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Lay Abstract

The fruit fly Drosophila heart undergoes significant changes in organisation and
size throughout development and growth. The heart is surrounded and supported by a
network of extracellular matrix (ECM) proteins, which is regulated by proteases, including
matrix metalloproteinase (MMPSs). Previous research has shown that MMPs are required
for normal heart formation. 1 demonstrate that a reduction in MMP activity during
embryonic development results in larval heart defects and an increase in the
disorganisation of ECM proteins around the heart, whereas reduction duangl
development results in less pronounced protein mislocalisation. These findings are

corroborated via oveexpression of an MMP inhibitor.



Abstract

The Drosophilaheart is a tubular vessel surrounded by a dynamic scaffold of
extracellular matrix (ECM) proteins. Heart development and function rely upon protease
mediated remodelling and turnover of the ECM, anbanges in ECM composition
correlate with age and cardiac disease. Previous research has shown that a family of
proteases called matrix metalloproteinases (MMPs), and their inhibitors (TIMPSs), are
necessary for normal cardiac cell migration and lumenogenekheDrosophilaheart
expands considerably throughout growth, btite role of MMP activity has not been
elucidated at this timel examine the role of the twddrosophilaMMPs, MMP1 and
MMP2, as well as TIMIh defining larval heart structure and ECMbfwin distribution |
observe heart phenotypes via immunofluorescence labelling and confocal microscopy
using lossof-function mutants, gene oveexpression, and gene knedown techniques.
Reduced MMPR function during embryogenesis correlates with myofibrillar
disorganisationwhereasreduced MMP2 functioror TIMP oveexpression both resuin
cardia bifidaas well as increased density and ectopic localisation of CoHagemd
Pericardin.PostembryonicMMP reduction compromisegardiac structural integrityout
does not affect Pericardin localisationLive imaging of the larval heart with optical
coherence tomography (OCT) and light microscopy reveals that reduced MMP2 function
correlates withdecreasecheart rate but not impaird dilation or contractionThese data

suggest that MMP2ctivity during embryogenesis critical forlarvalheart development.



In contrast,postembryonic protease functiomppears to have lesspronouncedeffect

on ECM protein distribution throughotdrval development
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1.0 Introduction:

My thesis examinescardiac extracellular matrix (ECM) remodellinduring
Drosophila larval development, throughout which significant heart growth occurs
Remodelling is definedin this thesisas the process of synthesis, deposition, and
breakdown of ECM constituents whose net effect is turnovefStamenkovic 2003)
Critically, ECM remodelling need not relatgpecificallyto morphogenesisas it is also

considered dunction oftissue homeostasiand growth (Streuli 1999)

Of specific interest is the role of matrix metalloproteinases (MMPs) and their
inhibitors in mediating these events. Studies involwagousmodelorganisms show that
changes in cardiac ECM composition occur naturally with age, and that the disruption of
ECM homeostasis is correlated with multiple diseases s{@&esnacka and Frangogiannis
2011; Bonnanset al. 2014) Recent headway has been made in elucidating the
requirementof MMPs forembryonicheart developmenin Drosophila(Razaet al. 2017)
However, less welllefined in this model system is the function of MMPs duriayal

development

My objective in this thesis is tdetermine the effects of MMP misegulation on
the structure and funagobning of the larval heartand its impacton the distribution of
essential ECM proteins, namely Colladgér(Vkg) and Pericardin (Prc). Here Bresophila
model provides a distinct advantage, allowing for spatial and temporal control of gene
activity, swich that | might specifically examine the peashbryonic requirements of

DrosophilaviMPs within and around the cardiac muscle tissue.
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The following introductory section provides a primer on the development and
morphology of theDrosophiladorsal vessel, asell as the ECM and its core components,
including relevant receptors and signalling factors. Discussed in detail is the activity of

DrosophilaiMPs and TIMP.

1.1 The dorsal vessel

The Drosophila heart, also termed the dorsal vessel (DV), is a linear tube
positioned along the dorsal midline. Though not looped or multichambered as is the
vertebrate heart, theDrosophiladorsal vessetloes still resemble its distant cousin during
early development, as both are formed of homologous mesodermal precursorshane s
many conserved transcription factors and signalling pathwaiés makes th®rosophila
heart a useful system for the study of various developmental processes and disease states
(Bodmer 1995; Bader and Venkatesh 1998The vessel is composed of cardiomyocytes,
which enclose the lumenal space. These are flanked bycoatractile nephrocytdike
pericardial cells (PCs) that act to filter tox{igeaverset al. 2009) Alary muscles attach to
the extracellular matrix (ECM) surroundinige PCs, serving to anchor the DV to the
epidermis (Fig. 1.1)Bodmer 1995; Chartieet al. 2002) Cardioblastlerived ostial cells
form passive idlow tracts for hemolymph, which is propelled anteriorly by the

contracting hear{Molina and Cripps 2001)

During early embryogenesis, the dorsolatemadst mesodermal cells activate

cardiaespecific transcription factors, such as Tinman (Tin), upon receiving signals from
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Decapentaplegic and Wingless. Sedpsently, the lateral ectoderm, accompanied by the
Tinexpressing mesodermal cardiac precursors, expands dorsally to displace the
amnioserosgReim and Frasch 2005; Bryantsev and Cripps 2009; ldaatk?014; Raza

and Jacobs 2016)Postmitotic cardioblasts migrate independently towards their
contralateral patners, assuming a teardrop shape through the extension of motile
filaments at the apical domain, which comprises a leading edge, as seen in FifRdzaB
and Jacobs 2016At stage 16, cardioblasts make contact with their contralateral partners
at the dorsal midline. The apical domains meet to form a Cadtersed dorsal seam
(junctional domain). The CBs curt@ envelop a lumenal space as a second seam is

formed ventrally, as in Fig. 1.ZTao and Schulz 2007; Hughes and Jacobs 2017)
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Figure 11: Organisation of the larval dorsal vessglA) Crosssectonal view of the

larval dorsal vessellhedorsalvessel is flanked by pericardial cells (PCs). CoHagen

(Vkg) is expressed along th&umenal and altumenal surfaces of the vesselnd

envelops the PC®ericardin (Prc) is expressed along thduaienal surfaceof the

vesseland envelops the PGCsPS1integrin is expressellimenally and alumenally. (B)

The dorsal vessel is comprised of an anterior aorta and posterior heart chamber,
separated by valve cells. The heart chamber is composed of contreatiigoblasts.

The vessel is suspended from the epidermis by seven pairs of alary méstdgsed

from Hughes and Jacol®017) g A 1 K (G KS | dzi.K2NBQ LISNX¥YA&aAz2y
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Figure1.2: Cardioblast migration during embryonic developmentA-A") lllustration

of a stage 12mbryo. Cardioblast and pericardial cell precursors are not yet migratory

and are associated with the ectoderif3-B") By stage 1l4cardioblasts and pericardial

cells have bemme migratory. Cardioblasts extend filopodia at tlpical domain
(leadingedge).(GC") At stage 16 cardioblasts fuse with their contralateral partners at

the midline. The dorsal junctional domain forms first, and is followed by ventral fusion,

resulting in the formation of a singuldmmenal space. Aanterior; AS: amnioserosa,;

BD: basal domain; CB: cardiobalast; D: dorsal; Ec: ectoderm; JD: junctional domain; LE:
leading edge; LDumenal domain Me: mesoderm; P: posterior; PC: pericardial cell; V:

ventral. Adapted from Hughes and Jacq@917 withthS | dzi K2 NA.Q LISNXY A &daaA 2
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By the end of embryogenesis, and throughout landdvelopment the dorsal
vesselis divided into two regionseparated by valve cell& noncontractile aorta that
extends fromthoracic segment 2T2)to abdominal segment 4A4), and a contractile
heart chambercomprising segmentd5to A8 (Bodmer 1995)The former is specified by
Ultrabithorax, and the latter byabdominatA (Lo and Fasch 2003)Seven pairs of alary
muscles positioned along segments Althrough A7, anchor the dorsal vessel to the
epidermis(Batailléet al. 2015) Paired lymph glandsorm along theanterior aorta near
the ventral gaglion, derived from mesodermthat would otherwise differentiate into
pericardial cell{Rodriguezet al. 1996; Shatet al. 2011) The dorsal vessel experiences
lumenal expansiorthroughout larval developmentand is observed to increase in length
nearly fivefold betweenfirst instarand the end of third instarThis increase in cardiac size
is due solely to thephysical enlargemenbf existing cardiomyocytes, rather thaell
proliferation (Molina and Cripps 2001; Lehmaclegral. 2012; Bogatart al. 2015) In fact,
no cardiomyocyte generation or replacement occurs throughout the organism's post
embryonic lifespan in response to damage, or depletion of tissues, suggesting that
Drooophila lacks cardiac stem cel(®rechsleret al. 2013; Bogataret al. 2015) During
metamorphasis, those cardiac cells comprising segments A6 through A8 undergo
apoptosis such that only 84 of thenitial 104 cardiomyocytes are retained in the adult
heart (Sellinet a. 2006; Tao and Schulz 200Further cell differentiation occurs, resulting
in the specificationof addtional valve and ostial celldelmacheret al. 2012) Paired

myofibrils are uniformly positioned around the dorsal vessel, and in the adult heart
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longitudinal fibres are apparent across the ventral surface of the cardiomyo(Btemtan
et al. 2015) These areyimph glandderived multinucleated longitudinal muscle fibres
possibly arising from the tlke anteriormost alary muscle pairShahet al. 2011; Bataillé

et al.2015) Aortal myocytesalsobecome contractildLehmacheet al.2012)

1.2 The extracellular m atrix

The «tracellular matrix (ECM$ a threedimensional scaffold composed of fillar
and nonfibrillar structural proteins and proteoglycan@-rantzet al. 2010; Bonnangt al.
2014) It is divided into the basement membrane (BM) and the interstitial matrix. The
former sheathes tissues arfdrms cell adhesions, where it ads a stabilising/protective
force and also serves a roie signalling(Yurchenceet al. 2012) The BMis composed
predominantly of Laminin and Collagév (reviewed in greater detail below The
interstitial matrixinhabits the extracellular expanse between tissues. It is formed primarily
of gelliike proteoglycans fibronectin, and fibroblastsecreted fibrous Collagens,

particularly Collageih and Collagedll (Frantzet al.2010; Bonnanst al.2014)

The ECM is not homogenous throughout an organism, and its components and
organisation vary between tissues and across t(faentzet al. 2010) The ECMn fact
undergoes significant structural and chemicaémodelling during morphogenesis
Throughout development, ECEBbmponents are broken down by proteasedlowing for

the releaseof growth factors andhe removal ofimpediments tocell migration(Bonnans
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et al. 2014) The ECM may also act astable attachment sitefor cellsand so promots
proliferation and differentiation, while the formation of dynamic focal adhesion
complexes may promote cell migratigiularet al. 2014) Throughout growth and aging
there must be tight regulation oECM protein synthesis, deposition, and degtaoh,
which arises from the interplay of molecular signalsposttranslational processing, and
enzyme activity(Horn 2015) The misregulation of these processesas devastating
effects, and is correlated withthe development of multiplediseases states including

cancer invasiorand fibrosigMedioni and Noselli 2005)

1.2.1 The cardiac ECM

ECMsurrounds the dorsal vesselproviding structural support and preveiig
damage arising from mechanicalstresses(Drechsleret al. 2013) It is linked to the
cytoskeleton by ritegrins, which act as pathwayor tension signallindBogatanet al.
2015) The basement membrane of trmrdiacECMis an interface of twomajor protein
networks Laminin and CollagelVv, both of which are ecessary to promote normal
cardiac developmentYarnitzky and Volk 1995; Hollfeldetral. 2014; Isabella and Horne

Badovinac 2015; J&t al.2015)

The cardiac ECM experiences carefatiptrolled remodellingand turnover
throughout an orgnism's lifespanThe ECM of adult vertebrates abdtosophilahas been
studied in some depthAging is associated with the accumulatiancreased deposition,
and interlinking of ECM proteing vertebrates(Burgesset al. 2001; Hornet al. 2012;
Horn 2015)and Drosophila(Sessionst al. 2017; Vaugharet al. 2017) resulting in a

8
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decline incardiac function.Perturbations to the makeup of the ECM, and the resultant
loss of homeostasis, are correlatedith diseases such asnyocardial infarction,
hypertrophy, and dilated cardiomyopathfConradet al. 1995; Nishimuraet al. 2011;
Seguraet al. 2014; Sessions and Engler 201Hpwever, less well described is the
importance of cardiac ECMmodelling and turnover fobrosophilalarval development

and metamorphosis.

1.22 Laminin

Laminin(Lan)is aconservedheterotrimeric glycoproteininvolved in cell adhesion
and cell migration, and formshe basis of thescaffold upon which the basement
membrane is buil{Yarnitzky and Volk 1995; Colognato and Yurchenco 2Dagjinins are
formed of anh, i, and’ chain, which, irDrosophila are encoded byanAwing-blister,
LanB1,and LanB2 respectively(Urbano et al. 2009; Hollfelderet al. 2014) Key Lan
receptors are the celhdhesion receptors Dystroglycan (Bxg)d Integrin(Colognato and
Yurchenco 2000)Loss of Lan function is responsible for cardiac defects such as muscle
and pericardial cell detachment, reducdamenal expansion, and breakages along the
dorsal vessefesulting fromthe inability to stabilise Collagens and other critical ECM

proteins(Urbanoet al.2009; Wolfstetter and Holz 2012; Hollfeldstral. 2014)

1.2.3 Collagens and Collagetfike proteins of the basement membrane

Drosophilapossessesnultiple basement membrane CollagensamelyCollagen

IV, encoded byviking (vkg) and Cg25Cand CollagerXV/XVIIl, encoded bymultiplexin
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(mp) (Myllyharju and Kivirikko 2004; Kuler al. 2014) An additional Collagehke protein

is encoded byericardin(prc) (Myllyharju and Kivirikko 2004)

Multiplexin Mp; orthologous to vertebrate CollagexV/XVlll)is a matricellular
protein localised to thecardioblastiumenal domain during migration, where it promotes
lumenal expansion within the posterior heart chamb@farpazet al. 2013; Volket al.
2014) Within this thesis greater consideration is given to Collalj¢and Pericardin (Prc),

as these are morabundantconstituents of the matriXPastorPareja and Xu 2011)

CollagenlV is aheterotrimeric non-fibrillar protein of the basement membrange
formed from one Vkg and two Cg25C chains (Hollfelder et al. 2014) During
embryogenesis, hemocytes are responsible for secrethmg majority of CollagedV,
whereas this role is assumed by the fat body during laseaklopment(Buntet al. 2010;
PastorPareja and Xu 2011; Cevik 2Ql16pllagenV is localised to thelumeral and
ablumenal domains of thedorsal vesseloffering supporthrough itsassociation with the
LamininNidogen compleXMartinek et al. 2008; Hollfelderet al. 2014) It has recently
been suggestedhat CollagernlV accumulates in aged adulirosophila likely contributing

to cardiac stiffeningvVaugharet al.2017)

