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Abstract

Rationale: Ca2* induced Ca2* release (CICR) in normal hearts requires close approximation of
L-type calcium channels (LTCCs) within the transverse tubules (T-tubules), and Ryanodine
receptors (RyR) within the junctional sarcoplasmic reticulum (jSR). CICR is disrupted in cardiac
hypertrophy and heart failure, which is associated with loss of T-tubules and disruption of cardiac
dyads. In these conditions, LTCCs are redistributed from the T-tubules to disrupt CICR. The
molecular mechanism responsible for LTCCs recruitment to and from the T-tubules is not well
known. Junctophilin-2 (JPH2) enables close association between T-tubules and the jSR to ensure
efficient CICR. JPH2 has a so-called Joining region that is located near domains that interact with
T-tubular plasma membrane, where LTCCs are housed. The idea that this Joining region directly
interacts with LTCCs and contributes to LTCC recruitment to T-tubules is unknown.
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Objective: To determine if the Joining region in JPH2 recruits LTCCs to T-tubules through direct
molecular interaction in cardiomyocytes to enable efficient CICR.

Methods and Results: Modified abundance of JPH2 and redistribution of LTCC were studied
in left ventricular hypertrophy /n vivoand in cultured adult Feline and rat ventricular myocytes.
Protein-protein interaction studies showed that the Joining region in JPH2 interacts with LTCC-
a1C subunit and causes LTCCs distribution to the dyads, where they colocalize with RyRs. A
JPH2 with induced mutations in the Joining region (mutPG1JPH2) caused T-tubule remodeling and
dyad loss, showing that an interaction between LTCC and JPH2 is crucial for T-tubule
stabilization. mutP®1JPH2 caused asynchronous Ca2*-release with impaired excitation-contraction
(EC) coupling after B-adrenergic stimulation. The disturbed Ca2* regulation in mut?G1JPH2
overexpressing myocytes caused Calcium/calmodulin-dependent kinase-11 activation and altered
myocyte bioenergetics.

Conclusions: The interaction between LTCC and the Joining region in JPH2 facilitates dyad
assembly and maintains normal CIRC in cardiomyocytes.
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INTRODUCTION

Cardiovascular diseases can induce abnormalities in cardiac excitation-contraction (EC)
coupling that include remodeling of the transverse tubule (T-tubule) system. These changes
contribute to the altered contractile phenotype in heart failure (HF)1-5. T-tubules in
ventricular cardiomyocyte form continuous plasma membrane (PM) invaginations from cell
surface to the interior of the cells, coming into close proximity to the junctional
sarcoplasmic reticulum (jSR), where contractile [Ca?*] is stored. This allows membrane
excitation to be transmitted rapidly to the core of the myocyte, to induce a coordinated
contraction. The architecture of T-tubules is composed of transverse and longitudinal
elements, with variable lumen diameters and subdomains, which altogether form a dynamic
system that can adjust to pathological stress? 6 7. Previous studies in humans and animal
models have shown that hypertrophic and/or failing ventricular cardiomyocytes are
associated with T-tubule remodeling, inhibition of de novo formation and a looser T-tubular
network structure® 8-11,

L-Type Ca?* channels (LTCCs) in T-tubules come into a close proximity with Ryanodine
receptors (RyR) in the membrane of the jSR, at dyads, where they synchronize Ca2* release.
The maintenance of the dyad structure is regulated by multiple scaffolding proteins!?,
among which Junctophilin-2 (JPH2) is central’2-14. JPH2 is the cardiac isoform of the
Junctophilins family that stabilizes the cardiac dyads by maintaining a precise space of 12—
15nm between T-tubule and jSR membranes!®. A transmembrane (TM) domain on the C
terminus is responsible for anchoring JPH2 into the jSR membranel? 13, The critical
distance between T-tubule and jSR membranes is determined by the JPH2 a.-helical domain.
Attachment of JPH2 to the T-tubule surface membrane is mediated by multiple membrane
occupation and recognition nexus (MORN) motifs on the N-terminus. These MORN motifs
are interrupted by a Joining region, which has unknown function13,

Knock out of cardiac JPH2 results in embryonic lethality, disorganized T-tubules and
abnormal Ca?* handling. JPH2 knock-down results in reduced Ca?* transients, increased
Ca?* sparks and cellular hypertrophy, rapidly leading to HF16-19, Cardiac specific JPH2
overexpression mice had increased dyad frequency and attenuated progression from
hypertrophy to HF20. Recent studies suggest that downregulation of JPH2 protein expression
and mutations in JPH2 induce dilated and hypertrophic cardiomyopathies with arrhythmias
in both humans?8: 21. 22 and murine models?®: 23, Collectively these data suggest that JPH2 is
crucial for T-tubular organization and synchronous Ca2* release during EC coupling. Proper
geometric dyad assembly enables close spatial proximity of LTCCs in the T-tubule to the
juxtaposed RyRs in the jSR (~1:10 ratio)?4, which is essential for efficient EC

coupling?® 26, Defective EC coupling has been found in hypertrophy and HF?7, leading to a
reduction in Ca?* transient amplitude, decreased SR Ca?* content, asynchronous SR Ca%*
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release, upregulation in Calcium/calmodulin-dependent kinase 11 (CaMKII) activity and
mitochondrial bioenergetic decline 9 15 27-31,

The idea that disorganization of LTCCs within EC coupling domains contributes to
abnormal EC coupling in disease has not been well studied. Previous studies largely
examined LTCC density and showed either no substantial changes in the magnitude of the
LTCC current (Ica ) in HF32 33, or small decreases in LTCC density with preserved basal
lca,L With increased adrenergic regulation? 34, Our hypothesis is that T-tubular remodeling
causes disruption of LTCC targeting to dyads to disrupt EC coupling. The short life span of
functional LTCC3: 36 requires a well-regulated dynamic process of LTCC synthesis,
trafficking, recycling and degradation in cardiomyocytes. Moreover, the necessity to
preserve a functional pool of LTCCs in the dyads, at any given time, suggests that
intracellular LTCC reservoirs can be mobilized in and out of distinct PM subdomains? in the
cardiomyocyte. Some recent studies suggest that HF leads to a redistribution of LTCC away
from the T-tubules®”- 38, decreased LTCC density in the T-tubules and increased I, | density
at the cell surface3®. The mechanisms by which the LTCC is targeted to the T-tubules is not
fully understood but could involve LTCC B2a subunit*0 and scaffolding protein BIN14% in
the LTCC a 1C trafficking. Recently, protein-protein interaction between LTCCs and
junctophilins was identified in the triads of skeletal muscle. This interaction facilitated
LTCC recruitment to the junctional membrane to ensure efficient skeletal muscle
contraction#?: 43, Similar LTCC-JPH2 interaction supported by caveolin-3 was recently
reported in isolated cardiomyocytes*4. The goal of the present study was to test the
hypothesis that under physiological conditions, the Joining region in JPH2 holds LTCCs to
dyads within T-tubules, and during hypertrophic remodeling, this interaction promotes
LTCC displacement and redistribution away from T-tubules as JPH2 moves to other
membrane locations. The current experiments show that JPH2 expression and T-tubule
density and organization are reduced in a well-established Feline model of left ventricular
hypertrophy (LVH) with EC coupling abnormalities34 45 46_\\e also used primary cultures
of isolated adult feline ventricular myocytes (AFVMs) to explore the role of JPH2 in the
time dependent loss of T-tubules in this preparation. Many studies have found that /n vitro
cultured adult cardiomyocytes undergo T-tubule remodeling that is reminiscent of de-
differentiationt’-53,

