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ABSTRACT

THE EMERGING ROLE OF THENTERACTION BETWEEN JUNCTOPHILIN2
AND L-TYPE CALCIUM CHANNEL IN EXCITATION-CONTRACTION
COUPLING MICROSIGNALING DOMAINS DURING CARDIAC

PATHOLOGICAL REMODELING
Polina Gros
Doctor of Philosophy
Lewis Katz School of Medicine, Temple University 2019

DoctoralAdvisory Committee Chair: Steven R. Houser, PhD

Pathological cardiac remodelingis a set of cellular and molecular changes
culminating inventricular dysfunctin, malignant arrhythmiaand heart failureProminent
effects of pathological cardiac remodeling includess of transverse tubules-{Ubules)
and disruption of cardiac dyadehe dyad composethe basianicrostructual elemenin
cardiomyocytedy forming ajunctional complexin whichthe T-tubular membraneand
the junctional sarcoplasmic reticulugSR) membrae are broughinto a closeproximity.
In this spatidl restricted microdomain, the-ype C&* channelLTCC) in the T-tubules
is closelylocatdto thejuxtaposed Ryanodineceptos (RyRs) in the jSR membran€a*
influx through LTCC triggers Céarelease from the RyRs, in@ocessknown as C&
induced C& release (CICR) which enables excitatiecontraction coupling (EC
coupling). Under pysiological conditionsthe majority of LTCCsreside in the Jtubules

However,upon disruption of the cardiac dyad compledasng pathological remodeling



LTCCs are redistributed awdrom the TFtubules, leading to defective EC coupling and
abnormal CIR. The molecular mechanism responsible for LTCCs recruitment to-the T
tubules or their redistribution away from thet@ibules under pathological remodelimg

cardiac diseasess notfully elucidated.

Junctophilin2 (JPH2) is acrucial regulabr of the dyad structurghat provdes a
structural bridgef 12-15nmbetween the plasma membrgi®) in the T-tubules andhe
JSR. By dabilizing the dyad structure]lPH2 enables the functional crosstalk between
LTCCs and RyRs to ensurgeoper CICRWhile most ofthe JPH2 domaiasfunctions are
well known therole of thedoining regiod , wdlaocatdibetween two PM interacting
domaingn JPHZ remains unknown. Moreover,rgmains unexploreiithe Joining region

in JPH2directly interacts with LTCs and contributes to LTCC recruitment tdubules.

The overarching theme of this dissertation islébermine the role of the Joining
region in JPH2in cardiomyocytesaandto exploreif the Joining region in JPH&cruits

LTCC to T-tubulesvia directinteractionthat promotesrderto enable efficient CICR.

We validated thapathological remodeling im vivo feline model with progressive
pressure overload involvedterationsof JPH2abundance andT CC redistribution across
the cardianyocyte PM.Similar changesvith JPH2 and LTCC expressions weteserved
in in vitro modek of culturedadult feline ventriculamyocytes (AFVM$. Adenovirus
mediated overexpression of mutated JPH2 in the Joining regioRYRIH2) in AFVMs
induced severd-tubules remodeling and dyad degradation. Prepentein interaction
studies showed that the Joining region in JRtt&acts withthe poref or mi ng subuni t
in LTCC. In addition, our data showed that JRHi2its LTCC distribution to dyadsvhere

it colocalizes withthe Ryanodine receptor. The interaction between LTCC and JPH2 was



crucial for Ttubule stabilizationDisruption of this interaction introduced asynchronous

Ca&* release with impaireEC coupl i ng t hat C 0 u-hddenerigie det e
gtimulation. Overall Ca&* imbalance in mffUJPH2 overexpressing AFVMs induced
Ca*/calmodulindependent protein kinasie(CaMKIl) activation and altered the myocyte

bioenergetics.

Collectively, the data presented in this dissertation provedésnsiveevidence that the
interaction between LTCC and the Joining region in JPH2 facilitates dyad assembly and

regulates apprafate CIRC in cardiomyocytes.
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CHAPTER 1
INTRODUCTION

Heart Failure

Heart (fH&Fi)l urse a c¢c ompl eixg icrhfagtnoi nt aal n ys ysntdrruocnte
functional ¢ ahradiil and nddihesrcdaenrdi ac i nadequacy

sufficient bl oodnetf ab aleispjbmgi ett hitisms uttetse c | i ni

Sspectommon csyapfeaotmsgue and weakness, rapid
dyspnea afhda deidteinoan a | r iisnkc |duared ma rsy floearHF
associated wi t h myocar diagl vian fvaurl catri on n sa

car di omyhypaerhtieerss,i on,usdi albetse 42y3halnldi s mo ki n
Onset of HF is usually initiated by pathological structural or functional stimuli
related to HF risk factor, 4, 5]. At first, these stimuli provoke a phase of compensated
ventricular hypertrophy termed O6concentric
output. Asa result, the cardiomyocyte underga#ructural rearrangement and molecular
adaptation that signify the beginning of pathologic cardiac remodeling. This compensatory
phase allows cardiomyocytes to grow in length and width as part of the mechanism
expandng the cardiac pump function and reohg the ventricular wall stress tensiph
6]. However, persistent cardiac remodeling and increased ventrivala stress over
prolonged period promotéhe transition from compensated cardiac hypertrophy into
cardiac dilation4]. Inevitably, this stage leads to poordiac contractility, detrimental
ventricular arrythmias and sudden defah[6, 8].
HF i s a major healttshgiadley comaecwirmg dpre v al
radred cost of healthcare suppa@ratns Ihtavies Hds t

projections show that the preval beowenwi L1



yed28AI t hough survi val after diagnoshe of |
prognosis for HF p,ate =tntt mebtbitsi of pamaensspd
with HF wil!/l da. Ad avi t ho mavldlr w,lefladHiBeo s DRt i nu e
increasehedttal20cdd®st tof HF was estimated $
projetboreamntcrede % t o $6[9. Gurreft ithlerbpeuia
approaches to treat HF focus thie alleviation of symptoms anareessentially limited to
b-adrenoceptor antagonists, diuretics, vastalifa reniri angiotensinaldosteroneaxis
inhibitorsand Digitalis[9, 10]. Despite advances in patient symptomswagement, HF is

a chronic disease with progressive left ventricular remodedisigiting inacontinuous loss

of functionand poor patient outconj@, 9]. Consequently,here is a growing and unmet

needto better understand the biological processes of heart disease underlying progressive

pathological remodeling in ordéw identify novel therapeutic approaches

Tr ansverse Tubules

Transvers-eububabsesi 0 Tvent r icantindoasrplascma r di o n
membrane (PM) invagination®rmed from the cell surface down to the junctional
sarcoplasmic reticulum (jSRY.-tubules arekey structuralfeatues of large muscle cells
that allowmembrane excitation to be carried rapidly to the core of the cell, to induce
coordinated contractions.

The existence of -fubular structures was first proposed®ystafRetziusgn 1881
while exploring the quik inward spread of action potentials penetrating into the muscle
cells[11]. The first visual confirmationfol-tubules was provided n 1897 by Nyst
study, in which the light microscope was used to tedkacellular space after injection of

India ink into a mammalian heart mus¢lel]. However, it was not until the 1950s that

2



Huxley et alreported the existence of tubular membrane structures in various muscle cells
[12]. Remarkably, the architecture oftlibules is polymorphic. It is composed of divergent
transverse andbngtudinal elements, with variable lumen diameters and subdomains,
which altogetheunite a dynamioetwork respnsive to pathological stre@Sigure 1) [13-

15].

A
Junctional SR SaFCOIemma T-Tubule

A"”)\Mitochondrio %
I' 7

,&ym

J “

Figure 1. T-tubules structure in ventricular cardiomyocyte.(A) Illustration of
intracellular structuran a cardiomyocytd16]. (B) Two photon imaging off-tubular

network in a rat ventricular myocyf&7].



Highly organized -4tubular netwok is predominantly found in ventricular
cardiomyocytes, whereasrial cardiomyocytes have less developemiGulesarranged in
anirregularcompositior{15]. T-tubules are often localized close to th&re in the cardiac
muscle and have estimated diameté 100400nm depending on the species. The
morphologyof T-tubulesin ventricularcardiomyocytes isighly variable across studied
mammal species (mouse, rat, rabbit, dog, sheep, huhae)variations are most likely
attributed to differences betweerettpeciesheart ratg13, 15]. Considering that rodents
have high heart ratat resting stat¢400-600 beats per mute), their Ftubular system
appearsienser, deeper and narrower thatubules from large mammals with resting heart
rates of ~60-80 beats per minutd&.he compexity of the T-tubular structure goes hand in
hand with the necessity #dficiently propagag¢ action potential into the cell interi@uch
that synchronous Ca releasewill be producedthroughout the myocyteenabling

synchronous contracticat therequiredheartrate

Life cycle of Ttubules in the heart

Despite the orgamational complexity off -tubues,their life cycle andmaintenance
are incredibly well regulated [18]. During cardiac development, embryonic
cardiomyocytes are lackingtlibules.During the fetal stageardiomyocytes develahe
sarcopasmic reticulum(SR) system but thebiogenesis of Fubules is not initiated until
lateri several days after birth, along with the increase of left ventricular (LV) pressdre
stroke volume Initially, the developing Ttubule network appears disorgasiz and
predominantly aligned in a tgitudinal axis of the cellFull maturation of FRubules is
achievedby the end of the first month of lifend as the -fubule density increases, the

network becomes transversely organized along thiees (Figure 2) [19-21].



Figure 2: T-tubule plasticity during developmentConfocal imaging of isolated rat
cardiomyocyte at postatal time points shows progressivéubulematurationT-tubules
initially appear as a scattered network which is largely oriented in the longitudinal

orientation. The dense transverse network is established in adulthood. Scal21Ppum

The exactmechanismresponsible forcardiac Ftubule development is not fully
understoodand t has been proposed that inward invagination -¢fidules is driven by
membrane lipids and specific proteii2]. Previous studies identified seaémolecules
involved in T-tubules regulation. Among those molecules, Bridging Integrator 1 (BIN1)
was shown to be involved in tules formation. Mutations in BIN1 were linked to
myopathies and regulation eicitationcontraction coupling (EC coupling) machinery

[23-25]. A study exploring thedck of certain Tropomyosin isoforms shovegshsequences



of T-tubulesdisruption suggesting that myofilaments may be involved in the conservation
of T-tubules systenji26]. Otherstudies identified Junctophilins as critical playarshe
stabilization of Ftubules and the accuratssemblyof T-tubules with the ]SR27-29].
Overall,therewere multiplecomponerg identifiedthatcontribute tor-tubular regulation
and each componentight play an important rolen thecardiacdiseasgrocess

During cardiac hypertrophy and HFtlibules undergo remodelingathcan lead to
their degradatioi30-32]. Neverthelss, restoration of -fubules may also happen during
the functional recovery of the heaf82]. In addition to dynamic membrane turnover,
mobilization of ion channels and receptdrsthe Ttubules is also highly dynamic. This
flexible capacity of Ftubules regulation allowdfecient adaptain to healthy and stressful

environments.

Functional roles of T-tubules
One of the most important functions of cardiaaliulesis related to their

fundamental electrical properties. Essentialitubules enable theomogenous spread of
excitation inside the cardiomyocyte in order to generate synchronous contraction. For this
reason, Tftubules are the most pivotal site for the &sipling[15].

