Tukey boxplot and reported in text as mean + S.D. Number of cells
analysed per condition: WT 1, unstretched vs stretched: 86 vs 114 hiPSC-CMs; WT 2,
unstretched vs stretched: 98 vs 157; DMD 1 unstretched vs stretched: 102 vs 164; DMD 2

unstretched vs stretched: 59 vs 76.
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Figure 5.4: Quantification of hiPSC-CM Nuclei in Response to Either Equibiaxial Cyclic
Stretch or no Stretch. Morphological characteristics of hiPSC-CM nuclei were characterised
after cells were subjected to either no stretch or 6 hr cyclic stretch (10 % elongation; 1 Hz).
WT nuclei significantly altered their morphology in response to equibiaxial stretch, whereas
DMD nuclei did not. This supports a role for dystrophin in mechanotransducing stretch
stimuli. N= 3 biological replicates. Data analysed by a two-tailed Mann-Whiteny U test
where p<0.05 was considered significant. Data are presented as Tukey boxplot and
reported in text as mean * S.D. Number of nuclei analysed per condition: WT 1, unstretched
vs stretched: 89 vs 134; WT 2, unstretched vs stretched: 105 vs 174; DMD 1, unstretched vs
stretched: 30 vs 89; DMD 2 unstretched vs stretched: 76 vs 94.

The nuclear area for DMD 1 increased by 11% and showed a change in
perimeter of 5%, both non-significant. Circularity of DMD 1 nuclei did not
alter in response to stretch (unstretched vs stretch 0.89 + 0.07 A.U. vs 0.88

+0.07 A.U.)
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Intriguingly, DMD 2 nuclei behaved more consistently with the WT nuclei
than DMD 1 nuclei, showing a significant increase in nuclear area of 26%
and a significantly increased nuclear perimeter of 13% in response to
stretch. Similar to DMD 1, there was no alteration in nuclear circularity

(unstretched vs stretch: 0.89 + 0.07 A.U. vs 0.90 £ 0.05 A.U.).

Comparison between cell lines revealed a significant increase in cell area
between WT 1 and DMD 1 and DMD 2. The WT 2 cell line showed a
significant increase in cell area between DMD 1 but not DMD 2. There was
no difference between WT 1 and WT 2 or between DMD 1 and DMD 2.
Interestingly, only WT 1 showed a significantly increased perimeter

compared to the other cell lines in response to stretch (Figure 5.5A).

In contrast, WT 1 nuclei were not significantly different compared to DMD 1
nuclei in response to stretch, but their individual behaviour was- i.e., WT 1
nuclei demonstrated a significant increase in nuclear area whilst DMD 1
nuclei did not, and this still supports a role for dystrophin in communicating
mechanical signals to the nucleus. Interestingly, WT 2 nuclear area was
significantly increased compared to both DMD 1 and DMD 2 nuclei. Lastly,
DMD 2 nuclear area was significantly different compared to DMD 1 (Figure

5.5B).

In sum, these data support a role for dystrophin being necessary to respond
to a stretch stimulus, due to the fact that in DMD hiPSC-CMs there are no
significant changes to cellular and nuclear morphology. In contrast, WT

hiPSC-CMs, that do produce and localise dystrophin, respond to stretch.
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Figure 5.5: Comparison Between hiPSC-CM Cell Lines in Response to Cyclic Stretch. A)
hiPSC-CM cell area and perimeter, B) nuclear area and perimeter. N= 3 biological
replicates. Data are presented as a Tukey boxplot and reported in text as mean + S.D. Data
analysed using Kruskal-Wallis test with Dunn’s post-hoc test applied; p<0.05 was

considered significant.