To test our hypotheses, cultured AFVMs were infected with adenoviral (Ad) vectors
carrying wild type (WT) JPH2 or JPH2 with a seven-point mutation in the JPH2 Joining
region (mutPCLIPH2). WT JPH2 expression rescued T-tubule remodeling in cultured AFVM
while mutPGLIPH2 promoted loss of T-tubules and localized JPH2 to the PM surface. These
data suggest that the Joining region in JPH2 physically interacts with LTCC and enables
LTCC specific recruitment to dyads to promote normal Ca2* induced Ca2* release (CICR).
Also, these data indicate that disruption of EC coupling in disease involves the movement of
JPH2 and the associated LTCCs from dyads to PM surface locations.
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The data, methods used in the analysis (eg, program code or scripts for statistical packages),
and materials used to conduct the research will be made available to any researcher for
purposes of reproducing the results.

See the extended Materials and Methods section in the Online Data Supplement.

In brief, WT-JPH2 and mutPG1JPH2 adenoviral constructs were generated. Immunostaining,
subcellular fractionation and PM sucrose density gradients were performed on cardiac tissue
samples of LVH feline model. Adult rat and feline myocytes (ARVMs and AFVMS,
respectively) were isolated. JPH2 immunostaining, Di-8-ANEPPS staining for T-tubules,
PM sucrose density gradients and transmission electron microscopy were performed in
ARVMs and/or AFVMs subjected to adenoviral-mediated expression of WT-JPH2 or
mutPGLJPH2. Immunoprecipitation and proximity ligation assay were used to study protein-
protein interaction between LTCC and JPH2. Cytosolic Ca2* transients, confocal line
scanning and caffeine-induced SR Ca2* release were performed on paced myocytes loaded
with Fluo-4AM. LTCC mediated Ca%* currents were measured in AFVMs and ARVMs
overexpressing WT-JPH2 or mut”C1JPH2 using standard patch clamping and Super
resolution scanning patch clamp. Western blot analysis was used to evaluate expression
levels of Ca2* handling proteins in myocytes. Oxygen consumption assays were used to
measure bioenergetics in AFVMs overexpressing WT-JPH2 or mutPC1JPH2. All Animal
procedures were approved by the Temple University Institutional Animal Care and Use
Committee, and in accordance with the United Kingdom Home Office Animals (Scientific
Procedures) Act 1986 Amendment Regulations 2012, incorporating the EU Directive
2010/63/EU. Investigators were blinded as to the type of animal being studied, in all aspects
of this study.

es JPH2 expression on the plasma membrane and JPH2 and LTCC are

redistributed across the sarcolemma.

Slow progressive pressure overload, via aortic constriction in Feline hearts, led to left
ventricular (LV) hypertrophy with preserved fractional shortening (Figure LA-D and Online
Figure IA-B). Because compensated hypertrophy precedes development of HF, and since an
impairment of T-tubule integrity (a function of regularity and density) begins before overt
LV systolic dysfunctionl, we examined the effects of /n vivo pressure overload induced
cardiac hypertrophy on JPH2 protein expression and localization. The total protein
abundance of JPH2 and LTCC were unchanged in hypertrophic and sham hearts (Figure 1E-
G). Next, the LV cardiac tissue was separated into subcellular fractions (Online Figure ID) to
examine the JPH2 and LTCC expression in the membrane fraction, as an indication for the
T-tubular component. LVH induced significant reduction of JPH2 protein abundance only in
the PM fractions (Figure 1E, H-I) and ~2-fold decrease in the ratio of JPH2 to LTCC pore-
forming subunit a1C (Figure 1L). These changes were consistent with the molecular
rearrangement of JPH2 across the PM, along with the remodeling of dyads and T-tubules
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(Figure 1M and Online Figure IE). Sham hearts displayed organized JPH2 staining patterns
colocalized with LTCC, while LVH hearts showed a disorganized JPH2 staining (Figure
1M.1 vs. 1M.2 —indicated by arrows). In addition, JPH2 staining in LVH hearts revealed
protein organization implying aggregate patterns (Figure 1M.2 and Online Figure IE, H-J).
The distribution of JPH2 and LTCC in myocardial membrane domains was also examined
by isopycnic ultracentrifugation. JPH2 was detected within PM fractions F6-F7 in sham
hearts. In LVH, a broader redistribution of JPH2 was detected within PM fractions F6-F9,
indicating a shift of the membrane domains where JPH2 resides (Figure 1N). Similarly, L\VH

was associated with redistribution of LTCC a1C subunit and LTCC p2a subunit across

membrane microdomains (Figure 1N).

Isolated adult cardiomyocytes in culture undergo T-tubule remodeling and JPH2
downregulation.

T-tubule and JPH2 remodeling were also studied in cultured AFVMs. AFVMs resemble
human cardiomyocyte electrophysiological and Ca2* handling properties®: 54 55 and they
can be maintained for long periods of time in culture®%: 56. Concurrently, after a few days in
culture, AFVMs displayed myofibrillar disorganization with increased contractile duration
and prolongation of action potential®0. These phenotypic shifts in myocyte structure and
function are similar to those seen /n vivo LVH and HF humans and animal models

46,49, 50,57 T_tubular remodeling was studied in AFVMs by staining T-tubules with a
voltage sensitive dye. After 4 days in primary culture AFVMs (D4C) showed reduced T-
tubular density compared to freshly isolated AFVMs (DO0) (Figure 2A.1-2, 2B and 2C — DO
vs. D4C). Although, total JPH2 protein expression was unchanged in D4C cardiomyocytes
compared to DO cardiomyocytes (Figure 2J), immunofluorescence staining of JPH2 and Z-
stack confocal scanning (Online Figure I11.A) detected decreases in JPH2 density and
integrity in DAC AFVMs (Figure 2D.1-2 and Figures 2E-F — DO vs. D4C). The overall
organization of JPH2 was changed but not its total abundance. D4C AFVMs showed
redistribution of JPH2, LTCC a.1C and p2a subunits within PM domains (Figure 3G and
Online Figure V). Decreases in myofilament organization (Online Figure 111B.1 and 111B.2),
disruption of Z-lines ultrastructure and reduced numbers of dyads (Figure 2L.1-2) were also
observed in cultured AFVMs.