Prcis afibrillar cardiac ECM proteithat bears some similarity to mammalian
QollagenlV h-chains andDrosophilaVkg, but shows dissimilarities with respect tie
CollagerlV-typical (GlyXx-Y) repeats and its web-like assembly(Chartier et al. 2002;
Drechsleret al. 2013) Prcis producedby pericardial cells during embryogenesis, and

non-cardiac cells such as adipocytethroughout larvd development(Drechsleret al.
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2013) It is recruited to the cardiac ECM Hynely Heart (loh), a disintegrin and
metalloprotease with thrombospondin repeats (ADAMIIS) protein homologuePrcis
present athigh levels after the fusion of the dorsal ectoderm midlitegalisingto the

basal surface of cdioblasts(Drechsletet al.2013; Raza 2015} is absent from the lumen

of the dorsal vessdlChartieret al. 2002) Prc is upregulated in the embryo and first and
second instar larvae, as well as in pupae throughout metamorphosis. Prc is critical for
adhesion between pericardial cellBnd cardiomyocytes. Eficieng/ in Prcresults in
aberrant Actin distribution and pecardial cell detachmentcausingseparation of the

dorsal vessel from the alary mus¢@rechsleet al.2013)

1.24 Inteqrins

Integrins are transmembrane recept@ formed of" and i subunits that are
involved in celicell and celmatrix adhesior{Hynes 1987)integrins linkthe Collagen and
Laminirbased ECM to the Actin cytoskeletomheyare necessary for the polarisation of
migrating cardioblasts through the establishment of the apical ECM, and for the formation
of the lumenal domain, through the assembly of structural proteins such as Laminins,

Collagens, and Dystroglycafvsanderploeget al.2012)

DrosophilaSy O2 RS & (i K NSFES13) anditapd dzyadibddzydia o t { m
(Starket al.1997) ¢ K PSBt { M R A Y S NI PEEn&gii0) & ©predsed itissues
undergoing morphogenesis, includiraardioblasts(Stark et al. 1997) i PSiintegrin is
highly expressed at thieading €lge of migrating CBs in stage 15 embry®g.stage 17,

i PSiintegrin is concentrad at thelumenal domain, and weakly expressed at the basal

11
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domain. Lossof-function mutations ini PSiintegrin result m reduced leading dge
activity (Vanderploeget al. 2012) i -Integrin expression is elevated in aged flies, and up
regulation is associated with increased myocardial stiffness, reduced diastolic diameter,

and arrhythmia(Nishimuraet al.2014)

1.2.5 Adhesion molecules and morphogens

ECadherin isan adhesion moleculencoded by theDrosophilagene shotgun
(Haaget al. 1999) It is involved in lumen formation through its rolenmdline cardioblast
adhesion.Cadherinlocalisationis mediated byrepulsve signalling by the morphogen Slit
and its transmembrane receptor Roundabout (Rot®antiageMartinezet al. 2008) Slit
and Robo localise to the cardioblast grenenal doman. They are involved in specifying
cell polarity and arerequired for normal lumen formation inDrosophilathrough the
exclusionof Cadherinfrom the prelumenal domain(Qianet al. 2005; Santiagdlartinez

et al.2008)

1.3 Metalloproteinases and their inhibitors

Turnover and remodelling of theardiacECM is mediated by the activity of several
families of proteases, including matrix metalloproteinases (MMPs) and Adamalysins
which together form part of the metzincin protease superfan{iBonnanset al. 2014;
Yamamotoet al. 2015) The activity of these proteasess regulatedin turn by specific

inhibitors, includingthe secreted tissue inhibitors of metalloproteinases (TIMPs) and the

12
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membranebound reversioAnducing cysteingich protein with Kazal motifs (REGRhet

al. 2001; Nagaset al. 2006; Srivastavat al.2007; Arpincet al.2015; Horn 2015)

1.3.1 Structure andfunction

MMPs arezincdependentmulti-domain endopeptidases involved in tissue repai
and wound/immune response, neodeling, and morphogenesi&lanoet al. 2000; Nagase
et al. 2006; PageMcCawet al. 2007) The principalrole of MMPs is the breakdown of
ECM,allowing for thereleaseof bound growth factors(Nagaseet al. 2006) MMPs are
directly inhibitedby TIMPsand RECKOhet al. 2001; Nagaset al. 2006; Srivastavat al.
2007; Arpinoet al. 2015; Horn 2015)MMPs are comprised of a catalytic domain and a
hemopexin domain connected by a linker peptidi¢anoet al. 2000, 2002; Glasheest al.
2009) Theyare initially produced as zymogertbeir activity inlibited by the presence of
a prodomain These p-MMPs are activated by cysteineswitch-mediated
conformational changes dyy proteolytic cleavaggVan Wart and Birkedd&lansen 1990)
MMPs can be generallyclassified aseither secreted or transmembrane however, in
mammals six major categories exist) membranetype MMPs, 2) collagenases, 3)
gelatinases,4) matrilysins, 5) stromelysins, and6) W2  K\&sBeDand Nagase 2003;
Sternlicht and Werb 2009V ertebrate collagenases, gelatinases, and stromelysins digest
Collagens, including Collagén(Snoekvan Beurden and Von den Hoff 200bhe activity

of MMPs is required fornormal cardiac function in vertebrates and ferormal

cardiogenesis iDrosophilad [ SYF niNE FyR 5Q! NYASy&G2 wuwnncT

Razeet al.2017)
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The Adamalysin family is composed of a disintigrin and metalloproteinase (ADAMS)
aswell asADAMs with a thrombospondin motif (ADAMTBpnnanset al. 2014) ADAMs
are transmembrane glycoproteingith a pro-domain, a disintigrinlike domain, anda
metalloprotease domain(Meyer et al. 2011) They are involved in the release of
membranebound proteins. ADAMs such as Kuzbanian @mNF"-converting enzyme
(TACEare required for cardiogenesis in vertebrates dhgbsophilalAlbrechtet al. 2006)
ADAMTS, on the other hand, are secreted proteinases that may also serve -as pro
collageng(Lockhartet al. 2011; Bonnan®t al. 2014) Like MMPs, ADAMTS apeoduced
as zymogengYamamotoet al. 2015) The ADAMTSike protein Lonely Heart is critical for
DrosophilacardiogenesigDrechsleret al. 2013) As with MMPs ADAMsand ADAMT @re

inhibited by TIMP$Weiet al.2003)

TIMPs are formed of two domains; a @erminal domain andan Nterminal
inhibitory domain each witha conserved cysteine sequencstabilised by disulphide
bonds (Wei et al. 2003; Brew and Nagase 201This inhibitory domain binds the active
site of the MMR chelatingthe catalyticZr¢*ion and remoingthe Znbound H,O molecule

required forpeptide bondhydrolysigNagaseet al.2006; Brew and Nagase 2010)

RECHKs a transmembrane glycoprotein with a Serine protease inhidikerdomain
(Ohet al. 2001) It is believed to inhibit autgroteolysis, thus preventing the complete

processing of the active form of thdMP protein.
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1.3.2DrosophilaMMPsand TIMP

While mammalgpossessipwards of 20 MMPs anidur TIMPsDrosophilaencodes
two partiallyredundant MMPsMMP1 andMMP2, and a single TIMP that is capable of

inhibiting both(Llanoet al.2000,2002; PageMcCawet al.2003; Nagaset al. 2006)

Both DrosophilaMMPs are capable of hydrolysing components of the ECM such as
Collagens, and thus demonstrate some redundancy through their affinity for similar
substrates; howeveMMPL, unlike MP2,isunable to cleavdaminin orGelatin(Llanoet
al. 2000, 2002; Milleet al. 2008; LaFevest al. 2017) MMP2 is postulated to havieroad
substrate affinityRdzS G2 GKS O2y F2NXIFGA2Yy 2 F(LIAnded & dzo & i
al. 2002) MMP2 has also been found to target elements of the basement membrane,
whereas MMP1 targets cedell junctions(Jiaet al. 2015) Although DrosophilaMMP2
lacks certainconserved sequences found in vertebrate collagenases and stromelysins
vitro fluorescencebasedanalysis of enzymatic activity shows hydrolysis of collagenase,
gelatinase, and stromelysin substratdyy MMP2 (Llano et al. 2002) Additionally,
QollagenlV protein levelsare shown via immunohistochemistry teary with altered
MMP2 (Guhaet al. 2009; Razat al. 2017) suggesting thathis proteaseeither directly or

indirectlyregulates CollagefV.

It was previously believed that MMP1 waeclusivelysecreted and MMP2
anchored to the membrane; however, recemt vitro evidence suggests that alternate

splicing ofMmp1 or Mmp2 might result in the generation of secreted and membrane
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bound isoforms oboth proteins(LaFeveet al. 2017) It is as yet unknown whether such

isoforms might be produceth viva

DrosophilaTIMP is orthologous to the mammalian TIMPs, and is dapab
inhibiting mammalian MMPs with varying effectiveness; it is a weak inhibitor of
collagenass (e.g. MMP-1), and a stronger inhibitor of stromelysi(e.g. MMP-3) (Wei et
al. 2003) DrosophilaTIMP resembles most closely mammalian TBRith respect to
charge distributionand function; both are capable of inhibiting human TACE and other
proteins of the ADAM and ADAMTS families such as ADAM10 (orthologous to Kuzbanian).
However, DrosophilaTIMP lacks one of the three conserved disulphide Isofudind

within the Niterminal irhibitory domain of the mammalian TIMP& eiet al. 2003)

1.3.3 MMP _expression and localisation

The patial expression patternef the two DrosophilaMMPsare not identical;for
instance, although both MMP1 and MMP2 are expressed within the central nervous
system (CNSMMPL is localsed to the CNSmidline whereas MMP2 showdiffuse CNS
expression(Leeet al. 2012) During cardiogenesis, MMR4 localised to the prdumenal
domain of the migrating cardioblast, where it limits the expansion of junctional domain
proteins such as Cadher{Razeet al. 2017) MMP2 is localised to the cardioblast leading
edge, where it restricts prumenal Collagen, Dystroglycan, and Slit. Both MMPs promote
collective cell migration, and are required for specifying cardioblast poléRiazaet al.

2017)
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Temporal expression is likewise dissimilar; MMP1 is exprepsethrily during
embryogenesis and larval development, but is largely absent from the adult organism.
MMP2 is expressed throughoetrly development andersists throughadulthood (LIano
et al. 2000, 2002; Pagk®licCawet al. 2003) Expression of both MMPs éevated during
metamorphosigPageMcCawet al. 2003) TIMPis expressed from late embryogenesas
the point of earliest MMP expressidrom approximatelystage 13onwards(PageMcCaw

et al.2003)

1.34 MMP_mutants

Thoughdispensableduring embryogenesisprosophilaMMPs arenecessary for
tissue remodelling at later developmental stages. Homozygihenotypic null mutants
for Mmp1 (e.g. mmp19t?9) or Mmp2 (e.g. mmp2*3Y7) have ahigh hatching succesgmte
comparable tothat of the wild-type (>92%), based on the findings of PadeCawet al.
(2003) andthe first chaper of my thesis However mmp1#?mutant larvaeare reduced
in size and dispia shortened or broken trachea, and V& decreased surval to
pupariation (6%). mmp2*3°” mutants showrelatively improved surval to pupariation
(79%), with death occurring during the pupal stage, prior to a@ologPageMcCawet al.
2003; Raza 2015) Transheterozygous mmpl,mmp2 double mutants complete
embryogenesis, indicatinghat MMP1 and MMP2 do not play redundant roles in
embryonic survival(PageMcCaw et al. 2003) Maternalzygotic mmpl,mmp2 double
mutants show an identical phenotypeto double mutantslacking only zygotidMmp

contributions suggestingan absence of maternal effectUbiquitousover-expression of
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Timp similarly allows for embryogenesis, with larvae resemblingnp19? or

mmpl32mmp2v3%7 double mutantgPageMcCawet al.2003)

1.35 MMP-mediated remodelling of the cardiac ECM

It has beenshownin multiple organisms that myocardial stiffness increases with
age (Horn et al. 2012) In mice and other mammals&ccumulation of Collagen and the
onset of fibrosis duringthe aging process results in reduced heart contractility and
impaired diastolic function(Ciesliket al. 2012) MMP expression is closely regulated
throughout morphogenesisgrowth, and agingThe loss of certailMMPs or the loss of
MMP inhibition, is correlated with heart failure or dysfunction wertebrates (Spinale
2002; Nagaset al. 2006) For instance, mice deficient for the MMP inducer cd147 show
reduced membrandype MMR1 expression and increased diastolic and systolic
ventricular volume but unchanged heart rate, whereas esgpression of MMP1 induces
fibrosis and accumulation of Collag@uetet al. 2015; Horn and Trafford 2016)eart
failure in oldage sheep has been correlated with an increase in MMVEtivity and a
decrease in TIMP leveglslornet al.2012) In chicken and rat models, ectopic inhibition of

MMPs, especially MM, results in heart defectliet al.2011)

The part played by MMPs in defining the cardiac ECM is a complex one.
Mammalian MMPs, such as the Gelatinases MMBnd MMR9, and the membrane
tethered MMR14, arevariably expressedn agedand diseasedorganisms and their
contributions to the mitigation or worsening of cardiac pathologies are very much
contextdependent (Sessions and Engler 201&)r instance,a reduction in MMP2
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function might promote fibrosis in aged organisms yetduce fibrosis during pressure

overload(Sessions and Engler 2016)

The role of MMPs inDrosophilaheart development and maintenance has, until
recently, been largely unexploredNew studiesby Razaet al. (2015, 2017)have
demonstrated the importance of MMPs for heart morphogenesagss oMmpl or Mmp2
expression compromises the organised migration of cardioblasts to the midline, resulting
in irregular or delayed migratory pa&tns. Bth DrosophilaMMPs are necessary for
normal lumen formation, and MMP2 is also required for apical adhesion of cardigblast
Homozygousnmplmutant embryoshavea reduced lumenarising fromthe expansion of
the Cadherifbased junctional domain Homozygous mmp2 null mutants and
mmpl,mmp2double mutantsdo not form a continuousumen due to the failed midline
attachment of some contralateral cardioblasts. Mutants lacking MMP2 function also
exhibit mis-localsed Rericardin along the medial surface &dumislocalsed htegrin along

the cardioblast apical regioifRazaet al.2017)

1.4 Advantages of the Drosophila model

Drosophilais a powerful system for studying cardiac development and ECM
remodelling,owingto the lownumberof MMPsand the presence of a singular TIMMhe
smaller genome and lower number of protein variantsDnosophilarenders genetic

manipulation a much simpler affair than in vertebrate mod@ark D. Adams, Susan E.
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Celniker, Robert A. Holt, Cheryl Bvanset al. 2000; Guet al. 2005; Brownet al. 2014)
Myriad took are readily exploitable to generate mutants and genetic mosatgaongst
these isthe yeastderived GaldUAS system, which, with the addition of the temperature
sensitive Gal80° allele, enables both spatial and temporabntrol of gene expression
through RNA intedrence (RNAI) or activation of tragenes (Fig. 1.3)Duffy 2002; Suster
et al. 2004) Gal4UAS is a critical tool of thissearch as suclcontrol is invaluable when
examiningessentialgenes and pathways whoséiquitous knockdown might otherwise
prove lethal during early developmendr whenpurely postembryonic phenotypes aref

interest
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-3

5’ — Promoter - Gala -3’ 5’ — UAS h (Trans)Gene

Figure 1.3:Model of the yeastbased GaldJAS system with the tempetare-sensitive
Gal80S The Gal4JAS system is used to drigene expressionwithin specific cells or
tissues. The system is composed of a Gal4 transcription activator driven by a promoter,
and an upstream activation sequence (UAS) that acts as an enhfancar endogenous
gene or transgeneGal80°Sis a temperaturesensitive repressor of Gatdat functionsas a
genetic switch at permissive temperatures (18) it inhibits Gal4 through the binding of
the transcriptional activation domain, but GalS8Oactivity is itself inhibited at non
permissive temperatures (2€@) allowing Gal4 to bind the UAS and activate gene
transcription(Susteret al. 2004)
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1.5 Project outline and objectives

Objective The primary objective of this research is to discern the role of MMPs and their
inhibitor TIMP inlarval heart development Heart morphogenesis and growth are
determined in large part by ECM remodelling; changes in the levels of ECM proteins and
MMPs are observed iolder or diseased vertebrate heartonnemaet al. 2007; Raza

2015; Hughes and Jacobs 2Q10f interest, therefore, is the effect of MMP mis
regulation on cardiac morphology and the distribution of ECM structural and receptor
proteins, particularly Collagetv 6 + 1 30> t SNA O NXRritegrin. 6 HMOIO = | Y
examine the requirements of the twDrosophilaMMPs, MMP1 and MMRBZor proper

cardiac developmerand cardiacfunctioningin third instar larvae

1.1 Examine homozygous and heterozygousmpl and mmp2 mutants at early and late
third instar to determinethe resultingcardiac phenotypeand theimpacton Vkg and
Prc expression.