5.3 Preliminary Data Showing That Nuclear Localisation of
YAP is Not Altered in Response to Cyclic Stretch

Next, | wanted to characterise the response of YAP to cyclic stretch to
observe whether it underwent mechanotransduction in response to

mechanical cyclic stretch. Intriguingly, YAP did not change nuclear

localisation in response to cyclic stretch (Figure 5.6), suggesting that the
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effect of stretch on cell area is independent of YAP. Due to the lack of

response the experiment was repeated only once.
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Figure 5.6: Preliminary Data of Nuclear to Cytoplasmic Ratio of YAP in Response to Cyclic
Stretch. A) Immunofluorescence showing YAP localisation in both WT 1 and DMD 1 hiPSC-
CMs subjected to either no stretch or equibiaxial stretch, B) quantification of the
immunofluorescence intensity. N= 1. Data are presented as a Tukey boxplot and are

reported in the text as mean * S.D. Statistics were not performed due to the N number.
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5.4 Healthy Cardiac Pressure leads to Alterations in Cellular

and Nuclear Morphology in both WT and DMD hiPSC-CMs

5.4.1 hiPSC-CM Cellular Alterations in Response to Systolic Healthy

Cardiac Pressure

Filling and ejection of blood results in cyclic pressure changes within the
heart and the cyclic cardiac pressure generated impacts cardiomyocyte
differentiation, homeostasis, and physiology. | wanted to examine the effect
of healthy cardiac pressure (herein referred to as cardiac pressure) on WT
and DMD hiPSC-CMs and employed the use of a cyclic cardiac pressure
chamber to mimic cardiac pressure cycle (120/10 mmHg) over a 6-hr period
whilst being maintained at 37°C. hiPSC-CM cellular and nuclear morphology
was then characterised to discern any patterns of similarity, or dissimilarity,
between the cell lines in response to 120/10 mmHg. The selection of 6 hr
as our time-point was based on previous work conducted within Dr
Iskratsch’s laboratory that found this to not negatively impact the cellular
response, which was a critical consideration provided that the pressure
chamber is sealed, thus preventing gas exchange. Later work within Dr
Iskratsch’s laboratory uncovered safe oxygen working levels beyond 12h%?0,
The response to cyclic cardiac stress of all four hiPSC-CM cell lines was

examined on both the 6 kPa and 130 kPa laminin coated PDMS substrate.

Characterisation of hiPSC-CM cellular morphology (Figure 5.7) revealed a
significant decrease in cell area at 6 kPa in response to cardiac pressure for
all cell lines, except for WT 2, which demonstrated no change of cell area in

response to cardiac pressure.
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Figure 5.7: Cellular Morphology of hiPSC-CMs on Either a 6 kPa or 130 kPa laminin
Substrate in Response to Cardiac Pressure of 120/10 mmHg. Cell area was significantly
decreased in all cell lines at 6 kPa except for WT 2. Interestingly, WT 2 was the only cell line
observed to decrease cell area on the 130 kPa in response to systolic LVP. B) Cell perimeter
did not change in response to systolic LVP, except for WT 1 at 130 kPa, C) Circularity only
changed for WT 1 at 6 kPa. In contrast, DMD 1 became more circular at 6 kPa. hiPSC-CMs
on 130 kPa did not change circularity in response to LVP. N = 3 biological replicates for all
cell lines. Data presented as Tukey box plot and reported in text as mean + S.D. Data
analysed using 2-way ANOVA with Bonferroni’s post-hoc test applied. P<0.05 was
considered significant. Number of cells (n): WT 1, no pressure 6 kPa: 115; pressure: 136;
WT 1, no pressure 130 kPa: 148; pressure: 98, WT 2, no pressure 6 kPa: 42; pressure: 40;
WT 2, no pressure 130 kPa: 67; pressure: 39; DMD 1, no pressure 6 kPa: 182; pressure: 100;
DMD 1, 130 kPa no pressure: 143; pressure: 139; DMD 2, no pressure 6 kPa: 81; pressure:
31, DMD 2, no pressure 130 kPa: 83; pressure: 83.

All data are 6 kPa no pressure vs pressure: WT 1: 3950.8 + 3215.4 um?vs
1951.6 + 1461.5 pm?; WT 2: 2503.9 + 1567.4 um? vs 2661.8 + 2305.5 um?;
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DMD 1: 4005.0 + 3639.9 um? vs 2543.2 + 2523.5 um?; DMD 2: 2387.9 +
1388.7 um?vs 1535.2 + 847.0 um?. Representative images shown Figure
5.8-Figure 5.11.

