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Abstract

Even withongoingimprovements in cardiac patient treatment and outcomes, current
therapies for cardiac fibrosis only alleviate the symptoms of heart failure, rather than treating
the underlyingcause of theliseaseFurthermore, the abilitio study cardiac fibroblast
activation and prdibrotic signallinginvitroi s compl i cated by the cell
and sensitivity to mechanical inp@ur lab has previously established tB&i, an
endogenous TGHh; signallinginhibitor, halts fibroblast activatioanddeactivateshe
myofibroblast phenotypéVe have also determined that conventional cell culture does not lend
itself to accurate physiological studies of primary cardiac fibroblaststro. The thesis
presented hereirstablishes a method of maintaining primary cardiac fibroblasts in a resting
state in twedimensional cell culture. In addition, this improved technique is applied to test the
hypothesis thaBKI is a multifunctional protein thatan acindependently oTGFbto
specifically activate Hippsignalling and in turrinhibit the cardiac myofibroblast phenotype

In order to study cardiac fibroblast activatiorvitro, we developed cell culture
conditions whicltbetter maintain the native phenotype of primatisdey limiting mechanical,
hormonal, and nutritional inpuBoth rat and mouse primary cardiac fibroblasts could be
maintained in a quiescent state fiprto tendayspostisolation which is sufficient for most
commonlyused cellular and molecular assaysing this optimized method,afirst sought to
determine the role daheprimary nucleaeffectorsof the Hippo pathwayyes-Associated
Protein Y AP) andTranscriptional ceActivator with PDZbinding motif TAZ, or WWTR1)
in cardiac fibroblasactivation Constitutivelyactive forms of YAP and TAZ were
overexpressed in primary rat cardiac fibroblasts, and demonstrated their ability to overcome

external stimuli to promote fibroblast activation and-pbootic gene expressioowever,



TAZ demonsrated greateactivation of theCollagenl Uand3 UgdromotersSubsequently,
YAP andTAZ expression \wreexamined in a rat poshyocardial infarction (postl) model
of fibrosis.It was found that TAZ expression increases and translocates to the nutigels,
YAP expression was relatively unchanged in the infarcted left venffialeen together, these
data suggest that TAZ has a greater role in the pathogenesis of cardiac fibrosis.

Ensuing studies used firpassage (P1) primary cardiac myofibroblastexamine the
effects ofSKI on YAP/TAZ signalling Overexpression 05Kl induced the degradation of
endogenous TAZ, but not YARIoreover, lossof-functionstudies suggestithatthe Large
TumorSuppressor kinase RATS?2) is required foiSKI6 s s peffects oih TAZ, but nats
homolog,LATS1. To better understand the SKAZ link, and whether it results from direct
interaction with the Hippo pathwathe human cardiac fibroblaspecificSKI interactome was
elucidated by using BiolD2 amibvelinteradors were identified by tandem mass
spectrometry. Waentifiedthe focal adhesieassociated proteiIMD1, as a mediator
between LATS2 an&KI. Additionally, knockdown ofLimdlin myofibroblasts resulted in the
proteasomatiegradation of TAZ, but not YR recapitulating the TAZpecific effects 05KI
overexpressiorOverall, aur data suggest that LIMD1 is an importantnponent of the
regulatory effectbetweerSKI and TAZ/LATS2, and presents a novel pointadsstalk
among preand antifibrotic pathways.

This study is the first report of the role of TAZippo signallingin postMI
remodellingand fibrogenesiasing optimizedn vitro andin vivo modesk of fibrotic disease.
The findings described hergiostulatehatthe SKI-LIMD1 -TAZ signallingaxis as anovel

andselective therapeutic target for consideration in future treatments for cardiac fibrosis.
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CHAPTER 1: INTRODUCTION
1.1The Cardiac Extracellular Matrix: Structure and Composition

The extracellular matrix (ECM) of the myocardium is a dynamic milieu comprised of
structural, regulatory, and celbssociated proteiris®. Within this space, further stratification
into basement membrane and interstitial environments allow for the specific fynctio
maintenance, and injury response mechanisms of cardiac muscle and resident fibroblasts.
Disruption of the ECM network, as observed pmgcardial infarction (postl), disturbsits
structure impairs ventricular functigrand promoteghe pathologicalexpansion of the cardiac
interstitium apathology known asardiacfibrosis®’ (Fig. 1.1). The delicate balance among
composition, organizatn, andtissue turnover within the myocaadlinterstitiumdictates

cardiovascular health, and ultimately determines the rate of progression into heart.failure

1.1.1Structural Proteins
1.1.1.1Fibrillar Collagens

The cardiac ECM has begypically regarded as predominantly composedaifagen,
a large family of glycoproteins characterized by the presence of at legstotine-rich triple
helix domair®. As one of thenost abundant family of proteins, collagens comprise
approximately 96% of the cardiac interstitium and play an important roleeirall cardiac
structure, as well as maintainitite electrical syncytium between cardiomyocyté$ Of
special importance are a subgroup called fibrillar collagens, whichléomstriated fibrils
which functionto providemechanical support and stability. While 30 types of collagen have
been identified to date, the most abundant types inafttac ECM are fibrillar collagen types

I, 111, and to a lesser extent, ¥. Other fibrillar collagens include types Il and XI; however,
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Figure 1.1 Changes irthe cardiac extracellular matrix, postmyocardial infarction.

The cardiac myofibroblast phenotype (right) activates after MI, in response to the sudden, necrotic loss
of myocardium and infiltration of immune cells into the infarcted area. Normal tissue homeostasis is
disrupted, and resident fibroblasts stably attach themselves to the surrounding matrix and form mature
focal adhesions (green ovals). Excessive producti@Cdfl components by myofibroblasts (listed

around cell on the right) allows the giibrotic environment to persist, leading to heart failure.

these subtypes are predominantly produced in cartilaginous tissue in mafimals

Transcriptional regulation of collagens in the myocardium is primarily governed byirogsok

of which Transforming Growth Facttreta (TGFb) i s t he most ¥ignificant
Transciption factors such as the APcomplex and p300/CBP are known to interact with

SMAD proteins downstreamof TGl and enhance the expression of
although nofSMAD signallingsuch as p38 MitogeActivated Protein Kinase (MAPK) may

also contribute to increased collagen transcription and syntiesis



Fibrillar collagens arsynthesized and secreted\arious cell types, mostly of
mesenchymal origirthrough a complex series of intt@nd extracellular eventsrésent n
almost all higheworder animalsfibrillar collagers are all composed of either a memw
heterotrimeric protein chains, each containing multiple donaif®r example, in the human
myocardium, the dominant <coll agen type | is
chains, an gdwhieckaged®pediisdihant ri meri ¢ and contain
12 The synthesisf collagen begins with the translation of ym@collagen peptide chains in
the rough endoplasmic reticulum. Signal peptides are cleaved from HreNGtermini; this
is followed by the hydroxylation of lysine and proline residues, and further glyatasylof the
newly formedhydroxylysine residues. From here, three-glgha chains are combined to form
the procollagen triple helix and is secreted to the extracellular $padee procollagen
molecule is cleaved by procollagen peptidase, forming tropocollagen fibril complexes. The
complexes are then stabilized by lysyl oxidase (LOX), wfoats individual helices together
by crosslinkinglysine and hydroxylysine residsieMature collagen fibers result from the
successive addition and crosslinking of multiple collagen fikailthough excessive
crosslinking is associated with a loss of myocardial compliance and can negatively affect
cardiac output® 1 While collagen synthesis is paramount to the cardiac wound healing
response, the excessive deposition of fibrillar collagen is a hallmark of cardiac fitirissis
occursin tissue both proximalig. replacement fibrosis) and distak( reactive fibrosis) to the
initial injury > 7 17

The maintenance of the cardiac collagen matrix is largely regulated by the activity of
matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPSYIMPs are damily

of endopeptidases that functiontieeakdowrECM andregulate the homeostasis of collagen



synthesis and depositiofhe mat widelystudied cardiac metalloproteinases are MR&nd
-9, also called type IV collagenases or gelatinases, and possess a variety of sabstrates
collagentypel, fibronectin(FN), periostin(POSTN)!°. About half of allknown MMPs are
expressed at some point during cardiac development, homeostasis, and disease, and each is
distinguished by their respective ratios of MMP:TIMP activity in the interstiffdh For
example, during pogtll wound healing, increased secretion and activity of MMP2 and MMP9
results in the rapid turnover of collagen type I. However, chronienfl@mmatorysignalling
leads to increased expression of TIMPs, which results in the persistence of interstitial
remodding, increased collagen deposition, and eventual heart faflufaus, the
physiological turnover of fibrillar collagen in the heart is of significant interest as any
disruption to its homeostasis resultpathologicaremocklling and cardiac dysfunction.
1.1.1.2Basement Membrane Proteins

While fibrillar collagens comprismuch ofthe cardiac ECM, ncfibrillar collagers
and other basement membrane proteiake g a small, yet important portion of the structural
underpinnings of the myocardiufihe basement membrane provides further anchoring and
framework for the organization of cardiomyocyse®l endothelial cellsand is mainly
comprised oproteoglycansiaminin, and collagens type IV and 1?2 23 Laminin playsan
especially important rola cardiac structure asii the primary substrate for cardiomyocyte
anchoring, andhteracts with integrin receptots mediate the migration of nemyocytes
throughout thenyocardiun?®. CollagentypeVI is highly expressed irhe infarcted
myocardium, although transger@ol6al”- mouse models shadimprovement in cardiac
function postMI, andthe preventiorof reactive fibrosis in viable tissue surrounding the infarct

25,26 Finally, collagertypelV comprises nearly 50% of the basement membrane within the



cardiovascular system, and primarily functionsubehor endothelial celts maintain their
proper functiort”- 28 CollagenlV is also overexpressed in the infarcted myocardium, and
alterations to its expressioa.{.glycosylation) is associated with impaired endothelial
function and prefibrotic signalling®®*3.. The basement membrane may not be the largest
element of the cardiac ECM, nevertheless it is a vital playeglkiECM interaction and
myocardial physiology
1.1.1.3 Fibronectin

Fibronectin exists in two forms generated by a single gene: the first is soluble
fibronectin, which is secreted into thigculation by hepatocytes, while the second is insoluble
cellularfibronectin a multifunctional component of the cardiac EGlyhthesized by
mesenchymal and endothelial céfi$*. Expressed as a high molecular weight protein; cell
associated fibronectin iitially secreted as a solubld50 kDadimer which then polymerizes
into a complex fibril networR®. In its final, polymerized form, fibronectin regulates the
deposition and stabilization of oth&ructural proteins, including collagen typednd
modulates celmatrix physiology angignallingviaU5 b 1 i #¥egr i ns

In the healthy heart, cellular fibronectin is highly expressed dtetad development,
accounting for approximately 26% of structural cardiac E€.Nh adult tissuesfibronectin is
weakly expressed in cardiac ECM, comprising only 4% of total ECM, suggesting that it may
have a role in the organization and proliferation of cardiomyodyteag early development
40 In disease states such as heart failure, celliliamnectin is highly expressed in the
myocardial interstitium and promotes further infiltration of inflammatory bl it is also
thought to increase the mechanical strength of damaged éisdymevent rupture of the free

wall of the ventriclé!. Furthermore, cellular fibronectin splice variaats differentially



expressed during adverse cardiamodelling The type Il segments in fibronectin comprise
the extracellular domain, and produce variants type AAERAnd type B (EBB) 4244, Both
alternativelyspliced EDA and EDB fibronectin are present in fetal myocardium, as well as
during adverse cardiaemodelling*> “> The EDA splice variant is of special interesis its
presence heralds the activation of-filmotic signallingby resident cardiac fibroblasts and is
apparently necessary for the maintenance of the hypersecretory myofibroblast ph&nttype
46 Both genetic ablation and molecuiahibition of cardiacED-A fibronectindemonstrate
improvedcardiac function postil, andresults inimpaired infiltration of inflammatory cells
after infarction® 38 41, Furthermore,tihas been shown that the ZDdomain acts as a TG
reservoir, as it immobilizes Latent TdFbinding Proteinl (LTBP-1) and its bound substrate,
thus priming the ECM for continued Td#: signallingeven in the absence of inflamroat
cells*8, While cellular fibronectin is integral to tievelopment athoverall structure of the
myocardium, its role in modulating wound healing and inflammation is of crucial
consideration when studying pathological EGhodelling
1.1.14 Elastin

Despite being subject montinuous and variablaechanical strain, the akhy heart
expresses relatively low amounts of elastin, when compared teghef thevasculature. In
the injured heart, elastin levels decrease as healthy tissue is replaced with infarct scar, and
elastic recoil becomes impairéd*®. Knockin studies in cardiac elastin have shown that
introduction of ectopic elastin production in a rat model of gdsfibrosis increased
fractional shortening and reduced infarct expansion in the chronic phases of collagen
depositiorr®. In addition elastin can be crosslinked into fibrils by lysyl oxidase, and forms

larger bundles wheoundto fibrillin % The result is a larger elastic fibre comprised of an



outer layer of fibrillin, and annstructuredore of crosslinked elastimhich offers more
resistance and less distensibility when compared to elastin“aldfibrillin-rich elastin
bundles suclas these are found in most higloeder vertebrates, and are higlslgnserved in

theclosed circulatory systent mammals?.

1.1.2 NonStructural and Matricellular Proteins

Along with its structural role, the cardiac ECM also functions as a researnicel
matrix signallingregulatory centre. Several proteins exist and function within the matrix in
both physiological and pathologicsgttings to regulate the turnover and deposition of other
ECM componentsas well as celinatrix signalling Matricellular proteins are cedlssociated
proteins that do not contain any transmembrane domains, nor do they serve any structural
purpose; howevethey do mediate cytokingrowth factor, and proteaselatedresponses to
ECM changes andre typically upregulated followinigjury >3 >4
1.12.1Periostirt

Periostin was first recognized as an essential player in osteoblast differentiation and
response to Transforming Growth Faebor ( b Gignalling® °% More recently, periostin
has been identified agi@nsienty-expressednatricellularproteinsecreted byaively-
remodellingstromal cells within the myocardium and vascula®iré Despite being relatively
conserved across phyla, the 23 exonsurhan periostin can be alternatively spliced to form
seven possible splice variantsog of which have not been wedtudied® 963,

As a potent modulator of cathatrix interaction, periostin has been implicated in
crosstalk between multipkgnallingpathways which regulate cell migraticadhesion, and
proliferation. The most studied pathveassociated with periostin expression are of the-bGF

superfamily in mesenchymal cells, which has established periostin as a focal contributor to

AThis section is composed of excerpts frBasic Res Cardiol2017 Nov 3;113(1):1. doi: 10.1007/s003957-0659-5.
Authors retain the right to use the article provided acknowledgement is given to the original source of publication.
No permission was required from Springer Nature to reuse the article in this thesis. 7
https://link.springer.com/article/10.1007%2Fs00845-0659-5.
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collagen fibrillogenesis in response to injury anflimmation®” %47, Earlyin vitro studies
demonstrated that exogenous treatment of primary cardiac fibroblasts and vascular smooth
muscle cells (VSMCs) with recombinant T@®Epromoted the expression of periostia
canonicalSMAD-dependensignaling > 870, Besides being induced by T@k signalling
periostinalsopromotes collagen fibrillogenesis by supporting Bone Morphogenic Pibtein
(BMP-1) in mediating the activation of matricellular LOX% 72 Specifically, secreted periostin
sequesters BMR and increases its deposition on fibronedith ECM; this promotes the
proteolytic activation of pra.OX and collagen crosknking "X. Although there exists much

data to substantiate the T@GF/ B Mdtiostinsignallingaxis, further studies are needed to
identify the regulatory components that govern periostin trgoigm.

Apart frombeing expressed in responsestdAD-dependent TGHB/BMP signalling
periostin activates a multitude of intracellukdgnallingpathways via its interaction with cell
surface receptors and in response to mechanical stress. Perissttiated ECM components
including fibronectin and tenaset® (TNC) '3, and collagens pe |, lll and V8 7 7 are
responsible for governing the biomechanical properties of tissues, ergo pasgsstaiated
regulation of these components may determine tissue biomechanics. It has been reported that
periostin stimulates cell migration and isuwan through biomechanically and biochemically
sensitive integrin communicatidf’®. Finally, it has been shown in various pathologies that
latent TGFb a s s o c i \airttegrith subinits Is reldaseghon stimulation by mechanical

stress'¥82, Cell cantraction or a change in ECM composition leading to the release of latent

TGFb mi ght | eave integrins open t dorwardlbopr acti on

of pro-fibrotic periostinsignalling



Given the growing evidence suggesting its importance infbsemodelling the
specific targeting of periostin as a point of intervention in{bistardiac fibrosis is of great
interest. A study using periostireutralizing antibodies in an vivorat Ml model showed
promising evidence that not only does plgitinfusion of antiperiostin antibodies reduce
infarct size, but also improved cardiac fractional shortening and ejection fraction eight weeks
after MI®%. It was specifically found that periostin exon 17 waspreferential target for
reducing the effects of chronic pddt fibrogenesis, confirming previous reports that periostin
splice variants lacking exon 17 are beneficial in combatting careilmodelling®. The
cumul ative body of evidence supporting perio
target itin vivogenerates an auspicious vision for future animal models and potentially,
clinical trials.
1.1.2.3CCNProteins

Named after its first three members, CystdRieh protein 61 (CYR61/CCNL1),
Connective Tissue Growth Factor (CTGF/CCN2), and Nephroblastoma Overexpressed protein
(NOVI/CCNS), the CCN family of proteins modulate cellular function by bridgiteractions
between the matrix and celurface receptord: 848, While CCN proteins share significant
structural homology, their function within the matrix vary consideraMlgen considering the
cardiac ECM, the mosportantCCN family members include CYR61, CTGF, atitk
recentlystudiedWNT-InducibleSignallingpathwayProtein 2 (WISP2, or CCN5) 5% &7
Transcriptional regulation of CYR61 and CTGF is largely attributed to-bGHippo
pathway,and Fibroblast Growth Factor 2 (FGF2gnalling while WISP2 is syntlezed and

secreted in response to WN3ignalling®* &8 In any case, all of these proteins are



upregulaed in the cardiac ECM following acute injury, and persist in chronic states of ECM
expansion and fibrosrs: 87 8

CYRG61 plays important roles tardiac development and disease, as it facilitates cell
adhesion, migration, and proliferatiéh As a celmatrix mediator for several cell types,
CYRG61 was the first matricellular proteio be described as integriiinding®. In the heart,
CYR61 is mostcommonig s soci at e d wiotabilitate eridahglialicell adbesion3
but it has also been found to associate with syndédarfacilitate FGF3ignallingin
fibroblasts®. When considering its overall physiological effects, homozydg@yi61 deletion
is embryonic lethal due to cardim@ular and placental defects, while 20% of heterozygotes
exhibit atrialseptal defect®. In cardiac fibrosis antemodelling CYR61 is believed to
promote angiogenesis and the formation of collateral circulation while inducing fibroblast
senescenc® limit wound healing® %

In contrast to CYR61, CTGF the most wehstudied N protein in the heart and is
generallyviewed as a prdibrotic factor®>®’, It is secreted by fibroblasts, endothelial and
smooth muscle cells, and its synthesis is stimulateesponse tdGFb and Anlgi ot ensi n
(Angll) % %8 Also known as CCN Intercellul@ignallingProtein, CTGFacts as an enhancer
of SMAD/TGFb and MAPK p attnhibitsvVassular Bmdoihdliad Growth Factor
(VEGF) signalling® 8+ % Counter to CYR61, CTGF is not required for cardiac development;
however, its genetic ablatian miceled to chondrocyte hypopliasand lethal respiratory
failure soon after birth®. In replacement and reactive fibraSisegardless of the organ of
interesd CTGF is highlyupregulated. Its expression is induced in myocardial ECM by
pressure overload, diabetic hyperglycemia, as well as viral myocaPdifid Reports have

also indicated that plasma CTGFdmronic heart failur@atients is elevated, especially in heart
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failure with reduced ejection fractighlFrEF), suggesting that it may be used as a companion
biomarker for posMI treatment and prognost8*. Interestingly, sveralCcn2overexpression

studies in have showhatpresence of CTGF alone is not sufficient for the initiation and
persistence of fibrosis. Rather, CTGF potentiates the effenatatnix-boundcytokines like

TGFb, and further aggravat %% ThhseCTGRIpams i t i on
important target to consider when studying cardiac fibrosis, as its presence can be predictive of
the severity and rataf progression of the disease.

Finally, the CCN protein WISP2 has recently garnered interest in cardiovascular
research as its effects appear to counteract thebF@#entiating function of CTGF in the
heart.Although nearly identical in structurend also secreted by mesenchymal c8UtSP2
lacks the Germinal domain that is found in CTGE. Moreover,its expression is inverse to
that of CTGHnN the myocardiumpostMI and chronically failing hearts show little or no
expression of WISPY'. In transgenic mice overexpressing WISP@ssure overloaihduced
fibrosis was markedly reduced when compared to-tyie animals; these results were
interpreted such that WISP2 may act like a domimagiative version of CTGHE®,

Furthermore, aderassociated virus (AAV) delivery of WISP2 in LV tissue with established
fibrosis and cardiac dysfunctided to a reduction in TG signallingand apoptosis of cardiac
myofibroblast$’. However, the study did not report any improvements in functional
parameters, such as ejection fraction. Even though WISP2 may not explicitly improve cardiac
function and physiologyCcn5"~ knockout nice generated a mildly obese phenotype with a
greater propensity for spontaneous interstitial and perivascular fibt®sis

While CCN proteinecho the complex and dynamic physiology of cardiac ECM,

understanding thedr and other matricellular proteig dole in health and disease is of great
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importance when considering cardiac fibrosis and heart failure.

1.1.3 Other Notable Cardiac Extracellular Matrix Components
1.1.3.1 Glycosaminoglycans

Glycosaminoglycans (GAGSs) are a diverse group of neggtcrerged, linear
polysaccharides, consisting of repeating disaccharide 3hitBAGs are categorized into
severakubgroups based on théisaccharide subunit and accompanying linkage between
monomeric units: chondroitisulfate,dermatan sulfate, keratan sulfdteparin, heparan
sulfateand hyaluronant®®1L In the heart, GAGs play an integral role in maintainiagute
homeostasis and form a lubricative network to mitigate shear forces during cardiac contraction.
They are especially concentrated in the valve leaflets and cusps, as well as majorlauteries
myocardial GAGs are integral to injury response @mdocklling 112

Functionally, GAGs are diverse and often contgpeific; however, hyaluronan ihe
most widelystudiedin the heart, and is the only GAat has been observed without being
attached to a core proteitf. When considering healthy cardiac ECM, hyaluronan exists in an
intact form composed of long polysaccharide chaipsvards of 4 000 kDa in siz&. Its
function, like in most tissues, is to form transient linkages with water to contribute to the
overall strength and compressibility of the myocardititnHyaluronan is also the ligarad
membrane receptors such as CD44, which regulates the migration, proliferation, and adhesion
of mesenchymal, epithelial, aimdmune cellg*3. In the injured myocardium, hyaluronan
synthesis and deposition is upregulated, but it is in a fragmented, low molecular weight form
(100500 kDa)® 19 13 This shift in expression is an important contributor tocteliac
fibroblast response to injury, as the low molecular weight fragmentsopeaime infiltration of

monocytes, macrophages, and dendritic cells, which in turn generatélanomatory
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cytokines and growth factofs!'? In addition to these growth factsignals, the synergistic
activation of fibroblast CD44 receptors causes a shift in actin cytoskeleton dynamics which
inhibits Hipposignallingandactivatesa pro-fibrotic feedforward loop of excessive ECM
deposition'*3.
1.1.3.2 Proteoglycans

Matrix proteoglycangncompass a broad group of proteins covalemtiynd to
GAGs'! Proteoglycans exist as basement membrane and structural elements, as well as cell
surface and secreted MGzomponent$§ 11 Many proteoglycans are involved in delimiting
the deposition and organization of fibrillar collagen, but others are more invialteel celt
matrix crosstalland cytokinesequestratiowithin the collagen ECM* 110 With respect to
myocardial physiologwnd the cardiac ECMseveral proteoglycans play an important role in
cardiac function, homeostasis and dised3enote areDecorin, TenascirC, Osteopontinand
Syndecanrl and-4, all of which contribute to the regulation of collagen matrix turnover and
cardiac fibroblast physiologyf 110 11418
1.1.3.3Matrikines and Matricryptins

As part of their biological activity within the cardiac ECM, many proteins,
proteoglycans, and GAGs undergo partial enzymatic cleavage which gives rise to small peptide
fragments thapossesslifferent functions than their pent moleculé*®. Theseragments,
called matrikinesmnay modulate cell proliferation, migration, and apoptosis, and are an
important marker of cardiac ECM healtm the myocardiumupregulation omatrikines
arising from the enzymatic cleaving of elastin and collagen are a hallmark of interstitial

pathologieg%12%,
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Elastinderived matrikinepossess chemotactic and matermodellingproperties, and
target a broad range of cell types. For example, the insoluble elastin kappa nsileailbtes
the secretion and activity of MMP, and has been found to increase fibroblast activation and
proliferation'?? 123 Kappaelastin has also been associated with impaired thrombosis during
vascularemodellingand pathological angiogenesfé Similar effects have been observed
with another elastin matrikine, a short peptide bearing the sequence VGVAPG, adicbdn
implicated with increased MMR activity as welf9 124

Collagenderived matrikineare more widehlstudied anaxert abroadvariety of
cellular responses. Collagen fragments generated by MMP proteolysis, such derimén@l
DGGRYY cl eavage product from the type | Ul cha
injured tissue'® 125 Conversely, sveralnonibrillar collagens, such as type basement
membrane type IV, also generate matrikines which are associated with2\lidtization and
inhibiting cell proliferation and migratio*t® 126 127

Matricryptic sitespor matricryptinspn the other hand, are biologicalgtive amino
acid sequences that are not exposed in the native form of a given ECM coniforather,
matricryptic sitesbecome active after alterations in tranformation or organization of the
parent molecule reveal the active site to exert some sort of biological furidtisractivation
can occur from a multitude of events, including mechanical stimulation, substrate binding,
protein denaturation, and thermation of multimers®. The most welknown matricryptt
siteis theRGD (or Arg-Gly-Asp) motif found onseveral matrix components, including
collagen type hnd fibronectin?®*31, RGD sites are known to interact with integrins and
promote injuryinflammation responsés mosttissues 132 123 |n the heart, the RGD trimer is

viewed as essential to proper cardiomyocyte organization and angiogenesis, but it is also
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overexpressed in activehgmodellingfibronectin anccollagen matrix in injury myocardium
134,135 Furthermore, on-specific RGDcontaining peptides administered to murine heaxts
vivo have been shown to promote the sgmeinflammatoryresponse as RGD sites found in
ECM proteins'®2 Nevertheless, the RGD matricryptin remains as an important anchor point
for cardiac celimatrix interaction.

Because of their acute upregulation in pdsthearts, and their unique quality of
possessamigt dimed, matri kines and matricrypt.i
serological biomarkers for the diagnosis and prognosis of cardiovascular did&a¥¢hether
or not cardiasspecific matrikines and matricryptins can be isolated from patient samples has

yet to be determined.