1.2 Inhibit the function of multiple proteasesby temperature and celspecific over
expression offimpto determinethe resultingcardiac phenotypes and the impact on
the expression o¥kg and Prc.

1.3 Ascertain the spatial andemporal requirementsof MMP2 activity for heart
development andvkg and Prc expressiday knockng down the expression dfimp2
or overexpressingMmp?2 at different stages of development using egflecific

promoters.
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Hypothesis 1Cardiac development nels upon proper ECM localisatio@ardiac vessel
size andstructure will be compromised in larvae with reduced MMP functidae to

impairedlumenogenesignoted by Razat al.2017).

1.1 Dissections of mmpl, mmp2, and mmpl,mmp2 (double) heterozygous and
homozygous mutants aboth early and late third instawere performed alongside
one wildtype control group.

1.2 Dissected larvae from 1.lwere immunolabelled with anti-i t-ltegrin and
conjugated Phalloidin (Actin), andere examined under the confocal micrage to

compare the severity of gross structural defects and cardiac muscle arrangement.

Hypothesis 2.Normal distribution of ECM structural proteirsg the larval heartrelies

upon the proper functioning of MMPs.

2.1 mmpl, mmp2,and mmpl,mmp2(double) heterozygous and homozygous mutants
were dissected aearly and late third instar, alongside one wildtype control group

2.2 Inducible ovefexpression of Timp was performed using temperatursensitive
versions celbpecific drivers. Oveexpressionwas inducedubiquitously ¢laGalj or
locally within cardiac cellsHandGald. Timp was overexpressedfollowing four
temperature regimens: 1) expressitinroughout embryonic and larval development
(29°C) to determine the maximal severity of the smgression phenope; 2)

expressionthroughout embryonicbut not larval developmen{29°C to 18°C shift at
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second instar) to determine if therevas recoverywhen normal MMP activity was
restored during heart growthor if early patterning of ECM proteins persidt 3)
expresionduringlarvalbut not embryonic developmen{18°C to 29°C shift at second
instar) to determine the role of MMPs in promoting ECM remodelling during larval
heart growth 4)no overexpressed (18°C) to provide an internal control.

2.3 Inducible inhibition ®Mmp2 expression by dsRN#as performed using temperature
sensitive versions of cealpecific drivers. Reduced expressiomas induced
ubiquitously @aGalg or locally within cardiac cell$H&andGald following the four
temperature regimes outlined in 2.2.

2.4 Inducible overexpression ofMmp2 was performed using temperatursensitive
versions celbpecific drivers. Oveexpressionwas induced ubiquitouslydaGalg or
locally within cardiac cellsHandGal4 following the four temperature regimes
outlined in 2.2.

2.5 Dissections okarly and late third instar larvae from 2.1, 2.2, 2.3, and 2.4, alongside
the relevant control group(sweNBE f I 6 St f SR GgAGK ht NO | yR
Larvae endogenously expressVkgGFP.

2.6 Dissections from 2.5vere imaged under the confocal microscope. Prc and Vkg
fluorescence signalsere quantified (mean fluorescence intensity). Mutant a@dl4
UAS larvaavere considered separately due to differences in genetic background and

imaging settings.
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Hypothesis 3 Normal heart function in early and late third instar larvae relies upon

normalMmp2 expression.

3.1 Heart rates of live heterozygous and homozygomsnp2 mutants and one wildtype
control groupwere measured at early and late third instar using a light microscope.

3.2 OCT live imagingas performed on homozygousmp2 mutants andone wildtype
control at late third instar Quantification of heart dilation and contractilitywas

performed.
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2.0 Methods:

Drosophilastocks:Stocks aras follows

Stock Source Number Notes

yw?!118 Bowling Green Lab wildtype

vkgreo7ot M. Buszczak FBti0099948 GFP trap construdor CollageAV
tupGal80's Bloomington 7108 TemperaturesensitiveGal80on Il
tupGal80d's Bloomington 7018 TemperaturesensitiveGal80on Il
mmp19112 A.PageMcCaw

mmp19112 vkg-GFP Q. Raza N/A Generated from 00791 antimp19112
mmp2~307 A. PageMcCaw

mmp23%7 vkg-GFP Q. Raza N/A Generated from 00791 anatmp2+3°7
mmp19t12 mmp2v307 A. PageMcCaw

mmp192mmp2*3°%7 vkg-GFP Q. Raza N/A Generated fron00791 andnmpl,mmp2
daGal4 Bloomington 55851 Ubiquitous driver
tupGals0SdaGal4 C. Hughes N/A Generated from 7108 and 55851
HandGal4 R. A. Schulz Cardiac cell driver
HandGal4;tupGal8tF C. Hughes N/A Generated from 7018 and

R4Gal4 Bloomington 33832 Fat body driver

UASCD8:RFP Bloomington 32218 RFP reporter

UASMmMplRNAI A. PageMcCaw APM3175 dsRNA on Il

UASmMmp2 A. PageMcCaw APM3085 Overexpression of MMP2n Il
UASmmp2,vkgGFP C. Hughes N/A Generated from 00791 andPM3085
UASMmMp2RNAI Bloomington 61309 dsRNA on I

UASmMmMp2RNAI Bloomington 31371 dsRNA on IlI
vkg-GFP;UAST'Mp2RNAI C. Hughes N/A Generated from00791and 31371
UASTIMP A. PageMcCaw APM3019 Overexpression of TIMP on Ili
vkg-GFP;UAS IMP C. Hughes N/A Generated from 00791 andPM3019
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Controls:

yw was used as a control for neiecombinedmmp mutants. yw;vkg-GFP/+was
used as a control fothose mmp mutants and UAS lines recombined witiikgGFP
yw;UASMmmp2,vkgGHP/+, yw;vkg-GFP/+;UAS IMP/+, or yw,vkg-GFP/+;UAST'mp2RNAI/+
were used as controls for UAZal4 crossedn all cases, only a single copy of the GFP trap
constructwas presentAll controls for themmp mutantswere reared at 25C. All controls

for the UASGal4crossesvere reared at 29C.

Larval collections

Fly houses containing0 to 150 flies (3:1 ratio of females to maleg@re used for
collections. Housesvere composed of an inverted 100mL plastic measuring cup with
punctured air holes resting atop a plate containing a solid apgkr substrate
(approximately 10mL) with a dollop of yeast paste (yeast ant)Hadded for
nourishment. Newly introduced fliewere allowed 48 hours at room temperature (Z3
for acclimation before collectionwere initiated. An egdaying window of 2.5 to 3durs
at 23Cwas used as a standard. Upon removal, the egg plae immediately transferred
to an incubator at a set temperature (A8, 25C, or 29C). Hatching timevas calculated
for each genotype at the given temperature. Platesre cleared after visal inspection
once hatching has begun. At Z5 and 29C, freshlyhatched first instar larvaevere
collected within a window of 60 minutes, after which the plates cleared and the time

reset for future collections. At £8,3 to 4 hourswas allowed, in ader to compensate for

27



M.Sc. Thesig C. Hughes; McMaster Universitiiology

slower developmentFirst instar larvae of the desired genotypere identified visually,

by selectionfor or against fluorescence markers, angre removed from the applagar
substrate with forcepsLarvaevere scooped from beneathather than clasped in orddo
minimise damage. Larvawere then transferred to a food medium plate (10mL) at a
maximum density of 25 larvae per plate (minimum 10 per plate). Experimental and control

houseswere set up in parallel.

Temperature shiftg18to 29°C or 29 to 1&) of Gal4UAS crosses expressing the
temperature-sensitive Gal8® were performed at earlysecond instarto distinguish
between cardiogenesis (embryogenesis and first larval instar) and cardiac growth (second
and third larval instar). Shifts were performed based upon the time elapsed since
hatching. Different genotypes had slightly differing developmentalrigmso shifts were
LISNF2NYSR o6l aSR dzLl2y S ltoOdach3e8on@ ifistal, JSudded tb @S NI 3
the nearest hour. At 2Z this was generally between-22 hours, whereas at I8, this

was typically between 424 hours.

Early third instar larvaewnere identified by branched anterior spiracles. The
approximate timing of the moulivas determined for each genotype at each temperature,
and was set at a point when a majority of larvae revaghbranching. Dissectionaere
performed within a threehour window once branching in multiple individuals has been
confirmed. Late third instar larvagere dissected at a point wheane or more larvae

within the cohort hal initiated pupariation. The approximate timing of pupariatiovas
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determined for each genotype atach temperature, andvas used as a benchmark.

Dissectionsvere performed within ghree-hour window.
Dissections

Larval dissectionsvere performed at early third instar, at the time of anterior
spiracle branching, or at late third instar, immediately prior to pupariation. Live larvae
were immobilised dorsasidedown in 1xPBS solution using magneticédistened pins.
The primary incisiowas made no less than a third of the body length from the anterior
most extremity to prevent disruption of the anterior fat body andraiac muscle
attachments. Tacheal tubeswere left intact to minimise damage to the alary muscles.
Individual dissectinswere performed in less than 10 minutes. When possible, control and

experimental samplewere reared and dissected concurrently.

Adult dissectionswere performed using fivelay-old females. Adult fliesvere
anaeshetised by exposure to FlyNafive to 10femaleswere transferred to a chamber
within a specialised externaigealed container to whickvas added a sponge carrying a
small aliquot of FlyNap. Femalegre exposed to FlyNap vapours for 15 mirgite until
all individuals hd ceased moving. The all flies thenwere immobilised dorsasidedown
by application of Vaseline to the wings. The head and thoracic segmemésremoved,
whilst preserving the entirety of the dorsal abdomen. Five to 10 individwadse
immobilised on the same plate anvdere dissected in concert. Dissections of each cohort
were performed in less than 15 minutes. When possible, control and experimental

sampleswverereared and dissected concurrently.
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Immunolabelling

Dissectionsvere fixedin in 4% Paraformaldehyde for 5 minstevhile held in place
by magnetic pins (larvae) or Vaseline (adults). Dissecti@ne then transferred to a 24
well plate and agitated at low speed on an orbital rotator at room temperaturéG23
Tissueswere fixed in 4% Paraformaldehyde fan additioral 20 minutes andwere
subsequently washed in 1xPBT (3 washes at 10 minutes each). Disseatienthen
transferred to a 96well plate and blocked with 2. normal goat serum (NGS) in k0
1xPBT for a period of 30 minutes prior to the addition sE primary antibody (1:30) and
left to incubate at 4C for 12 hours whilst undergoing constant agitatibio. more than si
dissectionswvere placed in a single welBamplesvere then removed from the 2AC fridge
and transferred to a 24vell plate and agitatect low speed on an orbital rotator at room
temperature (23C). A second round of washimgsperformed (3 x 1@ninute washes in
1xPBT). Tissuesere then transferred to a 9évell plate and blocked with XL NGS in
150>L 1xPBT for a period of 30 minutesgprio the addition of 2L seondary antibody
(1:160) and %L Phalloidin (1:40). Samplesvere incubated for 60 minutes andere then
transferred to a 24well plate and rewashed in 1xPBT (3 x-bfinute washes) and 1xPBS
(1 x 1O@minute wash). Samplesvere then removed from the orbital rotator and
transferred to a bath of 50% glycerol and stored & 4vithout agitation until imaging (22

18 hours posstaining).
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The antibodies used are as follows:

Primary antibodiesmouse anti t {  dntegrin,MDF.681-s, DSHB, monoclonal
primary antibody), muse antiPrc (Pericardin, EC11, DSHB, monoclonal primary

antibody).

Secondary antibodied\lexa Fluor 543 anthouse conjugated phalloidin (A22283,
LifeTechnologies, Burlington ON, Canada)exa Fluor 647anti-mouse (A21236,

LifeTechnologies, Burlington ON, Canada)

Side preparation

Tissueswere mounted on glass microscope slides in a 70% glycerol medium
immediately prior to imaging. Dissectiongere braced between two coverslips, which
support the cental overlying coverslip and prevent the introduction of compression
induced damage or aberration. To ensure minimal diffraction and image aberration,

number 1.5 (0.18).19mm thickness) glass covershpare employed.

Gonfocal imaging

Fluorescence imagingvas performed using a Leica SP5 confocal microscope.
Coronal Atacks and crossectional Ystackswere captured at 1.3m intervals at a native
resolution of 1024x512 pixels. Settinggere held constant across sampleSequential
scanningby framewasusedto minimise crosgalk; the 488nm and 647nm lasersere
activein the first scan and the 543nm laseasactivein the secondPost image capture,

coronal Zstackswere blurred (5 pixels) and projecte@nax projection}o form a false 3D
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impression usinghe native Leica softwardAS AF)Crosssectionswere blurred but not

projected.

Assessment of cardia bifida:

The prevalence of cardia bifid@as quantified using a binary system of presence
versus absenceCardia bifidavasascertained by the presence of fenestrations within the
cardiac tube, as determined by the distribution of cytoskeletal Actin fibrils. Individual Z
stacks from confocal image capturesre examined sequentially from the ventral surface
of the heart chambe (sections A-A7) through to the miekectionusing Leica software
(LAS AF Lite). Hearntgere scored as demonstrating the bifida phenotype only if two
discrete myofibrillar envelopes (Phalloidatbelled Actin)persistd throughout the entire

depth of thevessel Thesizeof the bifurcated regiowasnot considered.