Interestingly, the hiPSC-CM cell perimeter at 6 kPa did not significantly
change in response to cardiac pressure for any of the cell lines, although,
the perimeter for WT 1 increased whilst on the 130 kPa (255.6 £ 103.3 um
vs 308.5 + 112.9 um) in response to cardiac pressure. No change in
perimeter was observed for other cell lines under any of the other pressure
or substrate elasticity conditions. Circularity at 6 kPa was significantly
decreased for WT 1 (0.62 + 0.19 A.U. vs 0.54 + 0.21 A.U.) but not for WT 2.
However, DMD 1 showed an increase in circularity and no change in DMD 2
hiPSC-CMs. This indicated that the morphology of the hiPSC-CMs became
less rounded, i.e., more polygonal, with the exception of DMD 1 which

became more rounded, in response to cardiac pressure.

When hiPSC-CMs were challenged using both the 130 kPa fibrotic substrate
and cardiac pressure, the cell area was unaltered for hiPSC-CM cell lines-
the exception being WT 2 (3292.2 + 2274.6 um? vs 2108.7 + 1323.4 um?).
Cardiac pressure did not affect cell perimeter on 130 kPa for all cell lines,
with the exception of WT 1 which significantly increased its cell perimeter
by 21%. Lastly, and unexpectedly, the circularity did not change in response
to cardiac pressure at 130 kPa for any of the hiPSC-CM cell lines, indicating

no change to the overall roundedness of the cells.
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Figure 5.8: WT 1 hiPSC-CMs on Either 6 kPa or 130 kPa Laminin Substrate in Response to
6 hr; 120/10 mmHg Cardiac Pressure. Immunofluorescence demonstrating the effect of
cyclic cardiac pressure on WT 1 hiPSC-CMs. Quantification shown in Figure 5.7 and Figure
5.12. Scale bar =25 um
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Figure 5.9: WT 2 hiPSC-CMs on Either 6 kPa or 130 kPa Laminin Coated Substrate in
Response to 6 hr; 120/10 mmHg Cardiac Pressure. Imnmunofluorescence demonstrates the
effect of cyclic cardiac pressure on WT 2 hiPSC-CMs. Quantification shown in Figure 5.7 and

Figure 5.12. Scale bar = 25 um
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Figure 5.10: DMD 1 hiPSC-CMs on Either 6 kPa or 130 kPa Laminin Coated Substrate in
Response to 6 hr; 120/10 mmHg Cardiac Pressure. Inmunofluorescence demonstrates the
effect of cyclic cardiac pressure on DMD 1 hiPSC-CMs. Quantification shown in Figure 5.7

and Figure 5.12. Scale bar =25 um
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Figure 5.11: DMD 2 hiPSC-CMs on Either 6 kPa or 130 kPa Laminin Coated Substrate in
Response to 6 hr; 120/10 mmHg Cardiac Pressure. Imnmunofluorescence demonstrates the
effect of cyclic cardiac pressure on DMD 2 hiPSC-CMs. Quantification shown in Figure 5.7

and Figure 5.12. Scale bar =25 um

Together these data indicate that hiPSC-CMs do respond to the
compressive force generated by cyclic cardiac pressure in that generally
they become smaller, notably at 6 kPa. This is to be expected as the
pressure produced within the chamber acting to compress the cells from all
directions. Generally, the cell lines follow similar trends to one another e.g.,
mostly decrease cell area and perimeter and this would suggest that
dystrophin is not strictly required for hiPSC-CMs response to cardiac
pressure. At 130 kPa, there was no change in area for WT 1 and a significant

decrease for WT 2. Interestingly, DMD 1 and DMD 2 do not display a further
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decrease in cell area potentially owing to an inability to withstand the

fibrotic substrate elasticity.