Mutating the Joining region in JPH2 exacerbates T-tubules remodeling and reduces dyad

frequency.

We generated a mutant form of JPH2 with random seven-point mutations in the Joining
region of human JPH2 isoform (with the consideration that human JPH2 shares 89% protein
identity with Felis catus JPH2) and inserted it into an Adenoviral (Ad) vector. The mutant
JPH2 reagent (Ad-mutPC1IPH2) was tagged with the HA peptide on the JPH2 N-terminus to
determine transduction efficiency in AFVMs (85% at Day 4). Ad-WT (human) JPH2 with a
HA tag was also studied (Figure 2G-H). We modeled the putative protein secondary and
tertiary structures®® 59 of HA-WT-JPH2 and HA-mut"G1JPH2 to explore the steric structure
of JPH2. Overall, WT-JPH2 3D model (P-value 1.37x10795) showed a similar structure to
the 3D model of mut?G1JPH2 (P-value 2.29x1079%) (Figure 21). Mapping of the secondary
protein structure detected that mutation E209A mildly increased the probability of a-helix
structure (55.7% in WT-JPH2 vs. 64.5% in mutPGLJPH2), while the rest of the mutations did
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not introduce any critical alterations (Online Figure I1). The modeling studies suggests that
the seven-point mutations in mutPGLJPH2 caused tertiary conformational changes in the
Joining region without affecting MORN motifs, a-helical domain, divergent and TM
domains (Online Table I).

JPH2 and HA protein expression were measured in AFVMs 4 days after transduction with
Ad-WT-JPH2 and Ad-mut”G1JPH2 (Figure 2J). Overexpression of WT-JPH2 in AFVMs
prevented/reversed the T-tubules remodeling in D4C cultured AFVMs (Figure 2A.3). The
density of T-tubular elements was increased along with increased T-tubular integrity (Figures
2B-2C). Very few T-tubules were detected in AFVMs transduced with mutPGLIPH2 (Figure
2A.4). The density of T-tubular elements and T-tubule integrity were significantly lower in
mutPC1JPH2 than in D4C and WT-JPH2 overexpressing cardiomyocytes (Figure 2B and
2C). JPH2 and HA staining revealed that overexpression of WT-JPH2 restored JPH2 density
compared to D4C AFVMs and increased JPH2 integrity (Figures 2D.3, 2E-F and 2K)
without fully reversing the remodeling. Overexpression of mut”G1JPH2, however, induced
JPH2 localization to PM surface (Figure 2K), leaving the mid-section of the cardiomyocyte
largely devoid of JPH2 (Figure 2D.4-D.5), as shown across Z-stack confocal scanning
(Online Figure I11.A). As a result, JPH2 density and integrity (Figure 2E-2F) in mid-section
of mutP61JPH2 cardiomyocytes were significantly reduced compared to DO and WT-JPH2
overexpressing cardiomyocytes. Importantly, T-tubular pattern and morphology differ
between species. Small animal (rodents) exhibit denser, deeper and narrower T-tubular
network than large mammals in association with the difference in their heart rates? 7. We
tested the effects of Ad-WT-JPH2 and Ad-mutPGLJPH2 on isolated adult rat ventricular
myocytes (ARVMs), which showed similar effects on T-tubule and JPH2 expression patterns
that were observed in AFVMs (Online Figure 1V).

We also studied the effect of WT-JPH2 and mutPC1JPH2 overexpression on cardiomyocyte
structure, dyad frequency and dyad morphology using Transmission electron microscopy
(Figure 2L, Online Figure VI). Myofilament disorganization is apparent in DAC
cardiomyocytes compared to freshly isolated cardiomyocytes in DO. Myofilament
disorganization was maintained/restored by overexpression of WT-JPH2. However,
overexpression of mutP®1JPH2 induced morphological abnormalities that further deranged
myofilament disarray (Online Figure I11B). WT-JPH2 overexpression in AFVMs increased
the length of the dyads, which was measured as the length between T-tubule/jSR contacts
(Online Figure VI). mutPG1JPH2 overexpression in AFVMs reduced the dyad frequency in
comparison to dyad frequency detected in WT-JPH2 overexpressing cells (Figure 2L.4 and
2M). Despite changes in dyad frequency, the dyad length remained unaffected (Online
Figure VI).

The Joining region in JPH2 interacts with the LTCC a1C subunit and induces localization
of LTCC to dyad microdomains where it colocalizes with RyR.

Our hypothesis is that the Joining region in JPH2 is a site of molecular interaction between
JPH2 and LTCC in the dyad. To explore this further, we purified PMs from AFVMs that
were transduced with Ad-WT-JPH2 or with Ad-mutPCLIPH2. The HA peptide tag was used
in co-immunoprecipitation (Co-1P) studies. These Co-IP studies (Figure 3A) show that the
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LTCC a1C subunit, but not the f2a subunit, is complexed with JPH2 in the cardiomyocyte
PM. Quantification of Co-IP experiments showed similar pull-down of HA and Co-IP of
JPH2 (Figures 3B-3C) between WT-JPH2 and mutPGLJPH2 overexpressing myocytes.
However, mutating the Joining region in JPH2 weakened the interactions between the LTCC
a1C pore-forming subunit and JPH2 (Figure 3D). This was further substantiated using a
highly specific and sensitive approach of proximity ligation (PLA) assay in single cells.
Overexpression of mutPGLJPH2 in ARVMs strongly reduced the association between JPH2
and LTCC a1C, in comparison to cardiomyocytes overexpressing WT-JPH2 (Figures 3E and
3F). To determine if the protein-protein interaction between JPH2 and LTCC a 1C
determines LTCC recruitment to specific membrane domains, we fractionated PM
preparations from WT-JPH and mutPCLIPH2 overexpressed AFVMs (Figure 3G). WT-JPH2
overexpression in cultured cardiomyocytes largely restored JPH2 and LTCC a1C
distribution back to the fractions (F6-F7) of the PM where they reside in freshly isolated
myocytes. However, mutPG1JPH2 overexpression caused redistribution of JPH2 across the
membrane and promoted a profound displacement of LTCC a 1C from its typical fractions
F6-F7 to fractions F6-F11.