Fluorescence quantification:

CollagenrlV expressiorwas quantified via analysis dhe fluorescence intensity of
endogenously expressed &P mmp2 mutants with conspicuous Vkg aggregavesre
used as a benchmark for confocal settings to ensure against pixel satur@bafocal Z
stacksof dissected late third instar larvagere imported into Imageand converted into
RGBimages These stackaere subsequentlycropped to include only the volume of the
dorsal vessefrom the ventralto dorsalsurface andthen projected(max projectionjnto
a single planeThe ROWasdefined as the entirety of segment A7, whialasdelineated
from adjacent segments by the aask inlets. A tracewas formed using the Phalloidin
labelled Actin cytoskeleton as a guideollagen aggregatesere included when tracing
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the ROI, but not the intervening spaces between bifurcated vessatserlying fat body
(where applicable)The meanfluorescence signadf the ROIwas calculated natively in
ImageJMean fluorescence valuesere calibrated by subtracting the mean background

signal

Pericardin expressiowas quantified via analysis of the fluorescence intensity of
immuno-labelled Prc (muse antiPrc primary antibody with 647nngoat anti-mouse
secondary antibody). Confocalksiacks of dissected early and late third instar larvasze
imported into ImageJ as per the abopeotocol. The ROWasdefined as the entirety of
segment A7, whichwas delineated from adjacent segments by the ostial inlets. A
rectanglewasdrawn from the midline of the DV to set distance of190um (20x with 1x
zoom) or80um (20x with 2x zoom) on either side of the vessEhose pojections
analysedwere of a consistent magnification and zoom for each genotype. The mean
fluorescence signal of the R@ascalculated natively in ImageJ. Mean fluorescence values

were calibrated by subtracting the mean background signal

Anaesthetisation with chloroform:

Thid instar larvaewere anaesthetised with chloroform and secured on double
sided tape to limit mobility during OCT imaging. AS500 R2 4SS 2 FwaOKf 2 NR
transferred via pipette onto a fragment of rayon pharmaceutical 6o O 2 inseged Q 0
into one end & a glass cylindeor bottomless vialThe cottonwas pushed downto the
midpoint of the cylinder to ensuréhe spatial volume beneath remasd consistent.Five

third instar larvaewere arrayed on a glass slide. The glass cylivees placed over the
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larvee for a period of 25 seconds, removed for three seconds, and then placed again over
the larvae for 25 secondss per the protocol devised by Duygu Ceviergonal
communicatior). Larvaewere then immediately transferred to doubisided tape, dorsal

side up A new rayon fragment with freshly applied chlorofowasused for each batch of
larvae. Complete sedation perssst for approximately 30 minutes, after which larvae

slowly regaied motor function.

OCTile imaging:

OCT imagingvas performed on anaesthetisedlate third instar larvae using a
customdesigned apparatus and -lmouse softwaresprovided by theVitkin lab at the
University of Toronto (Bogatanet al. 2015; Matveevet al. 2015) Crosssectionswere
captured via B-scans, which penetrate tthe approximate midpoint of the larvaEarly
third instar larvaewere not imaged due to issigeresolving the smalledorsal vessel
lumens Larvaewere secured with doublesided tape to a glass microscope slide, which
was mounted on an angled stage {7#o the imaging plane, anterior at top). Image
sequenceswere captured at approximately 70 frames per second for a period of 7.1
seconds (14s per frame) at a resolution of 512x512 pixels, with aax¥ amplitude of
1mm, and a ¥axis amplitude of Omm for crosections and 1mm for 3D sections. Larvae
were imaged at segment A@ata were exported in .avi video format, and individual

frameswere exported as .bmp image files.
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Heart dilation:

Dilation wasmeasured as the areia pm? at diastole (i.e. maximal heart chamber
expansion).Measureswere taken from 2Dcrosssectionalvideos of anaesthetised third
instar larvae (see OCT live imaging pooild. Video sequencesere examined frameby-
frame using ImageJ software. Image siese corrected to account for the elongated
axis caused byssue interference, assuming a refractive index of 1.33 for the cuticle and
underlying tissuegNienhauset al.2012; Zhotet al. 2013). Therefore 512x700 pixel cross
sectionswere resized to 512x248, assuming 1 pixel is Ou#82n water along the Zaxis
(0.69um/pixel x 700 pixels = 0.484mm; 0.484mm x 512 = 248 pixalsrrect the aspect
ratio). The first five confirmeaonsecutve diastoles within the setvere usedfor analysis
The wall of the diastolic lumewastraced by hand using the ImageJ pencil tool. The area
of the enclosed spacwas measured.Thiswas repeated for each of the five selected

frames. Measurementaere then averaged.

Heart contractility:

Contractilitywas measured as the ratio of diastolic area to systolic amadwas
calculated by dividing the area at diastole by the area at syst&asureswere taken
from 2D crosssectional videos of anaesthetised third instar larvae (see OCT live imaging
protocol). Individual area measurementgere taken as per the guidelines provided for
heart dilation, with the addition of the five concomitant systolic franfesaximal heart

chamber contraction). The averaged ratvasused.
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Basaheart rate:

Heart rate analysisvas performed using noranaesthetised third instar larvae.
Larvaewere immobilisedon a glass microscope slisdth doublesided tape dorsal side
up. Once securetbeneath the objectivethe larvaewere left to acclimate for 5 minutes or
until a regular heart rate is establishell- to 15-second image capturesere takenusing
a Zeiss Axioskop light microscope at a mumn of 60 frames per secon@PS)If this
sequencewas interrupted by intermittent arrhythmia or slowing of contraction, or by
peristalsis, the videavasre-captured. Cases axtendedarrhythmias without peristalsis
were logged. Videoswere then played back and the number of full contractiowss
counted in triplicateusing a mechanical countefhe median of the three countswas
used.The number of framesvasdivided by the average FPS to determine the length of
the video. This value, in cpmction with the beat countwasused to calculate beats per
minute (BPM) The median BPM for each genotypascalculated Potential aitliers were
identified as those values 1.5 intguartile ranges (1.5 IQR) beyond the first and third

quartiles but thesewere not removed from the dataset

Hatching success and larval survivorship assay:

mmp mutants and relevant controleere reared at 25°C. GaMAS lines with the
temperature-sensitive Gal8Fallelewere subjected to four temperature regimes; 1) 18
2) 18 to 29C, 3) 29 to 1&, 4) 29C. Eggswere selected prior to hatchingonce
fluorescencebased genotypingvaspossible Eggswvere transferred to an apple agar plate

at amaximumdensity of & eggs per platavith the assumption that some egg®uld be
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dead orunfertilised A small dollop of yeast pasteas placed at its centre to provide
nutrition. Eggsvere migrated with forceps using a scooping motion to minimise damage
during transfer. Platesvere then moved to an incubator at 185 25C, or 29C. The
number of hatched and dead eggss counted, and unfertilised eggsere subtracted
from the total count Dead larvaevere counted and removed each day. When larvae
reachedthird instar, theywere migrated to a fresh apple agar platgth yeast to allev for
easier counting and to ensure an adequate food supMyprtality was determined for
each of the following developmental stages: 1) L1 to early L3, 2) early L3 to late L3, 3) late
L3 to pupariation, 4) pupariation to adulthootortality during first and second instar
was combined due to the difficulty ofperforming precise counts during this period
without inflicting accidental damage. This figwrascalculated by subtracting the number
of early third instar larvae from the nuper of hatched eggs. Survival to adulthood
(eclosion)was determined by counting the number of empty pupal cases. Once the first
adult had emerged, a grace period 6bur dayswasallotted, after which all noreclosed
pupae were considered deadHad no ecbsion appeagd imminent after the expected
time for the specified temperature, a grace periodfotir dayswasobserved. Should no
eclosionhave occured within this period, all pupaavere considered deadEclosionwas
considered successful if the pupal eagasfully evacuated or if the adult organismas

fully formed buthadonly partially emerged.
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Backcrossing, validation, and recombination/doudalancing olkg-GFPor Gal80S

UAS and Gal4 linewere backcrossed toyw (laboratory wildtype) for five
generation before being crossed to fauorescentlytagged balancer. Gal4 linesvere
validated via fluorescence microscopy after crossing malésABCD8RFPfemales. UAS
lineswere validated by crossing males t@aGal4/TM6tb females and examining lethality
of the nontubby progeny. UAS linaegere then recombined or doubkpalanced withvkg

GFP Gal4 linesvere recombined or doublédalanced withGal80S

Microbial infection:

An as yet unidentified microbial agent contamiedta majority of fly stocks. This
infection manifeséd as a thick film on yeast food plate®sulting inoccasional drowning.
The infectionwas exacerbated at higher temperatures (9. Initially, diloramphenicol
was added to fly foodised for platesat a concentration of 2Ag/mL, and an additional
100mL of 2fg/mL solution was added to the topof the yeast food plate prior to the
transfer of first instar larvaeStock chloramphenicol solutions wepeoduced according to
the protocol used by Cevik (26)L All crosses were raised on chloramphenicehted
plates, regardless of temperature treatment. This regime was abandoned due to the

emergence of resistance. The agentusrentlybeing sequenced.
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Stock maintenance:

Fly stockswere reared on yeasbasd food in 28.5x95mm widmouth
polystyrene vials at room temperature 2to 23°C). All stockswere maintained in
duplicate vials. Adult fliesvere transferred to fresh food vials every2 to 14 days.
Duplicate vialsvere developmentally staggered by seveays, such that one copyas
transferred each weekStock maintenance and food preparatiavere performed by

Hasan Hawilo, Balpreet Panesar, and Samantha Turner.
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3.0 Results:

3.1 Survivorship of larvae with altered MMP function

The objective of my resee was to elucidate the larval requirement for ECM
proteases during cardiac growth. | therefore began my investigatioestablishingvhen

MMP function is required to ensure larval survival.

It has previously been demonstrated with phenotypic null mutants Nompl
(mmp19t12 and Mmp2 (mmp2¥3°%) that functioning MMP1 and MMP2 are not required to
complete embryogenesis, though they are required for successful ecl¢RBageMcCaw
et al. 2003; Raza 2015However, not described is the precise spatial and temporal

requirements for MMP activity to ensure normaart development.

| usad the Gal4UAS system to alter gene expression in specific tissues to elucidate
the effects of altered MMP function during landgvelopment and altered MMP function
specifically within the heart. Reduc&dMP function was induced by the oveexpression
of the proteaseinhibitor TIMP usingJASTIMP(PageMcCawet al. 2003) However, TIMP
is also capable of inhibiting numerous other proteases of the ADAM and ADAMTS families
(Wei et al. 2003) which may also be involved in cardiac ECM remodelling. To better
characterise the role of MMP2 specificallygliered Mmp2 activity by expressingdsRNA
usingUASmmp2RNADr by over-expreseng it usingUASmmp2 (Razaet al. 2017) These
UAS constructerere driven ubiquitously witldaGaldor specifically within cardiomyocytes

and pericardial cells withlandGal4 The introduction of the temperatursensitiveGal&™
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allele into daGal4 lines (henceforthdaGal8) permited temporal control of gene
expression. Transcription of thgrans)genewas inhibited byGal80°S(del Valle Rodriguez

et al. 2011)when organismsvere reared at the permissive temperature (03, whereas
transcription was enabled once organismsvere shifted to the norpermissive
temperature (290). The spatial expression pattern of both Gal4s was verified with a UAS
RFP repder. This revealed organismuide fluorescencewith daGal80 and localised

fluorescencewith HandGal4n cardiomyocytes, pericardial cells, and the lymph gtand

The dorsal vessel is fully formed and competéobntractile) by the time of
hatching(Tao and Schulz 200Hough it is not regired for larval survivalMedioniet al.
2009) However, additional differentiation of the cardiomyocytlsnph glands continues
into first instar(Sellinet al. 2006)so all temperature shiftsvere performed at thestart of
second instar. This ensuwtea clean separation betweenardiogenesisnjid embryonic
stages intothe first larval instar)and subsequentcardiacgrowth (second through third
larval instar) Survivorship assays also funceoito validate the actity of the UAS inserts

and Gal4 drivers. A complete overview is provided in supplementary figure S4.

3.1.1 Survivorship ofmmp mutant larvae

Considerable mortalitywas observed in homozygousimp141? mutants and
mmp2*3°%7 mutants (henceforth mmpl and mmp2 respectively throughout larval
development and neither survivé to eclosion (Fig. 3.1). 75% w@impl mutants expire
before reaching late third instar and 84% expliggior to pupariation. Third instar larvae
often possessd broken and necrotic trachealescribedpreviouslyby PageMcCawet al.
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(2003) whichwas likely a contributor to the higlevels oflarval mortality.mmp2 mutants
did not experiencesignificant mortality until the pupal stage, with 79% surviving to
pupariation. Heterozygousnmp2 mutants had similar survivorship to the wildtype
control, and successfully eclaseHeterozygousnmpl mutants displagd a modest but
significant improvement in sunav over the wildtype control throughout the observed
period, and successfully eclasdt is urclear if a mild reduction in MMP1 function tha
some protective effectmmpl,mmp2double mutantswere not included in this analysis,
but personal observatiomsuggest hetereand homozygoteshowsimilar survial to their
mmpl mutant counterparts. This is corroborated by the findings of Pdg€awet al.