The architecture otardiac Ftubules which iscomposed ofPM invaginatiors,
enableghe formation oflocal microdomains tatserve asi h ot  ferphe recsuiment
of receptors and ion channdRigure 4). Essential C& handling proteinsegulatingEC
couplingare enriched in -fubulesT he most f a meratan ldtaizedyimtaet ur e
T-tubules is the #type C&* channel (LTCC) also well known for its role as the €a
transient initiator. Other sodium and potassium chanaslwell as othdrandling proteins

such as NaCa* exchanger (NCX)are also houseith the T-tubulesbutto a lesslegree



of enrichment[13]. Immunohistochemistry experiments demonstrated that LTCCs are
concettrated at the Fubules and electrophysiological studies determined tha®@(% of

the L-type current ioriginated in the Ttubules, indicating that the main sourdeGz?*
trigger takes place in the-tibules[15, 33, 34]. High concentration of LTCE&at the F
tubulesis necessary to carry out appropri@&*induced C4 releaseCICR) and efficient

EC coupling. Inaddition, increased concentration of LTCCs at thiefules alsondicates

that a targeting machinery is required to deliver LTCC to the appropriateiimm spos.

BIN1 has been shown to facdie this procesg35], however, lhe entire mechanism by
which LTCGs are recruited to the-fubules is not completely elucidated.

T-tubules alsofulfila 1 mportant r ol e i radréenérggc(ARp mpat i
system. A distinct distribution pattebetweerb:-A R a AAR releals thab:-ARs are
homogenously distributed across the sarcolemma and@i-the bul ar sy st em wh
ARs are more selectilyelimited to t-tubules[36,37]. The spati al Il escal i za
ARs depends on its docalization wit protein kinase A (PKA), which limits the spread
of the cyclic adenosine monophphate ¢AMP) responseand regulates the LTCC open
probability. >ARdarcTadbules alsoiplaymessehtial bole in regulating
survival pathways in cardiomyocgewhich are severely disrupted during pathological

remodeling 36-38)].

T-tubules dysregulation in pathological remodeling

Previous studies in humaaad animal models have shown thgpertrophic and/or
failing ventricular cardiomyocytes are associated wituule remodeling, inhibition of
de novoformation and a looser-fubular network structurgl4, 30, 38-40]. Historically,

T-tubule remodeling was first observedifailing heat usingelectron microscopyStudy



of arat pressure overload hypertrophy model showed that hypertrophic cardiomyocytes
had increased-tubule membranarea[41]. Other studies that includdalopsies from
human patients with hypertrophic cardiomyopathies aneséagke HF identified irregular
or dilated TFtubules inhypertrophic myocytesand loss of Ftubules in degenerating
myocyteq42-44]. Recent dvancesn this fieldwere achievedia confocal laser scanning
microscopyand application of fluorescent lipophilic membrane markers that detect T
tubules. Tlese approacksallowed to quantify thelecreasen density and regularity of-T
tubules in hypertrophic and failing heafd9, 45. Collectively, these studies showed that
T-tubule remodelingnarksthe transition from cardiac hypertrophy into HF|. Loss of
T-tubule complexem cardiacemodeling inducedownregulatiorandbr redistribution of
proteins and ion channels that normally reside within thebliles. For examplg@rofound
loss of Ttubules in HF in both humans and rats caused relocalization of LTCCs from the
T-tubules to the crest. Only LTCCs localized to thetalemonstrated abnormal increased
open channel probability, which contributed to HF pathogenesis through induced
arrhythnogenesig47]. A study conducted in ischemic heartsagwine model has shown
that postischemic cardiomyopathy was accompanied by sevubile dysfuation. The
downstream effects included reduced CICR synchronicity, lower amplitudeadefiular
Ca&* transient and prolonged time to peak of Qaleasd39]. In human studies, it has
been shown thailated cardiomyopathy and ischemic Ri&dprofound Ftubule damage
followed by decreased-tubular density and regularif¢8, 49]. Interestingly, Ftubules
remodeling in hypertrophic cardiomyocytes occurs independently of j]SR organization or
RyR distribution39].

Further stdies propose that the level of detubulation in cardiomyocytes interrelated

to the degree of HF progressif82, 39, 50]. Interesting characteristiegereidentified in



isolated adult ventricular cardiomyocytes kept in culture. These myaaytiesgo celllar
remodeling that involve$-tubule degradation or detubulatisimilarly to HF[51, 52]. As
a result, electrial stimulus causes increase in intracellulaf*@ancentration at the cell
peripherythat later propagates into the cell interisia asynchronou€ICR. Unlike
myocytes with preserved-flibular networkand regulated CICR, myocytes lacking T
tubulesshow @normalCICR followed by spontaneous Carelease events (asparks)
[52]. Studying cultured adult ventricular myocytes carhbfpful to our understanding of

the T-tubules function irhealthy and diseasedrdiomyocytes.

Cardiac dyad andEC coupling

The funct-ti omall estodl @elffddde issa synchroni zed
contraction. This occurs via dyads, whi ch
compl exes. | nt Uubhwel edsy acddesme tihmet oThct bseej BRoOX D
pl atform where EC(F¢ guw) Ropsgeomeairic dyad apsenably e
enables close spatial proximity of LTG@h the T-tubule to the juxtaposed Ryanodine
receptors (RyRs) in the SR (~1:10 ratjb}], which is essential for efficient EC coupling

(Figure 4) [54-56].

Figure 3: Dyad 1 the junctional membrane complex in cardiac muscl@hree
dimensional electron microscopy technology was used to demonstrate dyad in nano

architectures in ventricular cardiac muscle obtained from adult [Bi§e
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Figure 4: Local C&* microdomain and major proteins concentrated in the dyadic

junction. The local C&" microdomain includes primarily LTCCs and opposing RyRs
within a 12 15 nm distane between fubule and SR membrane, forming functionaf'Ca
release units. Other importanbroponents such as NCX, MK™-ATPase,- and

adr ener gi AR)are als® pondensed Orbtheéubules[56].

At eachheartbeat, @rdiac contractior{sydole) is a consequence of the interaction
betweerthethick and thin myofilaments myosin and actin, respectively. This interaction
is C&* dependentherefore, it requirearisein thecytoplasmic C& concentration [CH]
through a triggered processof EC coupling Figure 5). During the phase of PM
depolarization, e cardiac action potentidiivesLTCCsactivationto induceinwardCa*
current Thislocal elevaton of [Ca?"] in the dyadhctivates juxtaposedRyRslocatedonthe
jSR membranand induceasynchronou€a* release from th&R storeln thisemerging
CICR, LTCC acts as an amplifying switch thgives rise to the global intracellular €a
transientOverall, dfective EC coupling is highly dependentefficientcouplingbetween

LTCC and RR in the dyad thatormsthe elementary couplon uriita C&* release unit.
10



To induce cardiac muscle relaxati@hastole) theSR-adenosingriphosphate driven
Ca* pump (SERCA2ajeduces the cytoplasmic [€hby returning C&' into the SR sire
against theconcentration gradient. Activation of SERCA2a is regulatea the
phosphorylation of regulatory proteinPhospholamban (PLBhat is aso located on the
SRmembrane. Although SERCA2a clears most oftfjtesolicCa* during the relaxation
phase,NCX contributes to the mechanism @fe¢*efflux by clearing C4& into the
extracellular matrix ofthe cardiomyocyteln addition, mitochondrigarticipatein the
cytosolic C&* buffering through mitochondrial G4 uptake machinery. Mitochondria
utilize the C&*to activate its key enzymes responsible for oxidative phosphorylation and

adenosine triphosphate (ATP) prodoatj53, 54, 58].

tubule

Cazo

an
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Figure 5: Ca®* dynamics during EC couplingCa"* entes the cell through. TCC, which

triggers the release of €arom the SR via RyRto initiate contractionCea* leaves the
myocyte via theNCX and returns to the SR VBERC/Aa. Cytosolic C# is also buffered

by the mitochondri@l].
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Abnormal EC coupling incardiac remodeling

Defective EC coupling has been observed in hypertrophy arjf@®iFndicated by
a reduction in C& transient amplitude, decreased SR content, asynchr@luiselease,
upregulation in Calcium/calmoduldependent kinase Il (CaMKIl) activityvhich is a
known C&* modulator in cardiac pathologiesd mitochondriabioenergetic decling34,

39, 59-63).

Density and organization of the dyads have substantial functional implications.
Cardiomyocyte abundant vth dyads ensure that Eaelease occurs swiftly and evenly
across the celproducinga coordinatedise in intracellular C&" concentratiorand rapid
contraction. The underlying mechanism is explained by the stoichiometry theh e
couplon consists of 125 LTCCs clustered with00-200 RyRg53]. When LTCC opens,
the local [C&"] rises within <lmsec to 3ROuM in the junctional cleft. The well
syrchronized CICR willactivate RyRs and raise the fCain the dyadto 200400uM.
Under physiological conditions, &arelease from one couplon does not activate the
neighboringcouplon(which is approximately 1um awaigecause [C4d] declines over the
distance. The autonomousinction of each couplon means that for synchronous EC
coupling, all couplons in the cardiomyocyte must be simultaneously acti&ded

In cardiomyocytes with pathologice@modelingthere is degradation of-tibules
and redistribution of LTCCs from-fubules to the sarcolemnibhis leads to reduced dyad
frequency across the myocygubsequently, TCCsuncouplefrom RyRs leaving behind
A or phan e-lrctiomar RyRsthatdo not colocalize with Tubules[39, 50, 64].
Orphaned RyRs are dependent on diffusion 6f @deased from neighboring RyRBus,

their C&* releasés slow anddyssynchraous[39, 64]. As a consequence of thedefects

12



in cardiac dyadsmyocytes display reduced ability to trigger SR'Qalease)eadng to
fundamental changes in €aignaling, reduced conttlity and arrhythmia$64, 65].
IrregularCa* dynamicsn cardiomyocytesiasalsobeen linked t@levated SR C&
content, which makes RyR more sensitive to’[CE53]. During systolethis may cause
greater SR fractional release for a givert'Gegger originated from LTCJ66]. During
diastole, his can lead to increased SRK§67], sponaneous SR Céareleases (CGasparks
from individual couplons]68, 69|, and pontaneous Cawaves, in which one couplon
activates neighboring couplons and geresatrhythmogenic waveghrough the cell.
DiastolicC&* leakmay occur because ofsregulated RyROver time,Ca* leak from the
SR lowers the SR Gaconten, which leads to reduced SR Taelease upon activation
and weak contractioff)]. The mol ecul ar cause for fAl eakyo
However, seval studies attributed this effect to hyperphosphorylation of RyR at serine
2814 by CaMKII[71-73].
Additional mechanism involved in abnormal EC conglfluxes during HF is the
loss of SERCAafunction Downregulation of SERCA2a abundance has been associated
with reduced SR Cacontent and systolic dysfuncti¢md]. HoweverabnormaSERCA2a

functionis notwithin the scope of the current dissertation theme.

LTCC modulation inthe dyad

The cardiac LTCC isoform (@a.2) isaheterotéramer composed of a pore forming
subunit U1cC, b nsi unbeusn iwh,e rveh iicnh tdheet eprl as mal el
targeted, axi exbuac ¢! 25 dader phgsiological conditions
approximately 75% of LTCC reside in the cardiac dyj@@, whereashe majority of the

dyad coupling occurs within the-flibular networl{54, 77]. The remaining 25% dhe
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dyads are found at the surface sarcolemma in ventricular mydéwe&s]. Therefore, it
isassumed that althoughe majority of LTCC reside in the-Tubules, surface PM LTCCs
may also playa particular role in the SR Ghload, erhaps under pathological conditions
[79]. Interestingly, LTCCs outside of-fibules demonstrate slower inactivation kinetics,
indicating that surface PM LTCCs dsss sensitive to SR Eaeleasg80, 81].

The role of LTCC in the aberrant €atransients in hygrtrophied/failing
cardiomyocytes is still unclear. Previous reports showed either no substantial changes in
the magnitude of the LTCC curreng{l) in HF[82, 83], or decreased LTCC density with
preserved basatd, along with increased adrenergic regulafié@, 84]. We speculate that
T-tubular remodeling is associated with disruption of LTCC targeting to dyads to disrupt
EC coupling. The short life span of functional LT{&5, 86] requires that cardiomyocytes
maintain a weklregulated dynamic process of LTCC synthesis, trafficking, recycling and
degradation. Moreover, the necegst preserve a functional pool of LTCCs in the dyads,
at any given time, suggests intracellular LT@Sarvoirs that can be mobilized in and out
of distinct PM subdomaingl3]. Notably, HF leads to redistribution of LTCC awagrh
the T-tubules, resulting in decreased ldensity at the Fubules and increasegk). density
at the cell surfacf87]. The mechanism by which the LTCC is targeted to tieblles is
not fully wunderstood. Previous {38 wadi es
scaffolding protein BINI35]pl ay a role in this LTCC U1lC
complete paradigm of ICC trafficking, anchoring and stabilization intdbules is yet to
be fully elucidated.