5.4.2 hiPSC-CM Nuclear Alterations in Response to Systolic Healthy

Cardiac Pressure

Next, | sought to characterise whether cardiac pressure had any effect upon
the nuclei of the hiPSC-CMs, to reveal whether the pressure was being
transduced inwardly via the LINC complex, according to the tensegrity
model. | hypothesised here that the shape descriptors would decrease in
response to cardiac pressure as pressure would be transmitted along the
actin and microtubule cytoskeleton, thereby acting to compress the
nucleus. Further, | hypothesised that the absence of dystrophin would
mitigate this effect and the nuclei of DMD hiPSC-CMs would remain, largely,

unaffected by the cyclic cardiac pressure.

Nuclear area was significantly increased (Figure 5.12A) in response to cyclic
cardiac pressure on 6 kPa for WT 1 (119.8 + 55.2 um? vs 136.8 + 68.2 um?)
which contrasted with all other cell lines that showed no change. Similarly,
nuclear perimeter (Figure 5.12B) was significantly increased in WT 1 hiPSC-
CM nuclei (40.5+16.4 um vs 46.9 + 11.4 um) whereas WT 2 and DMD 1
demonstrated no change in perimeter. In contrast, DMD 2 nuclei were
observed to significantly decrease in response to cyclic cardiac pressure on
6 kPa (38.9 £ 10.2 um vs 34.1 £ 9.8 um). Interestingly, circularity (Figure
5.12C) appeared to significantly decrease for both WT 1 and DMD 1 cell
lines (WT 1: 0.88 + 0.13 A.U. vs 0.75 + 0.16; DMD 1: 0.94 + 0.05 A.U. vs 0.88
+ 0.08 A.U.), but no change was observed for either WT 2 or DMD 2 cell

lines.
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Nuclear area at 130 kPa was observed to significantly increase for WT 1 and
DMD 1 (WT 1: 136.7 £ 51.2 pm? vs 180.2 + 68.8 um?; DMD 1: 134.9 + 64.3
um?2vs 170.8 + 70.4 um?) whilst DMD 2 and WT 2 revealed no change in
response to cyclic cardiac pressure. Nuclear perimeter followed a similar
trend as nuclear area on 130 kPa, with WT 1 and DMD 1 showing significant
increases (WT 1: 41.9+ 8.1 um vs 53.6 £ 14.3 um; DMD 1:41.7 £ 10.2 um
vs 53.6 £ 23.7 um). In contrast, DMD 2 and WT 2 displayed no change to
nuclear perimeter. Lastly, in all cases, nuclear circularity was unchanged
except for WT 1 which was significantly decreased (0.95 + 0.05 A.U. vs 0.86

+0.09 A.U.) in response to cyclic cardiac pressure, indicating a polygonal
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Figure 5.12: hiPSC-CM Nuclei Respond to Cardiac Pressure of 120/10 mmHg. A) Nuclear
area significantly increased at 6 kPa and 130 kPa for WT 1 and at 130 kPa for DMD 1 in
response to cardiac pressure. B) Nuclear perimeter followed a similar trend as nuclear

area, C) nuclear circularity generally decreased for all cell lines, with this being significant
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for WT 1 and DMD 1. N = 3 biological replicates for all cell lines. Data presented as Tukey
box plot and reported in text as mean * S.D. Data analysed using 2-way ANOVA with
Bonferroni’s post-hoc test applied. P<0.05 was considered significant. Number of nuclei (n):
WT 1, no pressure 6 kPa: 138 ; pressure: 246; WT 1, no pressure 130 kPa: 178; pressure:
127; WT 2, no pressure 6 kPa: 47; pressure: 43; WT 2, no pressure 130 kPa: 60; pressure:
23; DMD 1, no pressure 6 kPa: 225; pressure: 45; DMD 1, 130 kPa no pressure: 187;
pressure: 105; DMD 2, no pressure 6 kPa: 104; pressure: 37; DMD 2, no pressure 130 kPa:
105; pressure: 144.