Co-localization of LTCC with RyR is crucial for CICR and EC coupling. We further
examined the relationship between LTCC-JPH2-RyR dyadic complexes in our AFVMs
infected with WT or mutated JPH2. We immunolabeled LTCC, JPH2 and RyR and
performed co-localization profiling using a distance-based approaches (see online methods).
Freshly isolated AFVMs (D0) showed clear co-localization patterns of immunostained
LTCC-JPH2-RyR (Online Figure VIIA.1) and LTCC-RyR (Figure 3H.1) dyadic complexes.
These patterns were decreased in D4C AFVMs (Online Figure VIIA.2 and Figure 3H.2). In
cardiomyocytes expressing WT-JPH2 co-localization of LTCC-JPH2-RyR and LTCC-RyR
was preserved (Online Figure VIIA.3 and Figure 3H.3), even though, these cardiomyocytes
still exhibited some structural remodeling (in comparison to DO cardiomyocytes). In
mutPCLIPH2 overexpressing cardiomyocytes, immunostaining showed JPH2 localization to
the surface sarcolemma with robustly reduced co-localization patterns of LTCC-JPH2-RyR
(Online Figure VIIA.4) and LTCC-RyR complexes (Figure 3H.4). Quantitative analysis of
LTCC-RyR co-localization (Figure 31 and Online Figure VIIF) and LTCC-JPH2 co-
localization (Online Figures VIIB and VIIE) verified our qualitative findings. To determine
if WT or mutated JPH2 constructs had any effect on LTCC expression, we measured LTCC
density and integrity in the same set of images (Online Figure VIIC and VIID). We found
that in all cultured AFVMs (baseline and transduced cells), LTCC integrity was reduced in
comparison to DO AFVMs. The density of LTCC was reduced in mutPG1JPH2 transduced
cells in comparison to DO cells but not relatively to WT-JPH2 transduced cells. These
changes are attributed to the cell remodeling in culture rather than to the mutated Joining
region in JPH2. LTCC immunostaining controls are shown in Online Figure VIIG.

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
crucial for the stabilization of T-tubules. LTCC (a1C) abundance in AFVMs was reduced by
transducing cells with Ad-LTCC (a.1C)-shRNA-V3 (Online Figure VI1II). Staining of LTCC
a1C supported reductions in the protein levels (Figure 4A — upper panel). Knocking down
LTCC a1C did not result in further downregulation of JPH2 and T-tubule density and/or
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integrity in culture, as shown in Ad-scramble shRNA control cells (Figure 4A — middle and
lower panel, Figure 4B-E). Overexpression of both Ad-LTCC (a1C)-shRNA-V3 and Ad-
WT-JPH2, induced increases in JPH2 levels with localization to the PM surface (Figure 4A
— middle panel). JPH2 density and integrity were indeed restored in these cells (Figure 4B-
C). However, the T-tubular network was not reestablished, as T-tubule density remained
decreased (Figure 4D-E). Thus, it is likely that overexpression of JPH2 alone, without
establishing LTCC-JPH2 interaction, is not sufficient to restore and stabilize T-tubules.

Disrupting the interaction between the Joining region in JPH2 and LTCC in
cardiomyocytes impairs EC coupling and CICR.

The effect of modulating the interaction between the Joining region in JPH2 and the LTCC
on cell physiology was explored by measuring cytosolic Ca?* transients in AFVMs
overexpressing either red fluorescence protein (RFP; control), WT-JPH2 or mutPGLJPH2.
Given that B-adrenergic stimulation modulates intracellular Ca2* release during EC
coupling®®: 61, responses to the B-adrenergic agonist Isoproterenol (Iso 100nM) were also
measured (Figure 5). Baseline Ca2* transients were not different in any of the three groups.
Iso induced similar increases in cytosolic Ca2* transient amplitude in RFP and WT-JPH2
overexpressing myocytes. However, Iso did not significantly increase the amplitude of the
Ca?* transient in mutPLJPH2 expressing AFVMs (Figure 5C-D), which was similarly
observed also in LVH isolated myocytes (Online Figure 1C). Iso accelerated the kinetics of
Ca?* transient decay in all groups (Figure 5E-G). The time to 90% recovery in WT-JPH2
overexpressed myocytes was longer after Iso (Figure 5G). Iso triggered pro-arrhythmic Ca2*
waves in mut’®1JPH2 AFVMs. Spontaneous Ca2* release was observed between paced
Ca?* transients in the mut"C1IPH2 AFVMs (Figure 5H — indicated by arrows). This
observation was similar to Ca2* transients detected in isolated L\VH cardiomyocytes (Online
Figure IC). To better understand the mechanism of pro-arrhythmic Ca2* transients in
mutPCLIPH2 AFVMs, the spatial uniformity of SR Ca2* release was examined with
confocal line scanning (Figure 51). At baseline, disordered Ca%* wave propagation
(>210msec) was observed in mutP¢1JPH2 AFVMs. Spatial uniformity was significantly
delayed in mutPG1JPH2 AFVMs compared to RFP and WT-JPH2 myocytes. Iso decreased
the percentage of unresponsive Ca2* release zones (likely couplons) in all groups. With Iso
present, the spatial synchrony of couplons in mutPG1JPH2 myocytes still occurred
significantly later than in WT-JPH2, or with a relative delay compared to RFP myocytes
(Figure 5J). These results suggest that mutPG1JPH2 myocytes had fewer couplons than other
myocytes, which is likely linked to the loss of T-tubules as well as to unresponsive couplons.
Spontaneous Ca2* release after slow pacing (Figure 5K) and faster pacing (Online Figure
IXA) frequencies was observed in the presence of Iso mut?®1JPH2 infected myocytes. RFP
and WT-JPH2 infected AFVMs exhibited synchronous Ca2* release during 0.5Hz and 1Hz
pacing. Spontaneous Ca?* release events are typically attributed to pacing induced SR Ca?*
overload. mutPG1JPH2 expressing myocytes exhibited significant asynchronous Ca2* release
during pacing protocols. A distinct pattern of spontaneous Ca2* release was observed during
the pacing in these cells. In these myocytes local, submembrane Ca?* release was observed
at the edges of the cell and there was failure to propagate the Ca2* wave either inward or
along the myocyte (Figure 5K — indicated via black arrows). 3D plotting of the line scan
images clearly showed that these spontaneous Ca2* release events arose from the edges of

Circ Res. Author manuscript; available in PMC 2022 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gross et al.

Page 10

the mutPGLIPH2 expressing cell (Figure 5L — indicated via black arrows). Following the
pacing phase, mut”"G1JPH2 myocytes demonstrated multiple Ca*spontaneous releases,
random Ca2* triggered events (Figure 5K — black arrows) and Ca?* alternans (Figure 5K —
grey arrows). Using 3D plotting, we determined that spontaneous Ca2* releases and Ca?*
alternans had uniform distribution across the cells, albeit with distinct intensities (Figure 5L
— red arrows vs. grey arrows, respectively). These results suggest that SR Ca%* uptake and
release were altered in mutP¢1JPH2 myocytes. We found that Ca2* alternans were abolished
in the presence of CaMKI! inhibitor — KN93 in mut?©1JPH2 overexpressing myocytes
(Online Figure 1XB).