(2003).
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MMP MUTANT LARVAL SURVIVORSHIP
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Figure 3.1: Homozygousnmp mutants experience significant mortality throughout
larval and pupal stagesSpecimenswere reared at 28C throughout all life stages.
Homozygousnmplmutants ( ) experience a significant reduction in sualiprior to
early third instar; 35% of first instar larvae fail to reach third instar. Homozygouop2
mutants ¢(ed) do not experience a significameduction in survigl until postpupariation
(a drop from 85% to 0% suraivprior to eclosion). Heterozygousampl mutants @reen)
show improved survad when compared to wildtypeb(ue). Heterozygousnmp2 mutants
(orange) show similar surval to wildtype. The wildtypdsyw. Chisquare test. * pi.05 **
P ®nm FFF LIKA®dnnp ®
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3.1.2 Survivorship of larvae overexpressing TIMP

Overexpression of TIMP was driven either ubiquitouslgGal8(Q or locally within
cardiac cells HandGald throughout embryonic andlarval development (2X),
encompassing both heart morphogenesis and heart grofiFig. 3.2). The driverle§$AS
TIMPcontrol showed similar larval survival to the wildtype until pupation, at which point
an anomalous increase in mortality was observed.d{@aispecific overexpression of
TIMPthroughout embryonic and larval developments not correlated with dramatically
reduced survival, and did not prevent eclosion. Constitutive ubiquitous-exeression of
TIMP was correlated with a pronounced reduatian survival throughout larval
development, with low survival past eclosion. Oeapression of TIMP throughout
embryogenesis alone did not prevent survival to adulthood (Fig. 3.3). Larvae over
expressing TIMP from embryogenesis to second instar (i.eugfirout cardiogenesis but
not later cardiac growth) showed reduced survival at early third instar even when
compared to larvae constitutively ovexpressing TIMP, but survival plateaued thereafter.
This suggests that mortality is correlated with the stofthe lower temperature. Larvae
over-expressing TIMP from second instar onwards (i.e. throughout cardiac growth but not
cardiogenesis) showed a similar pattern of survival to larvae constitutivelyexyeessing
TIMP. InternaUASTIMP/daGal8Ccontrolsreared at 18C showed similar survival to the
wildtype and driverless controls reared at °€9 indicating a negligible effect of

temperature on survival and some leaky expression of the UAS or Gal4.
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Figure 3.2: Larval suna¥is compromised upon ugegulation of Timp. Specimensvere
reared at 29C throughout all life stages. DriverleBBASTIMP controls (reer) show
similar survial to wildtype controls lflue), except at eclosion. Localised oxexpression

of Timp within the ardiac cells withHandGal4(

) does not result in significant

mortality compared to controls, even at later stages of development; 77% of such
individuals survive to adulthood. Ubiquitous ovexpression ofTimp with daGal80s
(orange) resuls in considerable mortality from third instar onwards, with low suaVito
adulthood (1%). The wildtype contriglyw;vkgGFP/+

45



% OF POPULATION SURVIVING

M.Sc. Thesig C. Hughes; McMaster UniversitBiology
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Figure 3.3:Larval sirvival varies with emporally-regulated overexpression of Timp.
Overexpression offimpthroughout embyyonic and larval developmer{f29°C), or upon
reaching second instar (18 to 9 resuls in considerable mortality from third instar
onwards, with low survial to adulthood (1% and 0%, respectively). Qegpression
throughout embryogenesis and firsinstar (29 to 18C) results in increased mortality
immediately following the temperature shift at second instant surviving individualare
capable of successful eclosion.
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3.1.3 Survivorship of larvae expressingimp2 dsRNA

The specific requirementfdMP2 functionwas examined using twhimp2 dsRNA
inserts; TRIP line 61309 (chromosome IlI; hencefontmp2RNAI and TRIiP line 31371
(chromosome llI; hencefortmmp2RNAI(III) Expression of thiMmp2 dsRNA insert on
chromosome llwas driven ubiquitously(daGal8Q) or locally within cardiac cells
(HandGald throughoutembryonic and larvalevelopment (Fig. 3.4). The driverless dsRNA
control shoved similar larval surviad to the wildtype. Cardiaspecific expression dimp2
dsRNA throughout embryogén and laval developmentdid not correlate with lower
survinal, nor did this reduce eclosion. Ubiquitous expression of the dsRisg\correlated
with a reduction in surval throughout larvaldevelopment this patternwas similar to
that of mmpl mutants and larvaeconstitutively overexpressing TIMP. Temporal
regulation ofMmp2 dsRNA reveeaH that normal expression of MMP2 throughout larval
developmentand pupationwas sufficient for successful eclosion, though swaviw
adulthood was reduced compared to control§Fig. 3.5). This might suggest leaky
expression of the dsRNA as internal controls reared &C18lso shoed consistently
lower survial (by >10%) than the wildtype and driverless dsRNA controls reared’@t 29
Larvae expressingimp2 dsRNA from seconihstar onwards shoed a similar pattern of
survival to mmp2 mutants (low mortality until pupation), but better larval suralvthan

thoseconstitutively expressing the dsRNA.

Expression of thtimp2 dsRNA insert on chromosome Wwés driven ubiquitously

(daGal80) throughout embryonic and larvadlevelopment (Fig. 3.6). The driverless dsRNA
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control exhibied comparable larval survarto the wildtype. Constitutive expression of the
dsRNA withdaGal80at 29Cwas correlated with a reduction isurvival after pupariation
and was similar to the pattern of survalof the homozygousnmp2 mutant. However, a
not-insignificant percentage (12%) of individuals surditee eclosion, suggesting that the
reduction of MMP2was weaker than with the mutant allele tne Mmp2 dsRNA insert on

chromosome II.

3.1.4 Survivorship of larvae overexpressing MMP2

Overexpression of MMP2vas driven ubiquitously(daGal8Q or locally within
cardiac cellgHandGal4 throughout embryonic and larvatevelopment (Fig. 3.7). The
driverless controlwas not different from the wildtype with respect to larval suraiv
Cardiaespecific expression of MMR#roughout embryonic and larval developmewas
correlated with a dramatic reduction in larval sualivonly 33% of specimens survive
early third instar and just 1% reaeththe pupal stage. Ubiquitous expression of MMP2
during embryogenesis resell in 100% mortality before second instar. Larval but not
embryonic overexpression of MMP2 resd in 100% mortality within several hourd
transfer to the nonpermissive temperature (Fig. S1). InterdalGal80controls reared at
18°C survivd to eclosion, but experiencelower overall survial than the wildtype and
driverless controls reared at 29, perhaps indicating some leakinessha expression of

the insert.
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EXPRESSION OF MMP2RNAI: LARVAL SURVIVORSHIP AT 29C
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Figure 3.4: Larval surnvais compromised upon expression &mp2 dsRNA.Specimens
were reared at 29C throughout all life stages. Driverlesamp2RNAicontrols @reer)
show similar surviad to wildtype controls lflue). Localised dowsnegulation of Mmp2
within the cardiac cells witiHandGal4( ) does not result in significant mortality
compared to controls, even at later stages of development; 79% of these individuals
survival to adulthood. Ubiquitous dowmegulaion of Mmp2 with daGal83° (orange
resultsin considerable mortality from third instar onwards, with low sualte adulthood
(2%).The wildtype controls yw;vkgGFP/+
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Figure 3.5:Larval sirvival varies with emporally-regulated reduction ofMmp2. Downt
regulation of Mmp2 throughout embryonic and larval developme@9°C), and upon
reaching second instar (18 to 9 resuls in considerable mortality from third instar
onwards, with low surval to adulthood (2% and 0%, respectively). Denggulation of
Mmp2 throughoutembryogenesis and first inst§29 to 18C)doesnot drastically reduce
survival through larvaldevelopmentand pupariation. A reduction in suraMs observed
during pupation, with 37% of individuals capable of successful eclosion.
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EXPRESSION OF MMP2RNAI (l11): LARVAL SURVIVORSHIP AT 29C
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Figure 3.6: Larval suna¥is compromised upon ubiquitous expression Mmp2 dsRNA
on chromosome lllSpecimensvere reared at 29C throughout all life stages. Driverless
mmp2RNAcontrols ¢reer) show similar surval to wildtype controls iflue). Ubiquitous
down-regulation ofMmp2 with daGal833( ) doesnot result in significant mortality
prior to pupation, with low survivorship to adulthood (12%he wildtype controlis
yw;vkgGFP/+
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OVEREXPRESSION OF MMP2: LARVAL SURVIVORSHIP AT 29C
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Figure 3.7: Embryonic and larval suraivis compromised upon oveexpression of
Mmp2. Specimensvere reared at 29C throughout all life stages. Driverle®\Smmp2
controls @reer) show similar surval to wildtype controls Ijlue). Cardiaespecific over
expressionof Mmp2 with HandGal4( ) is correlated with highmortality through
larval development (68% of specimens die before reaching early third instar and 1%
pupariate), with no survad to adulthood. Ubiquitous oveexpression ofMmp2 with
daGal80S (orange) is correlated with highmortality through early larvaldevelopment
(100% of specimens die before reaching early third instdr. wildtype controls yw;vkg
GFP/+
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3.1.5 Summary oburvivorship

These data suggest th&iMP1 function is required for larval surval, and that
both MMP1 and MMP2are required for eclosion. However, normdMP2 function in the
heart appears to bedispensable forlarval surviwal, as no increase in mortalitywas
observed duringlarval development or metamorphosis upon the cardiac cespecific
reduction of MMP2 or ovetexpression of the MMP inhibitor TIMP. Ubiquitous oever
expression of TIMP reseli in a decline in surval similar to that experienced by larvae
with reduced MMP1 function. Ovexxpression of MMP2, either ubiquitously or

specifically in théneart, causd mortality by third instar.
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3.2 Effect of Mmp2 loss of function on cardiac ECM remodelling

| examired mutants to gain insight into the role played by MMP1 and MMP2
during cardiogenesis, andscertainhow embryonic defects manifest throughout larval
development This grargd an appreciation for the phenotypes thabuld be expected
from the inhibition of MMP1, MMP2, or MMP1 and MMP2 concurrentlyxaminel both
hetero- and homozygous mutants to deteme Mmp haplosufficiency. However, it must
be noted that this experimentvas limited in its explanatory value; Was impossible to
determine the specific role of MMmediated remodelling during larvalevelopment

because cardiac structurgas compromisedluring embryogenesis.

3.2.1 Characterisation of dorsal vessel architecture immp mutant larvae

Cardiogenesis arises through a carefully regulated process of collective cell
migration, cell polarisation, guidance signalling, and matrix remodelling tHatagn to
rely upon the activity of MMP1 and MMP@Raza 2015; Raz al. 2017) The larval
Drosophilaheart experiences considerable growth between first and third in@Bagatan
et al. 2015) and normal cardiac growth and function are likewise expected to depend

upon the regulation of protein deposition and degradation by MMPs.

Amongst wildtype individualsa singular cardiac vessel formed, flanked by
pericardial ells (Fig. 3.8). Parallel myofibrils enyedd the circumference of the vessel in
a uniform pattern, though occasional gapere observable amongst wildtype specimens.

Alary musclesvere positioned near the segmental boundaries; these occasionally esthow
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longitudinal distribution along the perimeter of the vessel, and singular filwese in
places nearly continuous between the primary attachment sites. Actin intengay
manipulated in confocal projections to ease viewing, &udisnot representative of

protein levels.

Cardioblast migration and lumenogenesis are compromised with altered MMP1
and MMP2 function. Upon loss of MMP2 function, Reizal. (2017)note the presence of
gaps between cardioblasts, which appear rounded and fail to make contralatartdct
In order todetectany changes in cardiac muscle structure, | visudisain myofibrils in

dissected early and late third instar larvae using fluorescedatiged Phalloidin.

Lumenal defects persistl through postembryonicdevelopment as laral mmp
mutants also exhibéd conspicuous cardiac defects, but these defects appadess
severe than their embryonic precursors (Fig. 3.8). Examination of early third instar larvae
homozygous for thenmp1911? lossof-function allele ;hnmp1) reveaéd disorganisation of
the Actin cytoskeleton in the form of gaps between adjacent myofibrils and uneven
midline connections (terminal junctions) (Fig. 3.8B). Howewempl mutant dorsal
vessels @l not exhibit any gross structural/lumenal defects. Direct comparssof heart
size were not performed becausempl mutants were smaller than the wildtype at any
given stage, and ivas unclear whether therevas any difference in heart size relative to
body size.mmpl heterozygotes al not appear distinct from wildtype wh regards to

heart morphology.

55



M.Sc. Thesig C. Hughes; McMaster UniversitBiology

10x 1x Zoom

Wildtype

56

63x 1x Zoom




M.Sc. Thesig C. Hughes; McMaster Universitiiology

Figure 3.8: Dorsal vessels of early third instamp mutant larvae exhibit structural
defects.Coronal projections of DV segments A6 and A7 (posterior at rigbt)oclonal

I PS antibodyey) is used to visualise IntegrinPS intensity is manipulated to ease
viewing. Conjugated Phalloidire() is used to visualise the dorsal vessel muscle fibres.
(A-! XWildtype larval hearts(A) The DV is a single continuous vessel flanked by PCs
along is entire length. White box defines segment A7! Thé DV is enveloped by
LIF NI £ £ St OA NDdzY ¥ S NEnfedri ks expresSeil Atyhe vidlide it NA £ & &
location of the adhesion junctions (arrow). The midline is uniform along the length of
the vessel. (B-. Xmmp191?2 mutants. (B) Heterozygousmmpl mutants are not
observably different from wildtypeo . Ramozygousmmpl mutants show some
disorganisation of cytoskeletaActin in the form of gaps between myofibrils
(arrowhead). The adhesiojunctions are not uniform; the midline attachment sites
show oscillation in their positioning (arrowsXG/ )Q mmp2¥3%7 mutants. (C)
Heterozygousnmp2 mutants are not observably different from wildtype, save for the
presence of some small cytoskeletal gaps/ Qabdia bifida is apparent immp2
homozygotes; the singular dorsal vessel splits into two discrete vessels over a portion
of its length (asterisks). Gaps are present between myofibrils and midline adhesion
junctions do not form a consistent midlin€D-5 Xmmpl,mmp2double mutants.(D)
Heterozygousnmpl,mmp2mutants are not observably different from wildtypé.5 Q 0
The cardiac phenotype ahmplmmp2double mutants is similar to that ahmp?2
mutants. The wildtype igw;vkgGFP/+
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Larvae homozygous for themp2'3°7 lossof-function allele fhmp2 exhibied a
striking cardiac phenotype in the form of cardia bifida, where one or more regibtiee
heart chamberwas bifurcated to form two discrete vesseBifurcated regions vad in
size, from less than 2in in length to spanning multiple segments. Cardia bifidas
observedin 48% 21/44) of early third instar larvae angb% 20/31) of late third instar
larvae (Fig. 3.9)Cardiomyocytesenclogd a lumenalong the entire length or only a
portion of the bifurcated region When lumenogenesiglid not occur, the affected
cardiomyocytes appead to be filled with Actind C A 3 ¢ . Gardhia bifidlavas observed
in late second instammp2 mutant larvae, suggestg that this phenotyperisesrelatively
early in development perhaps arising from embryonic defedqiRaza 2015; Razt al.
2017) and either persists or worsens throughout landdvelopment Cytoskeletal
arrangement appead disorganised, with gaps between adjacent myofibrils as well as
longitudinal positioning okome fibrils, especially within bifurcated regions of the heart
0 CA 3 & mmop@lyefer@aygbteswere not distinct from wildtype with regards to heart
morphology, with the exception of a single case of cardia bifida (1/49). The observed
bifurcation was uniquely asymmetrical and unlike those observed in homozygous
mutants, perhaps reflecting a different cause. Larvae homozygous for botkofioss
function alleles fimp1,mmp32 resemblel mmp2 homozygotes with regards to cardiac
Y2NLIK2f 238 6 FA J(W/20) ofyeslp thild instdr (akae pxpibiting cardia

bifida (Fig. 3.9mmpl,mmpzheterozygotesvere not distinct from the wildtype.
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Figure 3.9: Third instar larvae mutant fommp2 exhibit cardia bifida. Wildtype
organisms, as well as those mutant fampl, do not reveal angifurcationalong the
dorsal vessel. Nor do heterozygous individuals possess this phenotype, with the
exception of a small number ahmp2 heterozygotes (1/29). The incidence of cardia
bifida amongst early and late third instarmp2homozygotes is 48% (21/44) a68%
(20/31), respectively. 55% (11/20) of early third instermplmmp2homozygotes
exhibit cardia bifidayw;vkgGFP/+is the wildtype.
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Figure 3.10: Ubiquitous oveexpression offTimpcompromises heart architecture in early
third instar larvae.DV segments A6 and ALarvaewere raised at 18C throughout the
grey timeline, and at 2€ throughout the red timeline. Monoclonal Prc antibody&() is
used to visualise the Prc network. Conjugated Phalloidid)(is used to visualise the
dorsal vessel muscle fibres. Osetpression of Timp under the regulation of a
temperature-sensitive ubiquitous driverdaGal809. (A-D) Mild phenotypes6 -5Q(Mbst
severe phenotypes observedA! € DVs of organisms raised at the permissive
temperature (18C) throughout embryonic and larval developmeare enveloped by
parallel circumferential Actin myofibrils without conspicuous gafs. € Organisms
shifted from the permissive to nepermissive temperature (18 to 28) at second instar.