Comparing the hiPSC-CMs, the cell area displayed no change at 6 kPa,
however the perimeter of WT 2 was significantly increased compared to
DMD 1 (WT 2,234.3 £96.2 um; DMD 1, 173.7 + 80.6 um, Figure 5.13).
However, at 130 kPa, the cell area of WT 1 was significantly larger
compared to all other cell lines (WT 1, 5096.3 + 3262.4 um?; WT 2, 2108.7 +
1323.5 um?; DMD 1, 3453.5 + 3043.6 um?; DMD 2, 1677.1 + 1235.7 um?).
Similar observations were made for the hiPSC-CM perimeter. Consistent
with cell area at 130 kPa, the perimeter of WT 1 was significantly larger
compared to all of the other cell lines (WT 1, 308.1 + 112.9 um; WT 2,
198.2 £ 89.9 um; DMD 1, 230.1 + 106.9 pm; DMD 2, 167.6 + 62.5 um).
However, given the inconsistency between WT 1 and WT 2, it is difficult to
make clear assertions to the role of dystrophin under cyclic pressure, but
the data do suggest a potential role of dystrophin in regulating cellular

morphology.

My initial hypothesis expected to observe a decrease in nuclear area and
perimeter but an increase in circularity for WT hiPSC-CMs, indicating
mechanotransduction of the inward compressive force. | expected that this
effect would be negligible for DMD hiPSC-CM nuclei, as the connection

between the cytoskeleton and dystrophin is disrupted. However,
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surprisingly, | often observed the opposite effect- increased nuclear area,
perimeter, and decreased circularity, in response to cyclic cardiac pressure.
Finally, qualitatively, the actin cytoskeleton in DMD hiPSC-CMs appeared to
less well organised compared to WT hiPSC-CM cell lines, consistent with

the results from the preceding chapter.
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Figure 5.13: Comparison between hiPSC-CMs subjected to cardiac cycling pressure. A) No
change in cell area when subjected to pressure, B) The perimeter of WT 2 was significantly
larger compared to DMD 1 but no other changes were observed. C) WT 1 was significantly
larger compared to all other hiPSC-CMs in response to pressure. Interestingly, WT 2 was
smaller compared to DMD 1, which in turn was larger than DMD 2. D) The perimeter of WT
1 was larger than all other cell lines. DMD 1 also displayed a significantly larger perimeter

compared to DMD 2. Data presented as Tukey box plot and reported in text as mean + S.D.
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Data analysed using 2-way ANOVA with Bonferroni’s post-hoc test applied. P<0.05 was

considered significant. N= 3.

Collectively, these data indicate that hiPSC-CMs used in this project were
sensitive to left ventricular cyclic cardiac pressure, as demonstrated by the
changes in cell morphology described. However, due to the variability
between cell lines, the interaction between the presence/absence of
dystrophin and pressure has been difficult to distil. Moreover, here | only
tested physiological pressures, but effects might have been detectable or

more pronounced under pressure overload conditions.

5.5 Microtubule Density is Increased in Dystrophic hiPSC-
CMs and Unaffected by the Addition of Cardiac Cyclic Pressure

Extensive evidence implicates the microtubule cytoskeleton in a variety of
failing heart models, including dilated cardiomyopathy and in DMD>°. In
particular, research shows elevated proliferation of the microtubule
network, i.e. increased density, speculated to act as an adaptive
compensatory response to increased mechanical stresses. However, over
time, and in addition to posttranslational modifications, most notably
detyrosination®?, this hyper dense microtubule network becomes
deleterious to the functional ability of the cardiomyocyte, including healthy

localisation of connexin 43 at intercalated discs®?.

In this vein, | wanted to examine whether the microtubule network was
altered in my hiPSC-CM model in response to i) absence of dystrophin, ii)
changes in substrate stiffness, and iii) in response to cardiac pressure. Here,
| characterised the microtubule density as a function of overall cell area to
examine whether the microtubule network was altered (Figure 5.14A).

First, the microtubule network in DMD hiPSC-CMs was significantly larger
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compared to WT. Here, DMD 1 hiPSC-CMs displayed a significantly
hyperdense microtubule network in contrast to WT 1 at 6 kPa (DMD vs WT,
29% increase). Further, when challenged on a fibrotic elasticity, microtubule
density in DMD 1 displayed an 8% increase compared to WT 1 (non-
significant; Figure 5.14B). These data indicate that the absence of

dystrophin does indeed impact the microtubular architecture.