Triggered arrhythmias
Pathological remodeling and progression of HF predispose the myocardial tissue to

arrhythmias and their prevalence increaség HF research field has a general consensus
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that ventricular cardiomyocytes from a failing heart have pradraction potential
duration. This can be linkegltherto alterations in ion channels activitjes to alteratioa

in intracellular C&" handling. The atter includes prolongation of intracellular a
transients, reduction of systolic €and elevation of diastic Ca* [89]. Therefore,
electrophysiological changese associated with the progression of systolic and diastolic
cardiacdysunction.

C&* alternans and cardiac arrhythmias are interreldted.phenomenon of beat to
beat oscillations under constant heart rat
With the invention of the electrocardiogram, pulsus altesnaare recorded in amal
models and humans, and were classified for the first time as pathological conditions
associated with severe cardiac diseases and poor prog@@$4]. At the cellular level,
alternans are defined as b#abeat alterations in cardiomyocyte contraction, action
potential and magnitude of €ararsient. The interplay between membrane voltage and
intracellular C&" handling is pivotal for the development ofZalternangd92]. In other
words, thecontributingmechanisra to C&" alternans are composed of changes in the SR
C&"* load and modulation of LTCC mediated?Caurrents Severalelectrophysiological
phenomena involve imbalanced intracellula”@ynamics in cardiomyocytes that can
lead tothe following clinically importarn arrhythmiag92):

1. The delayed afterdepolarization (DAD) that occurs in conditions of intracellufdr Ca
overload.
2. The early &erdepolarization (EAD) that occurs when action potential duration is

prolonged.
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Delayed afterdepolarizations (DADS)

DADs occur after full repolarization o&n action potential n cardiomyocytes
overloaded with C4. Augmentation of intracellar C&* is usually related to digitalis
toxicity or catecholamine actipwherea premature release of €accursduring the
diastolic phaselnitially, DADs were considered to l®ntainedn a specific myocardial
cell or group of cells that all have dreexposed to the Ezoverload conditions. However,
recent studies have shown thafQpreads acroggap junction between cardiomyocytes
leading to the propagation of spontaneoug*@aleasei Ca* waves[53, 92]. DADs
manifest in cardiac hypertrophy and HF and are always induced at increased heart rates
[93,94].

An example of DADiInduced arrhythmia is the catecholaminergic polymorphic
ventricular tachycardia (CPVT) that is caused by a mutatndRyR a calsequestrifi95].
Usually CPVT i s caused by a idleakyo RyR, which
stimulation.The prevalence of CPVT is ndefensivelyknownbut has been estimated
~1:5000t0 1:10000.Approximately62% of patients with CPVTN=101)for at least 8
years expeenced cardiac symptoms and 13200 hadnearfatal event§2]. Previously
an in vivomouse model was generated witerozygous mutation of FKBP12l8ading
to leaky RyRand mimicking CPVT upophysicalexercisgd96]. RyR stabilizatia with a
derivative of 1,4 benzothiazepine (JTV519) increased the affinity of calstabin2 to RyR.

As a result, RyR was tightly relziled to maintain a closed stated C&" leak triggering

arrhythmias was prevent¢éo].
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Early afterdepolarizations (EADSs)

EADsare depolarizations that take place dutimgaction potential plateau or phase
3repolarization. EADs are more likely to occur durprglonged action potential duration
or bradycardig53]. EADs aretypically detected in cardiac tissue pagury, ischemia,
acidosis and cateclaomines exposure. Moreover, ventricular hypertrophy and HF also
stimulate the development of EADS7].

Multiple ionic mechanisms were iden&fi to be responsible for EADs. These
include a reduction of repolarizing Kcurrents, an increase in the availability of?Ca
current, an increse in the N&Ca* exchange current attributed to upregulation of NCX
activity and increase in the late Naurrent. Combinations of these pathophysiological

sources may facilitate the incidence of EABS, 97, 98].

Junctophilin-2

The maintenance of thmardiacdyad structure is regulated by mple scaffolding
proteins [38], among which Junctophii@ (JPH2) is a central onf99-101]. The
junctophilin protein family is composed of four membé&i®H:4). JPH1 and JPH2
isoforms areexpressed in the skeletal muscl®H3 and JPH4 are expressed in neuronal
tissueq107. JPH2 isthe exclusivasoform expressed in the heart. Its role was defined to
physically stabilize the cardiac dyads by maintainir@precise space of 1P5nm between
T-tubule and jSR membrang34, 102 (Figure 3).

The human JPH2 gene contains faxeding exons that encode 696 amino acids.
Analysis from over 40 species identified that thenctophilin family contains highly
conserved protein domairji89]. On the Nterminus,JPH2 consists oéight membrane

occupation and recognition nexWd@RN) motifs, which mediate atthment to PMAI
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eight MORN motifs have a consensus sequence of YXGXWxXGXRHGYG that is
charaterizedby increased affinity for membrane phospholidit83. TheMORN motifs

(I-vI) and (VII-V1II) are interrupted by the Joining regidro date, the particular function

of the Joining region remains unknoyar®0, 103. Comparison othe Joining regioamino

acids sequence across all four Junctophilin isoforms in humans, mice and rats revealed that
the Joining regioim JPH2 shares 99.3% similarity with JPI98,7% similariy with JPH4

and 87.3% similarity with JPH[L0J. Collectively, the increased level of conservaiion

the Joining region of junctophilifgghlightsthe potental functionthis domain mayave.

Clearly, more studies are required to explore the role of the Joining region in the cardiac
JPH2.

The critical distance betwedghe PM (inT-tubuled and jSR is determined by the
JPH2 spanning elementU-helicd domain.The length of thisdomainis approximately
70-100amino acids, which correlates to ~10.5nm in length. This predista®mtompared
to theelectron microscopy data that showed a digtasfc-12nm between the PM and jSR
membrane. Since this distansignificantly decreasdn the absence of JPH@xpression
in cardiomyocytes, the overall conclusiamst h a t -hdlidaledormain determines the
properdistancebetween the ubule and jSRn the dyadiccleft. The divergent regiors
also highly conserd domain acrosspeciesput its specific role has not been identified
yet. One assumption is thahe divergentregion hats sites for postranslational
modifications. Lastly, theeansmembrane (TM) domain on the&minusis an additional
highly consevedregion betweespecies. This domain responsible for anchoring JPH2

into the j[SR membran®9, 100 (Figure 6).
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Figure 6: Schemat structure of JPH2(A) Schematic representation of JPH2 amino acid
sequence corresponding to structural dom#BisT' he 3D illustration represents structural

domains in JPHZncluding two regions of MORN motifs (6 repeateegions and 2

additional regions) i nterrupted by the -lebcalmonaig, r egi

divergent and TM domains.

Mass spectrometry screag and protein structure predictions (based on hidden
Markov models) have identified 35 possible phosphtigtasites in JPH2which are
potential targets for PKA and protein kinase C (PKC). Among these sites, S469, S486 and
T490 in the divergent domain of human JPH2 isoformvere diagnosed as the most
appealing sites for phosphorylatift03 104]. These sites could potentially regulate JPH2
binding, or act aa structural switch modifying the distance between the PM and the jSR.

Recentstudies gainethsightintoJ un ct o p h i -Jproteindnderagtions. tJBH1 n
has been shown tphysically interact with RyR in the skeletal muscle through their
hyperactive Thiolgroupg105. Three Cysteine residues (1@D2 and 627) in JPH1 were

potentially implicated to support this interactidrollow-up studies utilized advanced
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imaging techniguessuch as Stochastic Optical ReconstaurctMicroscopy (STORMjo
study JPH2 and RyR colocalization in rat ventricular my@sjl 06, 107]. Sub-population

of JPH2 was reported to colocalize in heterogeneous clusters with RyR@proximate
distance of 3@10nm. Additional suipopulation of JPH2 was presentgaps between the
RyR clusters, suggesting that these JPH2 molecules redideparipheral junctionsor
alternatively, they are available to interact with other molecudble dyad.n another
study,it was reported thatPH2 ceimmunoprecipitated with caveoh®[108, suggesting
that JPH2 can beecruited to the caveolae microdomaimthe sarcolemma do the T-
tubular systemwhere suklgroup of caveolae structures exjd09. Recently, protein
protein interactions between LTCIPH1land LTCGJPH2 were identified in the triads of
skeletal muscleThe region in JPHZhat was suspectetb interact with LTCCwas
identified using the approach pfoteintruncation mutatio;s and cammunoprecipitation
experimentsThis study concluded thamino acid sequence 21899in JPH2, which also
contains the Joining regiors responsible for the proteprotein interactiomvith LTCC in

the skeletal musclgl1(. Compelling evidence for the LTCC interaction with JPH1 and
JPH2 in the skeletal muscle came framadditional study that used the approach of
selective knock down of JPH1 and thH#PH2 to evaluate the clustering of LTCC with the
Junctopiiins. The data from these studies concluded that LTidt€ractionwith the
Junctophilinsoccurs on th€-terminus of the iorthanneli a region that containls T CC 6 s
UlLC por e f oWMareoverghisstudy nepoitetl thadte interaction between JPH1
and LTCC facilitated LTCC recruitment to the triad junctional membrane in order to ensure

efficient muscle contractiofil1]].
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Loss and gain of JPH2 function in the heart

Thephysiologicalrole of JPHAn the heartvasuncovered in studies thasedJPH2
null micethat exhibited embryonic lethality. During embryonic developmensetimice
heats failed to show rhythmic contractility and embryos died by day ENeBtricular
myocytes were isolated from these mice at E9.5 for structural and functional evaluation.
Electron microscopy depicteseverereduction in thenumber ofcardiacdyads. C&'
transients in these myocytes had reduced amplitude and were randomly evoked by PM
depolarization. It was concluded that JR¢pression in the heamas crucial for normal
SR C&" releasg112. Compelling evidence frodPH2 knockdown incardiomyocytesn
vitro [113 and cardiaespecific knockdown of JPH2in vivo [27] showed that JPH2
downregulation resulted imbnormal CICR withreduced C# transientsamplitude
increased C4 sparks and cellular hypertrophwhich rapidly deteriorated ito HF. These
findings in adultmouse heart and adulentricular cardiomyocytes were supporieyl
studiesconducted in embryonic stem cdirived cardiomyocyte€ESGCMs). Knock
down of JPH2 in ES€Ms inducedrregular, sporadic angtduced C# transients. These
cells failed to diférentiate into spontaneously contracting myocytes and demonstrated
disordered myofilament arrangem¢hi 4.