1.14 Cardiac Fibroblasts

The cardiac fibroblast i#heresident stromal cell within the myocardiumiatn
shoulders the majority of ECM deposition and turnover. While early statites cardiac
interstitium argued that cardiac fibroblasts are a heterogenous and undefinable cell type, more
recent examinations have revealed that cardiac fibroblasts anetdiom other cells of
mesenchymal origin, and possess a unique biology which sets therwidiiarthe ECM®®
136138 Rather tha existing as a static phenotype, cardiac fibroblasts reside on a spectrum
which vacil l at déi.s.physeological)a nd fi i a siteipathglogeal)Gtates.
1.14.1 Origin and Role in Cardiac Developmemtd Homeostasis

Residententricular fibroblasts arise primarily from epicardial progenitors during
embryonic developmenthrough epitheliamesenchymal transition (EMTJ° 14 The
fibroblast progenitors are further defthby the expression of Transcription Factor 21

(TCF21) which is typically associated with the resting fibroblast phendty/p¥° A smaller
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subset (<20%) of ventricular fibroblasts originate through endothrekakenchymal transition
(EndoMT), as they wade the nascent myocardium from embryonic endothéifutft. In the
adult heart, there is mudebateas to whether there exists another source of fibroblast
progenitors, partularly those observed after injury. Some speculate thafibooblast
sources of mesenchymal cells such as smooth muscle cells, circulating fibrocytes, and bone
marrow stem cells can give rise to new fibroblasts in-ptidtearts!##144 However, recent
lineagetracing stidies in transgenic mice report that resident fibroblasts are the primary cells
responsible for injunnduced wound healing and fibrosfs'4S These studies ka also
concluded thain their resting state, these cali® positive for TCF21 and Plate@erived
Growth Factor Receptor alpha (PDGFRU), and
express collagen type |.
1.14.2 RestingCardiacFibroblastPhenoype

Despite recent breakthroughs in identifying endogenous sources of fibroblasts in the
heart, defining the resting cardiac fibroblast phenotype remains a contentious task, largely due
to the absence of a calpecific market” 136 137 Within intact tissue, cardiac fibroblasts are
usually identiied by theirlocation betweerardiomyocyteswhere theyerform critical
structural maintenance of the cardiac EGNhen isolated from tissue, cardiac fibroblasts are
spindleshapé and possess little contractile abilityith a weaklyorganized actin
cytoskeletof 146 Resting fibroblastwithin the myocardium are also highiyotile as they
lack a basement membraa&d his enhances their capacity to respoagdidly to changes in
their microenvironment*’. They stain positive for fibrillar collagens and theispective

precursor molecules, albeit at low expression levetd® 14° Althoughall cardiac fibroblasts
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express the mesenchymal marker vimentiare is no absolute consensus as to the panel of
molecular markers tepecificallyuse when isolatingrimarycellsor labellingthemin situ.

Early studies in transgenic miosing oncebelieved fibroblasspecific promoters
quickly demonstrated that observing the baseline phenotype of cardiac fibroblasts is much
more difficult than predicted. Markers such Béscoidin Domain Receptor 2 (DDR2),
FibroblastSpecific Proteirl (FSR1),and Thyl (or CD90) have all been implemented in
conditional knockout studies thaitoved unfruitful in their pursuit of elucidating cardiac
fibroblast physiology*&1°°. Unlike the mesenchymal specificity of vimentiPDR2 isalso
highly expressed iendocardial tissud:SR1 isexpressed in nearly all cardiac cells, &1290
isa membrane glycoprotein expressedsomoth muscle cells, endothelial cells, immune cells,
andcells of hematopoietic lineageowever, vith the emergence af vivo genetic lineage
tracing,singlecell transcriptomicsand proteomics, contemporary studies have given rise to a
more reliable gamut of markers thmtter represent the resident cardiac fibroblast
(Summarized in Fig..2) & %8 15! The most consistent panel of restaydiac fibroblast
markersused in recent literatuies c ompr i sed o fCollageraypelhand IIPDGFRU,
andvimentin® 8 137. 195 A5 the search for cardiac fibroblespecificproteirs continuesthe
ability to positivelyidentify the cells with moderate confidencarmsch simplemwith this
newly adopted set aharkes and thebroad availability of more sophisticated, hitjitoughput
screening techniques.
1.1.4.3 Fibroblast Activatio and the Myofibroblast Phenotype

A key event irmyocardial wound healing, cardiac fibroblast activatimnmerly and
incorrectlyreferred to astransdifferentiation or fiphenoconversiay) exemplifiesthe e | | s 6

sentinellike behaviar andability to shift to the myofibroblast phenotype in response to
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Figure 1.2: The Cardiac FibroblastMyofibroblast Phenotype Spectrum.

Resident cardiac fibroblasts undergo phenotypic changes i a c in iesp@nseitocacute jnjury

(e.g-MlI) or chronic stressorge(g.hypertension). Activation to the myofibroblgdienotypeesults in a

cell that is no longer motile, and is hyganoliferative and hypesecretory for cardiac ECM

components. Several markers span the two phenotypes vaitivebl stable expressiond. Thy-1,

DDR2, Vimentin), while others have varying degrees
the spectrumie.USMA, PDGFRU, f i br isbnlyaxpressed in testiggdibrablsts, Tcf 2 1
while Periostinis only expressed in the activated stditeere is no known marker that is entirely

specific for either phenotype.

variousforms of injury.In most soft tissueshégold standard marker associated with

fibroblast activation is thdistinct shift to a highlyorganized actin cytoskeleton, denoted by

U S M-positive stresfibers®21%5 However,in the heart, this marker is less specific, as

vascular smooth muscle cells astiessed or injured cardiomyocytes are also known to

over expr3ndd@tibhtoUS MA, the actin cytoskeleton o
enriched withNon-Muscle Myosin 11B (SMembyvhich, along with the activation of Rho

GTPase signallingmpartsa contractile phenotype to these défisMyofibroblast contractility
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is believed tdhelp with wound closureandprovides critical structural stabilityto prevent
ventricular rupture, pos¥ll " 1> Morphologically, cardiac myofibroblasts are described as
having awide, kitelike surface ar¢&’. They also lose a great deal of their motility due to the
development of mature focal adhesion compleags,s o cal | ed Af i®®bronexus
Thesefocal adhesions play an integral rolealfowing myofibroblasts to sense their
surroundings, especially change€i@M composition and stiffness (further discussed
Section 1.2, 62164

Along with the structural and morphologioztianges involved in fibroblast activation
cardiac myofibroblastalsobecome hypersecretory fsiructural ECM components,
matricellular proteins, cytokines, and a multitudentotic factors which contribute to tissue
remodelling.The most welistudiedand reliablesecretednarkersof fibroblastactivation
include: POSTN, Collagen | and Iind CTGHFig 1.2 2 5% °7 Finally, overexpression of the
cell-surface markeP D G F Ral recently been associated with cardiac myofibroblast
activation, bottin vitro andin vivo'®® 1€ Again, while this broadanel of markers does enable
relatively accurate identification of activated myofibroblasts, there still exists significant

crossovewith other cardiac cell types, especially VSMCs and endothelial cells.

1.2 Cardiac Fibrosis

Cardiac fibrosis is clinica) defined as thexcesgleposition of cardiac ECMyhichis
often attended bynpairedejection fraction, ventricular wall compliance, and/or electrical
conductancé®’. Fibrosis is a companion to most cardiac pathologies, and its severity often
dictatesadversepatient outcomesdt can be classifiednder two broad types: replacement

fibrosis(i.e. postMI) and reactive interstitial fibrosis.€.in chronic heart failure, atue to
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pressure overloatff. Because adult cardiomyocytes posseadequat@egenerative capacity,
the initial wound healing response afteyocardialinjury is requred to partially restore
structural integrityto the ventricular free wadlfterthe sudden loss of heart musai¢hile
postMI and pressure overloadduced fibrosis are most commonly studied, several other
pathologies such as metabolic and agielgtedstressors, genetic cardiomyopathies, anal
myocarditis can also induce theplacement of cardiomyocytes with collagenous scar fissue
’. The initial insult notwithstanding, tfgathogenesis of cardiac fibrosis is propagated
concertedstimulus ofpro-inflammatory growth factor signallin@ig. 1.3, as well as

mechanical inpt from theinterstitialmicroenvironmentFig. 1.4.

1.2.1Cardiac Fibroblast Activation and Fibrosis. Growth Factor Signalling
1.2.1.1 Transforming Growth Factdr

The archetypagrowth factor signalling cascade associated with cardiac fibrosis is that
of TGFb1. While most growth factors act in a paracrine or autocrine fashion; b4~
unique inthat it existsinataent f or m wi thin the cardiac ECM,
stimulatemyofibroblast gene expression andfitmotic signalling®? 169170

The TGFb Superfamily of growth factors consists of overr8Qulabry proteins which
areclassednto five functionallyrelated subfamilies, includinbGFb, Bone Mor phogeni
Protein (BMP), and activin/inhibiA TheTGFb s u b f a mi | leiatropicisafosms s o f 3
TGFby, -b2, and-b3, whose functions includmodulating inflammatory responses, cell
proliferation, apoptosis, and EC8ynthesis and depositibty 1’2 TGF-by is particularly potent
in its ability tostimulate the prdibrotic response, as its acition andintercellular signalling

cascadstimulateshe myofibroblast phenotymndthe secretion of fibrillar collagehg’® 173
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Figure 1.3: Summary of growth factor signalling in fibroblast activation and fibrosis.

TheTGFb, CTGF, and PDGF signal | i ngardaafibroblastsy s pr omot
through several common intermediaries. The canonicat@:Gignalling cascade is stimulated through

SMAD signalling, but can also be transduced via p38/MAPK kinases (not shown). CTGF signalling is
multifaceted as the protein does navé its own receptor; rather, CTGF binds other receptors to

enhance signalling, and may be endocytosed into the cytosol where it can further enhéihoatipro
signalling. Finally, cardiac fibrobl asdnumbert i vat:.
of downstream signalling cascades, including PI3K/Akt, Ras/Raf/[ERK, and RhoA/ROCK/MLC.

Regardless of the growth factor indicated, all induce cardiac fibroblast activation and promote cell
proliferation and survival, ECM synthesis and depositisnwell as inflammatory signalling.

It is secretedby several cell types, including stromal and immune cadis® large latent
complex (LLC)'"°. The LLC is composed FGFby, its latencyassociated protein (LAP), and
a covalentlypound RGD-rich Latent TGFb: Binding Protein(LTBP)!7% 174 TheLTBP

enables the LLC tteract withmatrix proteinsand sequester TGl until it is releasedby
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proteolytic cleavage, ROS afalv pH, or tensileand contractiléorcesexerted by th&€CM
andmyofibroblasts % 17> 176

Once released from its latent forthe active TGFb; ligand binds tdheterotetrameric
membranéoundTGFb r ecept ors type B frambhede, yevah nd | |
intracellular signallingascadeare activated, but fibrosis igpically associated with
canonical SMABdependenpathways-3. SMADs consist of three groups of signaling proteins:
Receptorassociated (FEMAD1, 2, 3, 5, and 8)Co-SMAD (SMAD4), and Inhibitory (
SMADG6 and 7)'* 178179t should be noted that SMADs 1,5,6, and 8 and associated with BMP

signalling, while SMAD 2,2and 7 are downstream of Tk 3, After ligand binding,

cytoplasmidR-SMADsar e phosphoryl ated by TbRI, which

co-SMADA4. The phosphdr-SMAD/co-SMAD complex translocates to the nucleasd
recruits other transcripti@h co-activatorssuch a<CREB Binding Protein (CBP) and p360
179 These active SMAD transcriptional complexesferentially localize t&§MAD-Binding
Elements (SBES) in the promotersS&00 mammalian geng® promoteboth physiological
and pathologicagene expressidf 1’8 Conversely)-SMADs form anegativefeedback loop
whichinhibits the formation of EMAD/Co-SMAD complexesleading to the eventual
downregulation of GF-b-triggered events.
1.2.1.2 Connective Tissue Growth Factor

Unlike TGRb:, CTGF does not behave like a growth factaraalitional way because
it does not have a distit receptor through which it induces signal transducRather, CTGF
acts as an intermediary betwesytokines €.9. TGFby, », VEGF, BMP4), matrix proteins€.g.
fibronectin, proteoglycansind cell surface receptoms.g.integrins, LRP1 182 Although

CTGF has very dete observable effects dhe cellular environmergnd phenotypehe
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mechanims by which it modulatesell physiology remaimt times contradictory)Vhen
considering cardiac fibrosis, CTGF may induce myofibroblast activatidenhance cell
matrix interactions, directly bind cedurface receptor®r alter stromal cell adhesionch
motility® 181 It has also been suggested that CEGHd potentially be taken up by fibroblasts
via endocytosiswhere it can function asraodulator of intracellular signal transducttéfh At

a transcriptional level, CTGF expression is regulated by several regulatory*f&ctors
Fibroblastselective induction o€tgftranscription has been reported as Tséfependent, but
does not always act via SMABependent signalliff®. In addition, recent investians into
Hippo signalling in posMI fibrosis indicated tha€tgftranscription is markedly
overexpressed in cardiac myofibroblasts from mice with conditional ablation of Hippo
pathway kinaseé&® The Hippo pathway and its regulationnojofibroblast gene expression is
discussed further in Section 1.3.5.

What isundeniable abouTGF, isits central role in tissue remodelling and cardiac
fibrosist>® 185 188 ypon myocardial injury, CTE is released blgoth cardiomyocyteand
fibroblasts;however t only acts in arautacrinemanne?’. That is, fibroblasspecific deletion
of Ctgfyieldslessmyofibroblast activationpostMI scarring and fibrosis, while
cardiomyocytespecific deletion has no observable effertgissue remodellifg It was also
found that it is required fahe persistence @hronicTGFb s i g and thé formagjon of
mature scar tisst&. Lastly, CTGFneutralizing antibodies have shown promising results in
reducingcollagen deposition and cardiac dysfunctiomurine moded of dilated
cardiomyopathy and pressure overloadiicedheart failuré®’. Furthermore, targeting
upstream regulators @ftgftranscription é.g.serum response factor, SRahd theCtgf mRNA

transcript, hasiglded similar results in models of diabetic cardiomyopathy and Andliced
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pressure overkdf8 18 While the preclinical data is promising, there is limited information
regarding CTGF and its therapeutic potential in human heart failure palibossfar, it has
only been studied as a prognostic marker of diastolic heart failure in a vaitycehort of
patients diagnosed with heart failure with preserved ejection fraction (HEHEF)
1.2.1.3 PlateleDerived Growth Factor

Another importanmediator in cardiac fibrosis teke PDGF family of proteing.he five
known PDGF isoformare potent angiogenand mitoticfactors andinduce signal
transduction via homar heterodimerization prior to binding thepecific tyrosine kinase
receptos®> L Car di ac fi broblasts, as well as pericyte
PDGF receptorPDGFR), and ligand binding events leadibmoblast activation,
proliferation, and hypersecretion of ECM compon&it3he primary intracellular signalling
cascade associated with PDGFR&hieugh phosphoinositidednases (PI3K) andRas
GTPaseassociatedhitogenactivated protein kinaséMAPKs)*. These pathway®llow a
series phosphorylation events by MAPK kiessvhich eventually result in the activation of
pro-fibrotic transcription factord-or examplePDGFRsignallingin the hearts primarily
associated witlgenetranscriptioncontrolled bySRFandthe Activator Protein 1AP-1)
complex both of whichmodulatecell proliferation, apoptosis, artifferentiatiort®® 18 PDGF
signalling is also assatied with stress fibre formation, as it has been shown to activate
Rho/ROCK signalling and thus promote cell contracifft}?>.

Overexpression of PDGFRs and their ligaisdassociated with cardidibrosis in both
human and murine heatts 1°2 194 This is especially trui the case o0PDGFisoform A
(PDGFA)and it s r e c ipadstMirremodelinG & fibrosidnjured

cardiomyocytes produce large amounts of PEAGRvhich then inducga significant pre
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fibrotic reaction i n mes%Recehtgtndied have shownshate x pr e
Collagenl Uekpressing cardiac mytfioblast® v e r e x p r e & she iRfddabdedRam

7 to 21 days posMI, making it a good marker for identifying activated fibroblasts in tissue
histology*>%¢ Conver sel y, P DIBkdab appanehtaeduction wsntricular

collagen depositioafter ischemiaeperfusion injury®. Similar results were observed in a
pressureoverload model, aseantibodymediated® D G F Rld¢kadereduced atrial fibrosis

and atrial fibrillatior®> However, because PDGFRU is express
activated fibroblast phenotypes, its validit

fibrosis still requires further investigation.

1.2.2 CardiacFibroblast Activation and Fibrosis. Mechanical Stress

Cells within soft tissues exist in a physiological state that is governed by the structure
and composition of their native environment. Mesenchymal cells are especially sensitive to the
internal and external es transmitted by the stiffness, or elastic modufi)sof the ECM?®6,
This changss readily observed in isolated cardiac fibroblasts, whose spontaneous phenotype
on conventional polystyrene culture surfaces isfiimmtic, while modified softisubstrate cell
culture yields a phenotype that is closer to théngdibroblast 1> Healthy human
myocardium has a stiffness Bf = 5-10 kPa, while fibrotic ventricle loses much tf i
elasticity atE > 100 kPa'®® 197 Thus, the mechanosensorpaeiorof cardiac fibroblasts and
their related signalling cascadesan important factor to considehen studying the
remodelling myocardium.
1.2.2.1 Mechanotransduction from the Cell Surféescal Adhesions

Focal adhesions are discrete protein complexes which form on the plasma membrane
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and create an indirect signalling netWork betw
The complexes are highly sensitive to mechanical forces and dictate cellular eespons
changes in the matrix environment; this can include Exdkesion andell migration,
triggering gene expression, or remodelling of the actin cytoskéfétbti For cardiac
fibroblasts, integrins play a central role in dictating their phenotype in homeostasis and
disease™.
The pivotal components of focal adhesacmmplexes are integrina,class of
heterodimeric transmembrane receptors which cluster to mediate-ohgpexdent signal
transductiof”® 2% Integrins do not possess any innate enzymatic activity, and so their
signaling capacity is entirely dependentgateinprotein interactions anshechanical input
from the extraand intracellular environmenrf? Integrin complexes consist of okkand one
b s u lereatirig & possible 24 heterodimensd the combinatorial effects6fb gr oupi ngs
yieldsdifferent extra andintracellularresponse$?. In cardiac fibroblast integrins are
upregulated in the fetal gene program and in myofibroblast activ&i@tretchinduced
activation of integrin signalling is mediated in an E@kpendent way. For example, collagen
binding integrins¢.gU1 b1 and U3b1) will vyieldendi fferent i
expression than fibronectininding integrins¢.gU5b1 and U8b1), and both t
responsive to the stiffness of their tissue microenvironf?é&fft’. A very imporant feature of
integrin signalling is their role in the activation of latent FlafFespecially by dimers
cont ai ni ng t @ebtratlién foscaskieLEEM strains induced by cell contraction
via focal adhesions) are transmitted to RGD binding sites on the LAP, which induces a

conformational change in the LLC Jeasing TGFb: into the extracellular spat®.
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Figure 1.4: Summary of mechanotransduction in fibroblast activation and fibrosis.

Integrin binding to the RGBich latentTGFb; complextransmits intracellular force to the extracellular
matrix. Native (soft) matrix does not promot@é&tin polymerization, and ressilin a closed LAP
conformation. Conversely, remodelled (stiff) matrix increases tensile force on the latency complex,
forcing it open, releasing latefMGFb;, and making it available to its receptor. The result is a
feedforward loop of prdibrotic signaling.

Along with integrins, focal adhesions contain several adaptor proteins which associate
with the cytoplasmic domains of the protein heterodimers. These other components possess
enzymatic, catalytic, or scaffolding properties which drive signal digstoon from the ECM
into the cell, or from the actin cytoskeleton into the extracellular space. One important protein

involved in integriamediated fibrotic signalling is Focal Adhesion Kinase (FAK), which is
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activated by tensile forces in the ECM as vesligrowth factor signalling. Gocalized with
FAK are Paxillin and Vinculin (VCL), which act amportant anchoring points with the actin
cytoskeleton and transmit forces to and from the E€NDther proteins, including those of the
LIM Domain family (see Section 1.5.1), also concentrate at focal adhesion complexes and act
as messengers in mechanosensitive and adhstioulated sigal transductiof?®. Most
importantly, these messenger proteins dictate actin cytoskeleton dynamasponse to
changes in the cardiac EChllnd the degree to whichidmentous actin (factin) stressibers
form and depolymerize to globular {&tinY° 20°
1.2.2.3 Mechanotransduction by the Cytoskelegartin Dynamics

The actin cytoskeleton is an exgranging suctural network that controls cell motility
and shape, and serves as a framework for signalling and organelle connectivity. Cardiac
fibroblasts, and nearly all cell types, adjust
ECM stiffness, and theschanges affect their gene expression, function, and physitiady
Cytoskeletal stiffness and contractilayedelimitedby the ratio of Factin stress fibers and
soluble Gactin monomersand the flux between these states occurs concurrently to the shifts
between the fibroblast and myofibroblast phenotifies

The signalling pathways involved in cardiac fibroblast actin dynamics originate at focal
adhesions and transmit to théracellular environmenprimarily via RhoA GTPasé®.
Downstream activation dtho Kinase (ROCKjhen leads téhe phosphorylation of Myosin
Light Chain (MLC), which in turn promotds$ S M-positivestress fibre formatioand actin
contractility. This signalling cascade is complemented by a number ofesstiiciated proteins
which finely modulate fibroblast physiology. For exampledtin polymerization also

modulates the Hippo signalling pathway by competitively interacting with regulatory elements
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upstream of its nuclear effectdts With upregulation of cytoskeletal stregsmgiomotin
(AMOT) and AngiomotinLike (AMOTL) proteins inhibit Hippo signalling bypregulating
the nuclear translocation of the ¥Associated Protein (YAP) and Transcriptional co
Activator with PDZ binding motif (TAZ, or WWTRZ%$! 212 YAP/TAZ are potent co
activators ofCtgf transcription, and have been associated with enhanceebTSgnalling*3,
Until now, this phenomenon has not been studiedriaafibroblaststhoughnuclear
localization of YAP/TAZ has been observed in lung, liver, and kidney fi¥gsis.
Mechanical regulation of YAP/TAZ signalling is elaborated upon in Section 1.3.2.
Although they are often overlooked in traditional molecular experiments, mechanical
cues are crucial to our understarglof cardiac fibroblast physiology. Manipulation of ECM
stiffness bothn vivoandin vitro is becoming an important factor when evaluating new data,

and should inform future research into the prevention and treatment of cardiac fibrosis.

1.2.3 Humanvs. Murine Cardiac Fibroblasts and Fibrosis

Most of thecurrent knowledge regarding cardiac fibroblast physiology has been
acquired using mouse and rat models of diseas® his presents theoncern that we know
very little about human cardiac fibrobldsology'®” 216 Studies using primary human cardiac
fibroblasts typicallyinvolve theuse of cells isolated from discarded tissue from sick patients
undergoing elective surgeéty. As such, the cellarenot only observed in physiologically
extraneougonditions, but are also acquired from sources that@nelition thento a pro
fibrotic phenotypeConversely, when observing murine cardiac fibroblaststro, the
spontaneous phenotype of mouse and rat cardiac fibroblasgsr e s ses | ar ge amol
the goldstandard marker for fibrosis in human myofibroblasf& Furthermorerecent studies

have suggested thatiman and murine cardiac physiology and pathophysiology are much
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more divergent than once thougffitWhen comparingirculating markers and miRNAs from
human heart failure patients $towly-hypertensivdRen2 rats and Anglireated miceit is not
possible tovalidate established animal modelgh respect t@ctual humameart failuré'’.
These results could indeed represent an ongoing inability to generateanslatable data in
cardiac fibrosis researchr it could simply reflect taproblem that chronic fibrosis and heart
failure models are difficult to generate in animals with such a short lifé$ptnvould be
easy to dismiss the validity afurine models of heart disease and fibrdssvevemore high
throughput cell-specificstudies i e. proteomics, transcriptomicgteractomicywill likely

lead to emerging targets and companion biomairkegtter predict the pathogenesis of

fibrosisandheart failuren the future.