To determine if mutating the Joining region in JPH2 affected LTCC activity after Iso
stimulation, we measured Ic, | in single isolated AFVM overexpressing RFP, WT-JPH2 or
mutPC1JPH2. Basal peak Ica,L density (Figure 6A) was not significantly different in any of
the three groups. All groups also had substantial increase in Ic, | after Iso (Figure 6A-B).
There was a significant rightward shift in the voltage dependence of I, activation in the
basal state of mut”"C1JPH2 myocytes compared to RFP and WT-JPH2 myocytes (Figure 6C).
Iso induced the voltage dependence of I, | activation to shift towards negative potentials in
RFP and mutPGLJPH2 myocytes without strongly affecting WT-JPH2 myocytes (Online
Figure XA-C). A left shift in the voltage dependence of I, activation is typically observed
with PKA-mediated phosphorylation of the LTCC complex with activation of B-adrenergic
signaling34 69, However, WT-JPH2 and mutPC1JPH2 overexpressed myocytes still showed a
shift of ~10mV towards more positive potentials relative to RFP control myocytes under Iso
stimulation (Figure 6D), indicating aberrant regulation of LTCCs in these myocytes.

Super-resolution patch-clamp®2 was then used to determine LTCC function in specific PM
microdomains in ARVMs overexpressed with Ad-WT-JPH2 or Ad- mutPGLJPH2 (Figure
6E—G). Freshly isolated ARVMs exhibited a higher number of functional LTCCs per pm? in
the T-tubules regions versus membrane surface (crest) (T-tubules>crest) (Figure 6F). This
ratio was reversed after 4 days in primary culture in control cells (T-tubules<crest).
Overexpression of WT-JPH2 in ARVM increased the density of functional LTCCs and
restored the ratio of T-tubules>crest. Functional LTCCs were not detected in T-tubules of
mutPGLIPH2 overexpressing ARVMs. These results indicate that functional LTCCs were
localized in the crest of mutPGLIPH2 cells (Figure 6F). The LTCC open probability was also
measured in the presence of LTCC agonist BayK8644 to ensure the maximal open
probability of LTCCs (Figure 6G). The open probability of LTCCs was similar in all groups
under these conditions, including LTCCs in the crest of mut’©1JPH2 overexpressed cells.

To measure SR Ca?* content, AFVVMs were paced to a steady state and SR Ca2* release was
induced by a rapid application of caffeine. Similar amplitudes of caffeine-induced SR Ca2*
release was seen in the RFP, WT-JPH2 and mut”G1JPH2 overexpressing AFVMs. Perfusing
myocytes with 1so induced increase in SR Ca2* release in RFP control and WT-JPH2
myocytes. However, an increase in the caffeine-induced SR Ca2* release was not seen in
mutPG1IPH2 myocytes after Iso application, consistent with the lack of effects of Iso on the
peak Ca?* transient in these cells (Figure 6H-1). The CaZ* clearance after caffeine-induced
SR Ca?* release was not different between the different groups (Figure 6J).
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The effect of mutPG1IPH2 overexpression on EC coupling proteins and Ca2* handling
proteins in cardiomyocytes.

JPH2 is an essential structural regulator of the dyadic cleft. Mutations in the Joining region
of JPH2 resulted in changes in the dyad density and alterations of CaZ* regulation in
AFVMs. Overexpression of mutPC1JPH2 in cardiomyocytes did not induce changes in the
abundance levels of the EC coupling proteins residing in the cardiac dyads (Figure 7A-I and
Online Figure XIA-E). No significant differences in the expression levels of total RyR,
LTCC (a1C), sarcoplasmic reticulum calcium ATPase 2a (SERCAZ2a), Sodium-Calcium
exchanger (NCX) or phospholamban (PLB) were observed. BIN1, which has been
previously shown to localize to T-tubules and regulate LTCC trafficking to the T-

tubules?!: 83, also did not differ in WT-JPH2 or mut"C1JPH2 overexpressed AFVMs in
comparison to DO and D4C AFVMs. However, Calcium/calmodulin-dependent kinase 11
(CaMKII) activation in mutPC1JPH2 myocytes was likely altered through
autophosphorylation at Thr287 site54 (Figure 7E). mutPG1JPH2 myocytes exhibited
increased RyR S2814 and PLB T17 phosphorylation (Figure 7C and 7H), which are known
CaMKII phosphorylation sites®®: 66, Phosphorylation sites of RyR S2808 and PLB S16 that
are PKA mediated remained unaffected in mutPG1JPH2 overexpressing myocytes (Figure 7B
and 7G). These results suggest that mutPSLJPH2 disrupts myocyte Ca?* regulation leading
to activation of CaMKII (at Thr287) and subsequent phosphorylation of critical SR Ca%*
handling proteins.

Cardiomyocyte overexpression of WT and mutPG1l JPH2 alter mitochondrial
morphogenesis and bioenergetics.