The role of JPH2in the heart was emphasized in additional stuilyr cardiac
specific JPH2overexpression immice [115. Cardiaespecific JPH2 transgenimice
showed no difference in cardiac function at baseline. However, once these mice were
exposed to cardiac pressure overload, they displayetkctive cardiac function that
resulted imnattenuated progression frampetrophy to HF. This waalsoaccompared by
decreased mortality rate and preservation-tiildule networkalong with conservedyad

frequency.
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JPH2 in heart diseasé a clinical perspective

Immunohistological evaluation d&iling human heart samples with ischemic heart
disease odilated cardiomyopathy demonstratddorganization and redistribution of
JPH2 This phenotype was accompanied by disruption -tdiblule integrity and severe
myocadial dysfunction116. A possible mechanism explainingwinregulation of JPH2
in failing hearts has beeattributed tacleavage by calpaiil?], a protease tha activated
in the presence oincreased intracellular aconcentrationsluring pathological cardiac
stress[118 119. A recent study suggested that calpain proteolysis of JPH2 imduce
translocation of JPH2 N-terminal fragnent into the nucleus, where it represses
transcriptional reprogramming and antagonizes maladaptive cardiac rem¢d2hg

Mutations in the JPH2 coding region have been associated with familial hypertrophic
cardiomyopathies. Sevedistinct mutations have been identified in patients twit
hypertrophic cardiomyopathgmong which two point mutatiomeere found irthe MCRN
motifs (S101R, Y141l two mutations in the Joining regior8165F, E169K), one
mut at i o nhelicahdorham@403%, and two mutations in the divergent domain
(R436Cand G505S)121-123. Patients with the JPH2 mutation E169K aésdnibited
atrial fibrillation [121]. In order to understand the pathogenesis underlying these mutations,
HL-1 cardiac muscle cells were treated with adenovirusmediated expression of JPH2
mutants (S101R, Y141H or S165F). These mutants induced a meadhection in the
frequency and amplitude of spontaneous’*Qalease[123. In skeletal myotubes,
overexpression of JPH2 mutants (Y141H, S165F) similaxlyered peak amplitude of
C&* transients and significagtincreasd theresting cytosolicCa* concentratior{124
125]. In conclusion, mutations in JPH& to altered EC coupling and disrupted cytosolic

C&* dynamicsthat induced hypertrophy and arrhythmia
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Hypothesis and aims
The present gaps of knowledgeludethe unknown functions of the Joining reqgi

in JPH2 and the unknown mechanisms by which LTCC is targeteetubules in the
cardiac dyads. It alscemainsspeculativewhether LTCC and M2 have a physical
interaction inthedyad and if this interaction supporédficient EC coupling.
Hypothesis: We hypothesize that under physiological conditions, the Joining region in
JPH2 recruits LTCC to -fubules, and during hypertrophic remodelitigjs interaction
promotes LTCC displacement and redistribution away fretmblles. Specificallyywe
assume tat the JPH2LTCC interaction induces alteration of EC coupling and modifies
the uniformity of C&" releasaluring pathologicatemodeling
Aims:

1) To explore the rokeof the Joining region in JPH2.

2) To examine if the Joining region in JPH2 region interaadtis LTCC.

3) To evaluate how JPHRTCC interaction affects EC coupling and “Ca

dynamics in adult ventricular cardiomyocytes.
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CHAPTER 2

MATERIAL AND METHODS

Left ventricular hypertrophy (LVH) animal model

All animal procedures were approved by themple University Lewis Katz School of
Medicine Institutional Animal Care and Use Committee and all experiments were
performed in accordance with relevant guidelines and regulations. LVH was induced in
Felines apreviously describefll26128. Br i efly, 2 mont hs ol d c:
either aortic constriction (N=4), with customized jsteaped bands, or a sham procedure
(N=4). The animals developed concemtompensated hypertrophy after 4 months. A-non
invasive transthoracic echocardraphy was performed at baseline and at 4 months post
surgery using Vivid g Vet Premium BT'12 using a 4IRS sector probe. Left ventricular
(LV) wall thickness was measuretienddiastole by calculating the mean of LV anterior
ventricular septum and posiar wall diameter. LV fractional shortening (FS) were
measured in Bnode from a right parasternal shasis view. A cardioectomy was

performed after 4 months, then the heeas rinsed and weighed.

Adenovirus cloning and transduction

For generation of WIJPH2 adenoviral constructs, Human JPH2 cDNA was modified to

contain N terminal HA peptide sequence downstream of the multiple cloning site. For
mut"®XJPH2 construct, HumatPH2 cDNA was mutated at the Joining region to introduce
sevenpoint mutations (E209A, Q222A, R223A, E234A, S235A, D252A, D259A) and

tagged with HA sequence on the N terminus. These constructs were PCR amplified to
contain a 56 BamHt opeqodbnoewahtd 8Bt BamHBbIl ss ¢

then cloned into theyC57 vector (Bio Basic Inc., Ontario, Canada). pUC57 vector with
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either WFIPH2 or mut®yJPH2 construct was used for Adenoviral cloning (Vector
BioLabs, Malvern, PA). To generate shRNA adeni r us e s, human LTCC
(Human CACNALC) clone was individlly RT-PCR'd. PCR product was Féoned into

the pCR4TOPO vector. Clone was oriented with the 5' end nearest the Notl site and the 3'
end nearest the Pmel site (Dharmacon, Cambridge, lUlktary constructed and then the
clone sequenced by the BCCA Germr8ciences Centre (Vancouver, Canada). Four
adenoviruses for hCACNALC silencing containing hairpin loop sequence (CTCGAG)
were generated under U6 promoter and tagged with RFP under CM\bteroriihe
scrambled shRNA was driven by U6 promoter and contaiRiRB tag (Vector BiolLabs,
Malvern, PA). Silencing screening was performed on cultured AFVMs via immunoblotting
and immunofluorescence staining. The Adenoviruses were tittered with Ad&noafid

Titer Kit (Clontech).

Computational prediction of protein strcture

The prediction of human WAIPH2 and m{fXPH2 protein structures containing Hig
was performed using deep learning statistical software RadB8x13(. RaptorX
generated protein secondary structure prediction and protein 3D predictialueB for
the global quality of the 3D modahd for each predicted protein domain werevygled.

RaptorX web servehttp://raptorx.uchicago.edu/

Isolation of adult Feline ventricular myocytes (AFVMSs), cell culture and transduction
with Adenovirus

Felines were anesethetized using 50 mg/kg sodiemtgbarbital and hearts were excised
and washed in with Krebs Henseleit Buffer (KHB) (12.5 mmol/L glucose, 5.4mmol/L KCI,
1 mmol/L lactic acid, 1.2mmol/L MgS0O4, 130 mmol/L NaCl, 1.2 mmol/L NaH2PO4, 25

mmol/L NaHGO3, and 2 mmol/L Ngyruvate, and aeratedtwi95% oxygen and 5% CO2,
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pH 7.357.4, and warmed to 37°C). Following aortic cannulation, retrograde perfusion on
a Langendorff apparatus was performed with KHB, followed by digestion buffer (KHB
with 180 U/mL cdlagenase and 50 umol/L CaCl2). The vengglwere isolated and
minced. Cardiomyocytes were filtered, equilibrated in KHB supplemented with 200
pmol/L CaCl2 and 1% bovine serum albumin (BSA) at room temperature, washed with
Medium 199 (Sigma) plus penikiii-streptomycirglutamine (PSG) (Gibco), drplated on
laminin (BD Biosciencefoated culture plates or glass cover slips. After 2 hours, medium
was changed to Medium 199 supplemented with PSG, 5 mmol/L taurine (Sigma), 5

mmol/L creatinine (Sigma), andr@mol/L carnitine (Sigma).

Myocytes were infeted with adenovirus expressing either-R&8P, AdWT-JPH2, Ad
muf®YJPH2 or Ads h RN A L T GRER fdrilenhpurs at a multiplicity of infection
(MOI) of 100 virus particles per cell (Ass h RN A L T GRER was @gat MOI of

500 virus particles pecell). Then the media was changed to lbeign culture media.
During the exprimental period, culture media was changed once per day. Infection
efficiency was determined 388 hours after infection by RFP fluorescence intensity or HA

immunofluorescence stang and was typically assessed to be 85%.

Isolation of adult Rat ventricuar myocytes (ARVMs) and cell culture

SpragueDawley rats were anesthetized with 5% isoflur@b&6 G and euthanized by
cervical dislocation. Hearts were fast extracted and placd&grode solution containing

in: 140 mmol/L NaCl, 6 mmol/L KCI, 1 mmol/L Mgl2, 1 mmol/L CaCl, 10 mmol/L
glucose and 10 mmol/L HEPES, adjusted to pH 7.4. Using aortic cannulation with the
Langendorff setting, the hearts were perfused with Tyrode soltdioh min, then with

low C&* solution containing in: 120 mmol/L NaCl, 5mmol/L KCI, 5 mmol/L MgSQ,
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5 mmol/L sodium pyruvate, 20 mmol/L glucose, 20 mmol/L taurine, 10 mmol/L HEPES,
5 mmol/L nitrilotriacetic acid, and 0.04 mmol/L CaCadjusted to pH.86 for 5 min, and
finally for 10 min with enzyme solution containing in:a&mol/L NaCl, 5.4 mmol/L KCI,

5 mmol/L MgSQ, 5 mmol/L sodium pyruvate, 20 mmol/L glucose, 20 mmol/L taurine, 10
mmol/L HEPES, and 0.2 mmol/L CaCpH 7.4 with collagenase (1 nmgl; Worthington)

and hyaluronidase (0.6 mg/ml). The ventricles were cutdntall pieces, resuspended in
enzyme solution containing only collagenase (1 mg/ml; Worthington) and shaken in a
water bath at 37°C for 20 minutes. The cell suspension was ttezadithrough a 260 m
nylon mesh and washed twice before platibyocytes were plated on lamingoated
coverslips or glasbottom dishes (MatTek) in modified M199 (Invitrogen, UK) culture
medium containing bovine serum albumin (0.5 g/L), creatine (5 Ihhjndaurine (5
mmol/L), L-ascorbic acid (100 pumol/L), carnitine (2 mmol/L), and penicillin/streptomycin

(200 mmol/L).

Histology and immunofluorescence staining

Heart tissueThe hearts were rinsed with cold Kreenseleit Buffer after cannulation of

the Aorta. The hearts were then gravity perfused with 10% formalin at mean arterial
pressure (100mmHg). Fixed hearts were immersed overnight in 10% formalin and stored
in 70% ethanol for up to 1 week before being processed. The hearts were cut on a short
axis plane and divided to lateral and septal walls, followed by embedding in paraffin wax
blocks. 5um tissue sections from 6 different levels from each sample werenslidded

(AML Laboratories, Florida, USA). To determine myocyte cresstional area, LMdsue
sections were stained for wheat germ agglutinin (WGA,; Life Technologies; Eugene, OR)

and nucl ei we r-diamidmd2eherylihdoie (DIARI, Mdlipore6 Billerica,
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MA). Images were obtained using Nikon Eclipse T1 confocal microscope (Nikon

Mellvile, NY). Myocyte cross sectional area was measured using NIH Image J software.

AFVMs/ARVMs: cardiomyocytes that were plated on laminin coated glass coverslips were
washed 1X with PBS and fixed with cold 4% paraformaldehyde for 20 minutesweedis
permeabilized with PBS containing 0.25% TritonlB0 and blocked with 10% donkey
serum (Jackson Immunoresearch Laboratories) in PBS for 30 minutes. Cells were then
incubated overnight at 4° C with the following primary antibodies: LTCC (1:50, Alamone
Labs), JPH2 (1:50, Sa n-ssaconiricacinin(1:1R0; Abcafmi : 50 ,
Then, cells were incubated with the secondary antibodies for 1 hour at 37° C. FITC donkey
antirabbit IgG, rhodamine re donkey antimouse 1gG, Alex#&47 donkey artgoat 1gG
secondaries were used (Jackson Immunoresearch Laboratories). Nuclei were stained with
4 0o-diggnidino2phenylindole (DAPI, Millipore). Coverslips were mounted on glass slides
with VECTA SHIELD HardSet Mounting Medium (Vector Labs). Images weitaiobd

using Nikon Eclipse T1 confocal microscopeZeiss LSM780 inverted confocal microscope.
Images were obtained viastack scanningdensity and regularity index of JPH2 and LTCC
were analyzedirom mid cell sectionsusing AutoTT131], after selecting the entire
cardiomyocyte surfze area as the region of interest with the exclusion of the nuclei. The
images were analyzed for global staining density and staintegrity (integrity index =

global density x global regularity). To review-lmralization of LTCCGRyR-JPH2, Zstack

images were reconstructed into 3D model using NIS elements software.