1.24 Current and Future Treatmentsfor Cardiac Fibrosis

Regardless of its prevalence in the Western world, cardiac fibrosis is a condition that
remains relatively enigmatic in its pathogenesis and treatment. Conaiioical
intervention for posMI fibrosis involves the use of pharmacological tools to stave off the
onset of heart failure with reduced ejection fraction (HFrEF), improve hemodynamics, and to
alleviate the overall symptoms of cardiac insufficiédgyT he firstline treatment algorithm
recommended by the National Institute for Health Care Excellemg@$§tMI heart failure
patients consists of what 1is coll ogWwetaal | y refe
blockers, and mineralocorticoid receptor antagonist, often in conjunction aviti
anticoagulant therapy.€. aspirin anda P2Y12 receptor inhibitorsuch asClopidogrelor
Ticagrelo)?*®. The combination of these therapresluces blood pressure, cardiac contractility
and heart rateegulates serum sodium levedsid preversthe reoccurrence of a MACE,

respectively. Because this line of attack is intended only to alleviate symptoms, there is much
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interest in therapeutic interviéons that can reduce the rate of fibrogenesis and preventing
heart failure.
There are currently several clinical trials which are attempting to prevent the expansion
of the cardiac interstitium after the initial wound healing response, targeting fiataisis
source. The PIROUETTE trial is testing the efficacy of the drug Pirfenidone in patients with
heart failure, especially those with reactive fibrosis and HEffEFhe mechanism of action of
Pirfenidone is poorly understood, but it has been shown to inhibitBfGFa n -dollggen o
synthesis, as well as pioflammatory Tumor NecrosiBactora | pha ( TNFX&¥?2 si gnal
It is believed that this synergistic action prevents further proliferation of myofibroblasts,
extending the time between the tissue injury, and the onset of filCoasrently approved for
the treatmentfadiopathic pulmonary fibrosis, Pirfenidomgshowing promise as a true anti
fibrotic agent as the PIROUETTE trial has entered Phase II.
Another promising treatment for cardiac fibrosis is the use of Seilunose
Transporter 2 (SGLT2) inhibitors, dite fig !l i f | o z i°?h Origicallydevedopesh dr u g ¢
a replacemerfor metformin for the treatment of type Il diabetes mellitus, the drugs
Canagliflozin (CANVAS trial), Empagliflozin (EMPAREGtrial), and Dapagliflozin
(DECLARE-TIMI trial) have all shown promise in threability to reduce the occurrenoé
heart failurein postMI patients regardless of whether thedividualis diabetié?*. Subsequent
in vitro investigations of Empagliflozin determined that one unexpected benefit of the drug is
its ability to reverse myofibroblast activation, and promote a resident fibroblast phéfotype
Isolated cardiac myofibroblasts treated with Empagliflgresentedewer F-actin stress
fiberslesspref i br oti ¢ gene expression, and -bessenec

treatmert?>. Ongoing trials (DEFINEHF, and EMBRACEHF) to test the efficacy of these
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drugs in a larger cohort of patients with HFrEF and/or with worsening heart failure are
expected taonfirm whether glifloans should be indicated féirst-line treatment otardiac
fibrosis ancheart failuré?*

Finally, another method of intervention for pddt fibrosis involves the use of
hydrogetbased injectable biomaterials, and usiagjvecardiac ECM as a vehicle for
treatment delivery. Thisoderatelyinvasive method is currently in Phase | of clinical trials,
wh er e Ve (Ventrik Igce $al Diego, CA, USAR proprietary flowable material
composed of decellularized porcine cardiac ECNdisinistered byepeatedransendocardial
injectiors into the damaged ventricle after the maturation of the infarct(isea#60 days post
MI)?28, The technique is based on the hypothesis that introducing healthy ECM into the
damaged would stabilize the intiism, provide extra structural support, and promote
physiological fibroblast signalling, rather than a-filotic phenotypé?®. Early resilts ina
small cohort of patients (n = 1@jith mild heart failure demonstrated that there was marked
improvement in in LV remodelling and fibrosis, viable myocardial mass, and a decrease in
circulating Brain Natriuretic Peptide (BNP), a companion biomiadsed to estimate the
severity of heart failuré®. The beneficial effects were especially noticeable in patients whose
MI occurred >12 months prior to receiving the Ventri§&hile these results are promising, it
should be noted that the cohort was overwhelmingly (80%) male, and that some patients were
unable to receive all 18 injections of the material due to an increase in ventricular wall
thicknes$?6. As such, Phase | trials anagoingand areexpectedo further demonstrate the

safety and efficacy of using the ECM itself as a tool for healing failing hearts.
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1.3 Hippo Signalling Pathway

The Hipposignallingpathway was first observed in genetic knockout studies in
Drosophila melanogdsr 22”22%. When upstream components of lignallingcascade were
genetically ablated, the resultibyosophilaacquired a tumorigenic phenotype which gave a
hippopotamus i ke appear ance, henc e? t2Babseguently theay 0 s
Hippo pathway was found to be an essential developmental pathataggulates cell fate and
organogenesis across phyfag. 15) 2% The Hippo pathway hasisobeen referred to as a
tumorsuppressor pathwagnd its dysfunction has been associated with hyperplastic
pathologies including cancer metastasis, neurodegeredisieaseand fibrosig3+233,

Bearing significant resemblance to the mitotic exit networ&ancharomyces
cerevisiaethe Hippo pathway serves as a point of cell cycle exit in eukafybtesmammals,
the canonical sequenceiofracellularsignaling transductiors initiated when Macrophage
Stimulating factors (MST1/23nd Salvador homolog 1 (SAV1) forancomplex which
phosphorylateand activates Large Tumor Suppressor kindsas2(LATS1/2¥%°. From here,
LATS1/2binds Mps One Binder kinaséMOB1/2) which catalyzetheir activity. In its
activated state, the LATS/MOBmplex can then proceed to phosphorylate YAP and/or TAZ,
the primary nucleatargetsof the pathwg?3°. When phosphorylated, YAP and TAZ are
sequestered to the cytoplasm, where they are degraded via the uigicpitimsomeystent=e,
When not phosphorylatdde. Hippo pathway is inactive)Y AP/TAZ exert their regulatory
activity by associating witbRF, SMAD, and TEA Domain (TEAD) transcription factors to
promotepro-mitotic gene expressiéif. As a resultthe Hippo pathway andAP/TAZ
signallinghas garnered significant interest as potential points of intervention for metastatic and

fibrotic disease.
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Figure 1.5 The core Hippo signalling pathway.

Mst1/2 kinase (Hippo irosophilg forms a complex with SAV1, which in turn phosphorylates and
activates LATS1/2. Active LATS1/2 associates with MOB1, which potentiates its kinase activity on
YAP and TAZ. If phosphorylated, YAP and/or TAZ are sequestered to the cytoplasm, where they are
subject to polyubiquitination and proteasomal degradation. If LATS1/2 complex is inhibétddifgpo
signalling is fAoffd), Y&uPtbdssodated with THAD manseriptore at e
factors and influence gene transcription.

1.3.1 Large Tumor Suppressor kinases (LATS)

The LATS kinases belong to the AGC family of proteins, and are ubiquitously
expressed in mammalian tissues, except forpgleeg>" 238 While the literature often

describes LATS1 and LATS2 aswing similar functions within the cell as they likely exist
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due to gene dujeation, there is ample evidentleey aredifferentially regulatecind do not
necessarily possess the same binding pafiie?s In fact, several pathway analyses have
shown that LATS2 has up to 25 times more binding partners than LAES&nding on the
context,and may play a more significant role in regulating intracellular sigaasductiof®.

Human LATS1 and LATS2 share significant sequence homology at ttienn@ni
(~85%), but diverge in the regions near theitekmin3. The Gterminal region in LATS1/2
contain the activation loops which form the kinasalgat domain, and a hydrophobic motif
which resembles the functional domain of AKT kirfdseJust upstream of the kinase domain
lies the protein binding domain, which is crucial for interactions Wi@B1 andLIM domain
proteing®® 2% Within the Nterminus of LATS1, there is a prolirh region, while in
LATS2 the same region contains a PAPA repeath of these is thought to possess unique
protein interaction abiliti€s®. Finally, the relativelsconserved area of the-fdrmini is the
PPxY motif, of which LATS1 has two and LATS2 has #eThe PPxY motif is critially
important for LATS1/2 interaction with YAP/TAZ, and other proteins which contain a
hydrophobic tryptophan repeat (WW) dontafn

In developmental pathwayimdividual Latsgenes hae been observed to hadisparate
functions.Genetic ablation dfats2is embryonic lethal, and it is believed that the lethality
arises fronexcessive cell proliferation accompanied by genetic instability. Conversely,
transgenic mice with global knockoutlodts1were viable albeit with pituitary glad
dysfunction and infeility , and a propensity fahe spontaneous formation ebft tissue
sarcoma¥”®. In humans, somatic mutationstirekinase domain odf ATS1andLATS2have
been found in primary stomach, endometrial, and lung adenocarcitirithere are no

known congenital dieases associated witATSgene mutations, but if the murikaockout
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models reflect the human responaey nonrsilent mutation might negatively affect fetal
development and viability.

Like many other proteins, LATS kinase function is governed by kisedlular
localization and binding partnedsATS1/2 function is regulated by a series of pipahslation
modifications, as well as upstream signals of contact inhibitezhering to focal adhesions,
and cytoskeletal alterations (discussed in Secti8r2)l. Both LATS1 and LATS2 possess
autophosphorylation and protein kinase abilitigsch modulate their inhibitory function
Interaction withMOBJ1 at their hydrophobic domain leads to théghosphorylation of a
series of serine and threonine residwbgch augment the LATS1/2 kinase activity towards
YAP/TAZ. The MOBZXLATS interaction is precipitated by a number of different kinases,
including MST1/2, MAP4Ks, KIBRA (Kidney and Brain expressed protein), and Merlin (also
called Neurofibromin 2§% 24! The phosphorylation status of LATS kinases also affects their
stability, and can sign&br ther polyubiquitination and proteasomal degradation. E3 ubiquitin
ligases target both LATS1 and LATS2 equally, while WW donrtaintaining ligases
preferentially target LATS®. LATS2 has also been observed in an inactive,
polyubiquitinated state without loss of protein stability, sutingghat it is subject to more
nuance postranslational regulatioriurthermore LATS2 is likely to possess some function
beyond YAP/TAZ inhibition, as recent investigations have reported that it can act upstream of
LATS1 to enhance itactivity towardsother protein&®.

Due to theircentral role in the activation of Hippo signalling, and tlkely function in
the regulation of YAP/TAZ, LATS1/2 are targets of high interest for hyperplastic pathologies.

Despite this notion, LATS1 is highly expressed in most tissues, while LATS2 expression is
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much more variabfé® Thus, the tissueand pathologyspecific impact of each kinase remains

to be fully revealed.

1.32 YAP and TAZ (WWTR1) Transcriptional o-Regulators

The paralog¥ AP and TAZ arecanonicahuclear targets of Hippo signalling in
mammals, and functioto ectivate and enhang®oliferative and presurvivalgene
expressioff’. Originally described by the laboratory of Marius SUdOAP was identified for
its ability to bind proteins containing Src Homology domain 3 (SE33h as FAKRas
GTPaseand myosing®. It was not until several years later whbe gene product oW
domaincontaining Transcriptional RegulatorW{WTR]}, TAZ, was identified as having
significant sequencand structurakimilarity to YAP (Fig 1.6%°. Both proteins wersoon
foundto be homologous to tHerosophilaprotein Yorkie, a component of the theascent
Hippo tumor suppressagrathway?°. Since then, much research has been conducted to
demonstrate the function and regulation of YAP and TAZ, and whether they o&n be
therapeutic value in thieeatment oproliferative disease, such eancer and fibrosiG@s
reviewed by Noguchét al)?>°.
1.3.2.1 YAP/TAZ 8icture and Function

The most prominent structural feature common to both YAP and TAZ is the conserved
centralWW domain. Possessing mostly proteinding function, the WW domain consists of
two tryptophan residues separated by230amino acids which form a hydrophobic poéket
Human TAZ contains one WW domain, while YAP contains two as tandesatgeglthough
truncated YAP isoforms with only one WW motif have been idenfiffeé?? The Ww
domains in YAP/TAZ specifically recognizeher W\Wcontaining proteins, as well #se

PPxY motfs in upstream regulatosiementsincluding LATS1/23%° 240 At the C-terminus,
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both YAP and TAZ contaiget another protetinteracting domainthe PDZ-binding motit
Composed of 8®0 amino acids, the PBEiInding motif is found in signaling peptides across
phyla and they often associate with the actin cytoskeleton and transmembrane anchoring
complexe®3. For YAP/TAZ signalling, the podranslational modification of the PB&inding

motif can also dictate its subcellular localizatidast upstream of the PDZ sequence lies what

Transcriptional Activation

I Domain |
® ®
® ® ®
vyap [™P|P[P | -eel j]
Ser61 Ser109  Ser127  Ser164 Ser397
Transcriptional Activation
Domain
® ® ©® |
Ser66 Ser89 Ser117 Ser311
Proline-rich domain D SH3 binding domain
I:' TEAD binding domain @@ Coiled-coil domain
@ Tryptophan domain D PDZ binding motif
(P)  Phosphorylated residue

Figure 1.6: A comparison of YAP and TAZ protein structure.

The primary functional domains of YAP and TAZ include the TEAracting and Transcriptional
Activation domains. Both proteins contain tryptophan (WW) domains, which promote interaction with
other WWcontaining proteins. Important pesanslational phgshorylation sites which regulate
subcellular localization and protein stability are indicated. Figure was adapted from information
reviewed inDevelopment2014 Apr;141(8):161426, andJ Cell Sci 2020 Jan 29;133(2). pii:

jcs230425.
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is commonlyreferredto as thediranscriptional activation domainhowever, this term isolely
based orimited information regardinghe phosphorylation of a specific tyrosine residue
(Y321 in TAZ; Y407 in YAP) and its resulting transcriptional effét&s>* Apart from the
tyrosine residue, thiganscriptional activatiodomain bears little structural resemblance
between the two paralogs. Finally, theédminal region of YAP/TAZ structure is composed
of two highly-conserved elements: a TEAD transcription factor binding domain, an@&14
binding motif3¢. The YAP/TAZ TEAD binding domaisc o n t a i-lelicés\wapardied by a
loop; however, the YAP loop structure containAXuPmot i f (where 0 denot
hydrophobic residué)®. As such, YAP and TAZ have differential affinity towards TEAD
transcription factors, but the physiological ramifications of this distinctioe lgat/to be
determined®. What is known, is that studies involving sitieected mutagenesis of the TEAD
binding domain have demonstrated that it is required for the hyperplastic and tumorigenic
phenotypes associated with YAP/TAZ activatidr’®® Immediatelyfollowing the TEAD
binding domain is a neargonserved phosphaerine motifRSXpSXP(S89 in TAZ, S127 in
YAP) which binds 143-3 proteind*®. When phosphorylated, 43t3 proteins squester
YAP/TAZ to the cytosolvhere they are subsequently ubiquitinated and degr&idustitution
of alanine at these serine residues has been shown to be sufficient to promote nuclear retention
of both YAP and TAZ, and mutations at these sites has been identifiecenalsggressive
cancer genotypé¥: 237,250

Due to their enhanced activity in cancer and cell survival, it is unsurprising that YAP
and TAZenhance the transcriptiaf genes thaire also highhexpressed in fibrotic
diseas®? 5% 260\While the two proteins do not directly bind DNA, YAP and TAZ have been

found to occupy regulatory elements in the promote@TdsF, BIRC5 CYR61AREG and
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ANKRD1in human cells and tissu@$ 22 Thesegenes are targets of the TEAD family of
transcription factors, all of which are associated withquvival and-proliferation gene
activation.Still, YAP/TAZ-associated gene transcripti@niot entirely dependent on TEAD
proteins. Several studies have immunoprecipitated either paralog in conjunction with SRF,
RUNX2, as well as SMAD transcription factors. As such, YAP/TAZ and Hippo signalling are
often studied in contexts which bear sigrafit crosstalk with other pathwalygtgovern cell
cycle reentry €.9.TGFb, MAPK) .
1.3.22 Regulation of YAP/TARrotein Stability

Very little is knownregarding the regulation &fAP/TAZgene transcriptigrand so
much of the available information paining to their expressicand activityrelates to post
translational modification and Hippoediated activation of the ubiquitproteasome
system®. YAP/TAZ protein turnover is ragated much like LATS1/2, via phosphorylatiof
aseveral serine residuasa phosphodegron mati&s well agnodifications leading to nuclear
cytoplasmic shuttlingSeveral kinasesther than LATS1/2ave been shown to regulate
YAP/TAZ stability in a fairly conserved mannesuch aaseinKinase 1(CK1) family
members. However, some preferentially target onalpguover the other; for example,
Gl ycogen Synt has daskrlybees showd o regui@ts RAZ bxpression
Regardless of the kinase involved, the phosphorylation of the phosphodegron motif then
primes YAP/TAZ for polyubiquitination by a number of potential ubiquitin ligases. The most
commony recruited ih-TrCP/SCHE3 ubiquitin ligase which equally labels YAP and TAZ

for proteasomal degradatioalbeit from different phosphodegron sigRais’®?: 262
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1.32.3 Mechanoregulation of YAP/TAZ Activity

Along with pog-translational modifications, YAP/TAZ activity is intimately linked to
mechanical cues at the cell and tissue IeMet formation of mature focal adhesipagended
by ECM tensile forces and induction of cytoskeletal contractility, is a nearly universal
requirement for the maintenance of active nuclear YAP andifiAfomal cell§'3 2°% 261
Both Factin and Rho GTPag#ay essential roles in the cytoskeleton dynamics and stress fiber
formation, and thus their activity is closely linked with YAP/TAZ subcelluaalization.
Work published simultaneously by two independent groups demonstrated the link between F
actin stabilization and the downregulation of Hippo activitppimsophila?®® 264 These studies
demonstrated that inhibition ofa&ctin in isolated cells prevented nuclear localization of
Yorkie (YAP/TAZ), and that genetic deletion of acttapping protein@ap3? yields the same
result$®4. These effects were specific teatin polymerization, as inhibition of myotubule
formation by nocodazole did not produce any change in Yorkie aéivity

In mammalian cellsY AP/TAZ activity is regulated byeall morphology and
attachment, as well as ECM elastiélfyCell spreading requires the activation of Rho GTPase
to form F-actin stress fibers arabntractileactomyosirsystems; this process can be
acceleratedh vitro by culturing cells on stiff plastic matric&S: 266 With this in mind, Hippo
signalling was examined in various epithelial cell lines as well as mesenchymal stem cells
cultured on hydrogelwith increasingelastic moduli0.2-40 kPaj'' 27 It was found that
culturing on stiffer hydrode drastically increased YAP/TAZ nuclear retention and target gene
transcription, while softer hydrogels yielded the opposite result. Similarly, YAP/TAZ nuclear
translocation could be controlled by limiting or extending the available area for cell adl@esion

larger surface aread. more cell spreading) yielded more nuclear YAP/TAZ, while a smaller
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surface area promoting cytosolic retention of the prot€ingAP could also be artificially
driven to nucleaor cytoplasmidrandocation bytreating cultured cells with-&ctinstabilizing
agents like Jasplakinolide, disrupting agents such hatrunculinA2t!: 268269 As g result of
these findingsthe goldstandard demarcatidar the measuremenf YAP/TAZ activity is
now the nuclear localization of either paralog.

In addition to actin dynamics, cethatrix andotheradhesiorassociategignals have
been shown tenodulate YAP/TAZ actiity?’% 21 Also heavily influenced by ECM stiffness,
focal adhesion maturatiénthat is, theformationlarge integrinbased complexes which
promote stable attachmeuttcells to the matri@ promotes nuclear localization of
YAP/TAZ?"2 While it is nota direct result of the flux between &nd Gactin levels in theel,
butthe organization of the cytoskeletpactomyosin tensiomndthe mechaneensory
mediators downstream of focal adhesiatgch finely regulate YAP/TAZ activity Several
intermediaries, such as Angiomotin (AMOdnd their homologs (AMO-Tike, AMOTL),
stabilize the interaction of LATS1/&ith F-actin and prevent them from phosphorylating
YAP/TAZ, allowing their nuclear translocati@i >’ These subcellular events can be dictated
by perturbations in ECM composition. For examiel]s culturel on collagenor fibronectin
coated surfaces have a much higher attachment rate, lower motility, and marked induction of
YAP/TAZ transcriptional activityvhen compared to uncoatsdrface$’ 276

Transduction of tensile forces and attachment signals from the cellular
mi croenvironment modul ate YAP/ TAZre$ponseadd i zat i on
its surroundings. As such, the mechanosensory regulation of Hippo signalling is of paramount
importance in regulating cell phenotype and functtbis axis of signal transduction is of

particular consequence for fibroblasts, as discussed below
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1.3.3 YAP/TAZ in Development and Disease

Due to their mechanosensory role in orchestrating cell behavior, YAP and TAZ
localization are essential for the determination of celldatktissue organization during
embryogenesisThe nucleaicytoplasmicshuttling of both paralogs enable the renewal and
expansion of stem cell populations, and contribute to the determination of ¢&fl fate
transgenic mouse models mimicking upstream Hippo pathway dedegtsats1/2” Mst1/2”

) result in embryonic lethality due to the failure of tissue patterning, especidty heart field
and neuroectoderf: 28 Yapnull miceshare a similar fate, as they lose their viability at
embryonic day 8.5 due to placental and vascular défédtserestingly,Tazknockout mice

are generally viable, but spontaneously develop emphyBkenpulmonary disease, as well as
chronicrenal cyst&. Globaldouble knockout studie¥ &p”, Taz") result in embryonic death
prior to implantationSeveral orgatspecific modelsi(e. liver, kidney, lung, skinintestine,
pancreasand heart) offap Taz andYap/Tazdeletion demonstratdecrease organ size,
and/or lethal loss of organ function, as well as impad@thelialendothelial barrier caity
(as reviewed by Varelas X., 2Q12ZhaoB., 2010 236278 281 ynsurprisingly, overexpression or
introduction of mutatins generating constitutivelyctiveYapandTazgenerate phenotypes
which demonstrate hyperplastic growth, as well as impaired organ fuiiétfeh 28?

Becauser AP/TAZ activation strongly influences cell cycle-eatry, it is not surprising
that their activity is upregulated in proliferative disease cancer, several mechanisms which
upregulated YAP/TAZ uclear retention have been identified. For example, many cancers
possesslteredcopy numbers of the chromosome 11922 locus, which contaiYsAthe
gené® There have also been observations in rare hemangiosarcomas of di¢eraninal

genefusions(i.e. TAZCAMTAlandYARTFEJ) which prevent the phosphorylation of YAP
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and TAZ by the LATS kinasé¥" 284 It is surprising, however, that genetic mutations of any
Hippo component are exceedingly rare, and that thereuarentlyno known cancer
as®ciated with sspecificactivating mutation ity AP/TAZC. Rather, increased YAP/TAZ
activity is often attributed to peirbations in upstream regulatory factors, as well as multiple
extrinsic factors that are concentrated in cancerous tissues. In a similar vein, fibrosis is also
associated with increased YAP and TAZ activation, aliift#nin an etiology-specific manner.
For instance, in liver fibrosispecimens acquired frohtepatitis C Viruspositive patients,
YAP expression was upregulated and predominantly niéfeslowever, imon-alcoholic
steatohepatitifNASH) induced fibrosis, TAZ was found to be the paralog which drove the
pro-fibrotic gene expression in hepatic stellate é&llg\part from the liver, an increasing
number ofinvestigationdave associated upregulation of YAP and/or TAZ activityr w
fibrosis in several other organs, including the skin, kidney, lung, and most recently, the
heart84 250

Overall, the current literature suggests that YAP and TAZ have interchangeable, or
even redundant, functions. While it is apparent that the global effects of overexpression or
knoddown of one can be recapitulated by the othmare recent investigations have brought
to light the possibility that their function diverges in a contgpécific mannerContinued
investigation of the function of YAP and TAZ individually will render dtbeunderstanding
of specific disease states and whether the perceived YAP/TAZ redundactyakly

emblematicof the diverse functions of two proteins.

1.34YAP/TAZ in the Heart
Mammalian hearts undergo two general phases of development: the hyperplastic

growth during embryogenesis, followed by the hypertrophic growth in postnatal heart
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maturation. Numerous gaiand lossof-function studies involving cardiespecificYapand/or

Tazmanipulation have associated the genes with both phases of cardiac develépment.

present, most transgeraoalyse$ave only investigated the effectsYdpoverexpression or

knockout, as one study in mice with cardiomyoegpecific knockout ofrazdid not show any
apparent differences from wikype littermate€®. CardiomyocytespecificY apdeletion

generates a numbef loypoplastic defects of the chambers of the heart, and the mice die

anywhere from embryonic day 10.5 and 11 weeks postpartum, depending on the promoter used

to induce the knockotit’. However, because adult cardiomyocytes possess negligible
proliferative capacity after injury, YAP and TAZ have garnered significant sttéveits
potential in regenerative medicine, especially in the-ptidteart. Embryonic induction of
constitutivelyactiveYap(S127A or S112An cardiomyocytes produces a thickened
myocardium and cardiomegad®. When induced postnatally, constitutivapactivation
increases heart weight by upregulating cardiomyocyte proliferation, but not hypeftfophy
There are at present no cardgpecific mouse models dhzactivation in the literaturgjet it
would be of value to investigate whether its produces similar or diverging effécapio a
cell-specific manner.

In addition to cardiomyocytepecific manipulation oY ap/Taza very recent
investigation by Xiaat al has demonstrated the importance of YAP signalling in cardiac
fibroblastd®4 Using aTcf2Zinducible Cre mouse model, the group studied the effects of

Lats1/2deletion, with and withouYapdeletion, in adult cardiac fibroblasts. Updeletion of

Lats1/2alone, the mice developed spontaneous interstitial fibrosis of the ventricles, enlarged

andfibrotic atria, and HFpE*®4 Still, it was determined thatats1/2are required for proper

infarct scar maturation, as mice subject to coronary artery ligation amMyed 3 weeks post
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MI due to extensive reactive fibrosis and ventricular rupture. When combined with genetic
ablation ofYap theLats1/2" mouse hearts showedrarkedreduction of reactive fibrosidut
did not indicate any amelioration in infarct simeoverall surviva*. Once again, due to this
study6s e x §dpand mofTaz it is enknswn evimether the latter is implicated in the
pathogenesis of cardiac fibrosis, and whether its manipulation in thivpbsiart could

improve heart function and survival outcomes.

1.4 SKI

Originally identified by the laboratory of Edward Stavnezethascellular homolog of
the avian SloaiKetteringretrovirus (v-ski), SKI was characterizess anecessarpuclear
factor in muscle cell differentiation that could also contributisssuespecific cell
transformatiort®® 20 Several years later, the group then established SKplasogropic
transcriptional caepressor that exengidespreadnhibitory activity, but seemed to
preferentially targeBMAD-dependent TG# signalling?%® 2°2 Investigations by other groups
then identified SKhovel protein §NO), as well aghe DrosophilaDachshundgrotein(Dac
and itshumanhomologs (DACH./2) as closelyrelatedproteinsthatexhibit paradoxical
function which can both mimic andppo® SKI 2°*2%, Since thenseveral proteins bearing
similar functional domains have populated ®KI/SNQDAC family, and their celland
diseasespecific functions remain to be fully defined.
1.4.1.1. Phylogeny, Structure, and Function

SKl is one oft3members of th&KI proteinSuperfamily of TGFb transcriptional ce
regulators Table 1.). The Ski gene is highlyconserved among higherdervertebratesand

consists of seven exons, with twoiqueisoforms’®. The predominant SKI isoform observed
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in humans is the fullength 90 kDa potein, while a 60 kDa isoform lacking exon 2 has also

been isolated®. Although originally speculated to resulbin alternative splicing, it has been
suggested thatthe tv8KIt r anscr i pts arise from difference
regiort®’. Both versions ohumanSKI tend to localize in the nucleus, however the low

molecular weight isoform possesses a much shortefiteaéind has not been characterized to

have anyfunction resembling its fullength counterpait®,

Table 1.1:SKI Superfamily of proteins

Gene Name Gene Product Expression*
SKI SKI Ubiquitous, except in thymus
SKIDA1 SKIDA1 Ubiquitous, especially thyroid gland
SKIL SNON Ubiquitous
SNON2 Ubiquitous, less abundant than SnoN
SNOA Ubiquitous
SNOI Skeletal muscle only
DACH1 DACH1 Ubiquitous
DACH2 DACH2 Ubiquitous, except in immune cells
SKOR1 SKOR1 Predominantly neuronal
SKOR?2 SKOR?2 Spinal cord, cerebellum, testis

*Based on entries from Genotype-Tissue Expression (GTEXx) project, https://www.gtexportal.org/home/

SKI protein structure is described as having three primary donfdmsl(/). The N-
terminus consists of a Dachshund Homology Domain (DHD) which is comprised of 100 amino
acids t hat -haelltiecrashbetatenaedabnstrudture. The DHD does not possess
any DNA-binding ability like its namesak®AC protein), however it appeaa to be
responsi bl e for t h-ntenacijgéunciionality®orfansGigtibndlso pr ot e
regulators such as NCoR, Methyl CpG binding protein 2 (MeCP2), and histone deacetylases
(HDACSs), have been shown to bind SKI via the D) Several transcription factors also

associate with this domaimcluding GATA-binding factors and retinoblastoma protein
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(Rb)"°. Downstream of the DHD lies SAND-like domain(named afteBp100,AIRE-1,

NucP41/75DEAF-1), whichfacilitatesSKI binding to SMAD4%°. Genuine SAND domains
typically bind DNA in a ZA* dependenmanner however, the SKI SANBike domain hasot
demonstratd any DNAbindingpropertie€®. The interaction between SKI and SMARAds
to the downregulation oFGF-b; target gene transcriptidyy recruiting NCoR and HDACs to

promoter SMADbinding element8®. Finally, the Gterminus of human SKias a coileetoil

® & ® ®
SKIi [ T7 DHD [T] SAND | [clc ™
Ser326 Ser383 Thr458 Ser515
|:| SMAD-interacting regions % Coiled-coil domain
Dachshund Homology Domain
® Phosphorylated residue
SAND-like domain

Figure 1.7: Human SKI protein structure.