Secondly, the microtubule density was shown to be sensitive to substrate
elasticity. WT 1 hiPSC-CMs demonstrated a significant increase between 6
kPa and 130 kPa, where microtubule density increased by 20% in response
to the altered elasticity. Interestingly, DMD 1 hiPSC-CMs did not
recapitulate this phenotype and there was no difference of the
microtubular network density between 6 kPa and 130 kPa with a <1%
decrease change observed. This suggests that dystrophin is required for
mechanosensing alterations in substrate elasticity and is responsible for
communicating this mechano-information to the microtubules. Whereas
the absence of dystrophin seemingly interferes with mechanotransduction.
Strikingly, it also indicates that DMD 1 hiPSC-CMs already display a quite

dense microtubule network, a finding consistent with previous reports.

Finally, | sought to examine if the microtubule network responded to
application of cardiac pressure. It was intriguing to find that microtubule
density appeared not to be sensitive to the application of pressure as
demonstrated by apparent lack of change in both WT 1 and DMD 1 hiPSC-
CMs.
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Figure 5.14: Microtubule Density is Mechanosensitive to Substrate Elasticity but not
Cyclic Cardiac Pressure. A) Immunofluorescence of a-tubulin for WT 1 and DMD 1 hiPSC-
CMs on either a 6 kPa or 130 kPa laminin coated PDMS substrate in response to either
atmospheric pressure (NP) or cyclic cardiac pressure of 120/10 mmHg (P), B) Quantification
of microtubule density. Data are reported as Tukey box plot and reported in text as mean *

S.D. Data analysed using 2-way ANOVA with Bonferroni’s post-hoc test. P<0.05 was
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considered significant. Biological replicate N= 3; hiPSC-CM cell number, n: WT 1, 6 kPa no
pressure: 43; WT 1, 6 kPa pressure: 39; WT 1, 130 kPa no pressure: 32; WT 1, 130 kPa
pressure: 32; DMD 1, 6 kPa no pressure: 36, DMD 1, 6 kPa pressure: 25; DMD 1, 130 kPa no
pressure: 40; DMD 1, 130 kPa pressure: 36.

5.6 The Mechanosensitive Co-Transcriptional Activator, YAP,
is Mislocalised in Dystrophic hiPSC-CMs Which is Not Further

Exacerbated by Pressure

Previous groups®?33 have shown the mechanosensitive co-transcriptional
activator, YAP to be dysregulated in DMD, primarily in terms of nuclear to
cytoplasmic ratio localisation. As a result of YAP’s dysregulated localisation,
the primary consequence is its loss of function. In particular, its
involvement in cell proliferation, cell cycle regulation, and importantly,
mislocalisation was shown to promote cardiomyocyte necrosis. Moreover,
other studies have shown YAP nuclear localisation to increase as substrate
elasticity increases, mainly via the increased opening of nuclear pore
complexes3®4, Lastly, relatively recent work demonstrated that YAP was
required for survival in mice subjected to a transaortic constriction model
for pressure overload*®. Therefore, based on the results from Chapter 4
where YAP was decreased at 6 kPa for DMD 1 hiPSC-CMs, in conjunction
with previous groups work, | wanted to assess the impact on YAP

localisation in DMD 1 hiPSC-CMs in response to cardiac pressure.
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Figure 5.15: Nuclear YAP Localisation in Response to both Substrate Elasticity and Cyclic
Cardiac Pressure. hiPSC-CMs were plated on either a 6 kPa or 130 kPa laminin coated
PDMS substrate and subjected to either atmospheric pressure (NP) or cyclic cardiac
pressure (P) of 120/10 mmHg for 6 hr. The yellow arrows indicate increased nuclear YAP
localisation in WT 1 hiPSC-CMs whilst the white asterisks indicate elevated cytoplasmic YAP
in DMD 1 hiPSC-CMs. Quantification of the nuclear: cytoplasmic ratio is in Fig. 5.10. N= 2

biological replicates.