Di-8-ANEPPS staining

Viable cultured cardiomyocytes were washethwBS and incubated with 10uM Bt

ANEPPS (Invitrogen) in PBS for 1 minute at room temperature. The stain was washed
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twice with PBS and Zstack images were obtained at dual excitation 450 and 510nm with
detected emission at >570nm using Nikon Eclipsediifocal microscope deiss LSM

780 inverted confocal microscopetdbular density and-Tubular integrity (T Ty were analyzed
from mid cell section images usifyutoTT[13]], after selecting the entire cardiomyocyte
surface area as the region of interestuliular density was calculated for transverse
elements and longitudinal elements separatelyi: Tiidex took into account both
regularity and density usindne fdlowing equation: Th: = global T-tubule density x

global T-tubule regularity.

Subcellular Protein Fractionation

Subcellular protein fractionations from sA@pzen LV septal wall tissue and from cultured
AFVMs were prepared usingommercially avadble kits (Thermo Fisher Scientific,

#87790 and #78840, respectively) following the manufacturing protocols.

Protein Isolation and Western Analysis

Tissue homogenates and whole cell lysates, or plasma membrane preparations were
preparedfrom isolated AFVM. Protein concentration was measured as previously
described 132 133. The following primary antibodies weresed for detection: HAag

(Cell signaling), JPH2 (Santa Cruz Biotechnology), LFG@ C ( Al amone- Labs)
b2a (Al amone Labs), H3 (Abcam), Sariolomeri c
(Sigma), total Ryanodine Receptor (RyR2, ThermoFisher), phBgR2 (S2808 and

S2814, Badrilla Ltd.), total phospholamban (Millipore), phosphospholamban (PS16

and PT17, Badrilla Ltd.), total CaMKIl and phospBaMKII (Bardilla), Glyceraldehyde
3-phosphate dehydrogenase (GAPDH, AbD Serotec), Mouse IgG (Abcam). Where
applicable, Western blot band intensities were quantified using Licor Image Studio

computer software.
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Sucrose Density Gradients

Membrane rafts were prepared from sifiggzen LV septal wall tissue or isolated AFVMs

in culture as previously describ§f3, 134, 135. Briefly, 50mg of LV tissue o2-3x1C°
cultured AFVMs were homogenized with a dounce homogenizer inaick detergent

free Tricene buffer (250 mmol/L sucrose, 1 mmol/L EDTA, 20 mmol/L Tricene, pH 7.4)
supplemented with protease inhibitor (Maadran Cocktail, SigmaAldrich), phosphataes
inhibitor cocktail 2 and 3 (SigmaAldrich). Homongenates were then centrifuged at 1,000g
for 10 min at 4C and the supernatant was collected. Homogenization and centrifugation
were repeated on the cekllets. An aliquot of pooled supernatant (30ul) wasaside as

the homogenate (H) sample. The pooled supernatant was then mixed with 30 % Percoll
(Sigma) in Tricine buffer and subjected to ultracentrifugation for 25 minutes (Beckman
MLS50 rotor, 31,00apm, £C). The separated plasma membrane (PM) wdleated,

mixed with icecold MBS buffer (20 mmol/L 2 Nmorpholinoethansulfonic acid, 20
mmol/L KCI, 135 mmol/L NaCl supplemented with protease and phosphatase cocktails)
and centrifuged to pellet the mérane. The membrane pellet was resuspended in MBS
buffer and sonicated. An aliquot (60ul) was set aside as the PM sample and protein
concentration was measured. Then, the PM was mixed with 60% (w/w) sucrose to a final
concentration of 40% sucrose. Thisxtare was overlaid with a 38% step sucrose
gradiert and subjected to ultracentrifugation (Beckman MLS50 rotor, 33,000 fi@n18
hours). Fractions were collected every 0.4 mL from the top sucrose layer, and proteins were
precipitated using a solutionf 00.1% wt/vol deoxycholic acid in 100% wt/vol
trichloroacetic acid. Samples were then subjected toBASE and immunoblotted using

the indicated antibodies.
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Transmission electron microscopy (TEM)

AFVMs were cultured in Permanox cell culture dishes faret with 2% glutaraldehyde,

2% paraformaldehyde i8.1M sodium cacodylate buffer, pH 7.4. The cells were then
secondarily fixed in 1% Osmium tetroxide,-bloc stained with 2% uranyl acetate,
dehydrated through increasing concentrations of ethanol,itfitrated and embedded

with EMBed-812 epoxy resin Small groups of AFVMs were located and mounted in both
transverse and longitudinal orientations. Sections were cut at 65nm on a Raicigert
Ultracut E ultramicrotome and then post stained in uranglet at e and Reyno
citrate. Transverse sémhs were collected at2 intervals along the length of the cells and

the longitudinal sections were collected at approximately midway through the cells. The
images were acquired on a Zeiss Libra 12Mlgmission electron microscope (Delaware
INBRE Grant#P20 GM103446). Morphometric analysis of randomly collected images
was performed using Image J (NIH). Dyad frequency was assessed in longitudinal images
(X5,000 magnification) and determined by relatthg number of dyads to the number of
intermyofibrillar spaces at the Z line where dyads are usually lo¢afiégl136. Dyads

length was measured in cross sawioimages (X10,000 magnification) as previously

described13q.

Co-immunoprecipitdion (Co-IP)

Plasma membranes (PMs) were prepared from eitherJ®HA2 or mut’JPH2
overexpressing AFVMs after 4 days in culture (as detailed above in the Sucrose Density
Gradients section). PMs were resuspended in lysis buffer (0.25% Triton) supplemented

with protease inhibitor (Mammalian Cocktail, Sigkdrich), phosphatasenhibitor
cocktail2and 3 (Sigma |l dri ch) . PMs (~1500g protein) we
HA-Magnetic Beads (Higlaffinity mouse IgG1 monoclonal antibody covalently coupled

31



to a blocked magnetic bead surface, ThermoFisher) for 1 HiCatHA-boundmateral
was separated magnetically from unbound material, subjected teP8B& and
immunoblotted using the indicated antibodies. For negative control, only lysis buffer was
applied on HAMagnetic beads with PM prep. For positive control, Escherchiexohd

containing HA tagged GSPI3K-SH2 domain (ThermoFisher) was used.

Proximity ligation assay (PLA)

ARVMs on coverslips were fixed with ieold methanol for 5 min a20°C and blocked

with 10% FCS in PBS for 30 min at room temperature. Incubatitnpyimary antibodies

was done in blocking buffer overnight at 4°C. Proximity ligation assay was then performed
using the Duolink system (Sigr#ddrich). Images were taken with a Zeiss LSM0
inverted confocal microscope. Staining density was calculagedobmalizing the area

covered by the signal to the area of the cell.
Distancebased cdocalization analysis

This method of cdocalization is independent of confocal microscope intensity scanning
and was performed similarly to previous custom made d@hgos[106 137). To esimate

the amount of colocalization between molecules detected by fluoropbxpesssed in
different channels (i.e. green vs. red, green vs. blue), images were separated to individual
color channels, which were treated as separate grayscale imagessibtefirin image
pre-processing was to manually crop the images to excludkinand other unwanted
adjacent cells. Then, the remaining regions were segmented into foreground and
background using Otsu's methd@§. The foreground was subsequently denoised using
connected components algorithm, removing pixel clusters that were smaller than 5 pixels.

In the denoised foreground image, giversource channel (i.e. the green channel}, iso
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contours that denoted pixelbat were equidistant to the nearest target cluster were
determined for pixels with positive distance (which indicate regions outside the source
fluorophore areas) as well as pixaelith negative distance (which indicate regions inside
the source fluoropherareas). The iscontours were used as bins to construct a histogram
that counted the number of active target fluorophore pixels that resided within and without
the source fluorphore areas. The histogram was normalized by the total number of target
fluorophore pixels to denote percentages rather than total counts in order to normalize for
possible variations in the area of colocalization. The overdbcalization percentage wa
determined by computing the ratio of the histogram bins that count the fiaefell inside

the negative distance contours. The software tool was written in Matlab and is available

for public use abttps://github.com/evarol/colocalization

Global C&*transients measunments and Caffeine assay

AFVMs were loaded with 5 pmol/L Flud AM (Molecular Probes) and placed in a heated
chamber on the stage of an inverted microscope and perfusedmatmal physiological
Tyrodeos soluti on containing:, 12&olimo | / L
MgCI2mmol/L, 10mmol/L glucose, 2mmol/L Nayruvate, Immol/L CaCl2 and 5Smmol/L
HEPES, pH 7.4 for 5 minutes. Myocytes were then paced at 0.5Hz and intracelfilar Ca
transients were recorded using Clampex10 software (Molecular Devices). ARer 2
minutes of baseline recording, 100nM Isoproterenol (Iso, Sigma) was applied through the
perfusion solution. Once a stable effect of Iso had been achieved, at least 150aentinu
contractions and Ca2+ transients were recorded and averaged for analgdis.(dhF
unstimulated) was measured as the average fluorescence of the cell 50msec prior to
stimulation. The maximal Flud fluorescence (F) was measured at peak amplitude.
Background fluorescence was subtracted from each parameter before represeptag th
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C&* transient as F#F72, 139 Time to 50% and 90% recovery was measured as the decay
rate of the avexge C&" transient trace. Taneasure SR CG& content, as previously
described72] myocytes were paced at 0.5 Hz for 10 consecutive contractions, and 10 mM
caffeine was then rapidly applied via a glass pipette close to the myocyte with a Pico
spritzer 67. Since caffeine cannot be repetitively applied on the same cell, the 3R Ca
content after 100nM Iso was measured by a caffeine spritz after stable effectsaof Iso

myocyte contraction and €dransients had been observed.

Ca?* waves detection via line scanning

Myocytes were | o-4d4M (Molecular Rrobésk avid theh placeda
chamber containing Normal Tyrodebnfexal ut i o
mi croscope. Myocytes were perfused 2Wwith N
containing vehicle or Iso 100nM, while paced at either 1Hz or 0.5Hz using field
stimulation. Linescan images were obtained to measure intracellul& stgnals wih

488nm excitation and emission from 5880 nm. Only myocytes with uniform shortening

and clear striations were used to record fluorescence signal. Myocytes were stifioulated

10sec and then field stimulation was stopped to detect spontanetusl€ases. Data

analysis was performed similarly to previous protdd@7). Spatial Flue4 fluorescence

profiles were analyzed at specific times after the stimulug pEcentage of thenke scan
fluorescence (F) signal was normalized to maximal fluorescence signal (4095) at selected

time points (every 10msec up to 210msec). For 3D plots of line scanning, the RGB values

of the line scan image was converted to HSV (Bagyration, value) ste and the value at

each pixel location was extracted to denote the intensity. The intensity was plotted as a

surface that is a function of time and length.
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lca. Measurement via patch clamping

ICaL was measured in a soditfree andootassiurdree soluton. Isolated myocytes were

placed in a chamber mounted on an inverted microscope (Nikon Diaphot) and perfused
with Immol/L calciumcontaining Tyrode solution. Both the inflow solution and the
chamber were watdreated to maintain themperature at 36£1°@.4-5 Mq pi pett e f
with a Cs+containing solution composed of: @spartate 130 mmol/L, dhethyt
Dglucamine (NMDG) 10 mmol/L, tetraethylammonium chloride 20 mmol/L, HEPES 10
mmol/L, TrisATP 2.5 mmol/L, MgCI2 1 mmol/L, and EGTAO mmol/L, pH 7.2, was

used to obtain gigaseals. Once a gigaseal was formed, the patch was ruptured, and the cell
was dialyzed for 10 min. The extracellular bath was then changed to a 2mmol/L calcium
containing Cs+ substitution bath solution (composittbaminopyridine 2 mmidL, CaCl2

2 mmol/L, CsCl 5.4 mmol/L, glucose 10 mmol/L, HEPES 5 mmol/L, MgCI2 1.2 mmol/L,

and NMDG 150 mmol/L, pH 7.4 with CsOH). Membrane voltage was controlled by an
Axopatch 2A voltageclamp amplifier and digitized by Digidata 132ising pClamp8
softwae (Molecular Devices). Once the signal was converted to digital format, it was
stored on a personal computer for-lnfie analysis with Clampfit 10 (Axon Instruments).