The functional regions of human SKI include the Daadinsl Homology Domain and SANIike
domains The central portion of the protein, while lacking any distinct secondary structure, is crucial for
SMAD interaction. Known postanslational phosphglation sites which regulate protein stability are
indicated.

domainwhich is believed to facilitate the formation of SKI homodimers and SKI/SNO
heterodimersalthough this observation was made in-f@le systemin vitro®°2,
Themiddlesegment of SKI does not bear afgfined secondary structure, yet
possessesuch of its SMADbinding capacity. The region spanning amino acid residlizs
480is especially important for theegativeregulation of SMAD2/adependent signallingf?. It

is believed that SKI wedges itself between SMAD2/3 ar8MADA4, disrupting the actier

48



transcription complexwhich in turn enables the recruitment of HDACs to the gene promoter
(Fig. 1.8)%%2 However, this mechanism of action has only been obsénvétto, and in the
presence ofxagenous TGH, treatment. Thus, the physiologiaaid pathophysiological
interaction of SKI with SMADs remains to be elucidatedivoand/or in a TG
independent manner.
1.4.1.3Regulation of SKI Expression
Until recently little wasknownabout the transcriptional regulation of SKI.

Investigatios by Xie and colleagues have demonstrated tigahtimarSKI gene and promoter
werehypermethylatedi.g. silenced) inung cancer specimens, which supports the notion that
is may act as a tumor suppres$dMWhile the specific transcription factors andregulators
involved are unknowr§KI transcriptioncan beupregulated in response to retinoic acid
signalling, as well as SRR differentiating cardiomyocyté¥" 3> Conversely, tte only
confirmednegative regulators @KImMRNA expressiomremiRNA-21, 29a, 1273p, and 155
all of which are associated wiffromotingfibro-proliferative and metastatic dise3%&.

Althoughthe transcriptionainodulationof SKI is still poorlydefined its post
translational regulatiois much bettestudied SKI expression is predominantly controlled by
ubiquitinrmediated proteasomal degradatidwo serine residues (S325dS383) are subject
to phosphorylation by Aurora A kinag8@URKA), which in turn decreases SKI protein
stability!”® 319 Similarly, AKT kinase has been shown to phosphorylate the Thr458 residue in
response to hepatocyte and insdilke growth factors to labellg for degradatio® 3! The
residue at Ser515 has also been ifiedtas a point of phosphorylation; however, the kinase
responsible for the modification has yet to be identifie®nce phosphorylated, Skkecomes

polyubiquitinatedby theE3 ubiquitin ligase Arkadia, although the exact lysinarginine
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residues responsible for the formation of the SKI phosphodegnaain undefinett®,
Arkadiadependent ubiquitination of SKI is apparently elegent on the induction of TG
signalling, and is catalyzed by the interaction of SKI with SMAQE. 1.8) While this
TGFDb-triggered action is mimicked by SMADbiquitinationRelated Factor 2 (SMURF2), it
has only been confirmed in SNO, and not 8KISNON has also been shown to possess two
SUMOylation sites at lysine residues (K50 and K383) which facilitate its interactibn wi

SMURF2, whereas SKI has not been shown to have homologous regulatory‘méffs

O SKI Degradation Co-Smad4
1
| AURKA
\ AKT1/2

BB

WA

Figure 1.8: Summary of TGF-b $MAD-dependent SKI signalling and regulation

TGFb; signalling induces the nuclear translocation of active SMAD2/3 complexes. SKI inhibits the
formation of active SMAD complexes at promoter SMAIDding elements by recruiting €epressors
(e.g.NCoR1) and HDACSs to promote gene silencing. SKI stabilitgdgilated byf GFb;-induced
activation of AURKA and AKT kinases, which then signal Arkadia to polyubiquitinate SKI and
promote proteasomal degradation.
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1.4.2 SKI in Development and Disease
AsTGFb signalling plays a candiembryogenesis; SKI e i n
is intimately involved in regulating the strength and sptgroporal effects of SMAD
dependent signals. SKI is specifically important in regulating the formation of the central
nervous system during embryonic development, andjigned for the proper development of
skeletal muscle and limb morpholotfy' 2® GlobalSkiknockout mice result in embryo
lethality due to impaired neural tubad eydormation truncated limb formation, craniofacial
abnormalities, and the failure of muscle mass formtiott was also found that partial
knockdown ofSkiin mice generates significant defects in eye and neulvalformatiof!’.
Conversely, etopic expression aki in zebrafish resulted in impaired BMP4 signalling, and
generated zebrafish wititered brain patterningndthema | f or mat i on of t he n
dorsatventral boundarig€$®. The study concluded thakiis required for proper gastrulation,
andincreasedxpression promotes abnormal expansion of the meséderm
In contrast to the zebrafish studiggnsgenic mouse models $kioverexpression
under the control of a viral promotgenerated animals without any obvious embryonic
defects$'®. However, the mice presented with significant muscle hypertraiigh was
paradoxically devoid of a corresponding increase in strength or mitochondrial capacity.
Corroborating studies demonstrated that overexpressihkiggsults in increased expression
of genes encoding myogenic factors such as muscle creatine kinas@ hgya chain, and
myogenin, and alters the mus®¥f?6s capacity f
In humansthe only known disease associated with genetic defe&Klirs
ShprintzerGoldberg SyndromésSGS) an autosomallominant disorder that arises from a

spontaneous Hrame deletion withinthe SMAD-binding domain of exon 3232, Patients
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born with SGS present with craniosynostosis, which then causes facial dysmorphisms such as
hypertelorism, exophthalmos, and a narrowing of the palate aritPjalose afflicted with

SGS are often described as having Matiee bodies, with common features such as scoliosis,
arachnodactyly, as well agvere skeletal nsale hypotoniand abdominal herni2es.

Unsurprisingly, SG&fflicted individuals often have intellectual disabilitesd a propensity

for epileptic seizuresamong other neural defett$ There is also a small subset of SGS

patients who develop aortic aneurysms, althouglréason behind this selective abnormality

is poorly understocd’. Regardless of the patient presentatiba,gathophysiology of the

disease lies within thencontrolled TGFb si gnal |l ing that mani fests f
defective SKI to bind SMAD¥* As a result, unmitigated regulation of myogenic and
mesenchymal cell signallingselts inabnormalkonnective and muscle tissdevelopment.
Typically, SGS patients live to about 40 years of age, and their death is often related to the
neural and/or cardiovascular defects that accompany their diagnosis. Fortunately, the
prevalence 08GS is very rare, as fewer than 50 patients have been reported in the current

worldwide populatiof?®,

1.43 SKI in Cardiovascular Health and Disease

SKI participates in the homeostasis of myocardial and vascular tissues, as they are
considerably affected by the regulation of FGF s i g nnastudies usigg human coronary
artery endothelial cells, SKI was found tnibit EndoMT and prevent the expression of
fibrogenic factors such as Snail and Twist in response tom®&Eatment?®. In addition, SKI
expression is negativelggulated by miRL55 invascular endothelial cells, as its
overexpression was found to be causal to SKI downregulatiperivascular fibrosi&2,

Similarly, work done by Li and colleagues demonstrated that SKI inhibits VSMC proliferation
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in a rat model of vamilar remodellingf®. In vivodelivery of SKI after vascular balloon injury
suppressed neointima formation by reducing VSMC hyperplasia. Inagdit vitro studies in
A10 (rat VSMC) cells showed reduced p38/MAPK signalling upon ectopic SKI expr&Ssion
In addition to vascular hehl our group has previously reported several mechanisms
by which SKI contributes to theromotionof resting cardiac fibroblast physiolodyirst, in
vivo analyses of SKI expression in a rat model of {dktvound healing revealed that while
SKI expressia increases in cardiac fibrosis, its expression is predominantly cytasolier
than nuclea¥. Furthermoreijn vitro overexpression of SKI in primary cardiac myofibroblasts
showed a marked reduction&D-A fibronectinexpressiongell contractility and collagen |
synthesisSubsequendtudies demonstrated that SKI overexpression also results in-the de
repression oMeox2gene expressioms well as inhibition oScxa which in turnprohibits
activatedcardiac mypfibroblastsfrom cell cycle reentry?®!: 232 We have also established that
SKI regulates intracellular MM® expression, as well as its secrefionitro3*, Ectopic
expression of SKI under pifibrotic cell culture conditions showed a marked increase in
MMP-9 secretion and gelatinase activity in a ddependent manner. Moreover, SKI reduced
FAK phosphorylation, as well as paxillin expressiamich then resteéd in increased cell
motility333. Finally, induction of SKI expression promotes the fibroblast phenotype by
inhibiting autophagy, a known contributor to mymbblast survival and proliferatiétf 3
With chronic SKI expression.€.>72 hours of induction), primary cardiac fibroblasts
underwent intrinsic apoptotic cell dedth This mechanism of cell death was hastdnethe
addition of autophagic inhibitors such as Bafilomycin, and could not be rescued by the addition

of recombinant TG#x.
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Because SKIb6s effects on cardiac fibrobl ast

changes in cell physiology and phenotyipés likely that its mechanism of action
encompasses multiple avenues of signal transduction. While SKI has beestaklished as
an inhibitor of SMADdependent signalling across multiple pathologies, this thesis explores
S K1 06 sfibratioproperties which stem from a multitude of functions beyond SMAD
inhibition.
1.44 SKI and the Hippo Signalling Pathway
To date, there is limited evidence of SKI interacting with Hipgmallingin primary
cellsa direct wag that is, byimplicating thecore components of the pathwade only
evidence of a causal link between SKI and Hippo signalling activation was demonstrated in
two oncological studies, both of which utilized breast MCF10A, MDA-MB-231), kidney
(i.,e.ACHN), and lungi.e.N C | H3 A 49, NCI H1299, HCC8 27, NCI
NClI H292, ahcdnces ¢ell linE°S3¢ Both studies demonstrate a decrease in
TAZ protein expression with ectopic SKI expression, as well as a marked reduction in cell
proliferaion, migration, and tumorigenicitffhework done by Rashidiaet al. suggests that
SKI directly interacts with several components of the Hippo patheugyl(ATS2, MOB1,
MOB2)%3, However, hese conclusions are questionable in the context of genuine pathology,
as the experiments done to provide this data were conducted in HEK 293T cells overexpressing
both the bait and prey proteins, and no data was provided to supporteaagtion with
endogenous Hippo effectors. Several other groups have remarked that physiological SKI
functionality is not observable in most cell lines, and that such experiments should be

cautiously interpreted, or used solely for probfconcept studig’® 300, 330, 337, 338

54



1.5 LIMD1

LIM Domain-containing protein 1 (LIMD1) belongs to a class of proteins which appear
to primarily function as mediators pfoteinprotein interaction$®. LIM domains are
phylogenetically conserved among eukaryotes, and consist of two zinc fingers joined by a short
hydrophobic linker4? 34! Proteins containing LIM domains do not appedraeeconserved
amino acid sequencedespiteanysimilaritiesin their secondary structure. They haxarious
subcellular functions, including cytoskeletal organization, regulation of gene transcription, and
oncogenic transformatiott®3*2. Predictablyseveral of these proteins possess paradoxical
functions that are often contested in the liter&dré®. It is quite evident that the function of
LIM -containing proteins are cell, tissue, and/or pathekpupcific*’. Nevertheless, the LIM
Superclass of proteiris a diverse group of moleculadapters which function to link
seemingly unrelated or incompatible proteins to one another.
1.5.1.1LIM-Containing Protein Structure, Classification and Function

Named after the first three proteins in which LIM domains were discovenadl, Isl-
1, andMec-3), this diverse family of peptides was initially characterized as protein scaffolds
347 LIM domains are uniquely characterized by an extended cysiemenotif with two
conserved histidine residués;X2-C-X17.10-H-X2-C-X2-C-X2-C-X1519-C, which bears
resemblance to DN#inding zinc finger&? 3*  Although LIM domains do natecessarily
bind DNA, the motif serves as an interface for interactions with otiMrdontaining
proteing4?: 350

Apart from the conserved zinc finger domain, LIM protein functions and sequences are
highly variable, and so they are subdivided into three broad groups based on those properties.

Thus far, LIMcontaining proteins have been found to contain two lone LiMaidons (nuclear
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ALIKONI|I yo proteins), a pair of LIM domains in <c
complex protein structure with up to five LIM domaitis®*! Group 1 LIMcontaining
proteins consist afiuclearLIM -Only and small LIMhomeodomain proteins, while Group 2 is
categorized as Cystenitich Proteins (CRRCRP3) which are crucial farell differentiation,
especially in myogenesi§ 34’ Proteins inGroup 3arethe most structuraliyliverse,andare
exemplified by integrinand cytoskeletomssociated proteins such as PINCH (5 LIM
domains), Paxillin (4 LIM domains) aritde AJUBA (3 LIM domains)class of proteind*’: 352

The most recently discovered member of AJ&JBA LIM proteinfamily, a subset of
the ZYXIN family of actin-associated.IM proteins is LIMD1 (Fig. 1.95%. First
characterized itumor gene mapping by elimination tests in a joint study of mouse and human
cancersLIMD1 wasviewed as a potential oncogéfie The central partof LIMDY t he- fipr e
LI Mo d ecomtainsa prolingich region which is believed to behave as a transcriptional
(co-)activation domai#r®. There iscurrently little evidence that LIMD1 directly binds DNA,
despite its ability to shuttle between the nucleus and cytopiadiowever, the proline motif
in LIMD1 does bear somesemblance to a SH3 dom&und in many proliferative signal
transduction pathwaysshich may exert further proteibinding activity?*>°. The preLIM
domain is also subject to phosphandsignasttor on, whi
interaction with various binding partners, including a&firt>> One important LIMD1
interactor is VCL, an actibinding cytoplasmic protein that is recruited to -a@ll junctions
and focal adhesions in a tensidependent mann#éf 356357 |t is often celocalized with
Paxillin and integrins, and is believed to be a significant contributor to fibroblast motility and
cell-matrix adhesiot?® The consequences of the LIMInculin interaction remain unclear

in solid tissues, but in the context of discrete cell physiology, it has been associated with the
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mechanosensory apparatus which governs the activation of the Hippo pathway (discussed

below, Section 1.5.3) 3%°

Actin-binding region

LIMD1 | < LIM>Z<L|M>Z<L|M>E]

GGG Proline-rich region

@ LIM domain

‘:l Pre-LIM domain

Figure 1.9: General structure of AJUBA Family proteins.

The functional regions of human LIMD1 are shown, but are representative of all members of the
AJUBA LIM family of proteins: AJUBA,LIMD1, andWTIP1. The actin binding region is subject to
phosphorylation, although the exact residues responsible for ghist@ry mechanism are unknown.
The prolinerich region is common to all AJUBA Family members, and also interacts with other
proteins in an SH8ke manner. The three tandem LIM domains at tHer@inus vary in their
sequences, but the last two (purpleabmore semblance to each other than to the first LIM domain
(yellow). WTIP1, Wilms Tumor Interacting Protein 1.

Finally, at the Gterminus lies a-&IM domain-containing section, which exerts its own set of
protein binding abilities, and imparts tapacity for both nuclear and cytoplasmic
signalling®*. Studies in AJUBA protein determined that th&I® domain is required for
interaction with other proteins at adherens junctiondyesomes, and focal adhesion
complexe®* 3¢ Overall, LIMD1 appears to primarily function in signal transduction buy
shuttling between subcellular compartments to relay information from the celbraeento the

nucleus, and viceersa.
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1.52 Roleof LIMD1 in Developmentand Disease

As Hippo signalling is paramount to organogenesis, LIMD1 and the AJUBA family of
proteins are integral to providing mechanosensory input for proper tissue structure and
compositiord** 3% 361 Dye to the functional heterogeneity of AJUBA protethsre is a dearth
of information in the literature regding the physiological function afiMD1. Studiesin the
homologouDrosophilagenedJubhave demonstrated that it is essential for embryonic
developmerit? 3 Tissuespecific deletion oflJubresulted in marked reduction in organ size,
and deronstrated that the protein product dJub colocalizes with centrosomes in neutBblasts
Conversely, i transgenid.imd1’ mice,global ablation of.imd1did not afect embryo
viability®®”. The pups presented normal bone density, but isolatedil”~ osteoblasts failed to
respond to any osteoclasticnstili. The study also concluded that Limd1 was upregulated
during osteogenesis and bone resorption, but was not essential for proper bone dev&lopment
Concurrent studies by another group demonstrated that Limd1 is necessary for the recruitment
of TNF Receptor Associated Factor 6 (TRAF6) to thelAfbmplexin osteoblasts, a
canonical event in osteoclast activaifdnThese findings are of potential value when
considering fibrotic disease, asteoclast and fibroblast activation share significant overlap in
their signaling pathways, including T&- a n d t h ef AR-Inddpercdéni gene o
transcriptiorfé363,

In human pathology, LIMDhas beerimplicated inbothtumordevelopment and
tumor suppressiorStudies inA549 cells demonstrated thaticlearLIMD1 can interact with
Rb in the nucleus to induce cell cycle arrest, and that this process aareised with RNA
interference (RNAB®. Several other studies in cancers arising from deletions at chromosome

3p21.3containing the.IMD1 locus postulated that loss of LIMDL1 is associated with
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adenocarcinomas and squamous cell carcinomas of the head arkldrexk as well as the

lung®® 38 Furthermore, a rare variant of LIMD1 contaigithe Ser255Arg amino acid

substitution has been identified in sporadic breast cancer, although this was the only gene that
was probed in the study and the physiological relevance of Ser255 has yet to be invé&tigated
It shouldalsobe noted that the 3p21.3 genetic locus contains 17 gameétgienetic mappings

of this region showed several potential tumor suppressor genes that did not lire! 458,

Thus, inference between deletion or mutation of the 3p21.3 locus should be examined as
perhaps a synergistic effect of the loss of multipleaalle regulatorsrather than solely due

to the loss of LIMLL.

1.53LIMD1 and the Hippo Signalling Pathway

When examining its enigmatic tumpromoting properties, LIMD1 is primarily
characterized as being cytosolic and often associated with adloesnplexesWhen in the
cytosol, LIMD1 is a negative regulator of the Hippo pathway, enabling the nuclear shuttling of
YAP/TAZ and resulting irproliferative gene activatidft 352 359 370 Stydies inDrosophila
were the first to identify AJUBA family proteins asntral regulators of Hippo signalling, as
knockdown of homologoudJubresulted in impaired organogenésisSubsequent
i nvestigations det er mi ne dcatenmattadhdrénsijonctipnsot ei n
where it recruits Warts (thBrosophilaequivalent of LATS1/2) to the complex inJ&IK- and
tensiondependent mann&f: 379 In immortalizedmammalian cells, cyclic stretiecty promotes
JNK-dependent LIMD1 binding to LATS1, which in turn promotes the nuclear localization of
YAP3%, This phenomenowasrecapitulated simply by culting the cells on stiff plastic
surfaces, and inhibited by culturing on soft surfaces (0.2 &PRaf)armacological inhibition of

JNK signalling
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Most recently, it was found thainctional localization of LIMD2with both LATS1
and LATS2is dependent on cell density, as well as Rho GTRetbaty (i.e. increased
myosindependent mechanotensit#il) Using MCF10A and MDCKG cell lines, LIMD1 was
co-localized to the cell membrane with LATS1, LATS2, and VCL at low cell density, and this
was attended by nuclear localization of YAP. After the formation of confluent monolayers,
with treatment with blebbistaticytoplasmic buttling of YAP was observed in concert with a
loss of LIMD1 and LATS1 cdocalizatior?*4. While bothstudies were conducted in
immortalized cells, it isfmportant to consider the applicability the findings to primary cells
and the function and phenotype of stromal deligivo. When examining fibroblasand
myofibroblags, cells which are highly sensitive to mechanical signals in pathological settings,
LIMD1 may be a significant factor texamine when identifying points of intervention in

fibroproliferative disease.
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CHAPTER 2: RATIONALE, HYPOTHESIS, AND AIMS
2.1 Study Rationale and Disease Context

The World Health Organization has recognized heart disease as the leading cause of
death inthe world, accounting for 33% of athuse mortality/* 3’2 However, due to recent
advancements in the treatment of heart disease and major adverse cardiac events (MACE) such
as M, it is estimated that 35% fewer patients die from the initial MEEE? Rather, most
patients die 5 yeasostMACE due to the onset of cardiac fibi@and eventual heart
failure®*: 3”3 In Canada, approximately 50 000 patients are diagnosed with heart failure every
year,adding to a rising total of over 600 000 Canadians currently living with the disedse
further complicat@pproximationsit is likely that upwards of million Canadians have some
degree of undiagnosed cardiac fibréSisMoreover it is estimated that heart failure alone
accounts for nearly $3 billion in direct healthcare costs, while the indirectarestalued at
over $20 billion annualff®. Apart from the soci@conomic costs of cardiac fibrosis, heart
failure patients and their caregivers face sigaiitcpsychological and physical burdens.
Depression, anxiety and other mental health disorders are diagnosed in over 30% of heart
failure patients; this is also the cdeecaregivers who are tasked with dealing with the stresses
of frequent appointmentsedication requirements, and limited physical capabilities of heart
failure patient¥’®. Despite the rising healthcare asmtietalcosts associated with heart failure,
there exists no effective therapeutic intervention to prevent or treat the underlying cause,
cardiac fibross.

Our lab previously established that SKI is a driver of the resting fibroblast phenotype,
and that its overexpression in primagrdiac myofibroblasts reverts their phenotype to a more

physiologicalstaté3®332 335 While SKlhas been shown to inhibit T&@¥signallingin
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hyperplastic pathologies such as cancer metastasis, this singular pathway of cell cycle arrest
cannot account for the overt phenotype shift that is observed upon overexpressiothelhus,
guestion arises as whetherSKI possesses further inhibitory function, such as crosstalk with
othersignallingpathways ouniquemechanisms of gene suppression. Novel data presented in
this thesis indicate that SKI is indeed a mfutictional inhibitor of fibreproliferative disease,

and that a key component of its action includes the activation of the Hippo pathway. T
concept merits investigation as Hipgignallingmay be implicated in the initiation and
progression of cardiac fibrosis, which makes tKé-BHippo relationship a clinicallyrelevant

therapeutic target.

2.2Hypothesis

Central hypothesisSKI regulates myofibroblast function aadtivation statéothin
vitro andin vivoin the postMI heart. We have established a causal link between increased Ski
expression and an attenuation of the myofibroblast phenotype, which is denoted by decreased
collagen synthesis and contractility, and a reduction in the expressernayapro-fibrotic
and ECMmarkers.

Specific hypothesiSAZ (WWTR1) expressions negatively regulated byk3, and the

induction of this signalling axis promotes the fibroblast phenotype.

2.3 Study Objectives and Specific Aims
Objective 1: In vitro studies.To develop cell culture conditions which promote and/or
maintain a quiescent phenotype in primary cardiac fibroblasts.

If we are to study cardiac fibroblast activation at a molecular level, conventional cell

culture techniques must be modified as theydt lend themselves to promoting resting
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fibroblast physiology. Optimization of twdimensional cell culture conditions ought to be
performed in order to limit external factors which produce the spontaneous activation of
cardiac fibroblasts vitro.

Srecific Aim 1.1 To regulate mechanical, nutritional, and hormonal inpubrder to
produce more physiologicalselevant conditions to study cardiac fibroblast activation in

isolated primary cells.

Objective 2: In vivo and in vitro studies.o establisthe role, if any, of Hippsignallingin
cardiac fibroblast activation.

The nuclear effectors of the Hippo pathways, YAP and TAZ, are known to promote the
pathogenesis of fibrotic disease in soft tissues. With respect to cardiac fibrosis, only YAP has
bee explored as a contributor to fibroblast activation; however, TAZ has been shown to be the
primary contributor to fibrogenesis in the lung, another mechaniaatlye organ. Identifying
the roles of YAP and/or TAZ in cardiac fibroblast activation woutohately support the
concept that Hippo signalling is an important regulator of fibrosis in the heart.

Specific Aim 2.1Tofully characterize the rol& AP/TAZsignallingin the activation of
cardiac myofibroblastsn vitro.

Specific Aim 2.2To fully elucidate the expression of YAP/TAZ in and in vivo model of

postMl fibrosis.

Objective 3: In vitro studies To decipher the mechanism by which Si€tivateHippo
signallingto specifically target TAZn cardiac myofibroblasts.
Our preliminary studiesugigested that SKI overexpression in primary cardiac

fibroblasts leads to a marked decreased in both nuclear and cytoplasmic TAZ expression,
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leaving YAP expression unchanged. Because this phenomenon is very specific for only one
homolog, it is of interesbtknow whether this interaction is direce(proteinprotein) or

indirect {.e. negative transcriptional regulation, or upstream Hippo targeting), so as to provide
insight into potential targets for future afibrotic therapies.

Specific Aim 3.1Tofully characterize the regulatory effects of SKI on TAZ, and
determine whether it occurs at the level of transcription, translation, ortpasslational
modification.

Specific Aim 3.2To describe the SKI and TAZ protein interactomes in primary human

cardiac fibroblasts and demonstrate whether there is a direct link between the two proteins.
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CHAPTER 3: MAINTAINING PRIMARY MURINE CARDIAC FIBROBLASTS IN

TWO-DIMENSIONAL CELL CULTURE

The contents of this chapteeenpublished under a Creative Commo@&£(BY) licenséin:

AAN Improved Method of Maintaining Primary Murine Cardiac Fibroblasts in
Two-Dimensional Cell Culture

Scientific Reports2019;9 (1):12889.doi: 10.1038/s4159819-492859.

Natalie M. Landry, Sunil G. Rattan, lan M.C. Dixon

Institute of Cardiovascular Sciences, St. Boniface Hospital Albrechtsen Research Centre,
Department of Physiology and Pathophysiology, Rady Faculty of Health Sciences,
Max Rady College of Medicine, University of Manitoba, Winnipeg, Manitoba, Canada.

The methodology described in this chaptetline necessary optimizations to two
dimensional primary cardiac fibroblast cell culture which tfamilitated the physiologically
relevantin vitro studies of cardiac fibroblast activation in ChaptePHdor to this, primary
cardiac fibroblasts were typically maintained under conditions which favour the activated
myofibroblast phenotype, preventing the execution of more nuanceduh assays) vitro.
Theresultspresented heraddress the objectives of Aim 1 of this thesis, and suggest that
mechanical, hormonal, and nutritional input should be considered in primary cell ciilture
cardiac fibroblastd, Natalie Landry, was responsible for the study design and optimizations,
execution of experimentdata collection, statistical anabgs and writing of the manuscript
Sunil Rattan assisted in primary rat cardiac fibroblast isolation for this ahdahssistedvith
data analysis. Finally, lan Dixon supervised this study, and contributed to the initial study
design final data interpretatigrand editing of th@ublishedmanuscript.

Acknowledgements:We are grateful t®r. Mark Hnatowich (Albrechtsen Rearch Centre)

for his assistance gPCR primer design and reviewed the final manuscript before submission.
Many thanks are also extended to Dr. Boris Hinz (University of Toronto) for his advice
throughout this study.

AThis article was distributed undehe terms of the Creative Commons CC BY license, which permits
unrestricted use, distribution, and reproduction in any medium, provided that the original work is cited.