Primary culture of AFVMS and mutations of the Joining region of JPH2 lead to disruption
of Ca2* homeostasis that could affect the energetic balance of the cell. We observed
modified mitochondrial ultrastructure in myocytes overexpressing WT-JPH2 and
mut"G1JPH2. Using transmission electron microscopy, healthy DO myocytes were visualized
with cylindrical shaped mitochondria and rounded edges (and few round-shape
mitochondria) that were highly organized in longitudinal rows (Figure 7J and Figure 2L.1).
Remodeling of cardiomyocytes in cell culture resulted in a significant reduction of
mitochondria number, accompanied by enhanced shape variability (Figure 7K, 7N and
Figure 2L.2). Overall, the average mitochondrial surface area was increased in D4C
myocytes (Figure 70). This increase also occurred in WT-JPH2 overexpressing myocytes,
with a reduction in mitochondrial circularity (Figure 7L, Figure 2L.3 and Figure 7P).
mutPGLIPH2 overexpressing myocytes exhibited a significant reduction in mitochondrial
number (Figure 7N) compared to all other conditions. In addition, the mitochondria in these
cells appeared more tubular with an increase in aspect ratio and 2-fold larger than
mitochondria in D4C or WT-JPH2 myocytes (Figures 7M, 70, 7Q and Figure 2L.4). In
freshly isolated myocytes, the mitochondrial distribution is mostly spacious with occasional
events of physical contacts between two adjacent mitochondria, termed as “kissing”
junctions®”: 68 which were also present in D4C and mutPGLJPH2 myocytes. However, WT-
JPH2 myocytes demonstrated significantly increased frequency of “kissing” junctions
(Online Table Il and Figure 7J-M indicated in yellow arrows), suggesting coordinated
communication through structural associations. Other conserved structures known as
mitochondrial nanotunnels®®: 9 were detected in electron microscopy images. Nanotunnels
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were positively identified if they clearly contained the outer and inner mitochondrial
membranes along with a continuation of mitochondrial matrix and cristae. We quantified the
frequency of short distance nanotunnels (<1pm) and long distance nanotunnels (=1um)
(Figure 7K and Figure 7J, respectively — indicated between red arrows), and found that
nanotunnels are relatively rare in DO myocytes (Online Table I1). D4C and WT-JPH2
myocytes showed a higher abundance of nanotunnel structures, with a mainly short length
nanotunnels being observed. Conversely, mutPG1JPH2 myocytes showed significantly
increased frequency in long distance nanotunnels and similar frequency in short distance
nanotunnels with respect to D4C and WT-JPH2 myocytes (Online Table Il and Figure 7M —
between red arrows). To address whether these morphological modifications are associated
with mitochondrial bioenergetics, we measured oxygen consumption rate (OCR) via a
Seahorse analyzer (Figure 7R). No differences were found in basal respiration, ATP linked
respiration and proton leak (Figure 7S, 7T and 7W, respectively). Notably, we found
elevated maximal respiration and increased spare capacity in WT-JPH2 overexpressed
myocytes (Figures 7U and 7V, respectively), suggesting that these myocytes could produce
more ATP than DO and D4C myocytes. mutP¢LJPH2 did not have this mitochondrial
capability to preserve bioenergetics achieved by WT JPH2 overexpression in myocytes.
Nonetheless, mut”"G1JPH2 myocytes could still sustain maximal respiration, and maintain
normal mitochondrial spare capacity similarly to freshly isolated myocytes or D4C
myocytes (Figure 7U-V).

DISCUSSION

JPH2 is a structural protein required for T-tubule maturation and cardiac dyad
stabilization1®. The LTCC has been shown to interact with JPH2 in skeletal muscle*2 43, The
present study explored the idea that LTCCs interact with the Joining region in JPH2 in
cardiomyocytes, and this interaction is crucial for the recruitment of LTCC to T-tubules,
assembly of cardiac dyads and maintenance of normal myocyte Ca?*.

Alteration of JPH2 abundance may promote LTCC membrane redistribution in LVH.

Studies in murine models and human hearts have linked reductions in JPH2 expression in
the heart to cardiac pathology and heart failurel8 70, The present experiments showed that a
large mammalian animal model with L\VH induced by pressure overload had a reduced
abundance of JPH2 in the cardiomyocyte PMs. Cardiac hypertrophy often precedes HF and
establishes the earliest molecular processes leading to disturbed cardiomyocyte structural
and functional remodeling® 70, Our current results show that these early pathological
changes /n vivo include redistribution of JPH2 across the cardiomyocyte PM with
modification of JPH2 localization and formation of aggregates. The nature of these
aggregates remains unclear, yet we speculate that they could be linked to either JPH2
degradation or JPH2 turnover as cells remodel in response to pressure overload. In parallel,
we also detected LTCC a1C and p2a redistribution across the PM as part of the cardiac
hypertrophic remodeling. Interestingly, LVH caused reduction in the JPH2: LTCC a1C
subunit expression ratio in the PM, suggesting that if JPH2 clusters with LTCC, the
incidence of such clustering is downregulated in cardiac hypertrophy.
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Our /n vitromodel utilized isolated AFVMs in primary culture, a model known to
demonstrate time dependent reductions in T-tubule (and other) structures. Advantages of
using a primary culture of AFVMs is the similarity in physiology of feline and human hearts
(longer duration action potentials, BMHC dependent, slow contractions) and the survival of
these myocytes in culture without Ca2*overload®: 51, Similarly to observations in intact
hypertrophic heart?, the T-tubular network was found to be downregulated and disorganized
in DAC compared to freshly isolated AFVMs. The mechanism responsible for T-tubule loss
in in vivo hypertrophy and failure and /n vitro cell culture models is not clear, and may or
may not be related. Given that we observed similar changes in JPH2 staining patterns in
LVH and in cultured AFVMs, we used this /n vitro system to study the role of JPH2 and its
Joining region in T-tubule remodeling. Our studies show T-tubule degradation in cultured
AFVMs was associated with LTCC mobilization from T-tubules to the crest area of surface
membranes. This idea was also supported by isopycnic ultracentrifugation studies that
showed LTCC redistribution across the PM in cultured myocytes. Collectively, our results
support a direct association between the Joining region of JPH2 and alc subunit of the
LTCC, which also suggests that altered expression of JPH2 could change the number and
distribution of LTCCs in cardiomyocytes.

The role of the Joining region in JPH2.

The Joining region of JPH2 is located between two MORN motifs that are closely associated
with the PM of T-tubules, making it a domain that could potentially interact with LTCC.
Previously it was described that JPH2 interacted with the C-terminus of LTCC in skeletal
muscle?3. In another study, a region encompassing 216-399 amino acids in JPH2 was
truncated, leading to disruption of JPH2-LTCC interaction in the triad*2. The Joining region
in JPH2 coincides to amino acids 143—-284. We made a mutPC1JPH2 in which the length of
JPH2 was preserved as were all its remaining domains. The mutated mutP¢1JPH2 involved
changes in several charged/polar amino acids that are presumably involved in protein-protein
interaction with LTCC. We generated these mutations as an investigative tool to explore the
structural importance of the Joining region in JPH2 and its functional role in EC coupling.
Mutations in the Joining region have been previously identified in human subjects!® and in
murine studies?2, highlighting the relevance of our study to pathological abnormalities such
as hypertrophic cardiomyopathy and arrhythmias that can lead to sudden death. Comparison
of secondary and tertiary structures of mut"®1JPH2 versus WT-JPH2 validated that any
structural changes introduced by the mutagenesis were explicitly taking place in the Joining
region. Adenoviral infection of AFVMs with WT-JPH2 and mut?©1JPH2 in cultured
myocytes resulted in distinct effects on JPH2 spatial localization, density and integrity
(Figure 2A-F, K). While overexpressing WT-JPH2 restored JPH2 abundance across the
cultured cardiomyocyte, overexpressing mutPGLJPH2 caused JPH2 to localize towards the
sarcolemma, away from the T-tubule membranes. These changes were associated with the
composition of T-tubule system, dyad frequency, and overall cardiomyocyte architecture.
Our qualitative and quantitative characterization of T-tubule structure showed that restoring
WT-JPH2 levels in cultured AFVMs restored T-tubules that were being degraded over time
in culture. However, overexpressing mutP¢LJPH2 exacerbated the remodeling of the gross T-
tubule network. Our results show that WT-JPH2 overexpression in AFVMs caused an
increase in dyad length in accordance with previously published work?0. Nevertheless, the
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frequency of dyads was profoundly reduced in mut”"C1JPH2 overexpressing myocytes
(Figure 2L and Online Figure V1), without altering the total expression levels of Ca2*
handling proteins (Online Figure XI and Figure 7A-1). mut"G1JPH2 construct contains
normal MORN motifs on the N-terminus that should enable regular interaction with T-
tubules. It also contains intact transmembrane domains on the C-terminus, which are
responsible for docking JPH2 to the jSR membrane. These domains are essentially
responsible for stabilizing the dyad by bringing closer the junctional complex between T-
tubules and jSR. We conclude that the mutation of the Joining region solely was sufficient to
cause the effects of cardiac dyads degradation and overall myofilament disorganization. Our
results suggest that an association between JPH2 and LTCCs, which is lost in mut?61JPH2,
is a major factor that determines JPH2-induced rescue of T-tubule structure in cultured
AFVMs. This discovery supports the idea that the JPH2 Joining region is necessary for
stabilization of T-tubules and assembly of cardiac dyads.