The flow of the bathing solution wag2ml/min[72, 140.

Super resolution scaning patch clamp and SCIM

Scanning ion conductance microscopy (SICM) was used to generatec$adition 3D

images of the surface of live cells using nanopipettes as scanning probes and to record
single LTCC activity as described beffé1]. Briefly, ater a 3D images was generated

by SICM using a sharp pipette (~ 100 nm in
was moved to a celtee area and clipped by a ¢miled impact on the bottom of the dish

to increase the size of the pipette tip (raggnom 281 to 711 nm inner diameter), thereby
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decreasing the pipette resistance (ranging

pipette tip was calculated as dabed befor§l42, using the following equatioRpipette =

(° L dd22- pEl wheren Rpete IS the pipette resistance, d the pipette tip inner
diameter,« the tip cone angle (~3.8°) and p the conductivity of the pipette solution (~1.8
S/m). After moving the pipette back to a position of choice on the 3D scan, it was lowered
to touch the cell andentle suction was applied to form a gigaseal.-@g#iched patch
clamp recordings of single LTCCs were then performed with an Axopatch 200A i@mplif
(Axon Instruments, Foster City, CA, USA) and pClamp software version 10 (Axon
Instruments). Experiment&ere done at room temperature with the following bath
solution: 120 mmol/L Kgluconate, 25 mmol/L KCI, 2 mmol/L MgClI2, 1 mmol/L CaCl2,

2 mmol/L EGTA 10 mmol/L Glucose, 10 mmol/L HEPES, pH 7.4 with NaOH. The pipette
solution consisted of: 90 mmol/L BaCl2) mmol/L HEPES, 10 mmol/L Sucrose, pH 7.4
with TEA-OH. Data were corrected for a liquid junction potentiatld.7 mV. Channel
density per urhwascalculated by normalizing the total number of channels recorded to
the total area of pipette openings. @hal open probability was calculated using Clampfit

10.7 software (Axon Instruments) and averaged frol@@ €aces per cell.

Mitochondrial morphologcal analysis
Quantification of mitochondrial number, area, circularity and aspect ratio were performed

on TEM images using Image J software.

Oxygen consumption assays

A Seahorse Bioscience XF96 extracellular flux analyzer was employed to measure AFVMs
oxygen consumption rates (OCR). A utility plate was incubated for 24 hours in XF media
(a day prior the expament) in norCO2, 3PC incubator to calibrate the probe. 2,400

AFVMs per well were plated in M199 media. On the day of the experiment M199 media
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waschanged to XF media pH 7.4 supplemented with 1 mM pyruvate, 0.2mM palmitate,
0.2mM carnitine, and 4mM glatine (180ulL). The cells were kept for 1hr in #0@,,

37°C incubator. Then, drugs were added to each well (20uL). Basal OCR was measured,
t hen Il@anytinweas injected to inhibit ATP i nked respiration,
FCCP to measure maximal respioa, and finally to completely inhibit all mitochondrial
respiration, 2 ¢ M wasoinjeetedo Detailed methodulpgy ihas been

previously reporte143.

TUNEL assay

Immunostaining with terminal deoxynucleotidyransferasenediated deoxyudine
triphosphate niclend labeling (TUNEL) was performed on AFVMs overexpressing
RFP/WT-JPH2/mut®JPH2and treated with 10uM Iso for 48 houfihese myocytes were
fixed with 4% formaldehyde in PBS. The DeadEnd FluorometdblEL system was used

to label apoptotic nuclei (Promega #G3250; Madison, WI). For positive control slides were
treated with DNASE 1 (10U/l) prior to TUNEL staining. Imageere obtained using
confocal microscopy. The identification of cardiomyocytes arahtjfication of TUNEL
positive/negative myocytes was done samiomatically using Nuquantus, a Matlab
toolbox for machine learning based detection and quantification sf eklinterest in
complex fluorescent tissue imagglsi4 The patterns needed to detect cardiomyocytes
were trainedn Nuquantus using a reference dataset of mouse and swine cardiomyocytes
labeled by an expert histopathologist. These patterrstiven used to automatically detect
valid cardiomyocytes in the TUNEL study dataset. The automatic detection was then
checkedfor quality control by the histopathologist analyst to remove false positive

detection errors.
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Trypan bluei cell death staining

Cells were cultured in 24 well dishes coated with laminin, and infected with adenovirus as
described aboveAfter 24 hours the media was replaceiiter four days in culturend
treatment with 10uM Iso for 48 hoyr$rypan blue was added to the media eelts that
took up the dye were counted as dead. Dadessgayed ashue positive cellgTotal cells,

averaged fronthree separate culture experiments.

Statistical analysis

All values are expressed as mean + SEM. Narametric MantWhitney test and
parametric unpaired-test, paired-test, and onavay ANOVA were performed to detect

significance using GraphPad Prisstware.
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CHAPTER 3
RESULTS

LVH decreases JPH2 expression on the plasma membrane and redistributes JPH2
and LTCC across the secolemma

As expected, progressive pressure overload via aortic constriction in Feline hearts
led to compensated hypertrophy (Figuf&-C) with preserved fractional shortening
(Figure7D). Because compensated hypertrophy precedes developmentarid$ince an
imparment of T-tubule integrity begins before LV systolic dysfunct{d®], we examined

the early effect of hypertrophic cardiac remodelimgivoon JPH2 protein expression and

localization.
B (6
~ 400
—_ E
8 EX
E -
= =
g :
< =
= z
3 P
= =
Z H
<
o}
E F G & HO
1.59 : E 1.5+ . : 1.5+
— = — 2
2 = =
£| gpm2
£ S 1of = 10 £ 1
£ = = =<
= | Lrcc = = E
£ 2 £
Total JPIT2 = 0.5 £ 0.54 oo
) o
- ¢}
Total LTCC & =
0.0+ = g.0d =

i :
Sham Sham LVH Sham LVH

J

JPH2

o 45%

S% __————Sucrowe |

HPM 1 2 3 4 56 7 8 91011
Sham

e T @@

LICC (a1C)

5%
R |

(3 Schth ! b e ¥ AN o RGO ; 3
53 o R £ ¥
- 1:\"',;- ARA” ¥ (' o A
“"{l‘"“_‘ Ltk '\" { ‘ : ) ; -‘v"”"‘. - &5 HPM 1 2 3 4 5 6 7 8 9 10 11
- £ _ _

Figure 7.LVH in Feline hearts induces downregulation of JPH2 expression in the PM

and shifts the membrane localization of JPH2 and LTCEV hypertrophic phenotype in
39



banded Felines was determined (#) incresed heart weight to body weight ratio
(HW/BW), (B) enlarged LV wall thicknesgC) increased cardiomyocyte cross sectional

area andD) preserved LV fractional shortening (F&E) Representative immunoblotting

of PM fractions extracted from Feliteart issues and whole tissue lysatés. Summary
densitometry analysis of JPH2 expression i
in the PM;(G) JPH2 expression in the PM normalized to total JPH2Hyd. TCC ( U1 C)
expression in the PM normalizésitotd L TCC (U1C) . N=4 adn) mal s
Representative i mmunofluorescence i mages o
(1.1) and LVH(I.2) Feline hearts. Arrows indicate the difference in JPH2 organization and
colocalization with LTCC. Sale 10um. (J) Representative Western blots of JPH2 and
LTCC (U1C) across sucr oslkll)dfshas and yWHdelimed i e n t

hearts.

The cardiac tissue was fractionated into subcellular fractions (FBgQr® examine
the membrae fracton, as an indication for the-fibular component. In PM fraction, LVH
induced significant downregulation of JPH2 protein abundance (Ftfui@nd7G) and
~2-fold decrease in the ratio of JPH2 to LTCC pbrer mi ng s u b u k).t ulc
These chages wee compatible with the molecular rearrangement of JPH2 across the PM
(Figure 71 and 7J). While, sham hearts displayed organized JPH2 staining patterns
colocalized with LTCC (Figure/l.1 1 indicated by arrows), the LVH heart showed
disorganized aggrede JPR staining colocalized with LTCC (Figui®.2 1 indicated by
arrows). The distribution of JPH2 and LTCC in myocardial membrane domains was

examined by isopycnic ultracentrifugation. JPH2 was detected within PM fractiefis F6
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in sham hearts. In LVHa brader redistribution of JPH2 was detected within PM fractions

F6-F9, indicating a shift of the membrane domains where JPH2 resides (Figure
Similarly, cardiac remodeling associated w
subunit (Figure 7J) and LTCC b2a S u b u 8B) tacrogs Rhe gremigrane

microdomains.
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Figure 8. Subcellular protein fractionation of Feline heart tissuA) Representative
immunoblotting of Feline heart tissue samples that were effectively fractionated to
cytoplasmic extrac(CTE) using GAPDH as a specific marker, plasma membrane extract
(PME) with LTCC (U1C subunit) amme3aH3pesr ker ,
a marker and cytoskeletal extract (CKE) with actinin as a ma(BgrRepresentative

Western blotsof TLCC ( b2a) across sucrtr osiEll)deshasni ty gr

and LVH Feline hearts.
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Isolated adult cardiomyocytes in culture undergo Ftubule remodeling and exhibit
JPH2 downregulation

To studyin vitro T-tubule and JPH2 remodelingat approximates that seenim
vivo LVH, we used cultured AFVMs. AFVMs resemble humaardiomyocyte
electrophysiological and ahandling propertigd45-147], and they are tolerant to G§
which enables their continuous stability in cultiitd6, 148. Concurrentlyafter a few
days in culture, AFVMs lgn to display myofibrillar disorganization with increased
contractile duration and prolongation of action potefité. These phenotypic shifts in
myocyte structure and mgtion are seem vivo LVH and HF hunans and animal models

[126, 127, 146, 149.
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Figure 9. Adenoviral overexpression of human WIPH2 and muf¢lJPH2 constructs

in cultured AFVMs. (A) Protein topology of human JPH2 isoform@26 amino acids)
that was cloned into Adenovirus WIPH2 is containing HA tag on-té¢rminus, MORN
moti f s, j o ihelicahdgmain,ediyergem and tthnsmembranal (TM) domains.
The zoomed joining regionhsws the sevepoint mutations that were modified in
Adenovirus mtPYJPH2. (B) Overview of human JPH2 localized in the dyad of
cardiomyocyte. The illustration depicts the structure of JPH2 domains. The region
highlighted in red box is the joining regiohat was mutated in Athut’*JPH2.(C)
Templatebased tertiary staiure modeling of HA tagged WIPH2 (Pvalue 1.37x18°)
and mut®PH2 (Pvalue 2.29x18°) proteins via RaptorX(D) Representative Western
blot and (E) Immunofluorescence staining of JPH2d HA in freshly (DO) isolated
AFVMs, control cultured AFVMs fod days (D4C), AeWT-JPH2 with HA tag transduced
AFVMs and Admutf’®JPH2 with HA tag transduced AFVMs. Scale 10u(f)
Distribution of T-tubules detected by BEB-ANEPPS staining in freshlgolated AFVMs at
day 0 (DO0), after 4 days of culture in control \WWAs (D4C), in AFVMs after 4 days in
culture overexpressing AWT-JPH2 (WFJPH2) and in AFVMs after 4 days in culture
overexpressing AdnutPIPH2 (mutcUJPH2). WFJPH2 overexpression preserved T
tubules while overexpression of MGtPH2 averted the presation of T-tubules in
cultured AFVMs. Scale 10um. The entire area of the cell was selected to m@Essooeh
T-tubular transverse and longitudinal densities @hdthe global Ftubular integrity.(1)
Representative images of JPH2 staining in AFVMs@tdantrol cells at D4, and AFVMs
overexpressed with either AWT-JPH2 or Admut’®JPH2. 1.17 1.4 images represent
mid-section of the cells obtained viasfack confoal scanning. D.5 image represents the

surface of the cell. Scale 10ud) Calculated JA2 global density an@K) JPH2 global
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integrity in the midsection of the «cell. N=4 isolations, n=28 cells.