65


https://www-nature-com.uml.idm.oclc.org/articles/s41598-019-49285-9

3.1 Abstract

Primary cardiac fibroblasts are notoriously difficult to maintain for extended periods of
time in cell culture due to plasticity of their phenotype and sensitivity to mechanical input. In
order to study cardiac fibroblast activationvitro, we have deveped cell culture conditions
which promote the quiescent fibroblast phenotype in primary cells. Using elastic silicone
substrata, both rat and mouse primary cardiac fibroblasts could be maintained in a quiescent
state for more than 3 days after isolation ghese cells showed low expression of
myofibroblast markers, including fibronectin extracellular domain A;muoscle myosin 1B,
plateletderived growth factor receptatpha and alphamooth muscle actin. Gene expression
was also more fibrobladike vs.that of myofibroblast, ascf21was significantly upregulated,
while Fn1-EDA, CollAlandCol1A2were markedly downregulated. Cell culture conditions
(e.g.serum, nutrient concentration) are critical for the control of temporal fibroblast
proliferation.We propose that eliminating mechanical stimulus and limiting the nutrient
content of cell culture media can extend the quiescent nature of primary cardiac fibroblasts for

physiological analyseis vitro.
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3.2 Introduction

The term Af i b rtoaheterageneous goupafhighidgle sromal
cells found in the interstitium, whose function and phenotype is tdspenderdp® 160 374 |n
the heart, cardiac fibroblasts serve to maintain tissue homeostasis and regulate extracellular
matrix turnover. While there are no molecuiaairkers that are entirely specific to cardiac
fibroblasts, they are typically positive for transcription factor 21 (TCF235> 376 vimentin
377379 ‘and M90 (or Thy1) 382382 When subject to stress or injury, fibroblasts lose their
normal phenotype and activate into myofibroblasts. Unlike quiescent fibroblasts,
myofibroblasts are highly contractile and are characterized by a radically organized
cytoskeleton featuring alpFmmo ot h  mu s ¢ | eposiive stiess fiberBFS5k1383)384
mature focal adhesiort&* 38> 38 and increased production of periostih 38and fibrillar
collagens’®® 3% |n addition, the activation of cardiac myofibroblasts is also associated with
alternative splicing of fibronectin, specifically denoted by the inclusion of thessticiated
extracellular domain A (EB\) 392392

Myofibroblast activation is a hallmark of cardiovascular disease, as these cells are
responsible for the excessive deposition of extracellular matrix (ECM) proteins and are the
primary drivers of fibrosis and its related patholodis*®* Induction of the myofibroblast
phenotype has been associated with a multitude of stimuli and the most common effector in
this process is transforming growth fachmta (TGFb 7% 3% which is associated with the
initial inflammatoryresponse after vascular or myocardial injury. Moreover, cardiac
myofibroblasts are further driven to promote fibrogenesis in response to the autocrine and
paracrine effects of other pioflammatory cytokines, such as platetitrived growth factor

(PDGF)8, Along with this response, cardiac myofibroblasts also exhibit a pronounced
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increase in PDGF receptarl pha ( PDGFRU) expt*¥®ion in diseas
Hypertrophic agents such as growth factors anglIA{® 3°° hyperglycemid®: 4% and the
presence of reactive oxygen species (Rt5}%have also been shown to contribute to this
transition in phenotype. Finally, bitechanical input has also been implicated in myofibroblast
activation. Isometric tension promotes the release of latentBfGFp r e s ent 44 t he ECM
and the formation of str es s'®andthigcoddbavikendd t he i n
in vitro to seeding cells on stiff plasturfaces. Similarly, mechanical loading and stretching
modulates fibroblast function and phenotype, promoting the deposition-#f flibonectin3%?
and enhancing TGB signalling*®®. While it has traditionayl been viewed as a permanent
event, the activation of myofibroblasts has recently been observed as a reversible process in
resident fibroblasts vivo 37 406

Despite these findings, the mechanisms which govern theacdidioblast and
myofibroblast phenotypes are largely uncharacterized, as common cell culture techniques are
not commensurate to physiologicatiglevant conditions, and vivotransgenic models are
difficult to generate without affecting other stromalls. Even when isolated from healthy
myocardium, the spontaneous phenotype of primary cardiac fibroblasts in conventional cell
culture is of prefibrotic, activated myofibroblasts within hours of platihgiowever, it has
been shown that culturing primary fibroblasts on elastic surfaces which are biomimetic to their
native tissues can help to alleviate myofibroblast activaffonn the case of myocardium,
culture surfaes with a compressibility, or elastic modul&3, (of ~7 kPa are representative of
healthy tissue, while surfaces w10 kPa are considered fibrofft’: 4°¢ This presents a
considerable hurdle imat conventional polystyrene tissue culture plates are significantly

stiffer, often upwards dE = 3 GP&"°% 410 |n addition, while it is common practice to passage
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primary cells to promote homogeneity in the culture population, passaging further drive
myofibroblast activation and prevents physiologicafigrtinent studie& This phenotypic
plasticity presents a unique proimen that fibroblast physiology that is representative of
healthy myocardium cannot be readily observed and manipuhatédo.

In spite of the unstable nature of the cardiac fibroblast phenotype, the capacity to
maintain these cells in a quiescenteiattwodimensional cell culture would enable much
more accurate and reproducible means by which to study their physiology, and their response
to genetic manipulation and pharmacological treatment. In this study, we present conditions in
which unpassagedP0) primary cardiac fibroblasts can be maintained for more than 72 hours
in vitro without significant activation of the myofibroblast phenotype. These data support an
alternative means by which to investigate the molecular and cellular physiology ofyprima
cardiac fibroblastg vivo studies.
3.3 Materials and Methods
3.3.1 Animal Ethics

All experimental protocols involving live animals were reviewed and approved by the
University of Manitoba Animal Care Committee, and were generated in accordanckewith t
standards of the Canadian Council of Animal Care.
3.3.2 Preparation of Elastic Tissue Culture Surfaces

PrimeCoat silicone elastic tissue culture plates (10 cm) and coverslips (ExCellness
Bi otech SA, Lausanne, Switzerland) were coat
mL/cm2) in sterile water overnight at 37°C, 5% £Prior to plating cells, the supernatant was

removed and replaced with complete culture medium. Polystyrenee(astic plastic) tissue
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culture dishes and glass coverslips were also treated in a similar manner and used as
comparative controls when evaluating various elastic moduli.
3.3.3 Isolation of Rat Primary Cardiac Fibroblasts
Rat primary cardiac fibroblasts veeisolated, as previously describ&t ©with some
modifications. Male Spragu@awley rats weighing 18125 g were anaesthetized with a
ketaminexylazine cocktail (100 mg/kg ketamine; 10 mg/kg Xxylazine) via intraperitoneal
injection. Upon loss of limbeflexes, heparin (6 mg/kg) was administered intravenously via the
f emor al artery. Hearts were excised and brief
medi um/ Hamés F12 nutrient mixture (DMEM/ F12) p
Langendorff appatas. The hearts were then subject to retrograde perfusion with DMEM/F12,
foll owed by Mini mum Essent i aMEMte ceasa cardiacSpi nner 06
contraction and promote cell dissociation. Finally, the hearts were perfusedMEMS
supplemeted with 640 U/mL collagenase type Il (Worthington Biochemical Corporation,
Lakewood, NJ) with recirculation for 25 minutes. Once digested, the tissue was incubated at
37°C, 5% CQfor 10 minutes before neutralizing the collagenase with 10 mL of DMEM/F12
supplemented with 2% fetal bovine serum (FBS) and further dissociated by trituration with a
serol ogi cal pi pette. The resulting cell suspen
strainer (Thermo Fisher Scientific, Waltham, MA) to remove any ustigeissue and debris.
The cells were pelleted by centrifugation at 200 x g for 7 minutes, asuspended in 45 mL
of complete cell culture medium. Three different types of media were used for comparison:
F10 with 2% FBS, F10 with 10% FBS,and DMEM/F42 t h 1 &€ M ascor bic acid
FBS. All media was supplemented with 100 U/mL penic#ireptomycin. For each 10 dish, 3

mL of cell suspension was added to a total of 10 mL of medium at plating. For coverslips in 35
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mm or 6well dishes, 0.5 mL of cell spension was added to a total of 2 mL medium per dish
or well. Fibroblasts were allowed to adhere for 2.5 hours at 37°C, 5%cGlures were then
briefly washed twice with phosphate buffered saline (PBS; pH 7.4) supplemented with
penicillin-streptomycinand then fresh complete culture medium was added. The following
day, the cultures were once again washed twice with PBS, and the growth medium was
replaced. The culture medium was subsequently replaced once per day until harvesting.
3.3.4 Isolation of Mous Primary Cardiac Fibroblasts

Primary mouse cardiac fibroblasts were isolated using a modified version of a
previouslypublished protocdtt. In short, 8to 12-week old male C57BL/6 mice were
anaesthetized with 3% isofluorane until loss of limb reflexes. The chest was opexedé
the heart with a portion of the ascending aorta remaining attached. The heart was promptly
flushed with 10 mL of EDTA buffer (5 mM EDTA, 130 mM NaCl, 5 mM KCI, 500 nM
NaH2PO4, 10 mM HEPES, 10 mM Glucose, 10 mMBy8anedione anonoxime, and 10
mM Taurine, pH 7.8), followed by 3 mL of perfusion buffer (1 mM MgCI2, 130 mM NaCl, 5
mM KCI, 500 nM NaH2PO4, 10 mM HEPES, 10 mM Glucose, 10 mMBRjtanedione 2
monoxime, and 10 mM Taurine, pH 7.8) using ag2uge needle inserted into the ventricles
via the apex. While still injecting through the apex, the heart was perfused twice with 256 mL S
MEM supplemented with collagenase type 1l (330 U/mL), while collecting the solution in a 10
cm tissue culture dish. Once the heart was sufficiently digested, itemtlg gulled apart with
forceps and allowed to digest in 20 mL of the collagenase solution at 37°C, 586rCO
another 10 minutes. After triturating the tissue, the resulting suspension was neutralized with
10 mL of complete culture medium and passedtibou a 40 em cel | straine

centrifugation, as mentioned above. The resulting pellet was resuspended in 40 mL of

71



DMEM/ F12 supplemented with 10% FBS, -1 €M ascor

streptomycin and the cells were then evenly disted among 4 10 cm dishes and allowed to
adhere for 3 hours. Adherent cells were then gently washed once witlapred PBS (pH
7.4) supplemented with antibiotics, and the DMEM/F12 growth medium was replaced. The
culture medium was replaced in a similashion every 24 hours until they adopted a spindle
shaped morphology (=8 days), after which the medium was switched to F10 supplemented
with 2% FBS and InsuliTransferrinSeleniumSodium Pyruvate (IT$\; Thermo Fisher).
The cells were harvested ortbey reached 460% confluency, at approximately 10 days
postisolation.
3.3.5 Cell Proliferation Imaging and Counting

Approximately 18 hours after plating, unpassaged (PO) fibroblast cultures were washed
twice with PBS. Pravarmed, serunfree and antibitic-free medium was then supplemented
with Cytopainter Green Cell Proliferation Agent (Abcam, Cambridge, UK). Cells were treated
with the dye solution at 37°C, 5% G€@r 30 minutes, protected from light. The dye solution
was removed, and the cells wereeBly washed twice with PBS before replacing with
complete culture medium. The cells were imaged every 24 hourplptisg with a Zeiss
LSM 5 Pascal microscope using 4X and 10X objectives and an excitation wavelength of 488
nm. Images were processed gsAxioVision Microscopy software (Zeiss, rel. 4.8).
Initial cell counts at 18 hours peglating were performed by using phase contrast microscopy
images and ImageJ software65, using three randeedcted fields for each biological
replicate, totaling $echnical replicates for each cell culture condition. Manual cell counting
was accomplished using a Moxi Z automated cell counter (Orflo Technologies, Ketchum, ID).

Cells were trypsinized and-seispended in an excess volume of complete culture medium, and
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a 1:10 dilution of the cell suspension was used for each count. Two counts were taken for each
biological replicate to ensure accuracy for each measurement. Manual cell counting was
performed in triplicate for each time point and cell proliferation imggms accomplished by
selecting three randomishosen fields for each cell culture condition.
3.3.6 Protein Isolation

Approximately 80 hours after plating, cells were trypsinized and pelleted by
centrifugation at 200 x g for 5 minutes. Cell pellets whesntwashed with PBS andpelleted
by centrifugation for 3 minutes. The supernatant was removed and the pellets were lysed with
RIPA lysis buffer supplemented with protease inhibitor cocktail (P8340; Sijdrech
Canada Co., Oakville, ON) and phosphaiabkéitors (10 mM NaF, 1 mM Na3VO4, and 10
mM EGTA). The resulting lysates were then vortexed and incubated on ice for 30 minutes.
Following incubation, the lysates were briefly sonicated for 5 seconds, and then centrifuged at
16 000 x g for 15 minutes 4fC. Supernatants were transferred to new microcentrifuge tubes
and protein concentrations were determined using a bicinchoninic acid (BCA) assay.
3.3.7 Immunoblotting

SDSPAGE of 25 €g of protein was perfor med
transfered at 4°C onto PVDF membranes in-glgcine buffer containing 20% methanol.
Total protein loading was measured prior to blotting using Ponceau S staining and
densitometric analysis. Nespecific binding sites were blocked with 5% skim milk in-tris
buffered saline supplemented with 0.1% Twe&¥h(TBST) at room temperature. The blots
were thoroughly washed in TBBbefore applying primary antibodies overnight at 4°C with
shaking. Primary antibodies were used at the following dilutionsAKEellular) fibronectin

(1:1000; MAB1940; MilliporeSigma, Burlington, MA; or NBP41258; Novus), SMemb
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(1:1000; ab684; Abcam), USMA (1:5000; A2547; S
originated from a heterogenous population of cells, vimentin (1:2000; ab8069; Atacdm)
plateletd er i ved growt h factor receptor alpha (PDGFF
as a phenotype controls on each blot. Appropriate-eiBtfugated secondary antibodies
(Jackson ImmunoResearch, West Grove, PA) were applied at a 1:5000 ddutlomour at
room temperature. Protein detection was done using ECL substrate, and protein bands were
visualized on blue Xay film. Protein expression was measured by relative densitometry using
Quantity One® analysis software (version 4.6.9;-Rexd).
3.3.8 RNA Isolation and Quantitative PCR

Primary cardiac fibroblasts were isolated by trypsinization and centrifugation at 200 x g
for 5 minutes. Columibased RNA isolation was performed using the PureRiRNA Mini
kit (Ilnvitrogen, Carlsbad, CA) according to th
concentration and purity was assessed by measuring the absorbance at 260 and 280 nm using a
NanoDropE Lite Spectrophotometer (Thermo Scien

Two-step qPCR was performed first by synthesizing cDNA from 100 ng of RNA, using
the Maxi maE First St r-gPER (Themd Sciertifichnandiectides f or RT
initial treatment with dsDNase. Amplification reactions were prepared according to the Luna®
Uni ver sal gPCR Master Mix (New England Biol abs
cDNA template and 200 nM of forward and revers
amplification was performed in triplicate for each reaction on a QuantStudio IRe&aPCR
System (Applied Biosystems, Foster City, CA) using the fast cycling mode. The following
cycling program was used: initial denaturation at 95°C (60 seconds), followed by 40 cycles of

denaturation at 95°C (15 seconds) and extension at 60°C (3tsgcafter amplification, a
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continuous melt curve was generated from 60°C to 95°C. Relative gene expression was
calculated using the ®®“ethod*? using the samples from cells plated on plastic as controls
for each sample set, and normatizo HPRT. Primer pairs and their corresponding targets are
listedin Table3.1.

Table 3.1: List of primer pairs used in quantitative PCR

Gene Accession Forward Primer (5' - 3") Reverse Primer (5' - 3')

Acta2 NM_031004.2 AGATCGTCCGTGACATCAAGG TCATTCCCGATGGTGATCAC

Collal NM_053304.1 TGCTCCTCTTAGGGGCCA CGTCTCACCATTAGGGACCCT

Colla2 NM_053356.1 TGACCAGCCTCGCTCACAG CAATCCAGTAGTAATCGCTCTTCCA
Fnl NM_019143.2 ACTGCAGTGACCAACATTGACC CACCCTGTACCTGGAAACTTGC

Hprtl NM_012583.2 CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC
Postn  NM_001108550.1 GCTTCAGAAGCCACTTTGTC CGCCAACTACATCGACAAGG

Tcf21  NM_001032397.1 CATTCACCCAGTCAACCTGA CCACTTCCTTTAGGTCACTCTC

3.3.9 Fluorescence Immunocytochemisi@C-F)

Primary cardiac fibroblasts were seeded at adomfluency onto either glass coverslips
in 6-well dishes, or elastic (E =5 kPa) silicone coverslips (ExCellness) in 35 mm dishes,
coated with porcine gelatin type A, and maintained in culture with F10 medium with 2% FBS
for 72 hours. The cells were brigfivashed in PBS and fixed in 4% paraformaldehyde for 15
minutes at room temperature. After another brief wash in PBS, the cells were permeabilized
with 0.1% Triton X100 in PBS for 15 minutes, and nspecific binding sites were blocked
for 1 hour in 5% nomal goat serum (Invitrogen) in PBS. The blocking agent was removed by
another set of washes before applying primary antibodies diluted in 1% bovine serum albumin
(BSA) in PBS. USMA was probed using a 1:50

overnight a#4°C in a humidified chamber. The following day, the cells were thoroughly
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washed three times in PBS and incubated with Alexa FluoicdBRigated secondary antibody
(1:500; A27023; Invitrogen) for 1 hour at room temperature. After a brief wash in P&®EnF
was stained using a 1:500 dilution of rhodamphalloidin (R415; Invitrogen) in PBS. After
several washes over a period of 30 minutes, the coverslips were thoroughly dried using gentle
suction and mounted on gl as smediumiwidheddPlusi ng FIl uo
(Abcam) and allowed to cure at room temperature for 24 hours. Cells were imaged using a
Zeiss LSM 5 Pascal microscope as described above, using DAPI, FITC and Texas Red
detection channels.
3.3.10 Cell Viability Assay
The viability of cels in each culture condition was assessed after 96 hours in culture.
Cells were washed twice withprear med PBS, t hen t rAMgG@3200, wi t h 2
Thermo Fisher) and 2.5 ¢€M ethidium homodi mer (
minutes at 37°C, 5% 0,. The stains were then gently removed by aspiration and replaced
with fresh PBS. Cells were imaged immediately, using FITC and Texas Red detection
channels.
3.3.11 Data Analysis and Statistics
Statistical analyses and graphs were generated using BaapPrism 7. All data are
presented as the mean * standard deviation, unless otherwise indicated in figure legends.
Individual biological replicates are counted as one experiment involving cells from only one
animal. Grouped data analyses were perforassg oneway or tweway ANOVA followed

by Tuk ehodtsst, pith significance recorded?> 0.05.

76



3.4 Results
3.4.1 Myofibroblast markers are downregulated in low nutrient conditions with restricted
biomechanical input

Mechanobiological propertiesf the ECM govermnmyofibroblast activation and
function, and do so in the absence of input from B&Smadsignalling®. Moreover,
myofibroblastsare contractile ansense andhodulate stiffness within the ECM through focal
adhesions via integrin bindif§". In order to determine the physiologl effects of twe
dimensional cell culture on primary cardiac fibroblasts, we not only examined the influence of
cell culture medium and serum, but also whether the compressibility of the culture surface was
a greater factor in the spontaneous phenotyplee cellsn vitro. After three days in culture,
variable expression of myofibroblast markers-Elibronectin, nommuscle myosin heavy
chain (SMemb or myosin 1I1B), araiSMA was observed in conditions of either low nutrient
media (F10 with 2% FBS) ordi nutrient media (DMEM/F12 with 10% FBS), plated on
substrates that mimic the compressibility of healthy myocardium (5kPa), or fistikis
substrate (100 kPd&krig. 3.1).

On stiff substrate in combination with high serum, the preponderamgadssion of
myofibroblast markers is evident and significantly greater the other conditions fested
increase was markedly evident with the expre
to both substrate stiffness and medium composition. In nairsary cardiac fibroblasts, we
observed a significant increase in&0fibronectn and PDGFRU, which was
concert with an increase in substrate stiffn€&gplementalFig. A.1). While conditions which
favored the fibroblast phenotype wefeF40 medium with low serum, it was evident that

lower plate compressibility also imparted greater control of cell phenotype. The data supports
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Figure 3.1. Myofibroblast marker expression in rat primary cardiac fibroblasts after >72

hours in culture. A. Rat cardiac fibroblasts were plated on elastic plates with characteristic ele
moduli of 5kPa, 10kPa, and 100 kPa, with the indicated culture medium. Cells plated on
conventional polystyrene tissue culture plates (rigid substnaeging from 30 td 00 MPa) were
used as a comparative control. Protein from unpassaged primary cardiac fibroblasts was han
~3 days after plating. Vimentin expression was used as-phpamotypic control, and protein
expression was normalized to total protein loadBgsraphical representation of data in (A). Dat
shown as the mean £ SD and is representative of-6 bi8logical replicates:P < 0.05,** P <
0.01,*** P < 0.005,**** P < 0.001 when compared to cells cultured in F10 medium with 2% FE
on the same subsate. 78



the hypothesis that tuning the fibroblast substrate for reduced biomechanical.epetl$
plated on elastic substratersusstiff plastic) in combination with low nutrient conditions
reduces the activation of fibroblasts cultured for extenmzbds.
3.4.2 aSMAis excluded from the cytoskeletomuiescentardiacfibroblasts
As USMA i s of t e standardnavkerdor tissue fibrosis, agdomasd
evidently present in all samples we studied, we sought to compare its subcellular localization
in our proposedh vitro model. Unpassaged primary rat cardiac fibroblasts were maintained
vitro for >72 hoursfigure3.2 provides comparative fields of cardiac fibroblasts plated on
glass (rigid substrate) and fibaoblasasadpUS§\
are doublestained in these fields, and the relative size of the cells in each set is remarkably
di fferent. USMA is not incorporated into the
on the elastic substrata, indicating that these cells have not formed stress fibers, and are not
actively contractiled®. The merged fields of cells plated on glassvglsomplete incorporation
of USMA into stress fibers, which reflects t
DAPI

aSMA F-actin

Merged

Glass

(E> 45 GPa)

E=5kPa

Figure 3. 2. USMA-adtrsstressdibets wiee alltufed om BkPE culture
surfaces.PO rat cardiac fibroblasts were seeded at low confluency (<10%)ham glass (rigid
substrate) or el astic cover-adin(ed 3daysdfterpr o
pl ating. |l mages are representative of n
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3.4.3 Cardiac fibroblast gene expression is further affected by biomechanical input

In addition to protein expression, we sought to detegrthie effects of culture medium
and/or substrate stiffness on gene expression in cultured primary cardiac fibroblasts. After
three daysn vitro, relative mMRNA abundance of fibroblaand myofibroblasexpressed
genes including c oBMAaEDArMibranactneperiostim{@ seweted,r s, U
matricellular protein), and Tcf21 were examined. Tcf21 is required for fibroblast formation,
and is a nucleucalized protein expressed in adult fibrobl&Stsvhereas periostin is a
marker for activated fibroblast§ 44 We foundTcf21expression to be significantly elevated
in the fibroblasts harvested from 5kPa substrate with F10 medium and 2% FBS, versus
expression on plastates, whereaBostnwas elevated in the 100 kPa plates relative to its
expression on plastic plates in similar conditi¢fig. 3.3). ED-A fibronectin Fn1-EDA) gene
expression was significantly lower on 5 kPa plates versus thelastic plastic contts,
whereas USMA was elevated in 10 and 100 kPa pl
serum conditions. Collagen monomeé&o(lalandColla2 expression also shows similar
responsiveness to plate stiffness, with expression increasing as subiffinats shcreases.

While our results show some heterogeneity in the variable expression of marker
MRNAS, which appears to be gedependent, the myofibroblast markers are generally
upregulated in response to plating of fibroblasts on stiff substrates. éghsidering the
effects of the cell culture medium, the conditions which resulted in the most inhibition of
myofibroblast gene expression were those in F10 medium with 2% serum, although this effect

can apparently be overridden by the compressibilitheftissue culture plate.
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Figure 3.3. Fibroblast and myofibroblast gene expression in primary cardiac fibroblasts after
>72 hours in culture.RNA was harvested from PO rat cardiac fibroblasts 3 days after plating ¢
used for gPCR. Samples from celldtared on conventional plastic tissue (rigid substrate) cultur
surfaces were used as comparative controls. All reactions were performed in technical triplice
and were normalized tdprt. Data shown as the mean + SD and is representative of n = Gitéblc
replicates*P < 0.05,** P < 0.01, when compared to cells cultured on plastic in the same cultur
medium(i.e. comparison of 5 kPa, 10 kPa, or 100 «Bplastic)
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3.4.4 Cardiac fibroblast proliferation can be limited in extended cell culture.

To further characterize isolated rat primary cardiac fibroblastgro, we examined
their proliferative behavior under various conditions. Specificalg/saught to investigate the
responsiveness of fibroblast and myofibroblast proliferation in lonhagtdserum conditions
using media with low nutri@ (F10) and high nutrient (DMEM12) content In low serum
conditions, cardiac fibroblast proliferation is suppressed by plating on 5 kPa, 10 kPa and 100
kPa plates with F10 mediumersusplastic controlgFig. 3.4). A similar trend was observed
using high serum conditions with the same medium, as well as with DMEM/F12 however the
expansion of the cell population in conditions with DMEM/F12 was much more pronounced,
especially on stiff plastic. To determine whethes tbbservation was due to a difference in
initial cell attachment between culture conditions, we counted the number of attached cells at
18 hours posplating, after washing off any debris. We did not observe a significant difference
in cell attachment wén cells were cultured in low nutrient conditions however there was
preferential attachment on stiffer culture surfaces when the cells were maintained in
DMEM/F12 + 10% FBS.

Additionally, to confirm that the observe lack of proliferation in F10 culturdiome
was not due to excessive cell death, at 96 hourspbatsng the cells were stained with
CalceinrAM (stains viable cells) and ethidium homodimer (stains nucleic acid/dead cells). We
observed no significant difference in cell death between the vaeiastic moduli of the cell
culture plates, suggesting that the compressibility of the culture substrata does indeed affect
primary cardiac fibroblast activation and proliferation in vitro (Bi§). These results support
the suggestion that proliferatia activated myofibroblasts is higher than inactive fibroblasts

in culture, and that the state of activation can be controlled by both substrate stiffness and the
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Figure 3.4. Nutrient restriction and decreased biomechanical input inhibit proliration in
primary cardiac fibroblasts. A. PO rat cardiac fibroblasts were plated on elastic plates with vai
elastic moduli, witH=10 culture medium supplemented with 2% FB&d stained with proliferation
staining agent 24 hours after seeding. Imaga® captured immediately after staining and every
hours subsequently. Cells plated on conventional plastic tissue culture plates (rigid substrate’
used as a comparative control. Images are representative of n = 3 biological replitates
technical replicates per condition

83



F10 + 10% FBS

48 h

5 kPa

10 kPa

100 kPa

Plastic

Figure 3.4. Nutrient restriction and decreased biomechanical input inhibit proliferation in
primary cardiac fibroblasts. B. PO rat cardiac fibroblasts were plated on elastic plates with var
elastic moduli, witH=10 culture medium supplemented with 10% F&%] stained with
proliferation staining agent 24 hours after seeding. Images were captured immediately after s
and every 24 hours subsequently. Cells plated on conventional plastic tissue culture plates (ri
substrate) were used as a comparative control. Images are representative of n = 3 biological
replicateswith 3 technical replicates per condition
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Figure 3.4. Nutrient restriction and decreased biomechanical input inhibit proliferation in
primary cardiac fibroblasts. C. PO rat cardiac fibroblasts were plated on elastic plates with vai
elastic moduli, witrDME/F12 (1:1) culture medium supplementedhani0% FBS and stained with
proliferation staining agent 24 hours after seeding. Images were captured immediately after s
and every 24 hours subsequently. Cells plated on conventional plastic tissue culture plates (r
substrate) were used asarnparative control. Images are representative of n = 3 biological
replicateswith 3 technical replicates per condition
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Figure 3.4. Nutrient restriction and decreased biomechanical input inhibit proliferation in
primary cardiac fibroblasts. D. Histrographical representation of cell counts 18 hours after pla
and attachmenkE. Graphicalrepresentation of cell counts obtained after 3 days in culture

(t > 72 hours). Data displayed as mean + SD and is representative e hisl@gical replicates.