0 -. & llumenal defects are present, such that cardiomyocytes do not fully enclose a
lumen along portions of the vessel length (arrowhead marks gap in cytoskel¢@h)e 0
Organisms shifted from the ngpmermissive to permissive temperature (29 to°C§ at
second instar(C)Alary muscles are elongated and run parallel to the vessel, stretching
between sites of primary attachment (arrovd.// G Tie DV is bifurcated at the posterior
end of the heart (asterisk marks gap between vessalsj ©ne branchshows an
incomplete lumen (arrowhead) and the other failed lumenogenesis, where the
cardiomyocyte is filled with Actifstar) (D-5 € Organisms rared entirely at the non
permissive temperature (2€) show a similar distribution of Vkg to temperatstafted
individuals. White rectangles on the coronal projection designate the region in-cross
section. L: lumen; PC: pericardial cell.
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The penetrane of the cardia bifida phenotype in homozygousmp2 and
mmpl,mmp2mutants at early third instar (48% and 55%, respectiveglower than in
stage 17 embryos (90% and 80%, respectively, from &aala2017). Given that survival
to third instar was 94% dér mmp2 mutants (personal observations) and 35% for
mmpl,mmp2mutants (from PagdicCawet al. 2003), it is likely that some recovery

occurs posembryonically.

3.2.2mmp mutant phenotypes are recapitulated upon GalJASmediated inhibition

of MMPs

To enswe that the phenotypesof mmp mutants were not related to genetic
background effects or unanticipated MMP protein activity, | redub&8MP function using
two different methods; directly, via expression Bfmp dsRNA, and indirectly, via the

over-expressiorof the endogenous protease inhibitor TIMP.

Cardia bifidawas observed in third instar larvae upon inhibition of MMPs and
other proteases by ectopically expressed TIMP or upon inhibition of MMP2 specifically by
Mmp2 dsRNA. Larvae ubiquitously ovexpressig TIMP also displag the tracheal
defects (broken and necrotic trachea) and small body size observed amongst homozygous
mmpl and mmpl,mmp2double mutants. Ubiquitous reduction of MMP1 bympl
dsRNAdid not result in conspicuous cardiac defects; such lamesemble similarly aged
homozygousmmpl mutants, and exhibéd tracheal defects as well as high grapal
mortality (Fig. S2). A thoroughreakdown of the penetrance of lumenal defects is
provided in supplementary figure S3.
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Actin myofibrilsin wildtype organismswere circumferentially distributed along the
dorsal vessel in a uniform manner. Howeveoree specimens, including driverless UAS
controls UASTIMP/+and UASmmp2RNAI/}, reveaéd a mild cytoskeletal phenotype of
longitudinal bundling of myofibrils along the midline. TerminRIS1integrin connections
between longitudinallyarrayed myofibrils @ not align with segmental boundaries (data
not shown). These bundlesere often disconinuousalong the length of the vessahd
are visible in crossection as a&light lumenal and ablumendallge. In a minority of cases,
Phalloidinrlabelled Actin extened lumenal intrusions that partially or completely split the
vessel along a short lengtk5umT & SS  O)ATAiswascodiwvoiaderged in regions of
the heart where longitudinal bundlesere present both dorsally and ventrally, aulitd
not align with ostial inflow valves. For the purpose of disambiguation, this phenotype is
described as aeptum, whereas cardia bifida is used to describe cases where the two

discrete lumens do not share a vessel wall (i.e. are separated by extracellular space).
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Figure 3.11: Ubiquitous expression dfimp2 dsRNA in late third instar larvaeDV
segments A6 athA7. Expression oMmp2 dsRNA under the regulation of a temperature
sensitive ubiquitous driverdaGal809. (A-D) Mild phenotypes.o -5C¢ Mlost severe
phenotypes observed(A-! ¢ DVs of organisms raised at the permissive temperature
(18°C) throughout embryonic and larval developmerdre enveloped byparallel
circumferential Actin myofibrils without conspicuous gaps. Longitudinal bundling is
20aSNWUSR Ff2y3 GK$S ! Erbdstcliofi Shows ludh® éxtedsig of ! Q0 @
Actin myofibils (septun) at the site of longitudinal bundling (double chevro(B-. € 0
Organisms shifted from the permissive to npermissive temperature (18 to 29) at

second instaro . Nyofibril bundling is less even. . Babsal vessel is briefly split at the
posterior. (G/ €drganisms shifted from the ngpermissive to permissive temperature

(29 to 18C) at second instan / A2tin myofibrils appear disorganised and some gaps are
visible (arrowhead)o / Eumenal space is almost completely split along atdeagth. (D-

5 ¢ Organisms reared entirely at the ngermissive temperature (2€) 6 55 The

dorsal vessel appears narrower and Actin myofibrils are not arrayed uniformly (arrowhead
AY 5Q0d ! LI2aidSNA2NI aLlldzNJ Sy Owaite &edtangleg on2 T T 4 K
the coronal projection designate the region in cregstion. L: lumen; PC: pericardial cell.
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Early and late third instar larvae ovexpressing TIMP from second instar ondsr
did not exhibit cardia bifidébut did reveal lumenal defects along portions of the vessel
length. Cardiomyocytesvere attached at the dorsal but not ventral midline (or less
commonly the reversekuch that thelumenal spacevas not completdy envelopedand
wasopen to the body cavityhencebrth referred to asanincomplete lumen), possibly as
a result of tearingluring developmentFig. 3.10B). Early and late third instar larvae over
expressing TIMP from embryogenesis to second instar resehidnfeae overexpressing
TIMPthroughout embryont and larval developmenwith respect to cardiac phenotype,

and exhibied cardia bifida. Such individualgdot, however, display tracheal defects.

Late third instar larvae ubiquitously expressiMmp2 dsRNA exhib&d milder
phenotypes than those oveaxpressing TIMP; larvae constitutively expressing dsRNA as
well as those expressing dsRNA from second instar onwards eshaomyofibrillar

disorganisation but not cardia bifida (Fig. 3.11).

Localised reduction of MMP2 within cardiac cells usingHHlaadGal4driver was
sufficient to induce cardia bifida (Fig. 3.12). Contrary to results déatBal80Q cardia bifida
was observed amongst larvae locally expressitrgp2 dsRNA. Itwas notable that the
penetrance of the bifida phenotype is low (<14%; 3/29) in the gmes of theHandGal4
and was observed in only one of the twdmp2 dsRNA stockspnmp2RNA{chromosome
II) exhibied cardia bifida whereasnmp2RNAI(IlI[fchromosome I1lIdid not. Both inserts

appeaedto have somectivity, based on the results of the suership assay.
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Figure 3.12: Altered expression éimp2 within cardiac cells results in aberrant dorsal
vessel morphology in late third instar larva®V segments A6 and A&,B,C)Late third

instar driverless controls reared at Z9 show no indication of cardia bifida. Myofibrils are
circumferentially arrayed in parallel along the length of the vessel, though some
longitudinal bundling is observed at the midline (arrowhead&)! ¢ @verexpression of
Timpin cardiac cells wittHandGal4is sufficient to cause cardia bifida (asterisks show gap
between vessels). Alary muscle fibres extend longitudinally along the perimeter of the
SaasStz IyYyR IINB ySINIeé O2ylAydzzdza @SEHSSY
Localised inhilbion of Mmp2 with dsRNA in cardiac cells results in a phenotype similar to
Timp overexpression.(C- ¢ Warvae oveexpressingMmp2 in cardiac cells have a
reduced dorsal vessel and lack alary muscles. Myofibrils are arranged longitudinally along
the vesel, and the lumenal cavity is reduced or rexistent. White rectangles on the
coronal projections designate the regions shown in cession. DV: dorsal vessdl;
lumen; PC: pericardial cell.
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Late third instar larvae exhilat cardia bifida at a ratef 3% (1/35) when TIMP
was overexpressed in cardiac cetlsroughout embryonic and larval developmernd at
a rate of 33% (3/9) when ow@xpression occurs only during embryogenesis. Examination
of the hearts of those specimens ovexpressing TIMP thaurvive eclosiomlid not reveal
the presence of pronounced morphological defects such as cardia bifida (FiG.agdia

bifidawas na observed when TIMP is ovekpressed posembryonically.

TIMP is a secreted proteiand was therefore expected to act on surrounding
tissues. Oveexpression of TIMP in ectodermal stripes uspairedGal4was previously
shownby Raza (2013p disrupt cardiac lumenogenesis. However, ectopic expression of
TIMP within the fat body using thR4G#4 driver did not appear to cause conspicuous
cardiac defects upon examination of late third instar larvamagority of samples (15/16)
reveabd no myofibrillar disorganisation, whereas a minority (1/16) skdwsome
disorganisation in the form of smalhgs and longitudinal arrangement of myofibrEg.

S5)

3.2.3 Overexpression of MMP2 results in a novel cardiac phenotype

Overexpression of MMP2 protein, which localises to the leading edge of migrating
cardioblasts during cardiogenes(®azaet al. 2017) was predicted to promote the
expansion of the junctional domain at thepense of the prdumenal domairin a manner
similar to, if more extreme than, the loss of MMP1 function. Retzal. (2017)observel
disorganised cardioblast migration and the formation of multiple ectopic pocket lumens in
embryos expressingASmmpunder the control of the muscle cell driveref2Gal4
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Embryos ubiquitously ovesxpressing MMP2vere not viable, and temperature
shifted organisms with thedaGal80driver experiencd mortality within hours of being
transferred to the norpermissive temperaturé29°C) As such, théedandGal4ddriver was

used exclusively.

Localised oveexpression within cardiac cells resdtin the developmet of
catastrophic cardiac defects but not immediate lethality. The dorsal vesmse¢ared
truncated upon MMP2 oveexpressionthroughout embryonic and larval development
leaving only the posteriemost segments(Fig. 3.12C)The anterior aortawas either
entirely absent or forrad a thin thread of Actin fibres. Lumenogenesias compromised,
such that either no lumen formed, or a reduced lumen emeérgeer a limited span of the
vessel length. Myofibrilsvere arranged longitudinally along the vessel. Alamyscles
were absent, with the exception of vestigial spurs at the posterior end of the vessel.
Pericardial cellsvere likewise absent, with the exception of a minority of specimens that
retained at most one or twosuchcells which appeagd degradedand were reduced in
size.The loss of pericardial cells and alary mushi@s been demonstrated toccur upon
reduction of Lan, VKkg, or Prc functigWolfstetter and Holz 2012; Drechsler al. 2013;
Hollfelderet al. 2014) However, explicit evidence of detachmewtas notobserved. The
gross morphology and myofibrillar arrangement of the dorsal vessel at third instar closely
resemblal that described by Drechslegt al. in both loh and prc transheterozygous

deficiency mutants(Drechsleret al. 2013) This suggests that increased expression of
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MMP2 during development may compromise cell polarisation and act to destabilise cell

matrix adhesions.

Temporal regulation oMmp2 expressionwas performed usingdandGaldwithout
the temperaturesensitiveGal80 Sallele. The full effect of MMP2 cardiac ovexpression
was partially mitigated (dampened) by rearing organisms atClL8though someGal4
activity persised (personal observations)ndividuals reared at the low temperature
throughout embryogenesis successfully fauna posterior lumen, and possess$alary
muscles and pericardial cellslowever, pericardial cell&vere reduced in number and
often flarked by smaller aget unidentified cells thatvere possibl\hemocytesit was not
uncommon for &ary muscles and nearby pericardial cdtlsappearunder strain, and
these wereobserved topull away from the vessé€Fig. S6)The contractile heart chamber
(A5 to A8) reveald some myofibrillar disorganisation in the form of gaps and longitudinal
arrangement of fibrils butdid enclose a lumenDampened oveexpression of MMP2
appeaed to more severely affect the anterior aortas thiswasreduced to a vestigial
thread of Actin, and along this stretch pericardial cellsre disorganised or entirely
absent The aortavasoften observed to be anteriorly detached, possibly due to adhesion
defects stemming from increased MMP2 activity at theyr glands. Early and late third
instar larvae transferred to 2€ at second instar resemil¢hose reared entirely at 1€.
Theincreased expression &fIMP2 during larvatevelopmentwith HandGal4was thus
insufficient to induce the detachment of pericaatl cells and alary muscles from the

dorsal vesselocalised oveexpression of MMP#mited to embryogenesis and first instar
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reveakd a similar phenotype to constitutive expression when larveere examined at
third instar, suggesting that no signifidarepair occus between second instar and pupal

remodelling.

3.2.4 Summary otardiac structure

Organismawide and heartspecific reduction of MMP2 function during
embryogenesisvas correlated with cardia bifida in larvae. Pesmbryonic reduction of
MMP2 was correlated with incomplete lumens. Reduced MMP1 functi@s correlated
with disorganised cytoskeletal features but not compromised lumé@rganisrwide and
heart-specific reduction wer-expression of TIMRIid not cause a cardiac phenotype
obviously dfferent from reduced MMP2 function.Overexpression of MMP2was

correlated with a truncated heart lacking an aorta, pericardial cells, and alary muscles.
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3.3 Characterisation of Collagen -1V localisation and protein levels upon altered

MMP expression

This section examineSollagenlV protein levels and spatial localisation using a
GFP gene trap construct (referred to heme as VkgsFP). Protein levelgere assumed to
be proportional to the measured fluorescence signal, based on the protocols estblish
by Acker (2016) andCevik(2016). Quantitative datawere generated by measuring the
mean fluorescence signal within a consistent region of interest (ROI) comprising dorsal
vessel segment A7 (see Methods). It is necessary to note that fluorescencedsigsalot
directly correlate to protein expression; rather, it is a measure of protein levels within a

specific region and so is affected by altered or aberrant patterns of localisation.

3.3.1 Characterisation of Collaget protein levels and localisationin third instar

larvae

In wildtype organisms,CollagenAlV was distributed along the lumenal and
ablumenal domains of the cardiomyocytes, encompassing the pericardialAldtisugh a
majority of wildtype organisms reveal a uniform distribution ofCollagerlV, dense
aggregates (plaquesyvere occasionally observed along portions of the lumenal or
ablumenal surface (Fig. 3.13). Here plaques are defined adreefloating aggregates
that either a) coat the ablumenal DV or PC surface, or b) coautheral surface of the
DV and obstruct no more than 50% of the lumenal space when viewed inrsgossn. In

severe cases, plaques expaadind coalescéto obstruct a majority or the entirety of the
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lumenal spaceHowever, suclplagueshave not been obseed in crossectional electron

micrographs of wildtype larvae without the AP trap construct (data not shown).