region in JPH2 interacts with LTCC.

We explored the hypothesis that LTCCs interact with the Joining region in JPH2. Co-IP and
PLA studies indicated that mutPG1JPH2 reduced the protein-protein interaction between
LTCC a1C and JPH2 by ~30-40% (Figure 3A-F). Overexpressing mutPG1JPH2 decreased
the co-localization between JPH2 and LTCC, and between LTCC and RyR that would
normally occur in the cardiac dyads. Given that dyads are more abundant in the T-tubules
versus the sarcolemma (75% vs. 25%, respectively)’® 72, our results strongly suggest that
mutPCLJPH2 reduced JPH2-LTCC interactions in the T-tubular dyads. PLA substantiated
that the remaining JPH2-LTCC interactions appeared at the periphery of the cardiomyocyte.
One possible explanation is that the Joining region in JPH2 recruits LTCC to the T-tubules,
but in the absence of T-tubules, JPH2 and LTCCs eventually translocate to the sarcolemma.
Sucrose density gradient separation of purified PM corroborated these data by showing that
mutPG1IPH2 overexpression in myocytes induced JPH2 and LTCC redistribution across the
PM (Figure 3G). mut’S1JPH2 overexpression induced ~40% reduction in JPH2-LTCC
interaction. This is likely to alter EC coupling since the LTCC is an “amplifying switch” that
initiates CICR. Previous studies showed that relocation of I, | away from the t-tubules
occurs in HF 39 and this is associated with altered Ca2* regulation. Induction of an immature
cardiac phenotype is commonly observed in pathological remodeling associated with HF.
This usually includes reactivation of fetal gene expression and lack of T-tubules3® 73, The
embryonic heart lacks T-tubules yet the heart manages to sustain contractionZ. mutPG1JPH2
appears to promote an immature cardiac phenotype similar to that seen in failing
cardiomyocytes. Previously, it was established that JPH2 has a central role in the formation
and stabilization of T-tubulel® 74. Our experiments showed that overexpression of WT JPH2
in AFVM in culture rescued the disruption of T-tubules while expression of mutPG1JPH2
exacerbates this disruption. We also showed that when LTCC abundance was reduced via
shRNA that silenced LTCC (a1C) expression, the ability of WT-JPH2 expression (Figure 4)
to rescue T-tubules disruption was lost. These studies strongly suggest that a direct
association between LTCC and the Joining region in JPH2 is necessary for LTCC
recruitment to the T-tubules and that this association is critical for T-tubule stabilization and
assembly of cardiac dyads.
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Interaction between The Joining region in JPH2 and LTCC is important for efficient EC

coupling.

Remodeling of T-tubules is a pivotal determinant of changes in Ca2* transient properties in
cardiomyocytes. Despite exhibiting structural abnormalities, mut"G1JPH2 overexpressing
myocytes had normal basal cytosolic Ca?* transients. However, these cells developed
abnormal pro-arrhythmic Ca2* waves after exposure to B-adrenergic stimulation (Figure 5).
This phenotype is similar to a clinical syndrome of catecholaminergic polymorphic
ventricular tachycardia (CPVT), where patients have a normal phenotype at rest but develop
arrhythmias in response to physical activity or emotional stress’®. Human studies have
identified two mutations in the JPH2 Joining region: E169K leading to atrial fibrillation??
and S165F leading to hypertrophic cardiomyopathy18. These reports and our data support
the idea that the Joining region — LTCC interaction is an important domain that when
disrupted leads to aberrant Ca2* regulation. The amplitude of average Ca2* transient in
mutPG1IPH2 myocytes had smaller responses to Iso (Figure 5C), similarly to LVH isolated
myocytes (Online Figure IC), indicating either a reduction of I, trigger, or an inability to
increase SR Ca2* load with Iso stimulation®. The “shoulder” in WT JPH2 Ca?* transient
could occur from a variety of myocyte changes but in our studies was associated with action
potential prolongation (Online Figure X D-G). Poorly organized dyads and loss of T-tubules
in mutPGLJPH2 myocytes, promote physical loss of Ca2* release units (couplons)?: 46. This
likely explains the reduced synchrony of Ca2* release from couplons at baseline and after
Iso stimulation in mutPG1JPH2 myocytes. Our data also illustrated that mut"G1JpH2
overexpressing myocytes demonstrated spontaneous Ca?* releases and alternans, which are
known precursors of lethal arrythmia’®. Based on our observations (Figure 5H, K-L), we
classified two types of alternans in mutPGLJPH2 myocytes after Iso exposure. The first was
delayed afterdepolarization-induced triggered activity (DAD), involving “leaky” RyR, which
usually becomes deleterious during catecholamine stimulation’’. DADs occurred in
mutPGLJPH2 myocytes as asynchronous Ca?* release appearing right after normal Ca2*
wave. The underlying mechanism likely involves spontaneous Ca2* release from an SR
overloaded with Ca2* as well as changes in RyR phosphorylation (pRyR 2814), likely due to
activation of CaMKII (Figure 7A, C and E). The second type of alternans was early
afterdepolarization (EAD), which is typically developed due to Ic, | during the late plateau
phase of action-potential”’. EADs induced Ca2* release at the edges of mut"C1JPH2 cell
without being able to propagate to the center of the cell. This commonly occurs in myocytes
lacking T-tubules. We conclude that lack of T-tubules in mut"G1JPH2 myocytes promotes
Ca?* alternans. The DADs and EAD seen in mut"®1JPH2 myocytes indicate disruption of
Ca?* homeostasis. We distinguished between the effect mutPC1JPH2 had during Iso
stimulation on I, trigger and SR Ca?* release. Clearly, Iso caused a significant increase in
Ica,L (Figure 6A-B), suggesting that dispositioning LTCC away from the T-tubules did not
alter their responsiveness to PKA-mediated phosphorylation. However, a positive shift in the
voltage dependence of Ic, | activation in mut"G1JPH2 myocytes was detected at baseline
and after Iso stimulation (Figure 6C-D), which may indicate abnormal voltage regulation in
LTCC. Using super-resolution patch-clamp, we found compelling evidence that LTCCs in
mut"G1IPH2 myocytes translocate from T-tubules to the crest, where they remain
functionality (Figure 6E-G). Changes in LTCC microdomain location were previously
observed in HF39 and in triggered ventricular arrythmia3’. We show that this relocation can
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be associated with disruption of LTCC-JPH2 interaction. Altogether, lack of T-tubules,
reduced numbers of dyads and relocation of LTCC to the crest in mutP¢1JPH2 myocytes
negatively regulate LTCC coupling to RyR, likely resulting in “orphaned” RyRs’8 and
reduced SR content (Figure 8). Indeed, SR Ca?* release in mut’1JPH2 myocytes was not
elevated in response to Iso (Figure 6H-1), indicating defective Ca?* regulation by the SR in
these cells.