27

~



309 —
* *
: =3 WT 1 No Pressure
20+ WT 1 Pressure

= DMD 1 No Pressure

6 kPa 130 KPa

YAP Nuclear : Cytoplasmic Ratio (A.U.)

Substrate Young's Modulus (kPa)

Figure 5.16: Quantification of the Nuclear to Cytoplasmic YAP Ratio for WT 1 and DMD 1
hiPSC-CMs in Response to both Substrate Elasticity and Cyclic Cardiac Pressure.
Quantification of hiPSC-CMs subjected to either atmospheric pressure (no pressure) or to
cyclic cardiac pressure (pressure) of 120/10 mmHg for 6 hr. Representative images are
shown in Fig. 5.9. N= 2 biological replicates, data analysed using 2-way ANOVA with
Bonferroni’s post hoc test and presented as Tukey’s boxplot. Data are reported in text as
mean * S.D., p<0.05 was considered significant. Number of hiPSC-CMs per condition: WT 1,
6 kPa, no pressure= 46; with pressure=25; WT 1, 130 kPa, no pressure= 25; with pressure=
49;, DMD 1, 6 kPa, no pressure= 31; with pressure=24; DMD 1, 130 kPa, no pressure= 66;

with pressure= 60.

YAP localisation in DMD 1 hiPSC-CMs showed a differential response
dependent upon substrate elasticity. At both 6 kPa and 130 kPa, YAP
nuclear localisation was significantly decreased compared to WT 1 hiPSC-
CMs (WT 1 vs DMD 1, 6 kPa, pressure: 7.5+ 3.1 A.U.vs 5.0 + 2.9 A.U.; At
130 kPa: 6.2 £ 3.1 A.U. vs 4.1 + 1.9 A.U.). This supports the notion that

dystrophin plays a role in YAP localisation (Figure 5.15 and Figure 5.16).

Consistent with the finding in §4, nuclear localisation of YAP was observed
to significantly decrease, even in the absence of the additional pressure

stimulus (See previous chapter for more details). These data show that
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whilst dystrophin plays a role in mechanosensing substrate elasticity, the

mechanosensing of pressure is not mediated by dystrophin.
5.7 Discussion

In this chapter, | wanted to assess the impact of physiological mechanical
stressors using the hiPSC-CM models developed to interrogate how
dystrophin may be involved in the mechanoresponse to stretch and
pressure. | split these two stimuli into separate experiments to isolate the
effect from one another. Although, in the case of cyclic cardiac stress, this

was coupled to different substrate elasticities.

In particular, | hypothesised that dystrophin is important as a
mechanosensor, mediating force transmission in response to cyclic stretch
and cyclic cardiac pressure, and that its absence would abrogate these
observations. Indeed, | found that DMD hiPSC-CMs did show altered
response compared to WT to these stimuli, revealing a role for dystrophin
in mechanotransduction. Moreover, the data also validates the use of the

hiPSC-CM model here for such experiments.

5.7.1 DMD hiPSC-CMs Demonstrate Increased Sensitivity to Cyclic

Cardiac Stress

Firstly, | wanted to characterise the hiPSC-CMs in response to cyclic cardiac
force that mimicked a healthy left ventricular pressure cycle of 120/10
mmHg to assess the effect on hiPSC-CMs and the role, if any, that
dystrophin may have in mechanotransduction. In conjunction with cyclic
cardiac pressure, different substrate elasticities were used to mimic healthy
(6 kPa) and fibrotic (130 kPa) myocardial stiffnesses, with the aim of
examining the dual effect of these mechanical cues, that would be present,