CollagenlV protein levels are known to increase with agebrosophilahroughout
both larval development and adult agin@cker ®16; Vaugharet al. 2017) | verified
these larval findings in dorsal vessel segment A7 through the quantification of mean Vkg
GFP signal (i.e. CollagBhdensity) to correct for differences in vessel size (Fig. 3.14). To
determine whether temperaturampacts CollagenlV expression, | reared control larvae
expressing VkGFP at 18 and 29C. Neither early nor late third instar larvae reared at
29°C showed an obvious difference in mean protein density from their sagee
counterparts reared at 1&€. Plaques were apparent in more individuals reared at29
(2/18) than 18C (0/12), but exclusion of these individuals did not significantly alter the

observed trend.
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Figure 3.13: CollagelV is variably expressed in third instar larva€oronal projedbns

and crosssections of DV segments A6 and. Lbnjugated Phalloidinrgd) labels Actin
myofibrils. Endogenously expressed M&gP (GFP trap construgteen) labels Collagen

IV. (A-B) vkgGFPcontrolsraised at29°C.(A-! (DollagenlVis uniformly distributed along
the DV.(B-. (Bmall aggregates (plagues)@dbllagenlV are associated with the ablumenal
surface of the DV and PQs&:D) UASTIMP controls raised at29°C.(G/ (DollagenlV is
uniformly distributed along the DV with thexeeption of small, discrete aggregaté®:5 Q 0
DenseCollageAV plaques are associated with the lumenal surface of the DV and the
extracellular space surrounding the PCs. Plaques are nested between Actin myofilaments
(arrow). CollagerlV remains associaté with the ablumenal DV surface and does not fill
the lumenal cavity(EF) mmp2RNAiI(llIxontrols raised at29°C. (B9 Q/ikg is uniformly
distributed along the DMF~C Ykg plaques are associated with the lumenal surface of the
DV, but do not fill the umenal cavity.White rectangles on the coronal projections
designate the regions shown in cressction.L: lumen; PC: pericardial cell.
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3.3.2 Characterisation of CollagetV levels and localisation ilTmmp mutant larvae

mmp2 and mmpl,mmp2double mutantswere notable for the aggregation of
lumenalCollageAlV, which manifestd as large, dense clumps located principallthin or

adjacent to the site(s) of bifurcation (Fig. 3.15, Fig. 3.16). These aggregates completely

obstrucedt KS f dzYSy |t 2y 3 | Ll akd e yonddgred (diktifct @S & & S

from plagues. A majority of third instar homozygomsmp2 and mmpl,mmp2double
mutants (5968% and 65%, respectively) exhdgitiumenal obstruction byCollageAlV
aggregates, wheas this phenotypavas not observed in the wildtype, and very rarely
amongst heterozygousimp2 mutants and homozygousimpl mutants (Fig. 3.17). Such
lumenal aggregatewere observed in late second instar homozygousp2 mutant larvae
(Fig. 3.16), suggesty that this phenotype emerges relatively early during larval

development
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Figure 3.14: CollagelV protein level is increased in older larvae but is not affected by
temperature. Quantification of endogenous VKgFP signal at DV segment A7 in latedthi
instar larvae.(A-! Qate third instar larvae show increasetean VkgGFPsignal when
compared to early third instar larvae, but this difference is only significant in larvae reared
at 29°C. Sameage larvae do not show any differencenmeanVkgGFPsignal when reared

at 18°C or 29C. Exclusion of specimens exhibitibgllagerlV plagues does not alter this
trend. Twotailed2 S Q#e§ &est for parametric data. Error bars are SEMM§.05 **

p dnm  F FFO !LDItiee mean.dHorizontal bég the median. Box is the first to
third quartile. Whiskers show minimum and maximum values before the fence (1.5 x IQR).
Genotype iyw;vkgGFP/+EL3: Early third instar larva; LL3: late third instar larva.
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Figure 3.15CollagenlV localisation in hetereand homozygousnmp mutant early third

instar larvae.DV segment A7A-A") CollagerdlV is evenly distributed along the length of
the cardiac vessel in heterand homozygousnmplmutants, with the exception of some
smallablumenal plagues (arrowhead in AB) CollagenlV is evenly distributed along the
length of the cardiac vessel in heterozygaump2 mutants. (B') Conspicuous lumenal
CollagerlV aggregates (arrows) are apparent in homozygousp2 mutants, particularly

in close proximity to regions exhibiting bifurcation (asterisk shows gap between vessels).
(GCYmmpl,mmp2double mutants phenotypically resembiemp2 mutants.
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Figure 3.16: Homozygousimp2 mutants exhibit cardia bifida and lumenal aggregation
of Collagn-1V during second and third instaDV segments A6 and ATA-C)Wildtype
organisms display entire dorsal vessel lumens at late second {#staQaarly third instar
(B~ Qand late third insta(G/ Q@oronal view shows uniform distribution @bllagerlV
along the cardiac vesseTollageAV extends towards and envelops the P@s:/ (Tboss
sectional view showing uniform lumenal and ablume@allageAV distribution without
significant aggregation within the lumenal spa¢B-F) Homozygousnmp2 organisms
display cardia bifida (asterisks show gaps between vessels) at late second(RSt&2 0
early third instar (9 Q and late third instar(~C Q Goronal view shows discrete
accumulations of densely packéllageAV along the cardiac veske&ollagenlV appears
uniform outside of these aggregates, and extends towards and envelops thé*CsQ 0
Crosssectional view showing lumenal accumulation @bllageAV within a bifurcated
region of the heartCollagerlV aggregates fill the entiraumenal spaceyw;vkgGFP/+s
the wildtype. White rectangles on the coronal projections designate the regions shown in
crosssection. L: lumen; PC: pericardial cell.
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Figure 3.17: Third instar larvae mutant fanmp2 reveal a high incidence of lumenal
CdlagenlV aggregation.Endogenously expressed V&P (GFP trap construct) labels
CollagenV. No clumpingblue) indicates an even distribution of lumenal and ablumenal
CollagenrlV along the length of the DV. Ablumenal plaquesz€n) indicates thegresence

of ablumenal but not lumenal plaques. Lumenal plaques/{/) indicates the presence

of lumenal plaques, with or without ablumenal plaques. Lumenal obstructivan(e
indicates complete coverage of the lumenal spaceCojlagerlV at any pointalong the
posterior DV, with or without lumenal or ablumenal plaques. Here lumenal plaques refer
to CollageAV aggregates closely associated with the lumenal surface of the DV that cover
not more than one half of the crossectional area. Wildtype orgamms do not reveal
lumenal VKgGFP aggregates at the posterior DV (segmentdAthbeyond a low incidence

of plaques (3% and 2% in early and late L3 larvae, respectively). Ablumenal plaques are
present at a rate of 24% amongst early LBs3@) and 48% among#ate L3s 1§=44).
Complete lumenal obstruction by \W&FP is observed in homozygeosip2 mutants at a

rate of 10% amongst early LB=R1), in homozygoummp2 mutants at a rate of 59%
amongst early L3nE37) and 68% amongst late L8=87), and in homozygasu
mmpl,mmp2mutants at a rate of 65% amongst early LBs3R).yw;vkgGFP/+ is the
wildtype.
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CollagenV protein levels in and around the heart, as determined by
fluorescence intensitywere elevated in homozygous but not heterozygous late third
instar mmp2 mutants when compared to the wildtype (Fig. 3.18). These findivege
in line with those of Razat al. (2017), who noted elevate@ollagerlV protein levels
(lumenal and ablumenal) in stage bTmp2 mutant embryos. Homozygous mutants
showed a nearlytwo-fold increase in fluorescence signal along the DV compared to
controls upon inclusion of samples with conspicuo@®llagenAV aggregates.
ConspicuouollagenlV aggregates (including plaquesgre observed in 48% (10/21)
of the sampled homozygous mutts and 10% (2/20) of the sampled heterozygous
mutants. Amongst homozygous mutants these compglisen average, 25% of the
measured area in samples within which aggregatese present, and exhibéd a 6.8
fold increase in fluorescence signal per unit ameer regions devoid of aggregates.
Homozygous mutants lacking conspicuous aggregates stilleshimereasedCollagen

IV protein levels at segment A7 when compared to the wildtype.
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Figure 3.18: CollagelV protein level is increased in larvaimp2 mutants in comparison

to wildtype. Quantification of endogenous VKgFP signal at DV segment A7 in late third
instar larvae(A-! (Hommozygous but not heterozygousmp2 mutants show a significant
increase in mean fluorescence signal compared to the wikltyRemoval of specimens

with conspicuous lumenaCollageAV aggregates does not significantly alter this trend.

(A) Mean fluorescence intensity is normalised to 1.00 with respect to wildtype levels.
KruskalWallis test for norparametric data. Error barare SEM. * .05 ** p)Q.01 ***

LIOKN da iQigithe mean. Horizontal bar is the median. Box is the first to third quartile.
Whiskers show minimum and maximum values before the fence (1.5 x IQR). Isolated data
points are outliers or suspected outlie€/ildtype isyw;vkgGFP/+
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3.3.3 Characterisation of CollagetV protein levels and localisation in third instar

larvae over-expressing TIMP

LumenalCollagenlV aggregatesvere observed in early and late third instar larvae
upon inhibition of MMP2 by ectopically expressed TIMP using the ubiquida®al80
driver (Fig. 3.19) and the cardiapecificHandGal80driver (Fig. 3.20). Aggregategre
found principally near regionef the dorsal vesseéxhibiting cardia bifida or otherwise
disrupted lumens. Plaquewere observed in all late third instar driverle$$ASTIMP
control specimens reared at 29 (7/7, with 1/7 showing very large, densely organised

plaques), but in a minoritgf early third instars (3/19).

CollagenV protein levels in and around the heart, as determined by fluorescence
intensity, were elevated in early and late third instar larvae oespressing TIMP
ubiquitously or in cardiac cells onllgroughout embryonicand larval developmen(Fig.
3.21). Early third instar larvae overpressing TIMP from second instanward did not
show significantly altere€ollageAV levels relative to controls. However, late third instar
larvae dd show a significant increase (p€8) in signal compared to the internd&Gal80
control reared at 18C. This suggests that the reduction of MMPs and other TIMP targets
during larvaldevelopmentimpedes turnover, causing Collaghh to accumulate Note

that the measured fluorescence signeds inclusive of plaques and larger aggregates.
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Figure 3.19: CollagelV forms dense aggregates in early and late third instar larvae
ubiquitously overexpressing Timp. DV segments A6 and A7.(A-B) UASTIMP
driverless controls raised at 20. CollageAdV is uniformly distributed along the DV
with the exception of small plaques @follageAV along the lumenal and ablumenal
surface.(GJ)Overexpression offimpunder the regulation of a temperatursensitive
ubiguitous driver §aGal839. (GD) Organisms raised at the permissive temperature
(18°C)throughout embryonic and larval developmergveal a uniform distribution of
CollagenV along the DV in earlyC)and late (D) third instar larvae.0 / Q Erbs® 0
sections reveal a close associatiorCafllageAlVto the lumenal and ablumenal surface
of the DV.(EF) Organisms shifted from the permissive to Rparmissive temperature
(18 to 29C) at second instar show den§mllagenlV aggregates near regionsith
incomplete lumens6 9 QCGrdsKactins reveal lumenal accumulation GollagenlV,
aggregates filla majority of the lumenal space in regions where the lumen is
incomplete (arrowheads) (G-H) Organisms shifted from the nepermissive to
permissive temperature (29 to 18) at second instar show simil&ollagenlV
localisation to those shifted from 18 to 8. Incomplete lumens are evident and do
not show accumulation ofCollagedlV 6 | NN ¢ K S I (R)) Okggnisnizs Q@arxed
entirely at the nonpermissive temperature (2€) instar show a similar distribution of
CollagenlV when comparedto temperatureshifted individuals. White rectangles on
the coronal projection designate the region in cra@extion. L: lumen; PC: pericardial
cell.
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Figure 3.20: CollagelV forms deng aggregates in late third instar larvae ower
expressingTimpin cardiac cellsDV segment A7(A-! QUASTIMPdriverless controls
raised at 29C. CollagerAlV is distributed along the DV and forms lumenal and
ablumenal plagues.(B-C) Overexpression of Tmp under the regulation of a
temperaturesensitive cardiac cell driverHandGal8®. (B. QDense lumenal
aggregates are visible in larvae owpressinglimp during embryogenesisand first
instar (29 to 18C shift), particularly at sites of bifurcatio(G/ CQrganisms reared
entirely at the nompermissive temperature (2€) instar show a similar distribution of
CollagenVto temperaturesshifted individualsé / Qasssection of the posterior heart
at a region exhibiting mincompletelumen (no dorsal connection; arrowhead). White
rectangles on the coronal projection designate the region in esession.
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Figure 3.21: CollagelV protein level is increased in early third instar larvae over
expressingTimp. Quantification of endogeous VkgGFP signal at DV segment A7 in early
and late third instar larvaglA-! (Harly third instar larvae. VKgFPsignal is significantly
increased in samples locally owexpressingTimp within cardiac cells wittHandGal4
relative to the driverles3imp control. VkgGFPsignal is significantly increased in samples
ubiquitously overexpressingTimp within cardiac cellghroughout embryonic and larval
developmentwith daGal83°(29°C) relativeto both control groups YASTIMP/+at 29°C
and UASTIMP/daat 18°C).(B-. (lLate third instar larvae. Vk@FPsignal is significantly
altered in samples locally ovexpressingrimpwithin cardiac cells wittHandGal4elative

to the driverlessTimp control. VkgGFP signal is increased upon ubiquitous over
expressionof Timpthroughout embryonic and larval developmewith daGal80°(29°C)
relative to both control groupsUASTIMP/+at 29°C and UASTIMP/daat 18°C), but this
difference is not significant in relation to the driverlessnp control. VkgGFPsignal is
significantly increased upon pasimbryonic ovetexpression of TIMP (18 to Z9) relative

to the internaldaGal80control (18C)(A,B)Mean fluorescence intensity is normalised to
1.00 with respect to control levels. Kruskalbllis test for norparametric déa. Error bars
are SEM. * .05 * ppg dnm  F F F O LK idhérpedn. Horizontal bar is the
median. Box is the first to third quartile. Whiskers show minimum and maximum values
before the fence (1.5 x IQR). Isolated data points are outliers gested outliers.