** P<0.01,*** P<0.005,**** P<0.001 when compared to cells cultured on plastic in the same
medium.
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Figure 3.5. Assessment of cell viability in restricted nutrient conditions after >72 hours in
culture. PO rat cardiac fibroblasts were seeded onto substrata of various elastic moduli and c
in F10 medium supplemented with 2% FBS for 4 days. Cell viability was assessed with-Calce
AM (green) staining, and cell death by ethidium homodimer (red). Hatdglral replicate was
assessed by capturing 3 random fields at 10X magnification. Images are represemntafive of
biological replicates, with 9 technical replicates each.
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nutrient content of the culture medium. Thus, we reveal an interactiondresubstrate
stiffness, activation state of cardiac fibroblasts, and the proliferative capacity of primary

cardiac fibroblasté vitro.

3.5 Discussionand Conclusions

Cardiac fibroblasts and activated myofibroblasts are component cells of the
myocardiumthat contribute to the maintenance of the ECM in homeostatic hearts and to
cardiac fibrosis after injury, respectivél, A novel interpretation of cardiac fibrosis (and
othertissuefibros)s i s t hat rat her t haacnt isvienmp |wotheneds chrei abl ei dr
organism may be attempting to utilize developmental programs that are typically active when
generating functional muscfé’. In the heart, fibroblasts are derived from different embryonic
sources, with the majority from the epicardium (EMT contributing 80% of cells), and most of
the remaining fibrolasts from the endocardium (EndoMT contributing 18%)hus, defining
these cells im molecular context is difficult due to the lack of identification of a specific
marker common to all fibroblasts. The mixed origin of cardiac fibroblasts notwithstanding, the
common role of the activated myofibroblast is to generate and remodel thé®(CM
Furthermore, the recent focus on cardiac fibrosis and the involvement of myofibroblasts and
specific markers for them, including periostin, BOibroned¢ i n, SMemb, and USMA
new impetus to direct fibrosis research to focus on activated myofibroblasts, which require
refinements in approaches for their practical sttiefy54

Accordingly, the estimation of the impact of fibroblast activation to myofibroblasts in
the damaged and failing heart have become a much saftghtopic. Nonetheless, while the

burgeoning number otgentific reports published during the past ten years reflects the overall
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acceptance of cardiac fibrosis as a player in the evolution of heart failure, methods to
distinguish the activated from neagctivated form of cardiac fibroblasts have not kept pace,

with few exceptions. We, and other groups, have previously published studies including both
unpassaged and passaged primary cardiac fibroblasts plated on stiff plastic substrata in an
attempt to procure a baseline phenotiypeitro®3* 415 41® Despite these efforts, observing

primary cardiac fibroblasts conventional cell culture is limited to the first 12 to 16 hours before
seeing overt activatioof the myofibroblast phenotypeAs a result, the maintenance of the
guiescent phenotype in culture has become a pressing issue, and is regularly overlooked in
experimental design.

Herein we have provided detailed results to contextualize the importance of nutrients in
culture media, wlturing cells to eliminate biomechanical input, and minimize the impact of
serum on fibroblast activation to allow for reliable culture of inactive cardiac fibroblasts. Upon
examination of protein expression in rat primary cardiac fibroblasts maintaimedture for
three days, it was evidentthat2D f i bronectin, USMA, and SMemb
expressed among all conditions tested. The most differenigafiyessegro-fibrotic marker
was PDGFRU, which had i ncr etasaowaseyenmosesi on 0O
highly-expressed in conditions of high nutrient and serum concentrations. A similar
expression pattern for myofibroblast markers was observed in mouse cardiac fibroblasts, which
were maintained in culture for a total of 10 daystolation (Supplemental Fig\.2). Recent
evidence indicates that these markers may also serve to drive fibroblast activation as myosin I
may mediate myofibroblast activation in stiffened fibrotic lufRjsand that in the setting of a
stiff matrix, aSMA incorporationnto contractile stress fibers facilitates mesenchymal stromal

cell fate by controlling YAP relea€.Inaddi t i on, PDGFRU has recent

89



a marker of fibroblast activation and EQ®modelling as its expression is upregulated in

models of fibrosis amhheart failuré*®: 194 Along with the data presented here, the additfon o
PDGFRU to the gamut of markers often used to
wi || provide a clearer understanding of a cel
phenotypesVery recently the fibronectin EBA domain has been shovwm promote binding

to latent TGFb-binding proteinrl (LTBP-1), and thus enhances fibroneedissociated storage

of TGFb, which may then increase its availability for extracellular activation and stimulation

of fibrosis™®. The appearance of fibronectin EDdomain remains a useful marker heralding

the activation of fibroblasts to myofitinlasts, and their subsequent production and local
accumulation of disordered ECM. In addition, we also observed more severe upregulation of

all three markers, along with Hippo and EMT markers, when the elastic substrata were coated

with soluble fibronecti (Fig.A.1). These findings corroborate current work which postulates

that fibronectin is an ECM componehatdrives fibrogenesis and heart failtffe Taken

together, these results underscore the utility ofA&fibronectin as a marker of phenotype

plasticity in response to biomechanical and nutritive inputs in culture, and strengthen the case

to use it as such in concert withS Mifxcorporationintomybi br obl ast s6 stress
Beyond the expression of USMA, its subcell
on cell phenotype. We observed not only that

fibroblasts on elastic substrates, but also that itgjioration into stress fibers is a greater

indicator of the myofibroblast phenotype. Similar findings have been demonstrated in other

stromal cell types, including subcutanedtisdermal*>®, and hepatic portal fibroblasty'.

Further more, USMA can itself be a driving for

overexpression in stromal cells has been shovactivate the myofibroblast phenotype, and
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generate a feefbrward loop in fibrogenest¥. It should also be noted that in the myocardium,
USMA is not only expressed by cells of mesen
stressed or infed cardiomyocytes expressing fetal gene programs during aetnaalelling

and dedifferentiation®® 4%  Col | ecti vely, these results s
entirely relied upon for acculacharacterization of cardiac fibroblasts, and that its subcellular
localization should also be considered when conduatingro cardiovascular studies.

Based on the findings of this study, we propose that relatively inactive primary cardiac
fibroblags can indeed be maintaingdvitro for a period of time that is adequate for most
molecular assays, provided that certain parameaterpéissage number, culture medium, plate
compressibility) are addressed (F3g). The majority of published literatiwhich
implements primary cardiac cell culture, including those previously published by our lab, do
not considerthe biomechanical, nutritional, and hormonal input to which the cells are subject
in two-dimensional culture. Likewise, primary cardiac fiblasts which are subject to
passaging are also often used in order to maximize cell numbers and decrease the number of
animals or tissue specimens for a given experiment. This is often seen as reasonable as it is
simple, convenient, and offers some flekipito the type of molecular assays employed in
fibroblastcentric research. Using the methods described here, fewer cells are required to seed
plates and passaging is not used; this can significantly decrease the material requirements for a
given expetinent.

While diverging from traditional cell culture methods is not easily accomplished from a
technical perspective, it is essential to consider all factors when designing experiments and
interpreting data, especially as currenvitro studies are stilising what would be considered

as activated myofibroblasts. It is known that cardiac fibroblasts exist on a delicate phenotypic
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spectrum that is highly reactive to the extracellular environment and methods should be
adapted to generate accurate and rapritdke results. This wilhot onlyfacilitate the

generation of data which is relevant to physiological conditions, but will also promote rigor
and consistency in the literature. The ability to control myofibroblast activation greatly
improves the sensitity of genetic and pharmacological assays. Future exploration into

medium compositiong(g.serumfree media) would certainly enable further refinements on

this method. Thus, to better understand the pathogenesis of cardiac fibrosis and the effects of
potential therapeutic interventions, the consequencas wfro conditions on cell physiology

should be carefully considered.

Fibroblast Myofibroblast

1TCF21
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The cardiac myofibroblast phenotype is activated in vitro by:

T Periostin secretion

1 ED-A Fibronectin

1 Focal adhesions

T aSMA-positive stress fibers

1 Proliferation

. Culturing on stiff substrata (E > 10 kPa)

. Passaging

. Excess serum (>2%)

. Coating culture surfaces with fibronectin

. High nutrient concentration (eg. Glucose > 10 mM)
. pH imbalance and ROS
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. Treatment with hypertrophic agents (eg. TGF-B, Ang-Il)

Figure 3.6. A schematic depicting the various factors affecting the fibroblast phenotyga

vitro. Herein we summarize our main findings along with other known elements which influen
primary cardiac fibroblast activation vitro. ~ We s u g-§MAsisan évéapaesent tharker on
the cardiac fibroblagtnyofibroblast spectrum, and that its incorparatin myofibroblast stress
fibers is a key component of defining the activated phenotype. Previous studies on conventio
plastic tissue culture plates have confirmed that passabiyyerglycemidike conditions, and
treatment with ROS and hypertrophic agents indeed activate the myofibroblast phenotype an
conclude that excess serum also contributes to this activation.
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CHAPTER 4: SKI PROMOTES LATS2-HIPPO SIGNALLING VIA LIMD1 TO

INHIBIT CARDIAC FIBROBLAST ACTIVATION

The contents of this chapter haweensubmittedfor publication in:

ASKI Activates the Hippo Pathway via LIMDL1 to Inhibit Cardiac Fibroblast Activation

Submitted toBasic Res Cardiol
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Using thein vitro methods described in Chapter 3, along with the addition of @&no
rat model of posMI fibrosis, Chapter 4 comprises the bulk of the aims and objectives for this
thesis. Several questions are addressed, primarily focusing on how the Hippo pathway
influences cardiac fibroblast activation and how SKI functions to regdigf® signalling
under prefibrotic conditions.The main objectives were first, to determine the effects of YAP
and TAZ activation on the cardiac fibroblast phenotype, and whether the two paralogs function
in a similar manner in the context of cardiacdiis (.e. determine if TAZ is indeed redundant
to YAP, as suggested by much of the literature). Second, the specific targeting of TAZ by SKI
was to be explored initially by conventional molecular assays; however, a better, more
profound understandingokSl 6 s physi ol ogi cal role in cardi
capturing the SKI and TAZ interactome using biotin proxirtétlyelling and mass
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spectrometry. Finallyising the data from the unique and blended interactdimepotential
avenues of crosstabetween SKI and the Hippo pathwagreexamined in a fibroblast
specific manner, giving rise to novel pointsmterest for phenotype regulation.
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4.1 Abstract

Despite the prevalence oardiac fibrosisthere are no effective clinicaterventions
which target itpathogenesis and progressidve have previously shown that overexpression
of the endogenous TG repressor, SKI, functions tteactivate the préibrotic
myofibroblast phentype. Our current investigatiomsdicate that 81 alsofunctions in a
SMAD/TGFb-independent manner by activatitige Hippo tumotsuppressor pathway and
inhibiting Transcriptional cé\ctivator with PDZbinding motif (TAZ or WWTRL1). The
molecular mechanisms by which SKI specifically targets TAZ to ihfilirosis remain
undefined. Thusye examined the Hippo signaling pathway in the context of cardiac fibroblast
activation, and how its interaction with SKI mediates-éibtiotic effects in the heart.
Molecular and celbased assays in primary rat andnaun cardiac fibroblasts demonstrated
that SKI causes specific proteasomal degradatidmA@f andcauses a shift in actin
cytoskeleton dynamics to inhibit the activation of myofibroblasts. These findings were
corroborated by examining the expression of TAZ in a rat model ofiyWostmodeling and
fibrosis. Employing BiolD2based interactomics and mag&ctrometry, we demonstrate that
SKI interacts with actirmodifying proteins and also with LIM Domaaontaining protein 1
(LIMD1), a negative regulator of Hippo sidhiag, suggesting that SKI relays between the
cytoskeleton and Hippo components to tatgithe cardiac fibroblast phenotypée postulate
that the interaction betwe@&KI and TAZis arbitrated by LIMD1an important mediator of
focal adhesiorassociated signaling pathways a novel point of convergence among-pro
fibrotic pathways, we su@gt that the SKLIMD1-TAZ axis may be considered for future

therapeutic targeting of cardiac fibrosis.
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4.2 Introduction

A result ofboth chronic and acute injury to soft tissues is the remodelling &Ghé&
anormalaspect of thevound healing response. In the case of fibrosis, however, the persistence
of activated contractilefibroblasts (myofibroblastgromotes the secretion matricellular
proteins €.9.CTGF, POSTN) and structural components like fibrillar collagens type | and
11183428422 Apother hallmark of the prfibrotic, myofibroblast phenotype is the expression of
the EDA fibronectin splice variant, a cedissociated ECM component which furtipeomotes
the deposition and remodelling of matrix compon®&nts In addition, the incorporation of
USMA i nt o fibecswiihin thescytoslelstsn is considered the gstdndard
indication of the smiooth muscldike quality of the myofibroblast phenotyfi2 In the case of
cardiac fibrosis, the chronic wound healing response pes@nmost patients results from the
unmitigated expansion of the scar, pbBt The initial formation of the infarct scar is required
to impart tensile strength to the damaged tissue and to prevent myocardial rupture; however,
the chronic expansion ofdtcollagenous interstitium leads to heart failure as adult
cardiomyocytes have no regenerative capacity. Thus, thgdaeprognosis for patients
having suffered a Ml are poor as the rapid loss of functional myocardium and subsequent
impairment of viabldissue are the root cause of the decline into heart fail&ough
cardiac patient outcomes immediately after MI have greatly improved in the last decade, there
still is no effectivetherapeutic intervention for the treatment of cardiac fibrosis.

SKI, the cellular homolog of the Slodgettering virusis oftenviewedas an inhibitor
of SMAD-associatedGFb s i g2t4°t Asia trapscptional ceregulator, SKI does not
directly bind DNA, but is responsible for recruiting other regulatory factors such as NCoR1,

CREB Binding Protein (CBRPand HDACS to deactivate gene promoté¥$?* SKI also
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functions by fAwedgingo itsel fngdheformatiemmof SMAD?2/

active SMAD complexes in the nucléefs332 42> This inhibitory action has been observed to

negatively regulate factors such as i1 complex, which normally bind pttbrotic

promoters of genes such@®L1A1landCOL1AZ32 425 When examining its function in the

heart, our group has established that SKI is dysregulated durinlylpostnodelling, as it is

sequestered to the cyto&8l We found that reintroduction of arfctional, nuclear SKI into

cardiac myofibroblasts reduced the expressio

procollagen |, which was attended by a decrease in cell contragtifi&) Furthermore, SKI

greatly increases MMPB expression, secretion, aadtivity by primary cardiac fibroblasts,

suggesting that it may play a role in tlegulation of ECM homeostadié Due to the overt

phenotypic changes caused by ectopic SKI activation, we hypothesize that its actions in cardiac

fibroblasts gem from multiple functions, ratherthan T® i nhi bi ti on al one.
Recently described as a regulatory pathway in the pathogenesis of several fibrotic

pathologies, the Hippo pathway is another potential meamnshioy SKI regulates the

activation of cardiafibroblasts. A key regulator of organ size and cell proliferation, the Hippo

signalling cascade comprises of a series of kinases which activate the LATS1/2 tumor

suppressors which exert their own kinase activity on the nuclear effectors YAP aftf t8Z

Like SKI, YAP and TAZ do not directly bind DNA, but @egulate gene transcription by

recruiting TEAD and TEF transcription factorsgenepromoters associated with cell cycle re

entry, such ashe profibrotic factorCtgf 183 258427 Activation of the Hippo pathway results in

the phosphorylation and cytosolic retention of both YAP and TAZ, which subsequently results

in their ubiquitination and proteasomal degradatibrDuring embryogenesis, Hippo

signalling plays a central role in regulating heart size and the cellular organization of the
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myocardium®®. There has been keen interest in exploiting Hippaliated cell cycle rentry
for the purpose of cardiac regeneration gdktbut inhibition of the pathway results in
hyperplasticardiomyocytes and a loss of the electrical syncytium within the myoca®ium
288 - Although there are several reports linking YAP and/or TAZ to the pathogenesis of various
fibrotic diseases, there is appreciably limited evidence regarding the role of Hippo signalling in
regulding the cardiac fibroblast phenotypé 215 42830,

Here, we popose that SKI activates the Hippo pathway in cardiac fibroblasts to target
TAZ for proteasomaldegrd at i on. We not only demonstrate t he
towards TAZ, and not YAP, but also that T&Xpression in increaselliring the chronic post
Ml fibrotic response. To better understand the mechanism by which SKI regulates TAZ, we
employed poximity labelling and affinitypurification to isolate the interactomes of SKI and
TAZ in human cardiac fibroblast®ur results suggest that SKI regulates TAZ by activating
Hippo signalling and deepressing LATS2 in activated myofibroblasts. We idetithe
actinscaffold proteirLIMD1 as the point of interaction between SKI and Hippo signalling,

which proposes a mechanosensory component to SKI function in cardiac fibroblasts.

4.3 Materials and Methods
4.3.1 Ethics Statement

Thestudiesinvolving primary tissues and cells of human and animal opgasented
herein were conducted in accordance with the guidelines and principles of the Canadian
Council on Animal Care (CCACandthe Canadian T+Council Policy Statement for Ethical
Conduct on Researdhvolving Humans (TCPS 2, 2018). Ethics approval for both animal and

human tissue collection was provided by the Un
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Ethics and Compliance, and Protocol Management and Review Comidiftean atrial
tissue specimensere collected from patients receiving elective coronary artery bypass graft
(CABG) surgeryAll cardiac surgery patients at St. Boniface General Hospital signed a
consent form allowing tissue materials removed and discarded as a normal part of surgery to
used for research purposes, according to the University of Manitoba and St. Boniface General
Hospital institutional policeAs such the Research Ethics Board of the University of
Manitoba waived the need for individual informed consent by donorsranted permission
for use of human tissufeom patients receiving elective cardiac surg@il2016:274.
4.3.2 Rat Model of Myocardial Infarction

Young male SpraguPawley ranging fron1251509g in mass underwent left anterior
descending (LAD) coronary &y ligation or sham surgery as previously descfitleth brief,
after proper anesthesia, the ligation was performed at approximately 2 mm from the LAD
artery origin with a @ silk suture, and securely tied prior to reposition of the heart into the
chest. Sharoperated animals received simitegatmenthowever,the suture was not secured.
Animals then recovered, received food and watklibidum and were monitored until their
respective endpoints pestirgery. Animals were randomly sorted into the following timepoints
for echocardiography and subsequisgue harvest: 48 hours, 4 days, 1 week, 2 weeks, 4
weeks, and 8 week&f n=84 animals designated for this study, a total of n= 30 simerated
and n= 49 LADIligated animals were used to acquire the samples for analysis. Of all the
animals in the studyl.76% (n=4) did not survive to their designated timepoint and one LAD
ligated animal did not form a visible infarct scar.

Tissues were collected from animals anaesthetized with 3% isoflurane for a minimum

of 10 minutesafter which limb reflexes were tesl Hearts were excised and immediately
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washed in 1X PBS, after which they were dissected into discrete sections for future analyses.
The sharroperated hearts were separated into right (RV) and left (LV) ventricles, while the
LAD ligated hearts were seped into RV, viable LV, and infarcted LV (scar). Sections were
then placed into cryogenic vials and flesbzen in liquid nitrogen, then stored-80°C until
used for immunoblotting. Tissues intended for histology were frozen fresh, first by placing
enaugh optimal cutting temperature (OCT) compound (VWR International, Radnor, PA,;
#95057838) to cover the bottom of a cryomold and then fiasbzing it in a dry iceethanol
bath. The tissue was then coated in OCT, and placed into the cryomold, makitmgsiest it
in such a way that sectioning would provide the largest surface area. The rest of the cryomold
was filled with OCT, and flasfrozen once again in the ethanol bath. Freshly frozen blocks
were immediately stored é80°C until use.
4.3.3 Proten Isolation from Frozen Tissue Specimens

Frozen tissue samples were weighed on an analytical balance, ensuring that sections did
not thaw prior to lysis. Samples were then crushed using-ehgdted mortar and pestle while
submerged in an excess volumdigdiid nitrogen. The crushed tissue (and liquid nitrogen)
was then decanted into a sterile 15 mL conical tube containing 1 mL tissue lysis buffer (125
mM Tris, pH 7.4; 1% SDS; 5% glycerol; 1X protease inhibitor cocktail (Sigidach,
#P8340), 10 mM NaH,.0 mM Na3VvO04, and 1.0 mM EGTA) per 100 mg of tissue. The
samples were then incubated on ice for 1 hour, with periodic vortexing to ensure complete
lysis. Following 10 seconds of sonication, the lysate was transferred to QIAshredder columns
(QlAgen, Hilden , Germany) and centrifuged according toa
conditions. The flowthrough was collected into 1.5 mL microcentrifuge tubestatad protein

concentration was determined by BCA assay; samplessiened at80°C until use.
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4.3.4 Preparation of Elastic Tissue Culture Surfaces

Silicone elastic tissue culture plates and coverslips bearing an elastic modulus of 5 kPa
were prepared using the methods described in section 3.3.2 of this thesis.
4.3.5 Primary Rat Cardiac Fibroblast Celldtation and Culture Conditions

Primary cardiac fibroblasts were isolattdm male Spragu®awley rats as
previously describgdising similar methods to those described in section 3.3.3 of this'thesis
Upon confirmation of anesthesiadrts wereannula¢dvia the aorta on a Langendorff
apparatusindthen subject to retrograde perfusion with DMEM/FA25 minutesfollowed by
Minimum EssentiaMe d i um, Spi nn e r-MEM, Giboca#L13806@334 foi on (S
another 5 minutes to flush out calcium and promote cell dissociadiodigest the tissyehe
hearts wer¢henperfused with SMEM supplemented with@ U/mL collagenase type Il
(Worthington Bochemical Corporation, Lakewood, NACLS-2) with recirculation for 25
minutesat 37°C

For quiescent fibroblast culturthe digestedissue was incubated at 37°C, 5% GQr
10 minutesand themeutralizedwvith 10 mL ofH a m 6-H0 mEdium (FLO, Gibco# 11550
043 supplemented with 2% fetal bovine serum (FB&J100 U/mL penicillinstreptomycin
The tissue was furthelissociated by trituration with 20 mL serological pipetteandthefinal
cell suspension was thgnavimetricallypassed througha40m st er i |l e cel |l st
Fisher Scientific, Waltham, MA) to remove any debris. The cells were pelleted by
centrifugation at 200 g for 5 minutes, and rsuspended inGmL of complete cell culture
medium. For each kPal0cmdish, 3 mL of cell aspension was added to a total of 10 mL of
medium at plating. Fd& kPacoverslips in 35 mm or-@ell dishes, 0.5 mL of cell suspension

was added to a total of 2 mL medium per dish or well. Fibroblasts were allowed to adl3ere for
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hours at 37°C, 5% COAdherent cellsvere then briefly washed twice wigtewarmed 1X
PBSsupplemented with penicillistreptomycinand fresh complete-10 culture medium was
addedFor the following 3 dayghe cultures were once again washed twice with PBS, and the
growth medum was replacedCells were used for experimentation 4 days {pieting.

For activated myofibroblast culture, digested tissue was incubated as described above,
but was neutralized with DMEM/F12 supplemented with 10% FBS and penicillin
streptomycin. The tissue was dissociated and pelleted in a similar fashion as for quidiscent ce
culture, but the resulting 40 mL cell suspension was then plated on conventional polystyrene
plastic surfaces, or glass coverslips coated in gelatin, as described above. Cells were allowed
the adhere for 2 hours 87°C, 5% CQ, prior to brief washingn 1X PBS and replacing the
complete DMEM/F12 culture medium. Cells were allowed to proliferate unti8o¢b
confluence prior to passaging. Experiments using activated rat myofibroblasts were passaged
once (P1).
4.3.6 Adenoviral Constructs and in vittofection Protocol

All adenoviral constructs were designed to overexpress the human gene product under
control of the CMV promoter. The viruses overexpressing LacZtatfyed SKI, and the
MYC-BiolD2 fusion proteins, were generated by our lab using Adeaxpression System
(Takara Bio Inc., Kusatsu, Japan), as per the
BiolD2 vectors and assay are described in their own section below. The-tighéd
YAP[5SA] and MY Gtagged TAZ[4SA] viruses were designegdur lab and generated by
VectorBuilder Inc. (Chicago, IL). Viral DNA vectors were sequenced for the presence of the
transgene insert at The Centre for Applied Genomics (Hospital for Sick Children, Toronto,

ON) prior to amplification. Viral titres were tegmined by using indirect cetlased ELISA
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detection of adenovirus hexon protein in infected HEK 293A monolayers. The antibodies used
were mouse an#denovirus Type 1 Hexon (Invitrogen, #MAR982) and peroxidase goat
antrmouse (Jackson ImmunoResearth] 5035003); chromogenic detection was performed
using DAB substrate (Thermo Scientific, #34002). All constructs and their sources are listed in
Table 41.

Table 41. Adenoviral Constructs

Construct Gene Product Mutations Source
Ad-LacZ E. coli LacZ (NP_414878.1) n/a Dixon Lab
Ad-HA-SKI Human SKI (NP_003027.1) n/a Dixon Lab

S61A, S109A, S127A,

S164A, S397A Vector Builder Inc.