*[**[***P<0.05/0.01/0.001 vs. DO, #/##/### P<0.05/0.0001 vs. D4C and/ /

P<0.05/0.01/0.001 vs. WIPH2.(L) mut”®XJPH2 overexpgsion induces downregulation

of dyad distribution. Aine organization and distribution of the dyads were evaluated in
DO/DAC/WT-JPH2/mut®YPH2 AFVMs. Dyads are indited in red circles. Zine
streaming is indicated via white arrows. Myofilament degiadas indicated via yellow
arrows. Scale 1unfM) Frequency of dyads quantified as the number of dyads per number
of intermyofibrillar spaces. n=-8 randomly analyzedells per group. */**/*** p<
0.05/0.01/0.001 relative to DO, #/##/### P< 0.05/0.010réGtive to DAC,/ |/ P<

0.05/0.01/0.001 relative to WIPH2.

We further assessedtlibular remodeling in viable AFVMs by stainingtiibules
with voltage sensitive dye. Cultured AFVMs for 4 days (D4C) showed redudatular
density andntegrity compared to freshly isolated AFVMs (D0) (Fig9fel vs.9F.2 and
Figures9G and9H comparing DO vs. D4C). JPH2 protein expression was downregulated
in cultured cardiomyocytes compared to fresh cells (Fifdbecomparing DO and D4C).
Immunofluoresence staining of JPH2 andsfack confocal scanning (FigurE).A)
detected downregulation of JPH2 density and integrity in D4C AFVMs (Figfiie DO
vs. D4C, Figuré®l.1 vs.9DI.2 and Figure®J anddK 1 DO vs. D4C). D4C AFVMs showed
PM redistribution ofl P H 2 , LTCC U1C an dll)bMomoverwéecease t s
in myofilament organization (FiguEB.1 and10B.2), disruption of Adines ultrastructure

and reduced number of dyads (FigaAtel and9L.2) were observed in cultured AFVMs.
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Figure 10. Localization of JPH2 in AFVMs overexpressing WIPH2 or muf¢JPH2

and effect on the myofibrillar organization(fA) Representative -&tack images obtained

via confocal microscopy of AFVMs stained for JPH2 in DO, D4C, -9%H2 and
mut"®XJPH2 overexpressed noyges. Arrow indicates direction of scanning from the

surface to the bottom of the celB) AFV Ms I mmunofl uorescently
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mutPG1JPH2. ntli®JPH2 overexpression induces downregulation of myofilament

organization. Scale bar 10pum.

JPH2

45%

50/0‘/———-5]—1:1:);:

7 8 9 10 11

LTCC (a1C)
45%

M

H pPM 1 2 3 4 5 6 7 8 9 10 11

LTCC (B2a)

45%

5% Sucrose

7 8§ 9 10 11

Figure 11.JPH2 and LTCC redistribute across the PM during remodeling in culture.

Representative Western bl ots oatrossl ddiode LTC
density gradient fractions (FE11) of freshly isolated AFVMs at day 0 (DO) and control

AFVMs cultured for 4days (D4C).
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Mutating the Joining region in JPH2 leads to exacerbation of ftubules remodeling
and reduced dyad frequency

The role of JPH2 Joining region was examined. We generated Adenoviral (Ad)
vector carrying sevepoint mutations in the Joing region of human JPH2 isoform (with
the consideration that human JPH2 shares 89% protein identity with Felis catysTHrH2
mutant JPH2 reagent (Anut"™®XJPH2) was tagged with the HA peptide on the JPH2 N
terminus to detect transduction efficiency AkRVMs, which was 85%, 46 hours pest
transduction. AéNT (human) JPH2 with HA tag was also tested (Fig@feand9B). We
modeled the putative protein secondary and tertiary stru¢iid@< 30 of HA-WT-JPH2
and HAmut"®YJPH2 to explore the steric structure of JPH2. Overall;J8HA2 3D model
(P-value 1.37x18° showed a similastructure to the 3D model of Mf{£JPH2 (Pvalue
2.29x10%) (Figure9C). Mapping of the secondary protein structure detected that mutation
E209A mil dly i ncr elhlebxstdcturen(5.7% in \WEPalDbve. 64.500y o f
in mut’®JPH2), while the rest of the mutations did notadtrce any critical alterations
(Figure12). Severpoint mutations in miflJPH2 caused tertiary conformational changes
in the Joining region sol eHeligal domdinhdivergen af f e c

and TM domains in mGfLPH2 (Table 1).
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Figure 12.Secondary protein structure predictiorfer (A) WT-JPH2 with HA tag and

(B) mut’*JPH2 with HA tag via RaptorX. The HA peptide sequence is indicated in
horizontal box (9 amino acids on the N t@mas). The arrow points out to mutation E209A
(hereE2 18 A because of HA tag i n-BeéxrsttuctioenThe wi t h
vertical frames indicate the point mutations that did not alter the predicted probabilities for

protein secondary strugte.
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Table 1.Comparison of tertiary structure modeling of JPH2 constructs

HA (o WT JPH2

PGl
HAgye mut  JPH2

Domain
predication

1. Domain 1: [369-438aa] P-value 1.42x10"-02
2. Domain 2: [68-167aa] P-value 1.37x10"-05
3. Domain 3: [1-67aa] P-value 1.72x107-03

4. Domain 4: [227-368aa] P-value 1.36x10"-04
5. Domain 5: [168-226aa] P-value 1.17x107-01
6. Domain 6: [675-705aa] P-value 3.05x107-02
Overall model P-value 1.37x107-05

1. Domain 1: [369-441aa] P-value 1.42x107-02
2. Domain 2: [68-167aa| P-value 2.29x10"-05
3. Domain 3: [1-67aa] p-value 1.30x10"-03

4. Domain 4: [227-368aa] P-value 1.78x10"-04
5. Domain 5: [168-264aa] P-value 1.12x10"-02
6. Domain 6: [675-705aa] P-value 2.97x107-02
Overall model P-value 2.29x10"-05

Domain 3:
HA peptide and
MORN I motif

Domain 2:

MORN I motif and
beginning of Joining
region

Domain 5:
Joining region

Domain 4:

Joining region, MORN IT
motif and beginning of
a-Helical region

Domain 1:

a-Helical region and
beginning of Divergent
region

Domain 6:
C-terminus (TM)
transmembrane domain
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JPH2 and HA protein expression were confirmed in AFVMs 4 days after
transduction with AdWT-JPH2 and Aemut”™®JPH2 (Figure@D). Overexpression of WT
JPH2 in AFVMs restored the occurrence efubules thatvere degraded in D4C cultured
AFVMs (Figure9F.3). The density of transverse and longitudinaliBular elements was
increased along with increasedubular integrity (Figure9G-2H). Interestingly, very few
T-tubules were detected in AFVMs transducedhwinuf®XJPH2 (Figure9F.4). The
density of transverse and longitudinaltdbular elements and-fDbule integrity were
significantly lower than in D4C and WIPH2 overexpressjcardiomyocytes (FigureéG
and9H). JPH2 and HA staining revealed that overespion of WTJPH2 restored JPH2
density D4C AFVMs (FigureE, Figures9l.3 and 9J), and increased JPH2 integrity
(Figure 9K) without fully reversing the ongoing remodeling. @eepression of
mut"™®YJPH2, however, induced JPH2 localization to PM surfacei(ERE), leaving the
mid-section of the cardiomyocyte vacant of JPH2 (Figiré-1.5 and Figurel0.A), as
shown across -Btack confocal scanning (Figul®.A). As a result, JPH2 density and
integrity (Figure9J-9K) in mid-section of mUt®JPH2 cardiomyodgs were significantly
reduced compared to DO and WIIPH2 overexpressing cardiomyocytes. Notably, T
tubular pattern and morphology differ between speciasalliSanimal models (rodents)
exhibit denser, deeper and narrowertubular network than large mamrealin
correspondence to the difference in their heart [fi8e45]. We tested the effects of Ad
WT-JPH2 and Aémut’®XJPH2 on isolated adult rat ventricular myocytes (ARVMs), which
showed similar effects on-fibule and JPH2 expression patterns that weéserved in
AFVMs (Figure13). (human JPH2 protein shares 86% similarity with Rattus norvegicus

JPH2).
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Figure 13. Overexpression of mG#JPH2 averts the restoration of-fubules in cultured
ARVMs. (A) Distribution of T-tubules detected by E3-ANEPPS stain in freshly isolated
ARVMs at day O (DO), after 4 days of culture in control ARVMs (D4C), in cells
overexpresse with Ad-WT-JPH2 (D4WT-JPH2) and in cells overexpressed with-Ad
mut”®LIPH2 (D4mut’®YJPH2). The entire area of the cell was selected to me@uveth

T-tubular transverse and longitudinal densities @dthe global Ftubular integrity.(D)

53



Represerdtive images of JPH2 staining in ARVMs at DO, control cells at D4, and
AFRVMs overexpresed with either AWT-JPH2 or Admut”™®YJPH2.(E) Calculated
JPH2 global density andF) JPH2 global integrity. N=3 isolations, n=15 cells.
*[x*[***P<(0.05/0.01/0.001 vs. DO, #/MH##/###P<0.05/0.01/0.001 vs. D4C and

/| P<0.05/0.01/0.001 vs. DAtIPH2.

Since JPH2 is crucial for spanning the junctional complexes between PM and jSR,
we evaluated the effect of WIPH2 and m#fXJPH2 overexpression on cardiomyocyte
structure, dyad frequency and dyad morphology using Transmission electron microscopy
(Figure9L, Figureld) . My of i |l ament di sor gai3f,agparenon and
in D4C cardiomyocytes, were restored by overexpression ofJAH2. However,
overexpression of mUf.JPH2 induced morphological abnormalities and deranged further
the myofilament disarray (FigurOB). WT-JPH2 overexpression in AFVMs inceesl
dyad frequency in reference to myofibrils (Fig8e.3 and 4M) and organized-lihe
alignments. In addition, WFIPH2 overexpression increased the length of the dyads, which
was measured as the length betwednbule/|]SR contacts (Figure4). On the catrary,
mut”®XJPH2 overexpression in AFVMs sharply reduced the dyad frequency in comparison
to dyad frequency deteadd in WT-JPH2 overexpressed cells in D4C cells (Fidlr&l and

9M). Despite changes in dyad frequency, the dyad length remained unafégtee14).
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The Joining region in JPH2 interacts withL TCC U1 C subunit and
distribution to dyad microdomains where it colocalizes with RyR

Previous studies showed that junctophilin isoforms in skeletal muscle interact with
LTCC to ensure adequate muscle contra¢li®@ 111]. The nature of this interaction in
the cardiac muscle remains unclear. The Joining region in JPH2 might be involved in a
potential interaction between JPH2 and LTCC in the dyad. To explore this further, we
purified AM from AFVMs that were transduced with ANT-JPH2 or with Ad
mut"™®lJPH2. Both regents carried the HA peptide tag, which allowed fotagAce
immunoprecipitation (CoP). Our CaelP data (Figurd5A) show t hat LTCC
but not b2a exadowitmJPHZ in thescardiomyopyte PM. Timeitated
Joining region in JPH2 weakened the profaiatein interactions in PM between the LTCC
U1l C -fooningsubunitand JPH2. This was further substantiated using a highly specific

and sensitive approach pfoximity ligation (PLA) assay in single k& Overexpression

ofmuf®J PH2 in ARVMs strongly reduced the assc

in comparison to cardiomyocytes overexpressing-WH2 (Figuresl5B and15C). To

assess if the protejroteini nt er acti on bet ween its;tReH@& and

channel recruitment to specific domains in the PM, we tested fractionated PM preparations
from WT-JPH and m{i€PH2 overexpressed AFVMs (FiguktBD). We found that WT