89



M.Sc. Thesig C. Hughes; McMaster Universitiiology

3.3.4 Characterisation of Collaget protein localisation in third instar larvae

expressingMmp2 dsRNA

vkg-GFPcould not easily be recombined with th& ASmmp2RNAitransposon
insert capable of inducing cardia bifida (TRIP line 61309 on chromosome Il) due to the
proximity of both inserts. Therefore, the alternat®ASMmMp2RNA(TRIP line 31371 on
chromosome lll)was used for analysis. Lumenal defeci®re not apparem upon
ubiquitous or cardiaspecific expression of theMmp2 dsRNA. However, lumenal
CollagenrlV plagues and complete lumenal obstruction BollageAlV aggregateswas
observed at a low incidence amongst the experimental genotypes and driverless controls
(data not shown)CollageAlV protein levels in and around the heastere not affected by
the ubiquitous or cardiac cedipecific expression dfimp2 dsRNA upon examination of

early and late third instar larvae. (Fig. 3.22).
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Figure 3.22:CollagenlV protein level in third instar larvae with reducedMmp?2
expression.Quantification of endogenous VKgFP signal at DV segment A7 in early and
late third instar larvae(A-! C(Harly third instar larvae. VK@FPsignal is not significantly
different from controls wherMmp2 dsRNA is expressed ubiquitoushaGal833 or locally
within cardiac cellsHandGal}. (B-. Quate third instar larvae. VKGFPsignal is not
significantly different from the driverless dsRMAntrol upon localised expression of
Mmp2 dsRNA withHandGal4 VkgGFPsignal is elevated upon ubiquitous expression of
Mmp2 dsRNAthroughout embryonic and larval developmentith daGal80° (29°C)
relative to the driverless dsRNA control, but not t@GaB0"Sinternal control (18C). This
difference is not significan{A,B)Mean fluorescence intensity is normalised to 1.00 with
respect to control levels. Kruskélallis test for nomparametric data. Error bars are SEM.
*PHQ.05** g dnm  F F FO ! LOMisdthe mega Horizontal bar is the median. Box is
the first to third quartile. Whiskers show minimum and maximum values before the fence
(1.5 x IQR). Isolated data points are outliers or suspected outliers.
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3.3.5 Characterisation of Collaget protein levels and localisation in third instar

larvae over-expressing MMP2

Constitutive hearspecific upregulation of Mmp2 resulted in a greatly reduced
dorsal vessel with severe structural defects. Collalyewas minimally present along the
surface of the vessel vestige, with reduced expression beyond the immediate vessel
periphery due to the lack of pericardial cells (Fig. 3:2BGCollagefivV was present
between the longitudinally arrayed Actin fibrils in spe¥ Sy a € F O1 Ay 3 | £ dzY S\
When UASmmp2 activity was dampened throughout embryogenesis {€8 CollagehVv
was localised along the posterior vessel in a fashion similar to the wildtype (Fig-RB.23C
However, small plaguesere common. Collagef/ waslocalisel to a lesser extent along
the aortal remnant; fluorescence signal appedreduced and is in some cases absent. In
a minority of specimens, Collagévi appeaed to form thick bundles at the vessel
periphery, and exhibéd an identical distbution to Prc (Fig. 3.24). It may be that these
represent portions of the Collagdy network rendered inaccessible to MMP2 by

surrounding proteins.

VkgGFP signalvas significantly reduced (p<0.005) along the dorsal vessel when
MMP2was overexpressed anstitutively from embryogenesis, even when considering the
smaller surface area of the vessel (Fig. 3.25). No difference in si@salobserved
between controls and larvae ovexpressing MMP2 from second instar onwards. This
suggests that increasing MMR@vels in the hearduring larval developmenthas little

effect on local CollagelV levels.
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Figure 3.23: CollagelV localisation upon oveexpression ofMmp2 within the heart.

DV segments A6 and ATA-B) Early and late third instar control larvagdASmmp2/+)
reared at 29C reveal a uniform distribution ofollageAV with minimal clumping.
Several small ablumenal plaques are apparég#) Early and late third instar larvae
exhibiting cardiasspecific upregulation of Mmp2 with the HandGal4driver. (GD)
Organisms reared at ¥8 show a similar distribution &ollageAV to the driverless
control. (EF) CollagerlV shows a similar distribution to controls in organisms shifted
from 18 to 29C at second instar. Small ablumenal plagues arbleibut these do not
deviate from those observed in the wildtyp@-H) In samples raised at 28,Collagen

IV appears more diffuse around the dorsal vessel. Expression along the vessel appears
weaker, with pockets of high densit€ollagenlV envelops theexterior surface of the
vestigial DV and is also present between the longitudinal Actin bundles comprising the
structure. DV: dorsal vessel; L: lumen; PC: pericardial cell.
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Figure 3.24. Collageh/ and Pericardin céocalise upon oveexpression ofMmp2 within
the heart. DV segment A7Endogenously expressed V&P (GFP trap construgteen)
labels CollagetVv. VkgGFPintensity is manipulated to ease viewinlylonoclonal Prc
antibody (yarn) labels the Prc network. Conjugated Phalloidéat) is used to visualise the
dorsal vessel muscle fibre@\-! ¢ Liate third instar wildtype control with VKGFP insert.
(A) CollagerAlVforms a uniform, sheelike network along the D\a ! Rkadforms a uniform
network of discrete bundles along the D¥.! ©verlay reveals different patterns of
CollageAlV and Prc localisation(B-. ¢ Overexpression of MMP2 is dampened from
embryogenesis to second instafB) Vkg is aberrantly arrayed as a network of thick
bundles along the periphery of the vessel. Reaforms unusually thick bundles along the
periphery of the vesseb . ©werlay ofCollageAV and Prc reveals the docalisation of
thick bundles (arrows).
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Figure 3.25: CollagelV protein level in third instar larvae oveexpressingMmp?2 in the
heart. Quantification of endogenous VKgFP signal at DV segment A7 in early and late
third instar larvae.(A-! QRarly third instar larvae. VK@FPsignal is not significantly
different from the driverlessJASmmp2 control or thedaGal8G3Sinternal control (18C)
when Mmp2 is overexpressed within cardiac cell$HHgndGal4d after second instar.
Constitutive overexpression from embryogenesis onwards is correlated with a significant
reduction in signal when compared to contro(&. C(late third insar larvae. VkgsFP
signal is not significantly different from controls upon localised @saression oMmp2
dsRNA. Vk@gFPsignal shows a slight increase caangd to both groups, likely dute the
presence of plaques. Late third instar larvae showingstitutive overexpression are
excluded due to low sample siZ@,B)Mean fluorescence intensity is normalised to 1.00
with respect to control levels. KrusKélallis test for norparametric data. Error bars are
SEM. *pR.O5 *pig dnm F F FO ! LOKAsw@mead Horizontal bar is the median.
Box is the first to third quartile. Whiskers show minimum and maximum values before the
fence (1.5 x IQR). Isolated data points are outliers or suspected outliers.
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3.3.6 Summary dfollagenlV protein levels iad localisation

CollagenlV density increagkwith age in larval hearts. Ubiquitous reduction of
MMP2 functionwas correlated with increased Collagé densityalong thedorsal vessel
at segment A7, as well as Collag&haggregates at sites of bifuraati Overexpression of
TIMP both ubiquitously and within cardiac cells resdih a similar phenotype. Embryonic
but not postembryonic ovetexpression of MMP2 within cardiac ceNss correlated with

decreased Collagely density.

99



M.Sc. Thesig C. Hughes; McMaster Universitiiology

3.4 Characterisation of Pericardin localisation and protein levels upon altered

MMP expression

To determine the effect on thdPericardin (Prchetwork of a loss of MMP
mediated turnover, | examirtethe spatial localisation and protein levels of fluorescently
labelled Prc in edy and late third instar larvae. Protein levelere assumed to be
proportional to the measured fluorescence signal, based on the protocols established by
Acker(2016)and Cevik (2016)Quantitative datawere generated by measuring the mean
fluorescence ignal within a consistent region of interest (ROI) located within segment A7
(see Methods). This R@bs extended as far as possible beyond the dorsal vessel midline

to capture ectopic Prc bundles.

3.4.1 Characterisation of Pericardimprotein levels and lacalisation

In wildtype organisms, Priormed a uniform weblike superstructure thatwas
distributed along the length of the dorsal vessel, and reredim close proximity to the
cardiomyocytes. Pra/as also localised along the larval fat body, from whidk secreted
(Drechsleret al. 2013) Isolated Prc bundlesvere occasionally observed beyond the
immediate periphery of the dorsal vessel. Thésmdles were not necessaribonnected
to the larger network.tlis possible these filamentsere in the process of recruitment to
the heart, or were due to dissectiofinduced disruption of the Prc network. Prc
fluorescence signalas highly variable between samples; even within genotypes there
was a lack of consistey in signal intensity. This complicdtguantitative analysis of

protein levels.

100



M.Sc. Thesig C. Hughes; McMaster Universitiiology

3.4.2 Characterisation of Pericardimprotein levels and localisation inmmp mutant

larvae

Qualitative analysis of confocal projections reeshlno obvious difference
between the arrangement of the Prc network in heterozygomsnp mutants and the
wildtype (Fig. 3.26). Thisehld also for heterozygousnmpl,mmp2mutants lacking one
functional copy of eachMmp. Homozygousmmpl mutants were likewise not
conspicuously different fromcontrols. Homozygousnmp2 mutants exhibied some
disorganisation of the Prc network; Prc bundles appdamore densely packed and
longitudinally oriented along the separate vessels of bifurcated hearts (Fig. 3.27). Prc
fibres fully envelopd the ablumenal domains of bifurcated vessblg were absent from
the lumenal surffacé CA 3 ® o dHT/ QXZ5Q0d ¢KAAa Aa Ll2aaAofe
localised between noadhering contralateral cardioblasts mmp2 mutant embryos,
noted by Razaet al. (2017) Though the Prc netork was largely absent from the
intervening spaces, individual Prc bundles or small clusters of Prc busahestimes
projected between the vessels. A fraction of these bundles appéaiscontinuous across
the interveningspace, suggesting either breakage from mounting strain, or conversely the

reparation or expansion of the network.

Contrary to predictions, mean Prc signwes not different between heteroand
homozygousnmp2 mutants and the control at early third instéiFig. 3.28). Prc signabs
variable between specimens, although the highest signaks observed amongst

homozygousnmp2mutants.
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Figure 3.26: Pericardin localisation in early third instar hetermnd homozygousmmp
mutant larvae. Coronal projections ofDV segments A6 and A7 (posterior right).
Monoclonal Prc antibodyc{ar) is used to visualise the Prc network. Conjugated Phalloidin
(red) is used to visualise the dorsal vessel muscle fibgad. QRrc forms an evenly
distributed network along the length of the posterior DV in wildtype organisms. Some
ectopic Prc fibres are apparent beyond the periphery of the DV and in association with the
alary muscles (arrowheadgB-B’) Prc is distributed along the length of the cardiac vessel
in hetero- and homozygousnmpl mutantsand is not visibly different from the wildtype.
(C)Prc is evenly distributed along the length of the cardiac vessel in heterozygop
mutants. (C") Isolated Prc bundles extend between the branched vessels (arrow) in
homozygousmmp2 mutants exhibiting cardia bifida (asterisk). Bundles are-unoifiormly
arranged near the regions of bifurcation(D-D') mmpl,mmp2 double mutants
phenotypically resemblenmp2mutants. Wildtype iyw;vkgGFP/+
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Figure 3.27: Pericardin bumels are sparsely arrayed between bifurcated vessels of
homozygousmmp2 mutant larvae. DV segments A6 and A7A-B) Wildtype larvae at
early (A-! and late(B-. Qhird instar. Prc forms an evenly distributeétwork along the

DV and PCs. Some ectopic Prc fibres are apparent (arrow i 'BQ Eros§sections
reveal ablumenal but not lumenal distribution of Prc along the DV and PC su{@g.
Homozygousnmp2 mutant larvae at earlfG/ Cand late(D-5 Chird ingar. Prc forms a
network along the DV and PCs, and is largely absent from the intervening space between
bifurcated vessels (asterisks). Isolated Prc bundles traverse the region of bifurcation
(arrows).0 / QCrésSdrtions at the site of bifurcation reakablumenal but not lumenal
distribution of Prc arond both vessels. Prc bundles of varying thickness connect the
bifurcated vessels. White rectangles on the coronal projections designate the regions
shown in crossection. L: lumen; PC: pericardial céllildtype isyw;vkgGFP/+
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Figure 3.28: Pericardin protein levels inmmp2 mutants. Quantification of
immunolabelled Prc fluorescence signal in segment A7 in early third instar larvae. Samples
were imaged at 63x and Prc beyond the PCs is not vieda{s) Prc signal is not different
between mmp2 mutants and controls at early third instar. Note that the ROI includes
bifurcated regions of the heart that are largelgvoidof Prc. Mean fluorescence intensity

is normalised to 1.00 with respect to contidevels. Kruskalvallis test for norparametric

data. Error bars are SEM. ! XQi8 the mean. Horizontal bar is the median. Box is the first

to third quartile. Whiskers show minimum and maximum values before the fence (1.5 x
IQR). Isolated data points are outliers or suspected outl#fikitype isyw;vkgGFP/+
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3.4.3 Charactesation of Pericardinprotein levels and localisation inthird instar

larvae over-expressing TIMP

TIMPdirectly inhibits both DrosophilaMMP proteins through the binding of the
active site of the catalytic domaifiNagaseet al. 2006; Brew and Nagase 201Dherefore
expectdthat its overexpressiorwould reduce turnover in a manner similar toe loss of
MMP function, resulting in an increase in the ECM protein Prc. In early and late third
instar larvae oveexpressing TIMPPrcwas localised beyond the periphery of the heart;
loosely organised Prc bundles projedtaway from the dorsal vessel into the environs,
partially enveloping the trachea and overlapping the fat body and-ecendiac muscle (Fig.
3.29). Though this phenotype emeyeven amongst control specimens with inhibited
daGal80activity, ectopic localigaon of Prc appeard to be exacerbated when TIMWas
ubiquitously overexpressed throughout embryogenesis. Specimens-expressing TIMP
either constitutively or throughout embryogenesed first instar(but not later larval
developmenj exhibied a lackof uniformity in the Prc network and a high concentration
of isolated Prc bundles beyond the dorsal vessel (Fig. 399Cocalised ovezxpression
of TIMP by cardiac cells with théandGal80driver did not correlate with conspicuous

ectopic Prc localigen (Fig. 3.30).

Relative Prc protein levels, as determined by fluorescence intensiye not
consistent between early and late third instar larvae eggpressing TIMP (Fig. 3.31). A
non-significant increase in Prc protein lewgbs observed in both a&ly and late third

instar larvae oveexpressing TIMP in cardiac cells above those of the respective driverless
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controls (Fig. 3.31A). Early third instar larvae that ubiquitously -expresed TIMP
throughout embryonic and larval developmeshowed a siguificant increase over the
internal daGal80control (reared at 18°Cas well aslarvae overexpressing TIMP from
second instar onwards, and a ngignificant increase over the driverless control. The
internal daGal80 control and driverless control sh@d a similar level of mean Prc
fluorescence. Late third instar larvae constitutively eegpressing TIMP sh@d a non
significant reduction in Prc when compared to the interdalGal80control and similar
expression to the driverless control and larvae egepressing TIMP from second instar
onwards (Fig. 3.31B). It is notable that amongst late third instar larvae the internal

daGal80control hal a significantly (p<0.05) higher level of Prc than the driverless control.

108



M.Sc. Thesig C. Hughes; McMaster UniversitBiology

109
























































































































































































