Ad-FLAG-YAP[5SA]  Human YAP1 (NP_001123617.1)

Ad-MYC-TAZ[4SA] Human TAZ (NP_001335291.1) Ssﬁg': Ssiglpl‘A Vector Builder Inc.
Ad-MYC-BiolD2 A. Aeolicus BirA* (NP_213397.1) n/a Dixon Lab

Ad-MYC-BiolD2-SKI Human SKI (NP_003027.1) n/a Dixon Lab

Ad-MYC-BiolD2-TAZ  Human TAZ (NP_001335291.1) n/a Dixon Lab

To overexpress a given protein of interest, cells weramstarved overnight (~16
hours) in F10 medium supplemented with penicitétreptomycin. The following day, the
cells were transduced with a vecttgpendent multiplicity of infection (MOI) of 280 in
serumfree F10 medium. Viral infection was allaw to proceed for approximately 36 hours
prior to harvesting for analysis. This methodology was applied for both rat and human cardiac
(myo)fibroblasts.
4.3.7 In vitro Drug Treatments
P1 primary rat cardiac fibroblasts were seeded onto stiff plastic eyltates at about

20% confluency (~7.0 x 105 cells/10 cm dish). Once the cells reachHe@l4@onfluency,
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they were serupstarved overnight in DMEM/F12. The culture medium was then replenished
(still serumfree), and supplemented with one of the followsngallmolecule inhibitors:
MG132 (1 uM; SigmaAldrich; #M7449), GS143 (1 uM; Tocris Bioscience, Bristol, UK;
#5636), D4476 (500 nM; Selleckchem, Houston, TX; #57642). Control plates were treated
with DMSO alone. Cells were ptesated with the compoundsrfd hours, after which they
were infected with either AtlacZ or AdHA-SKI (as described above; MOI of 50) and cells
were harvested 24 hours pastection.
4.3.8 siRNAMediated Gene Knockdown

Firstpassage (P1) cardiac myofibroblasts were seede@=atl0* cells in each well of
a 6well dish. Cells were left to adhere overnight in DMEE#2 supplemented with 10% FBS
and 100U/mL of penicillin-streptomycin. The cells were then gently washed twice with 1X
PBS, then starved overnight in serfiee, antibiott-free DMEM (Gibco, #10564011). The
following day, the myofibroblasts were transfected for 24 hours %@t of eithera non
targeting siRNA poo(Dharmacon, Lafayette, Q@r a 4oligo pool targeting the gene of
interestusing Lipofectamine RNAiIMaxTer moFi sher ) as per .Fhe manuf
the assay was performed in conjunction with protein overexpression, the following day, the
medium was changed (DMEM) and the cells were infected with the appropriate viral construct.
Whole cell lysates we collectedor analysis after approximately 36 hours of viral
overexpression, and a total of 60 hours of gene knockdalvaligo pools used are listed in

Table 42.
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Table 42. siRNA Oligo Pools

Target Species Accession Pool (Dharmacon Cat#)
Latsl R. norvegicus NM_001134543.2 M-080189-01-0005
Lats2 R. norvegicus NM_001107267.1 M-087043-01-0005
Limd1 R. norvegicus NM_001112737.2 L-081750-02-0005
Wwitrl (Taz) R. norvegicus NM_001024869.1 M-088521-01-0005
Non-targeting H. sapiens, M. musculus, n/a D-001810-10-05
pool R. norvegicus

4.3.9 Protein Isolation from Monolayer Cell Culture

Resting tbroblasts cultured on elastic surfaces were trypsinized and pelleted prior to
lysis using the methods described in section 3.3tBigthesisProtein isolated from first
passage myofibroblasts cultured on conventional polystyrene surfaces was harvested in a
similar fashion, except that the cells were lysed by mechanical means. Using 100 pL RIPA
lysis buffer and using a sterile celiraper to lift the cells into solution directly in the culture
dish, all contents were then transferred to aghied 1.5 mL microcentrifuge tube to
continue processing for protein quantitation by BCA assay, as done in section 3.3.6.

Cytoplasmic and ralear cell fractionation was achieved by using the PiercéNER E
Extraction reagents (Thermo Scientific, #78833). All samples were k&1l for short
term use, or80°C for long term storage.
4.3.10 Immunoblotting

SDSPAGE 0of 203 0 € g of pprioromedeon 45%w@adient reducing gels
using the protocol described in section 3.3.7 of this thésigl protein loading was measured
prior to blotting using Ponceau S (Alfa Aesar, Haverhill, MA; #J63139) staining, or after
blotting using Pelikan 1BlackIndiaink (Thomas Scientific, Swedesboro, NJ; #C861L76) and

densitometric analysis. Blots were incubated with primary antibodies overnight at 4°C with

105



gentle shaking. Primary antibodies were used at the following dilutiongs E@llular)
fiboronect n (1: 1000; MilliporeSigma, Burlington, MA
#A2547), Periostin (1:1000; Abcam, Cambridge, UK; #14041), Vimentin (1:2000; Abcam;
#ab8069), YAP(1:1000; Cell Signaling, Danvers, MA; # 14074), TAZIWWTR1 (1:1000; Cell
Signaling;#83669), GAPDH (1:5000; Cell Signaling; #97166), LIMD1 (1:1000; Abcepta Inc,
San Diego, CA; # AP13132b), LATS1 (1:1000; Cell Signaling; #3477), LATS2 (1:1000; Cell
Signaling; #5888), HAag (1:1000; Rockland Immunochemicals Inc., Limerick, PA; #600
401-384), MYC-tag (1:1000; Cell Signaling; #2278), NCoR1 (1:800; Cell Signaling; #5948),
TEAD3 (1:1000; Cell Signaling; #13224). Corresponding HiRRjugated secondary
antibodies (Jackson ImmunoResearch, West Grove, PA) were applied at a1 BD000
dilution for 1 hour at room temperature. Antibody detection was done using ECL substrate, and
protein bands were visualized on blugay film (Mandel Scientific, Guelph, ON). Protein
expression was measured by relative densitometry using Quantity One analysisesoft
(version 4.6.9; BieRad).
4.3.11 Total RNA Isolation and Quantitative PCR

Cardiac fibroblasts were harvested by trypsinization and centrifugation at 200 x g for 5
minutes. Columybased total RNA isolatioand subsequent cDNA synthesis were performed
as described in section 3.3.8 of this thestse TinalcDNA product was diluted to 200 pL
sterile TE buffer (10 mM Tri¢iCl, 1 mM EDTA, pH 8.0andwas stored ai80°C until use.

Gene expression was assayed using Luna® Universal g°PCR Master Mix (NewdEnglan
Biolabs, Ipswich, MA; #M3003), and 1 yL template cDNA. Primers were used at a final
concentration of 200 nM, and all reactions were performed in technical triplicates on a

QuantStudio 3 Redlime PCR System (Applied Biosystems, Foster City, @i&)ng tle fast
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cycling mode Relative gene expression was calculated using #&“fhethod*? All samples

from resting(PO, 5 kPa plates) fibroblasts were normalized to endogenous Tyresine 3

monooxygenase/ Tryptophamionooxygenase Activation prateZeta {Ywhaz expression,

while samples from activated myofibroblasts (P1, plastic plates) were normalized to

HypoxanthineGuanine Phosphoribosyltransferabipitl). All gPCR primer pairs and their

targetso

Table 43. qPCR Primers

respectaredisged Nlaked3 s i on

number s

Gene Accession Forward Primer (5'- 3") Reverse Primer (5'-3")
Acta2 NM_031004.2 AGATCGTCCGTGACATCAAGG TCATTCCCGATGGTGATCAC
Ccn2 (Ctgf) NM_022266.2 CAAGCTGCCCGGGAAAT CGGTCCTTGGGCTCATCA
Collal NM_053304.1 TGCTCCTCTTAGGGGCCA CGTCTCACCATTAGGGACCCT
Colla2 NM_053356.1 TGACCAGCCTCGCTCACAG CAATCCAGTAGTAATCGCTCTTCCA
Col3al NM_032085.1 GGTTTCTTCTCACCCTGCTTC GGTTCTGGCTTCCAGACATC
Fnl NM_019143.2 ACTGCAGTGACCAACATTGACC CACCCTGTACCTGGAAACTTGC
Limd1l NM_001112737.2 AACAGGCCTTTGGTCCACTG GCCTCATATCCCAGACTCGAA
Hprtl NM_012583.2 CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC
Postn NM_001108550.1 GCTTCAGAAGCCACTTTGTC CGCCAACTACATCGACAAGG
RelA NM_199267.2 TTCCCTGAAGTGGAGCTAGGA CATGTCGAGGAAGACACTGGA
Tcf21 NM_001032397.1 CATTCACCCAGTCAACCTGA CCACTTCCTTTAGGTCACTCTC
Wwitrl NM_001024869.1 ACCTGGCTGTAGTGTGATGC CCAGGCAATGATTAAGCGGC
Yapl NM_001034002.2 CAGACAACAACATGGCAGGAC CTTGCTCCCATCCATCAGGAAG
Ywhaz NM_013011.3 TTGAGCAGAAGACGGAAGGT GAAGCATTGGGGATCAAGAA

4.3.12 Plasmidexpression Vectors and Sierected Mutagenesis

Mutation of human YAP and TAZ to promote nuclear translocation was performed

using the QuickChange Il Sieirected Mutagenesis Kit (Agilent Technologies, Santa Clara,

CA; #200523, with some modifications ot

he man

ufactureros

Zhenget af*2 Both wild-type genes were cloned into pcDNA3 prior to mutagenesis. The YAP

S127A mutation was achieved by using theofoll i n g

pr i-BATGTTIC@A r

560
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GCTCATGCATCTCCAGCTTCTCTGCAGTTGGGAGCTE3 6 a-ICAGABAAGCTGG
AGATGCATGAGCTCGAACATGCTGTGGAGTCAR 0 . The TAZ S89A mutati
achieved with t he TfCAGOABGVCAGETCHECACBEBATCRCLECG @ 50
CGTCCCTGCAGCTGGGCAER3 6 a-It@GCEHG6CGACGCGTGCGAGCGGACATGC
TGGGCACCCCCAGCCAGTC&E3 6. Al | plasmid constructs were
of the mutation and complete coverage of the insert.
4.3.13 Luciferase Reporter Vectors for Collagen 1lal and 3al Promoters

Proximal pomoters for the huma@OL1A1(1.4 kb) andCOL3A1(1.5 kb) genes were
generated from genomic DNA isolated from HEK 293A cells, and subcloned into the
pGL4.1[Luc? vector via the Kpnl and Nhel restriction sites. The following primer pairs were
used for PCRmaplification of the promoter<€€COL1AL1,f o r wa CAGTGEITACCGAAGC
TGCTGATGGAGTTAACTTCTGCG3 6 and H4CGAQTECTAECCEIOBCGCGTATCC
ACAAAGCTGA- 3 6COL3ALf or wa CAGTGEEIACCGCCACTGTCCATGCTTAR 0 ,
and r e-\GACTSETAGGEGATGAAGCAGAGCGAGAAG 3 @Both promoters were
i solated from 100 ng g-FidebtyrDNA Pdyiekase (Nesvi ng QS5 E Hi
Engl and Biolabs) according to the manufacturer
pGL4.1 vector, all plasmid constructs were sequenced for completeagevarthe insert prior
to performing anyn vitro assays.
4.3.14 Luciferase Reporter Assay

NIH-3T3 fibroblasts were seeded im@ll dishes 24 hours prior to transfection at a
density that would yield ~70% confluend¥ells were cetransfected using jetRRRE DNA
transfection reagent (Polyplus Transfectilikirch, France; #14-15) with 500 ng

pGL4.1[Luc2] promoterreporterplasmid and 500 ng expression vector for 48 hours. Cells
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transfected with empty expression vector with the corresponding promogtrumrserved as
background control samples. Promoter activity was assayed using the Luciferase Reporter
Assay Kit | (PromoCell GmbH, Heidelberg, Germany¥CA707-300031) and luciferase
activity was quantified on a GloMax Multi+ Multimode Plate Red@&omega, Madison, WI).
All samples were assaglin triplicate and relative promoter activity was normalizedhe
total protein concentratioof the corresponding sample.
4.3.15 Collagen Gel Contraction Assay

Threedimensional collagen gels wepeepared by mixing 16 mL of chilled collagen
solution (PureCol® Type | bovine collagen; Advanced BioMatrix, Sand Diego, CA), with 2
mL of sterile 10X PBS. While keeping the solution on ice, the pH was adjusted to 7.4 using
sterile 0.1 M NaOH, and the vahe was brought up to 20 mL with sterile water. Gels were
cast in a 24vell plate by adding 600 uL solution to each well and allowing them to solidify at
37°C, 5% CQovernight. The following day, PO fibroblasts cultured on 5 kPa elastic surfaces
(in 10 medium, 2% FBS) were passaged and seeded on the collagen matrices at a density of
1.5 x 1¢ cells per well and allowed to adhere for 24 hours. The gels were then released from
the wells using a circular cutting tool and immediately infected with theirsrreling
adenoviral vector, or treated with 4 ng/mL recombinant human@:G€Eell Signaling#8919
as a positive control. Images were taken immediately following treatment, and subsequently
every 24 hours for a total of 72 hours ptssitment. Gel cordction was estimated by
measuring the surface area of the top of the gel using ImageJ image processing*8bftware
4.3.16 In vitro Wound Healing Assay

Three silicone inserts (lbidi, Martinsried, German§1#79 were placed into the wells

of a porcine gelatitoated 24well 5 kPa elastic tissue culture dish (Excellness, as described
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above). 70 uL of freshijsolated primary rat cardiac fibroblast calspension (~5.0 x 0
cells/mL) was added to each chamber of the insert, and 0.5 mil@hkedium supplemented
with 2% FBS was added to the area surrounding the insert to prevent moisture loss. The culture
medium was changed every day for the followindg$s, after which the cells were allowed to
reach 80% confluency within the insert chambers. The inserts were then removed and the cells
were infected with a MOI of 50 of their corresponding adenoviral constructs in-$ezeri?
10 medium. Light microscopynages were captured at 6, 12, and 18 hoursipfisttion, after
which percent surface area coverage was calculated using ImageJ software.
4.3.17 Isolation of Human Atrial Cardiac Fibroblasts

Discarded atrial tissue was obtained fromalg patients undrgoing elective CABG
surgery with no previous history of myocardial infarctic@ells were isolated as previously
describetf In brief, freshlyisolatedatrial tissue was finely minced and placectiriture
dishes containingasal medium supplemented with 10% fetal bovine s€RB®), 100
units/ mL penicillin and 100 eg/ mL streptomycin
explants for approximately 10 days prior to passaging, at which point they were maintained in
compl ete cardiac fibrobl ast g BaseltShitzadand)i um ( FGM
Cells were passaged at least two times (P2) prior to using in experiments, and P3 cells were
frozen for future use and used for BiolD2 experimehi®se cells were considered activated
myofibroblasts, as they had been passaged rtauttipes.
4.3.18 BiolD2 Assay and Mass Spectrometry Analysis

BiolD2 fusion proteins were generated from the ByalD2-MCS plasmid and
AdencoX Adenoviral Expression System 1 (Takara Bio, formerly Clontech, Mountain View,

CA). The myeBiolD2-MCS vector was gift from Kyle Roux (Addgene plasmid # 74223;
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http://n2t.net/addgene:74223 ; RRID:Addgene_74223). In brief, the human Ski and Taz
(Wwtrl) genes were cloned into multiple cloning siiéthe myeBi ol D2 vector usi
BamHI and 306 Hites.&rbnh Here,io@hsgenes were-slamed int® the
pShuttle2 vector via the 56 Nhel and 36 AfIl I
vector as well. Following the methods described by the AdeBgstem 1, all three inserts
were then subcloneadto theadenoviral backbone by using-8tel and{Ceul homing sites.
From here, the adenoviral DNA was digested w
a 60 mm dish of subconfluent HEK 293A cells using jetPRIME® transfection reagent
(Polyplustransfection SA, New York, NY). Packaged virus was then amplified four times,
then titred byin situhexon staining of serial dilutions of the viral stock.
In vitro biotinylation assays were performed on primary human cardiac fibroblasts isolated
from discaded atrial tissue from patients undergoing coronary bypass surgery, as described
above. Cells passaged three times (P3) were used in BiolD2 assays, and were considered as
activated myofibroblasts.

Once at approximately 40% confluency, the cells wereched to serurfree F10
medium, and infected with a MOI of 20 of either:-Atyc-BiolD2-Empty, Admyc-BiolD2-
hSKI, or AdmycBiolD2-h TAZ. After 24 hours, the medium
biotin from a freshly prepared 100X stock diluted in warm cultoeglium. Finally, after
further incubation for 18 hours, the medium was removed and the cells were briefly washed
twice with roomtemperature 1X phosphate buffered saline (PBS). Cells were lysed with 500
eL | ysi s Db4D;f05% deoxfychdlate;NORYDS, 50 mM Tris HCI, pH 7.4; 150 mM
NaCl; 1 mM EDTA,; 10% glycerol; supplemented with 1X Sigma protease inhibitor cocktalil

P8340) and scraped into 2 mL microcentrifuge tubes. Samples were briefly sonicated, and then
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Triton X-100 was added to a final concextion of 2%. After further sonication, the samples
were then diluted with an equal volume of 50 mM Tris HCI, pH 7.4 and incubated overnight
on a rotator at 4AC with 400 &L of magnetic st
Biolabs, Ipswich, MA) that halleen prevashed for 10 minutes in lysis buffer. The following
day, the beads were washed once in 2% SDS for 10 minutes, followed by four times for 10
minutes each in 50 mM Tris HCI, pH 7.4. The beads were resuspended in 1 mL wash buffer,
and 20% was savddr analysis by Western blot. The beads destined for immunoblotting were
resuspended i nPAGBKHLaemmli loatlingdutfer Suppemented with 10%-2
mercaptoethanol and 1 mM biotin and heated at 95°C for 5 minutes. Supernatants were then
storedat8 0AC unt i | needed. The remaining beads wer
NH4HCGOs and sent for mass spectrometry analysis at the Manitoba Centre for Proteomics and
Systems Biology (Winnipeg, MB, Canada).

Samples isolated by BiolD2 pulldown were subjedryptic digestion in 50 mM
NH4HCOs on the magnetic beads for 16 hours. After separation by 1D ktpaadnatography
(LC) with a 98minute nonlinear gradient, digested peptide solutions for each biological
replicate was subject to two technical repicata n al ys es o HF-XOrbQrapEx act i veE
mass spectrometer (Thermo Scientific, Waltham, MA) in standard tandem MS/MS with data
dependent acquisition. The protein identification parameters were as follows: minimum
fragment M/Z of 100; precursor mass talece of + 10 ppm; fragment mass error of 0.02 Da,
and a maximum #alue of 0.01. Fixed modifications for oxidation of methionine and
tryptophan, deamination of asparagine and glutamine, and carboxyamidomethylation of
cysteine were also included in the lytigal parameters. Peptides were compared against the

SwissProt human protein database and were identified and quantified using X!tandem
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(Alanine, 2017.02.01). Proteins with fewer than 3 spectral counts, common background and
contaminating proteing(g.keratins, histones, trypsin) were excluded from the resulting data.
Technical replicates were then combined for interactome analysis.

Significance of interaction between bait (SKI or TAZ) and prey was determined using
probabilistic scoring via the Signiitice of Analysis of Interactome express (SAINTexpress)
algorithn3. Using the Contaminant Repository for Affinity Purification (CRAPome?8%g)
SAINTexpress was applied to the datasets usingugended (untreated and empty BiolD2
vector) controls, incorporation of iReflndex data, asahg all replicates per bait. SAINT
scores and foldhange values for both SKI and TAZ are displayed in TdbléandE.2,
respectively. Proteins included in the final
emptyBiolD2 and untreated controld,nd obt ai ned a SAI NT score O
lowering the SAINT score was due to the fact that there exists no repository for primary human
cardiac fibroblast protein interactions, and the vast majority of proxiatitgiling data that is
publicly available has been gathered in cell lines. Thus, we could not rely entirely on the
iReflndex data that is used in the scoring algorithm.

The resulting data were then formatted for use in Cytoscape (version 3.7.1) to generate
interaction network graphicsnd Gene Ontology (GO) and pathway analyses were performed
using and the STRING database (version 14n@) WikiPathways (wikipathways.ofg}.

Finally, novel interactions were confirmed by repeated affinity capture after culturing
transduced cells in 50 €M bioti Datawaand pr obi n
generated using cells isolated from n = 4 biological samples. Original mass spectrometry data

for BiolD2 in human cardiac fibroblasts can be accessed using the file numbatderd4

the following hyperlink to access the Global Proteome Machine (GPM):
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http://hs2.proteome.ca/tandem/thegpm tandem.html

Table 44. Global Proteome Machine (GPM) Numbers for Mass Spectrometry Data

Dataset Name GPM number
Human Cardiac Fibroblast BiolD2 - Control - Set 1 GPM10000002938
Human Cardiac Fibroblast BiolD2 - Control - Set 2 GPM10000002939
Human Cardiac Fibroblast BiolD2 - Empty - Set 1 GPM10000002941
Human Cardiac Fibroblast BiolD2 - Empty - Set 2 GPM10000002940
Human Cardiac Fibroblast BiolD2 - SKI - Set 1 GPM10000002942
Human Cardiac Fibroblast BiolD2 - SKI - Set 2 GPM10000002943
Human Cardiac Fibroblast BiolD2 - TAZ - Set 1 GPM10000002944
Human Cardiac Fibroblast BiolD2 - TAZ - Set 2 GPM10000002945

4.3.19 F/G Actin Isolation anéractionation

Cardiac myofibroblasts were cultured and treated in 10 cm dishes, and harvested at
~50-60% confluency. Cells were washed twice inp@med 1X PBS to remove any excess
medium and serum. After removing as much PBS as possible, F and G aisolated
using a Gactin/Factinin vivo Assay Kit(Cytoskeleton Inc., Denver, CO; #BK037), as per the
manufacturerodos directions. F/ G actin ratios we
fraction for a given sample ontel4% gradient SD¥AGE gels, followed by blotting on
PVDF membranes. Immunolitmg was performed with paactin antibody (1:1000; Cell
Signaling; #4968), and peroxidasenjugated goat antabbit secondary antibodies (1:10 000;
Jackson ImmunoResearch).
4.3.20 Fluorescence Immunohistochemistry (HC

Frozen tissue blocks were ma@ed from-80°C to-20°C for a least 1 hour prior to
sectioning. Tissues were cut into 6 um sections using a cryostat microtome and mounted on

glass slides which were kept in a Coplin jar on ice. Sections were allowed to air dry and adhere
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to the slides fo30 minutes while remaining on ice. The slides were then washed twice for 5
minutes with warm PBS to remove as much OCT compound as possible.

Tissue sections were fixed in 4% paraformaldehyde in 1X PBS (pH 7.4) for 10 minutes,
after which they were wastien neutralizing buffer (0.4 M Glycine in 1X PBS, pH 7.4) twice
for 5 minutes each. Sections were then permeabilized for 15 minutes at room temperature in
0.1 % Triton X100 in PBS. Nosspecific binding sites were then blocked for 30 minutes in 5%
NormalGoat Serum (Invitrogen, # 5IB7Z) in PBS. Slides were then washed 3 times for 5
minutes each in PBS. Prior to removing the last wash, primary antibodies were diluted in 1%
Bovine Serum Albumin (Alfa Aesar, #J64655) in PBS with 0.05% TritetOX to their
appropriate concentration: rabbit aM\P (1:100), rabbit artiTAZ (1:100), mouse anti
Vimentin (1:100). Sections were incubated in primary antibody solutions overnight at 4°C in a
sealed, humidified chamber. Primary antibodies were suctioned off, aslitit®were
washed 5 times for 5 minutes each in PBS. Alexa Ftoojugated secondary antibodies were
applied at a 1:500 dilution in the same dilution buffer at the primary antibodies: 488, 594.
Secondary antibodies were removed, and sections were wastrgch minutes for 45 minutes
in PBS. Sections were thoroughly dried with gentle suctioning, and a glass coverslip was
applied with 15 pL mounting medium with DAPI (Invitrogen, #P36971) per section. After
allowing the slides to cure overnight at room pemature, sections were imaged with a Zeiss
LSM 5 Pascal microscope using DAPI, FITC and Texas Red detection channels. Images were
acquired and processed using AxioVision Microscopy software (Zeiss, rel. 4.8).
4.3.21 Fluorescence Immunocytochemistry ({EC

Cellswere seeded at a lof®#10-15%) confluency onto either glass coverslips téll

dishes, or elastic (5 kPa) silicone coverslips (ExCellness) in 35 mm dishes, coated with porcine
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gelatin type AAfter appropriate treatmentde cells were briefly ashed in PBSollowed by
fixing in 4% paraformaldehyde in PBS apédrmeabilizatiorwith 0.1% Triton X100 in PBS,
as described in section 3.3.9 of this thesis

The following primary antibodies were ustedprobe for targets of interest US MA
(1:200;Sigme; #A2547), YAP (1:100; Cell Signaling; #14074), TAZ/WWTRL1 (1:100; Cell
Signaling; #83669), EfA fibronectin (1:100; Millipore Sigma; #MAB1940), LIMD1 (1:100;
R&D Systems, Minneapolis, MN; #MAB8494nd incubated overnight at 4°C. The following
day,thecdls were thoroughly washed three times in PBS and incubatediVeiXia Fluor
fluorophoreconjugated secondary antibes at 1:100 dilution for 1 hour at room temperature:
488 rabbit antmouse (Invitrogen, #A27023), 647 rabbit amuse (Invitrogen, #A27D),
488 goatantr abbit (Il nvitrogen, #A27034). For the
incubation with secondary antibodiesa€&tin wasstained using a 1:500 dilution of rhodamine
phalloidin (R415; Invitrogen) in PBf®r 30 minutesAfter several washes over a period of 30
minutes, the coverslips were thoroughly dried using gentle suction and mounted on glass slides
using mounting medium with DAPI (Invitrogen, #P369@hy allowed to cure at room
temperature for 24 hour€overslips were thesealed andadls were imaged using a Zeiss
LSM 5 Pascal microscope as described above.
4.3.22 Data Analysis and Statistics

Statistical analyses and graphic data representations were primarily generated using
GraphPad Prism 8 (version 8.1.2; May 2019).dalta are represented by the mean + standard
deviation, unless otherwise indicated in the figure legends. Individual biological replicates (n
values) are defined as originating from experiments involving cells or tissue from one single

animal or human domoBiological replicates from assays involving cell lines were defined as
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having originated from cells from different passages. Data distribution was assessed by the
ShapireWilk test. Nonparametric gouped data analyses were performed uKinggkat

Wallis tests Grouped data with normal distributioR ¢ 0.05 ShapiréVilk test) were analyzed
byoneortwoway ANOVA wipbshhodest florenylipe comparisons®&unnet t 6 s
post hodest when performing multiple comparisons to the adstonly.In vivodata was

analyzed with right (RV) and left ventricles (LV) as separate groups. Sham RV and Ml RV

were compared using twway ANOVA with Sidak correction, while sham LV, viable Ml

viable LV and MI Scar LV were analyzed by tm@ay ANOVAwith  Dunnett 6s corr e
Experiments involving only control and one test condition were analyzetkbysté.g.F/G

actin ratios were analyzed by paires$ts).Significance was recorded#f< 0.05.BiolD data

were analyzed usintpe SAINTexpresslgolithm for probability scoring of individual protein

protein interactionsand graphical representation of interactoanes their SAINT scorewas

generated using Cytoscape, as described ahmextion 4.3.18

4.4 Results
4.4.1TAZ Is aStrongerActivator of theSyntheticActivated CardiadMyofibroblast Phenotype
than YAP

To examine whether YAP and TAZ activation exert differential effects on the cardiac
fibroblast phenotype, we employed soft substrate cell culture (described in Chapter 3) in
conjunction with overexpression of constitutivedgtive forms of each paralog. This method
was also used to determine whether either protein can overcome the lack of mechanical and
growth factor input to promote fibroblast activatiamder such condition&Jnpassaged (PO)
primary rat cardiac fibroblasts were isolated and treated with adenoviruses that overexpress

constitutivelyactive, nuclear forms of YAP or TAZ.0 generate these constructgefserine
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residues were modified to alanine for YAP (S61A, S408127A, S164A, S397A) and four

for TAZ (S66A, S89A, S117A, S311Ais previously reporté 438440 These will henceforth

be referred totaY AP[5SA] and TAZ[4SA], respectively. Overexpression of both YAP[5SA]

and TAZ[4SA] increased expression of Eibronectin, with a moderately more pronounced

effect with TAZ (Fig. 4.1A, B, C). There was n
expressia with either paralog, when compared to-lBacZ infected control§Fig. 4.1A, B)