JPH2 overexpression in culturegrdiomyocytes predominantly restored JPiHA &aTCC

ULC distributi o#7intheRM (tcompare FigudsD itodrigwse 1E)6
However, mut®XJPH2 overexpression caused redistribution of JPH2 across the membrane
and promoted a profound displaceme o f LTCC U1C f r oautionst s

F6-F7 to fractions F&-11.
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or Ad-mut™®l) PH2 . HA, JPH2, LTCC U1C and LTCC

57



homogenate (H), PM, HA bound (B) fraction and unbound (U) fractiorlPCaas

performed using magnetic beadonjugated with HA mouse antibodlherefore, mouse

IgG expression was tested. HA positive control was Escherichia coli extract containing HA
tagged GSIPI3K-SH2 domain.(B) Proximity ligation (PLA) assay was performed on

ARVMs transduced with AWWT-JPH2 or with Admut’*JPH2 to deteqgbroteinprotein

interaction between JPH2 T CC U1 C (G) WwPbAuderisity was measured as the

fraction of an area covered by the fluorescence signal. Average values were calculated from

at least 5 cells per isolation, N=Bolations. */**/*** P< (0.05/0.030.001. (D)
Representative Western blots of JPH2 and L
fractions (FIF11) of WT-JPH2 and m{fJPH2 overexpressed AFVME) AFVMs at

DO (panel E.1), D4C (panel E.2), overexpresseith WT-JPH2 (panel E.3) and
overexpressed with mBtJPH2 (panel E.4) were immuunostained for RyR (red channel
right column) and LTCCi riddl€cokimn. Theioverlafajr e e n
green and red channels is depicted in the left col§fnDistance based elocalization

pee. centage of LTCC (U1C) with RyR. TFhe ent
localization  excluding the  nuclei. N=3 isolations, n=12 cells.
*[**[***P<(0.05/0.01/0.001 vs. DO, #/M##/### P<0.05/0.01/0.001 vs. D4C ahd/

P<0.05/0.01/0.001 vs. WIPH2.
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Since cealocalization of LTCC with RyR is crucial for CICR and EC coupling, we
further examined qualitatively and quantitatively the direct relationship between-LTCC
JPH2RYR dyadic complexes in our AFVMs gga. We immunolabeled LTCC, JPH2hA
RyR and performed elocalization profiling using a distandsmsed approach (see
methods). Freshly isolated AFVMs (DO) showed clearlocalization patterns of
immunostained LTC&PH2RyR (Figurel6A.1) and LTCCRyR (Figure 15E.1) dyadic
complexes. These patterns were decreased in D4C AFVMs (Flg&@ and Figure
15E.2). In WT-JPH2 overexpressing cardiomyocytes]acalization of LTCCIJPH2RYR
and LTCGRyR was preserved (FigurB6A.3 and Figurel5E.3), even though, #se
cadiomyocytes still exhibited structural remodeling (in comparison to DO
cardiomyocytes). In mltLJPH2 overexpressing cardiomyocytes, immunostaining showed
JPH2 localization to the surface sarcolemma with robustly reducketalization patterns
of LTCC-JPH2-RyR (Figure 16A.4) and LTCCGRyR complexes (FigurelSE.4).
Quantitative analysis of LTGRYR cclocalization (Figurel5F and Figurel6F) and
LTCC-JPH2 calocalization (Figuresd6B and16E) verified our qualitative findings. To
survey if WT or mutted JPR2 constructs had any effect on LTCC expression, we measured
stained LTCC density and integrity in the same set of images (Fig@rend16D). We
found that in all cultured AFVMs (baseline and transduced cells), LTCC integrity was
reduced in compason toDO AFVMs. The density of LTCC was reduced in AfliPH2
transduced cells in comparison to DO cells but not relatively te]}RH2 transduced cells.
These changes are attributed to the cell remodeling in culture rather than to the mutated

Joining regon in PH2.
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staining, red RyR staining, blué JPH2 staining and whiteDapi staining(A.1) Freshly

isolated cardiomyocyte (D0). Calibration scale x:0.15um, y:0.15um, z:0.6@\u8).Non-

transduced cardiomyocyte 4 days in culture (D4C). Calibration scale x:0.12um, y:0.12um,
z:0.65um. (A.3) Cardiomyocyte transduced with ANT-JPHZ2. Calibrabn scale

x:0.12um, y:0.12um, z:0.65un{A.4) Cardiomyocyte transduced with Adut’cJPH2.

Calibration scale x:0.14um, y:0.14pm, z:0.50um. In every tested subgroup, the two upper
panels represent 3D reconstruct i JBHA-Ry®f <car d
The two lower panels represent 2D channels breakdd®h.Distance based eo

localiza&¢ i on percentage of LTCC U1Gl5walst(@ JPH2.
Calculated LTCC (U1D)LTgICo b(all Cge ngsliotbyal a nidn:
isolations, r12-15 cells. */**/***P<(0.05/0.01/0.001 vs. DO#/##/###P<0.05/0.01/0.001

vs. D4C and / / P<0.05/0.01/0.001 vs. DWT-JPH2. (E) Co-localization
quantification of JPH2 with LTCC (U1C). T
labeled of JPH2 labeling Xeluding nuclei region) as a function of the distance to the edge

of the nearest regon af TCC (U1 C) . The blue bars corres
| abeling that was detected within the segme
data is shownrdbm N=3 isolations, n=125 cells per grougF) The histogram shows the

total percentageabeled of RyR labeling (excluding nuclei region) as a function of the

di stance to the edge of the nearest region
frac i on of RYyR | abeling that was detected wi

staining Average data is shown from N=3 isolations, nd52cells per group.
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We next sought to distinguish whether JPH2 overexpression is sufficient to preserve
the T-tubular system in cultured AFVMs, or the actual crosstalk between JPH2 and LTCC
is arucial for the stabilizationof T ubul es. LTCC (U1C) abundance
by transducing cellswith Al T CC  (shRNGY3 (Figurel7) . St ai niiCg of L
validated reductio in the protein levels (Figud8A i upper panel). Knocking down LTCC
ULC did not result i n f u-ubuleedensityhodiomnintegrigyu | at i
since both were already downregulated in culture as shown-gtrnbleshRNA control
cells (Figurel8A i middle and lower panel, FigudBB-E). Overexpression dioth Ad
LTCC (sbRN&Y3 and AdWT-JPH2, induced increased JPH2 levels with a
tendency to localize to PM surface (Figa8A i middle panel). JPH2 density andegrity
were indeed restored in these cells (FigléB-C). However, the Fubular network was
not reestablished, astlibule density and integrity remained decreased (Fi8DeE).
Thus, it is likely that overexpression of JPH2 alone, without establjsbiifCC-JPH2

interaction, is not sufficient to restoaad stabilize Ttubules.
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Figure 17. LTCC ( U1.q) ARVMsaverk tdansaduced in sultubeF V M's
with four Adenoviral shRNA vectors (MY 4) t argeting LTCC (U1C).
with RFP to verify transduction efficiency in culture. Protexpression was tested by

Wedern blot, which identified that AL TCC (U1C) shRNA V3 succe
down LTCC expression(B) Corresponding guantiycati on:¢
knockdown of LTCC in AFVMs by AdLTCC ( U1C) shRNA V3. N=3

uninfected control, #P<0.05 vAd-scrambled shRNA.
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Figure 18. LTCC and JPH2 jointly stabilize -fubules.(A) AFVMs were transduced with

Ad-scrambled shRNA, AWT-JPH2, AdL TCC ( U1 GY3 asdhc&biaation of
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AD WT-JPH2 + AdWT-JPH2, AdL TCC ( U1 GY3. ImrhuRastéining for LTCC

U € is shown in the upper panel, confirming knock down of LTCC. JPH2 stairshgven

in the middle panel and-@&ANPPES TFtubular stain is presented in the lower pa().
Quantification of JPH2 densit{C) JPH2 staining integrity analysi®) T-tubula density
analysis and (E) T-tubular integrity analysis. N=3 isolations, n=10 cells,
*[**[***P<(.05/0.01/0.001 vs. Adscrambled shRNA, #/##/###P<0.05/0.01/0.001 vs. Ad

WT-JPH2, / |/ P<0.05/0.01/0.001 vs. AHTCC ( (L) shRNAVS3.

Disrupting the interaction between the Joining region in JPH2 and LTCC in
cardiomyocytes impairs ECcoupling and CICR

The effect of modulating the interaction between the Joining region in JPH2 and the
LTCC on cell physiology was explored by measuring cytosolf¢ €ansients in AFVMs
overexpressing red fluorescence protein (RFP; control},JRHA2 or mut®yJPH2. Given
t h aadrenergic stimulation facilitates intracellular’Caelease during EC couplifih0,

151], baseline Cdt r ansi ent s as wadrenergiaagustrisepgopeemb e s
(Iso 100nM) were measured (Figur®). Baseline C& transients were not different in any

of the three groups. Iso induced similar increases in cytosofict@asientamplitude in

RFP and WTJPH2 overexpressing myocytes. However,dgbnot significantly increase

the amplitude of the Gatransient in mit*IPH2 expressing AFVMs (Figu€C-D). Iso
accelerated the kinetics of €adransient decay in all groups (FiguteE-G). The time to

90% recovery in WIJPH2 overexpressed myocytes was longer after Iso (Fi§&E Iso
triggered prearrhythmic C&" waves in mut®XJPH2 AFVMs that were paced at 0.5Hz.
Spontaneous Carelease was observed between pacett €ansientsin mut’cXJPH2

AFVMs (Figure19H i indicated by arrows). To better understand the mechanism -of pro
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arrhythmic C&' transients in mfifYPH2 AFVMs, the spatial uniformity of SR €a
release was examined with confocal line scanning (Fig@he At baseline disordered

Ca* wave propagation (>210msec) was observed in"#iRH2 AFVMs. Spatial
uniformity was significantly delayed in nitflJPH2 AFVMs compared to RFP and WT
JPH2 myocytes. Iso decreased the percentage of unresponéivel€ase zones (likely
couplons) in all groups. With Iso present, the percentage of spatial synchrony of couplons
in muf®XJPH2 myocytes still occurred significantly later than in \AWAH2, or with a
relative delay compared to RFP myocytes (FigtiBd). These results indicate that
mut”®YJPH2 myocytes had fewer €@ouplons than other myocytes, which is likely linked

to the loss of Ttubules. Spontaneous €aelease after slow pacing (FigureK) and faster
pacing (Figure20) frequencies was observed in the presence of Iso. RFWariPH?2
overexpressed AFVMs exhibited synchronou$'@alease during 0.5Hz and 1Hz pacing.

A few isolated spontaneous €aelease events were shown after pacing, which are
typically attributed to pacing induced SR “Caverload. mut®XJPH2 overexpressed
myocytes exhibited significant asynchronous®Ceelease during pacing protocols. A
distinct pattern of spontaneous®Ceelease was observed during the pacing phase in these
cells. In these myocytes local €aelease was observed at the edges of tHewelthere

was failure to propagate either inward or along the myocyte (FifKe indicated via
black arrows). 3D plotting of the line scan images clearly showed that these spontaneous
C&* release events arose from the edges of th5@H2 expresag cell (Figurel9L i
indicated via black arrows). Following the pacing phase, "filPH2 myocytes
demonstrated multiple Espontaneous releases, randont*@aggered events (Figure
19K i black arrows) and CAalternans (Figur&9K i grey arrows)Usingthe 3D plotting,

we determined that spontaneougQaleases and Eaalternans had uniform distribution
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across the cells, albeit with distinct intensities (Figl®e 1 red arrows vs. grey arrows,
respectively). Mo di f i e -@drelei€ signdling mre tomman a n d

phenomena in diseased cardiomyocyies] .
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