in the DMD myocardium upon the hiPSC-CMs.
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The application of pressure in this context is not solely from above the cell,
but rather equal pressure from all angles. It was therefore expected that
cell and nuclear morphology would decrease in response to the
compressive force generated by the cyclic cardiac pressure which was what
was observed for DMD hiPSC-CMs whilst on the 130 kPa substrate. In
general, hiPSC-CMs behaved as expected under the compressive cyclic
cardiac force, decreasing their overall area and perimeter. Unexpectedly, in
some cases the opposite was observed, for example WT 1 cell perimeter at
130 kPa (Fig.5.2B), which may be attributable to the cyclic application of
the cardiac pressure or underlying cellular response acting to reinforce the
cytoskeleton, i.e. readjustment in accordance with tensegrity. That is to say,
perhaps the nature of the cyclic application of force here rather than
continual force can account for the findings. Alternatively, perinuclear actin
caps may have promoted elongation and flattening of the cell and nucleus.
Khatau**! demonstrated this effect on nuclei in response to forces,
although analysis of the volume and/or height of hiPSC-CMs and nuclei
would be required. Unfortunately, the volume of nuclei was not examined
and is the fault of the author. However, other reports examining nuclear
morphology have prioritised cell area, perimeter, and circularity.
Nonetheless, future work examining nuclear volume will be of upmost

importance to further decipher the exact nature of any changes.

It is important to note here that, due to the manual method of delineating
cell and nuclear boundaries, it is possible that in some cases human error
may have generated erroneous results. To counter this, in future, increasing
the data set as well as automating data analysis would better improve the

overall interpretation and clarify the role for dystrophin here.
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Previous groups have reported that the application of exogenous pressure
caused cells to become smaller and more rounded*3?3*, Consistent with
these groups, WT 1 and DMD 1 hiPSC-CMs did decrease in area and
perimeter however, unexpectedly, did not become more rounded as
described by circularity. Surprisingly, these changes were not observed for
WT 2 or DMD 2 hiPSC-CMs. Here, | expected that all cells would become
more circular in response to pressure. As has been described by previous
groups, the absence of dystrophin mechanically weakens cardiomyocytes,
rendering them susceptible to mechanical injury. It was therefore expected
that DMD hiPSC-CMs would experience cyclic cardiac force more intensely
compared to WT cell lines. Interestingly, this was not the case at 6 kPa but
WT 1 was significantly larger compared to all other cell lines at 130 kPa.
This may suggest either the heterogeneity between cell lines and/or a role
of dystrophin in regulating, or protecting, against cardiac cyclic stress.
Based on the data here, it is not possible to distinguish between these

possibilities and further work is required to clarify.

In only a singular case did the circularity meet my initial expectations -
DMD hiPSC-CMs on the 6 kPa substrate coupled to cyclic cardiac pressure.
Intriguingly, the other cell lines failed to trend towards roundedness, with
either no apparent change or, in the remarkable case of WT 1 on 6 kPa,
becoming significantly less rounded; although, in vivo cardiomyocytes are
not rounded in response to cardiac pressure and this finding may reflect
that, to a small degree. Therefore, it is possible that the observations made
here are expected and consistent with that found in vivo and the

hypothesis requires revision.

Bourns et al.*3* observed that BSC-1 epithelial cells subjected to very large

pressures of 430 atm (equivalent to 326800 mmHg) resulted in
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heterogeneous cellular morphology, with large proportions of cells
retracting and becoming rounded, whilst others had many spindle-like
appendages and were less rounded. Of particular interest was their finding
that epithelial cells fixed under pressure retained more of a rounded
phenotype compared to those where pressure was released and cells were
allowed to recover, even for as little as 5 min, prior to fixation. BSC-1
epithelial cells were observed to be polygonal and, above pressures of 290
atm, comprised of multiple surface microvilli as revealed by electron
microscopy. This report may account for the polygonal finding in some of
the cell lines reported in this thesis and opens up an avenue for further

experimentation regarding the pressure experiments and fixation methods.

Furthermore, a study by Yamaguchi*3> examined the effect of high-pressure
applied to isolated left ventricular murine cardiomyocytes and reported
altered cell morphology. Specifically, they found that the width, or minor
axis, of cardiomyocytes increased as a function of increasing pressure (0.1
MPa-20 MPa), giving a lower aspect ratio. This finding is inconsistent with
the data here, where | re