When probing for bottUlSMA and Factin by immunofluorescence, there was a marked

increase in USMA inclusion in cytoskeletal str

despite the cells being maintained on compressibke § kPa) surfaces (Fig. 4.1D). In

addition to this finding, twalimensional collagen gel contraction assays confirmed that both

YAP[5SA] and TAZ[4SA] were able to increase cell contractility, which wasparable to

TGFDby treated positive controls (Fig 4.2A). This contractile quality was nearly completely

abrogated bytheeex pr essi on of nuclear SKI with TAZ[ 4SA
exerted on TAZ is likely dependent on its phosphorylatiahdestabilization. In addition,

wound healing assays on soft substrates demonstratedfaléocreasean closure rate with

either YAP[5SA] or TAZ[4SA] when compared to AdicZ infected controls (Fig. 4.2B).
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Figure 4.1 YAP and TAZ induce cardiac myofibroblast marker expression. Almmunoblotting
of whole cell lysates from unpassaged (PO) primary rat cardiac fibroblasts cultured on 5 kPa ¢
silicone tissue culture surfaces coated with gelatin. Cells were treated with adenoviral constrt
overexpressing constitutivebctive fams of YAP (AdFLAG-YAP[5SA]), TAZ (Ad-MYC-
TAZ[4SA]), or Ad-LacZ controls for approximately 36 houBs. Quantification of densitometric
measurements represented in panel A (n = 3 untreated controls; n= 6 biological replicates pe
condition). Data arpresented at mean + SD. *P< 0.05 versus untreated ahdddinfected
controls.C. PO primary rat cardiac fibroblasts cultured on 5 kPa elastic silicone coverslips wer
infected with constitutivehactive AdYAP[5SA], Ad-TAZ[4SA], or Ad-LacZ for 36 hourgrior to
fixation and for indirect immunofluorescence detection of fibronectin extracellular domain spli
variant A (EDA FN; green); nuclei were counterstained with DAPI (blue). Scale bar = 200 pm
D. PO primary rat cardiac fibroblasts treatedi@scribed for panel C, with indirect
immunofluorescence detection of alphano ot h Muscl e Act i-actint USMA
(phalloidin staining; red). White arr adts
stress fibers. Scale bar = 200 pbata shown for C and D are representative of n=3 biological
replicates.
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Figure 4.2.Cardiac myofibroblast gene expression, function, anghysiology are enhanced by
YAP and TAZ expression. A.PO rat cardiac fibroblasts seeded on-tlimensional collagen
matrices were assayed for gel contraction following infection withf AR[5SA], Ad-TAZ[4SA],
Ad-SKI, a combination thereof, or with AldacZ control. Treatment with recombinant human FGI
b, served as a positive control. The lower panel displays the quantification of the surface aree
top of the collagen matrices, measured in“nbata shown is representative of n = 4 biological
replicateswhere *P< 0.01, ****P<0.0001 when compared to AdcZ infected controlBB. Rat
cardiac fibroblasts seeded into inserts with a definedfreaigap on 5 kPa elastic silicone surface
were infected with either YAP[5SA], TAZ[4SA], or Laexpressing adenoviral constructs at a
MOI of 50. Wound healing rate was assessed as pengégates area covered by cells at 18 hours
postinfection. Data is representative of n = 4 biological replicates,With0.05 when compared t
Ad-LacZ infected control<C. PO primary rat cardiac fibroblasts cultured on 5 kPa elastic silicor
tissue cultue surfaces coated with gelatin were transduced with adenoviral constructs
overexpressing Hippo effectors, AMAAP[5SA] or Ad-TAZ[4SA], or Ad-LacZ control. mRNA was
isolated 48 hours posgtfection, and analyzed by gRHCR, with n = 5 biological replicategip
condition. < 0.05, *P< 0.01, ***P< 0.001, ****P< 0.0001 when compared to AccZ infected
controls.D. NIH-3T3 fibroblasts were transfected with either an empty pcDNA@\I, no insert),
-YAP[S127A], or-TAZ[S89A] expressing vectors in conjunctiorithva luciferase reporter
promoter plasmid (pGL4.jc2] ) cont ai ni ng ei t heOLIATh eo h u 3nk
(COL3A) promoter. Luciferase activity was assayed 48 hourstparssfection, and normalized to
pcDNAZ3 transfected controls. Data is repreaéve of n = 3 biological replicates (3 technical
replicates each), with *P< 0.001, ***P<0.00001 when compared to pcDN#&&nsfected
controls. All data (AD) is reported as mean + SD.
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Analysis of gene transcription by qPCR provided a clearer understanding of the
activation state of primary fibroblasts with YAP[5SA] and TAZ]A] overexpression (Fig.
4.2C). The first gene of interest waggf, as it is a known genetic target for both proteins. TAZ
activation resulted in an acute increas€igf transcription (~3€old change) compared to
YAP activation (~3.5old change). Sintarly, expression of the EA splice variant oFnl
was upregulated in both conditions, but was markedly greater with TAZ[4SA] expression.
Transcription ofActa2( encodes USMA) was positively regul
activation, but with much greateariance with the latter. We then probed Taf21, a marker
of resident (noractivated) cardiac fibroblasts, and found that both YAP[5SA] and TAZ[4SA]
significantly reduced its transcription, compared tolAtZ infected controls. Finally, we
examined tb transcription of genes encoding fibrillar collagen monontarklal, Colla2
andCol3al With induction of both YAP and TAZ activity;ollaltranscription was
upregulated; however, only TAZ increagedl3altranscription. Conversely;olla2
expression was slightly downregulated with TAZ activation, but was unaffected byTYAP.
further elucidatehe effects of YAP and TAZ on collagen promoter activation, we performed
luciferase assays on the hun@@L1AlandCOL3Alpromoters in NIH3T3 fibrodasts. We
used variants of YAP and TAZ with single serine mutations (S127A and S89A, respectively)
for these experiments as they were sufficient to induce nuclear translocation with relatively
equal expression of both paralogs (we could not achieve thigary cells) With YAP
activation, we observed anf8ld and 4fold increase irCOL1AlandCOL3Alpromoter
activity, respectively. In contrast, with active TAZ overexpression there was almo$oka 10
induction beyond that observed with YAP for botbrmbtersin addition, vhenTaz

expression was knocked down by RNAI, it was found that the only myofibroblast marker
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which was affected was EB FN, which was nearlgbsent in myofibroblasts devoid of TAZ
expression (FigB.1). Taken together, these findsmguggest that while both YAP and TAZ
activation induce a myofibroblaske phenotype in isolated primary cardiac fibroblasts, TAZ
produces a more synthetic phenotype which could be indicative of its tbke pathogenesis
of cardiac fibrosis.
4.4.2 TAZand YAP Exhibit Contrasting ExpressiDaring PostMI Fibrosis

To determine the role, if any, of TAZ in the pathogenesis of cardiac fibrosis, we
temporallyexamined its expressian a rat model of pog¥ll cardiac remodellingAnimals
were subject to Ieéfanterior descending (LAD) coronary artery ligation or sham operation, and
cardiac tissue was isolatedrthg a time course spanning 48 hours to 8 weeksMI. Using
periostin as a marker of cardiac fibroblast activation, along with vimentin as a tmgsahc
cell marker, we probed for both YAP and TAZ expression at each time point. Immunoblotting
showedbiphasic expression of TAZ which peaks at 2 weeks-pstithin the infarct scar,
postMI. Interestingly, we observed an increase in YAP expressidmeiRV tissue of sham
operated animals. When probing infarcted LV tissue by immunofluorescence, we found that
there was differential expression between YAP and TAZ along the border of the advancing
infarct scar (Fig 4.3C). The most striking feature wastidear localization of TAZ in tissue
harvested 2 weeks pestl in cells costained with vimentin. This activation/translocation was
absent from tissues probed with avi\P antibodies, as the shaoperated and ligated LV
tissue had no apparent differenise’ AP localization. The increase in nuclear TAZ along the
infarct border suggests that its activation is involved in the deposition of ECM and the

spreading of the infarct scar.
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DAPI YAP Vimentin Merged YAP (M)

DAPI Vimentin Merged TAZ (MI)

TAZ
Sham--- .

Figure 4.3.TAZ exhibits biphasic expression during postMI fibrogenesisin vivo. A.
Immunoblotting of whole tissue lysate from male SpraDagley rats subject to left anterior
descending (LAD) coronary artery ligation or sham operation. Hearts were excised at various
points, spanning 48 hours to 8 weeks figsition, and tissue fra left (LV) and right (RV)
ventricles were isolated for analydi.Quantification of densitometric measurements of data
shown in A, as well as Online Figure |. Data is representative of experiments originating from
to 6 animals per time point, arglreported as the mean + S[P<0.05, **P<0.01, ***P<0.001,
when compared to that tissueo6sC.ldRédt or LV)
immunofluorescence of LV scar at 2 weeks gdsbr sham operation. Sections were probed for
YAP (top panel, greénor TAZ (lower panel, green) and Vimentin (red) for identification of cells
of mesenchymal origin. Nuclei were counterstained with DAPI (blue). Scale bar = 200 pm. Im
are representative of n = 3 biological replicates.

Sham
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and remains elevated until 4 weeks after injurgFig. 4.3A, B). A similar pattern was found

in the RV of infarcted hearts, bresolved back to baseline before 4 weeks. In contrast, YAP
expression was markedly reduced in the LV infarct scar, and returned to baselineels 8 we
4.4.3 SKI Activates LATSRlippo Signallingto Specifically Target TAZ

Following the examination of YAP and TAZ postMI fibroblast activationwe
sought to elucidate theffects of SKI expression dhe Hippo pathwayUsing primary rat
cardiacfibroblasts cultured in prfibrotic conditions {.e. on conventional plasti@MEM/F12
mediumwith ascorbic acid and 10% FBS)e overexpresseatlicleathuman SKlusing an
adenoviral vectorProbing whole cell lysates by immunoblotting revedteteven nild
overexpression of SKI leads to a stark reduction in TAZ protein expression @Ag.B).

What is peculiar about this observation is that YAP expression is apparently unaffected by
ectopic SKI.As SKI is known to recruit factors tgenepromoters whih inhibit transcription,

we sought to determine whethiinis regulation was occurring at ttranscriptionalevel. Taz
andYapexpressiornn cells overexpressing Sktasanalyzedoy gPCR and showedho
difference from AdLacZ infected control§Fig. 44C). In contrastCtgf, a knowngenetic

target of YAP and TAZpresented threefold reduction ints expressionsuggesting that
indeed, SKI is affecting’AZ protein expression, and not ttanscription.

Using a series of small molecule inhibitors whictyéd various regulatory elements in
the Hippo pathway, we sought to better elucidate the mechanism by which SKI specifically
targets TAZ in cardiac myofibroblasts. We first used theguzting proteasome inhibitor,
MG132, which yielded moderate rescue éiZTexpression with SKI overexpression (Fig

4.4D).

128



a TAZ b Cytoplasmic Nuclear
L 100 s 3 ? g
= 5 5 3 ©
2T 80 N £ = s £
ﬁg S 4 < s 'g ﬁ. ﬁ.
L £33 3 £4%f
EE w 3 & = = s & % 2
: = el o T IEEE
pssg-TAZ - i - ; " "
&' ’ _
> S YAP
R
TAZ & v_g? ng'
pS89-TAZ
(short exposure) g - =0.0678
=]
2§ 15
Vimentin 35 Total
5< Protein
N 10
22
S3
2e 05
Total k! TAZ
. ®  Cytoplasmi
Protein € T %’ 05 . e
R B )
& tvd o= 04
o ¥ ng&' 58
g a 03
38 " #
235 o2
85 ;
C H g o1 ﬁ
k<t
] 0.0 . : . r
Control Ad-LacZ MOI 10 MOI 20
S 2.0 Ad-HA-SKI
2
o E‘ ® Yap YAP !
g_n- 1.5- ” ® Cytoplasmic
w T A A Taz g 4 m  Nuclear
<Zt e © Ctgf 25 3 o|®
g 10{ ® B
EN 52,
= 58
5S¢ : g
<5 0.54 Sa 1
= * o<
CZ £ r"l
° &= ﬁ NIEE ﬁ . .
L? 0.0 T T Control Ad-LacZ MOI 10 MOI 20
Ad-LaczZ Ad-SKI Ad-HA-SKI
P1+ LATS1 siRNA P1 +LATS2 siRNA TAZ
2 3 2 28 g‘ = p=0.9134
25 . g»g 20 ';ég 15 I%I p=05813
£ 3
gg 2 Al Eg 1.5 I %% 10 p=0.4506
iz 23 i
& E , I N & 5 1.0 § 5 5
28 28 o5 =
DMsO  + + + + +
Ad-lacz + - - + - Adlacz  + - - + -
Non-Targeting SRNA ~ +  + = - - Non-Targeing SRNA ~ +  + - - - AdinsE T N N N N
ACHASK -+ - - % ACHASK - 4+ - - 4 “Mestz - - + . _
LATST1SiRNA - - + + + LATS2 siRNA - - + + + GS143 - - - + -
D476 - - - - .
LATS1 ‘
e v " _
TAZ - -
Total Total
Protein Total Protein
Protein
1

29



Figure 4.4. SKI induces proteasomal degradation of TAZ, but not YAP Firstpassage (P1)
primary rat cardiac myofibroblast were cultured on stiff plastic surfaces and infected with SKI
overexpressing adenovirus (AtA-SKI) at a low and high MOI (10 and 20, respectyydbr 36
hours prior to harvesting\. Whole cell lysates were probed by immunoblotting. Data is
representative of n= 3 biological replicates, where ¥0.01 when compared to ntreated and
Ad-LacZ infected controlB. Immunoblotting of nuclear and tplasmic subcellular fractions,
showing an enrichment of nucléacalized SKI. Data is representative of n = 3 biological
replicates, whereP<0.05 when compared to AdacZ infected controls ari<0.05 when
compared to untreated contrals. Gene expreson was assayed by qRPICR, specifically targeting
YapandTaz as well as their genetic targ€tgf. Data is representative of n = 4 biological
replicates, whereP< 0.05 when compared to AdacZ infected controls for the given genetic
target.D. Prior to infection with SKiexpressing adenovirus, P1 rat cardiac myofibroblasts whe
transfected with siRNA targetingatslandLats2kinases for 24 hours. Cells were subsequently
harvested after 36 hours of viral infection. Data is representative of motogibal replicates for
each condition, wherePx 0.05 compared to cells treated with siargeting siRNA and AdlacZ.

E. P1 rat cardiac fibroblasts were greated with either MG132 (1 uM), GS143 (1 uM), or D4471
(500 nM) for 3 hours prior to infectionith either AGHA-SKI or Ad-LacZ control for 24 hours.
Data is representative of n = 3 biological replicates. All data is display&q) é& the mean + SD.

We concomitantly treated cel-Tr€PlIE3ubiguitimi | ar cond
ligase inhibitor which has been shown to exert activity on YAP and TAZ. In contrast to
MG132 treatment, the use of GS143 appeared to exacerbate the effects of SKI overexpression
Finally, weusedD4476to inhibit casein kinase 1 (CK1lyhichnormallyfunctions to activate
LATS1/2 kinasesaind phosphorylate the TAZ phosphodegron mbtifch like with MG132,
we observed a mild recovery of TAZ expression after D4476 treatiknough these results
were not as robust as those obtained with MG132 treatthemboderate response of TA@
CK1 inhibitionstill indicated thaSKI may modify LATS1/Zunction in cardiac
myofibroblasts.
To determine whethdrATS1/2 activity is required for SKI effects on TAZ,

knockdown studies using RNAI were uséldingsepaate siRNA pools targetinigatsland
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Lats2individually, expression of each kinase was knocked dmagonjunction with SKI
overexpression in primary cardiac fibrobla@tgy. 4.4E) While Latslknockdown did not
prevent the proteasomal degradation of TAEhvectopicinduction ofSKI, ablation ofLats2

led to the retention of TABxpressionThese results suggest tha&TS1 is not required for
SKI6 s e dnthe HMigps pathwaybut LATS2is necessary for the proteasomal degradation
of TAZ. We conclude that SKéxerts some activity which promoteATS2-mediated
phosphorylation and subsequent degradationAat.

Because LATS kinases ar#ibited by Factinpolymerization and activateshen the
cytoskeleton shifts to more motie organizabn, we were interested in the effects of SKI
expression on actin dynamiddsing primary rat cardiac fibroblasts cultured on conventional
polystyrene substratese overexpressed SKI amgblated Factin and solubilized @ctin
fractions from the cedl The F to G-actin rationwas markedly reduced in Sklverexpressing
cell lysates, compared to AdcacZ infected contral(Fig. 4.5A) These results were
subsequently confirmed by immunofluorescent staining-actin with fluorophoreconjugated
phalloidin(Fig. 4.5B) A distinct reduction in stress fiber staining was observed in
myofibroblastoverexpressing SKKeven in the presence of high mechanotensienoh stiff
substrate)ndicating that indeedKI can negate the mechanical cues that wothdrwise
inhibit Hippo signalling shifting the cytoskeletotowardactin depolymerizatioriTaken
together, th& ATS2-dependenactivation of Hippdn concert with cytoskeletal reorganization

suggestshat SKI exerts multifaceted antaganisn TAZ.
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Figure 4.5.F-Actin polymerization is inhibited by ectopic SKI expressionFirst-passage (P1)
primary rat cardiac myofibroblasts were infected with 8Kpressing adenovirus (AdA-SKI) or
LacZ-expressing control (AtlacZ) for 36 hours prior to harvesting and isolation -@fdin and
soluble Gactin.A. Equal volumes of each-Br G-actin isolate from one culture dish was separat
by SDSPAGE and immunoblotted with paattin antibody. Data is reported as the ratio efdBn

to Factin in a given samplePx0.05 when compared to AchacZ infected controlB. HA-SKI
overexpressin@1 rat cardiac myofibroblasts were cultured on glass coverslips for 48 hours pr
fixation. Cells were probed by indirect immunofluorescence for$#A (green) and factin (red),
with nuclei counterstained with DAPI (blue). Scale bar = 50 um. Datarshosvrepresentative of r
=3 biological replicates, with 2 technical replicates each.

4.4.4 SKI and TAZ Interactoméstersectin HumanCardiac Myofibroblasts

SinceSKI and TAZ have not been reported to directly bind each cdimelwe were
unable to cammunarecipitate core Hippo componeritsconjunction with SKiwe
performedbi-directionalBiolD2 assays between SKI and TAZprimary human cardiac
myofibroblastsThe assay enabled us to not only determine whether SKI and Té&Z&ghina

direct or indirect manner, but also to describe the unique interactomes of each protein in
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primary cellsWe used lysates from n=4 biological replicateseach bait protein, and used
two different control conditionsintreated cells to rule out endogesly biotinylated proteins,
andcellsoverexpressin®irA* ligase to gauge the background affinity of proteins to lhetin
ligase domain in thBiolD2 fusion proteis. Links to the original mass spectrometry data are
provided inTable 4.4(Section4.3.18)

The interactome isolated for SKI was composed of 32 potential interagtolsthe
TAZ interactome containedBHFig. 4.&\). Previouslypublished interactors were used as
sentinelprey targets to validatmass spectrometdata €.9g.NCoR1 forSKI; TEADS3 for
TAZ), and were further confirmed by repeated affinity purification and Western blot (Fig.
4.6B).We also confirmed the results of the LATS1/2 knockdown assays (Fig. 4.4E), as only
LATS2 appeared in the TAZ interactongf interesting noteno SMAD isoforms were
identified in the SKI interactoméfter interrogating the SKI and TAZ interactomes against
each other, it was found thiiie interactions which overlap between the two are predominantly
involved in actin cytoskeleton remodellifgaladin (PALLD), WASH Complex Subunit 5
(WASHCS5, or KIAA0196), and Capping Protein Regulator and Myosin 1 Linker 2
(CARMIL2, formerly RLTPR) were found in both interactomes, and are all involveeatir
polymerization andtabilizatio*+444, Pathway enrichment analysis revedleal the SKI
interactome showed moderate enhancement of Notch signalling, adipogenesis, and autophagy
(Fig 4.6C). Unsurprisingly, the TAZ interactome was enriched for Hippo signalling, gene
transcription, and cellular responses to external stimuli. Although there were no explicit links
between SKI and TAZ, the SKI interactome contained two candidates whielbbaw linked

to Hippo pathway regulation.
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Figure 4.6. The SKI and TAZ interactomes overlap in primary human cardiac fibroblasts.
Primary human cardiac fibroblasts were infected with adenovirus constructs overexpressing |
BiolD2 fusion proteins (TAZ or SKI) or empty MY-BiolD2 for 24 hours. Cell cultures were then
supplemented with 20 uM biotin, and incubated for another 24 hdorst@ harvesting. Untreated
controls were also included to exclude endogenehisiynylated proteinsA. Graphical
representation of the TAZ (WWTR1) and SKI interactomes in human cardiac fibroblasts. Edg:
thickness and color is representative of thd-itlange enrichment of the prey obtained by affinit
capture. Hippo pathway components are highlighted in violet, while known SKI interactors are
highlighted in redB. Pathway enrichment analysis for both SKI and TAZ interacto@eBlotting
of SAINT scaoes vs log2old-change enrichment of potential interactors. A SAINT score closer
indicates greater likelihood of interaction. Select known interactors are indicated in blue, while
novel interactors are indicated in r&l.Immunoblotting was used tmnfirm novel interaction
between SKI and LIMD1. Data shown is representative of n = 4 biological replicates.
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The first wasPJA2, a ubiquitin ligase thatas found tanegatively regulattOB1, which in
turn inhibits LATSL activity, in glioblastom&™. The second candiate was LIMD1a LIM
domain containing protein whidias been shown to inhibit LATS2 in developmé&tiT, and
osteoclast activain®* 370 446 Because the literature regarding LIMD1 and Hippo regulation
was much more robusind involved LATS2, we chose to pursue it as a putative link between
SKl and TAZ
445 LIMD1 Mediates SkDependent TAZ Degradation in Cardiac Fibroblasts

Prior to this study, LIMD1 had not been examined in the context of cardiablfisto
activation.Because we identified LIMD1 as a component of the SKI interactome, we sought to
examine it in the context of SKI overexpressiGiobal expression of endogenous LIMDL1 in
primary rat cardiac myofibroblasts was apparently unaffectedfegtion with AdHA-SKI or
Ad-LacZ control virugFig. 4.7A) However, wherexamining TAZ expressiom the same
cells cotransfected with siRNA pools targetihgndl, it was found thabnce again it was
markedly reduced, leaving YAExpression unaltere@&ssentially, knockdowaf Limd1
recapitulated the effects of SKI overexpressi@vhen visualizing SKI and LIMD1 using
immunofluorescencéhere wasnore diffuse, cytosolic LIMD1 expression in AGcZ
infected controls, witla distinct shift to nuclear LIMD1 expression with Silerexpression
(Fig. 4.7B) Finally, when looking agjene transcriptiowith SKI overexpressionye did not
detect any changes iimd1when compared to LacZ expressing cont(big. 48C). Taken
togethelin concert with the BiolD2 assaybese resultstrongly suggest that indeed, SKI
interacts with LIMD1 protein to deepress LATS2 activity in cardiac fibroblastesulting in

the deactivation of the pifibrotic phenotype.
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Figure 4.7. TAZ expression is regulated by LIMDL1 in cardiac myofibroblasts. A.
Immunoblotting of whole cell lysates from activated (P1) primary rat cardiac myofibroblasts
transfected with siRNA targetingmd2124 hours prior to infection with A#HA-SKI or Ad-LacZ
control. A nontargeting siRNA pool functioned as a conti®l.Quantfication of data shown in A,
with n = 3 biological replicates P<0.05 when compared to AdacZ infected controlgP<0.05
and®P<0.01 when compared to cells only treated with-tevgeting siRNA poolC, D. P1 primary
rat cardiac myofibroblasts were auied on stiff plastic (C) or glass (D) surfaces and infected wit
SKl-expressing adenovirus (AdA-SKI) for 36 hours. mMRNA was isolated and (C) gRTR of
Limdlwas performed on n= 4 biological replicates. Fixed cells (D) were probed for LIMD1 (re
and HASKI (green) by indirect immunofluorescence, with nuclei counterstained with DAPI (bl
Scale bar = 50 pm. Images are representative of n = 3 biological replicates, with 2 technical
replicates each. Data shown in B and C are reported as the mean = SD.
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4.5 Discussionand Conclusions

Cardiac fibroblast activation & crucialevent necessary foihe physiological wound
healing response in the myocardiuf the outset ofschemic insultrelease of inflammatory
cytokinespromotes the shift to the hypersecretory, hyperproliferative myofibroblast
phenotypeHowever, the chronic activation of this synthetic, contractile phendégus to the
developmenof reactive fibrosiand eventually, heart failurelere,we have showthatthe
Hippo pathwayplays a role in modulating the cardiac fibroblast phenotype, and that it is
positivelyregulated bysKI. Our resultssuggest thaBKI interacts with LIMD1in an
inhibitory fashionwhich in turnactivates Hippo signalling byerepressng LATS2 kina<e.
Thus, LATS2 can exert its activity on TA&hich ultimately results in its proteasomal
degradatio{fSummarized in Fig. 4.8Theensuing signalling cascadesultsin a
downregulatiorof myofibroblast markersshichs hi f t s phehogpecleskrltogh@ resting
cardiac fibroblast phenotype.

Previous studies conducted by our gretpwed that SKI expressionpteiotropic, but
dysregulated imeactive cardiac fibrosis, pebtl. Rather than being expressed in its nuclear,
active fom, SKI become sequestered to the cytosol where its functianyfis unknows?:
426 1n conjunction with these findings, SKI was found to increase MM&pression and
activity, and represses autophaggdiate survival responsethatassist the persistencetbe
myofibroblast phenotypé® 44’ Most recently, SKivas found tanhibit the c-JUN/cFOSAP-

1 complexan important transcription factor aollagen biosynthesisja SMAD-independat
signalling®®2 Our current study is the first tlemonstrate that SKI activattéee Hippo pathway
in cardiac myofibroblastgnd d@s so to expressly target TAZ, and not YA have also

observed thamyofibroblasts in the advancing infarct scar express nuclear, active TAZ during
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Figure 4.8. A model of SKI-mediated regulation of Hippo signaling and cardiac fibroblast
activation. When SKi is localized in the cytoplasm, LIMD1 can freely associate and inhibit the
function of LATS2 kinase, thus allowing TAZependent, prfibrotic signaling to ocur.
Conversely, when SKIl is functioning in the nucleus, it inhibits LIMD1 which, in turmepgeesses
LATS2 kinase. The result is the phosphorylation and proteasomal degradation of TAZ, and th
inhibition of the activated myofibroblast phenotype.

postMI fibrogeness; this is noteworthy aBAZ activity is often described as being redundant

to YAP. We contend that while YABoesinduce myofibroblast marker expressiamd
functionwhen activatedn vitro, TAZ is possibly morentimately linked to tle persistence of
fibrosis and the expansion of the cardiac ECM as it produces a more synthetic myofibroblast

phenotype.
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