JPH2 Joining region contributes to intracellular Ca2* stability and energy balance in
cardiomyocyte.

Cardiac dyads are compartmentalized Ca?* microsignaling domains where Ca?* influx
through LTCCs induce Ca?* release from the jSR. In addition to activation of the contractile
machinery, Ca?* also regulates many processes in the cardiomyocyte, including
bioenergetics and stress responses. Our data shows that mutPC1JPH2 overexpressing
AFVMs had irregular Ca%* regulation, affecting cellular Ca2*-dependent regulation through
activation of CaMKII — a major Ca2* dependent regulator of cardiac function (Figure 7A,
E). Overactivation of CaMKI|I has been linked to many cardiac pathologies including EADs
and DADs arrhythmias, cardiomyopathy and HF3%: 37. 79 We also found evidence for over
activation of CaMKII (T287) (Figure 7A, C), which is known to phosphorylate downstream
targets reportedly linked to “leaky” RyR and spontaneous SR Ca2* release 30: 80,
Spontaneous SR Ca2* releases were abolished in mut?®1JPH2 overexpressing myocytes
once these cells were treated with KN93 — a known CaMKI1 inhibitor (Online Figure IXB).
Collectively our results suggest that disruption of the JPH2/LTCC association by mutation of
the Joining region leads to disturbed Ca?* regulation.

Our study also identified a link between overexpression of WT-JPH2 and mut?61JPH2 in
AFVMs and cardiomyocyte bioenergetics. The link between mitochondrial function and
beat-to-beat cytosolic Ca2* is established by the mitochondrial capacity to buffer cytosolic
Ca?", to sense energetic cellular demand, and to activate Ca?* dependent mitochondrial
enzymes participating in oxidative phosphorylation and ATP synthesis?4 81, We observed a
high frequency of tight junctions between mitochondria in WT-JPH2 overexpressing
myocytes, followed by increased spare capacity and increased maximal respiration (Figures
7L, U, V). This communication between adjacent mitochondria has been previously
described to enable mitochondrial content exchange8”: 89. Assuming that cell remodeling in
culture is an energetically costly process, this type of mitochondrial communication may be
bioenergetically protective because mitochondria in WT-JPH2 myocytes /n vitro store
excessive energy on demand. Parallel /n7 vivo studies also showed that cardiac
overexpression of JPH2 provided protective effects after pressure overload2?, although the
mitochondrial function in these hearts was not explored. In mutP¢1JPH2 overexpressing
AFVMs, we found a different form of mitochondrial communication network — through
long-distance nanotunnels. Similarly, it was found that RyR2A4860G*/~ cardiomyocytes
had increased incidence of long-distance nanotunnels, and surprisingly, the
intermitochondrial matrix exchange rate via these nanotunnels was much slower®8. It is
considered that such mitochondrial communicating structures are ‘reaching out for help’6°.
Indeed, we observed an exclusive stressful cellular environment in mutPG1JPH2 myocytes
linked to the imbalance of CaZ*, myofilament disorganization and loss of T-tubules. A
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possible explanation is that mitochondria sense these abnormal cellular conditions, probably
via changes in Ca%*, and form contacts with distant mitochondria to maintain ATP
production. This could also explain the increase in mitochondria size and shape change
(Figure 70-Q). Therefore, we postulate that the basal respiration, ATP-linked respiration,
maximal respiration and spare capacity are preserved in mutPG1JPH2 myocytes, despite of
remarkable reduction in mitochondria number (Figure 7N). We cannot entirely exclude
mitochondrial fission/fusion processes, which are not the focus of this study.

In summary, this study demonstrates that LTCC a1C subunit interacts with the Joining
region in JPH2 in cardiomyocyte PM. The studies performed showed that disruption of this
interaction by mutagenesis in the Joining region led to significant structural alterations of the
cardiac dyads and loss of T-tubules, followed by aberrant Ca%* regulation and alterations of
Ca?*-dependent cellular processes (Figure 8). These finding suggest that the JPH2-LTCC
interaction is critical to the normal function of cardiac myocytes.
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Nonstandard Abbreviations and Acronyms:

T-tubules Transverse tubules

EC coupling Excitation contraction coupling
HF Heart failure

PM Plasma membrane

JSR junctional sarcoplasmic reticulum
JPH2 Junctophilin 2

LTCC L-type CaZ* channel

RyR Ryanodine receptor

CICR Ca?* induced Ca?* release
AFVMs Adult Feline ventricular myocytes
Ad Adenovirus

LVH Left ventricular hypertrophy
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MORN membrane occupation and recognition nexus
NCX Sodium Calcium exchanger
ARVMs Adult Rat ventricular myocytes
TEM Transmission electron microscopy
SERCA2a Sarcoplasmic reticulum calcium ATPase 2a
PLB Phospholamban
CaMKIllI Calcium/calmodulin-dependent kinase 11
OCR Oxygen consumption rate
CPVT catecholaminergic polymorphic ventricular tachycardia
DAD delayed afterdepolarization
EAD early afterdepolarization
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NOVELTY AND SIGNIFICANCE

What Is Known?

. Diseased hearts including failing hearts have disrupted junctional membrane
complexes.
. Junctophilin-2 (JPH2) is a crucial component of junctional membrane

complexes in cardiac cells, that facilitates crosstalk between cell surface and
intracellular ion channels.

. The Joining region in JPH2 is a conservative structural domain but its role in
JPH2 function has not been determined.

What New Information Does This Article Contribute?

. The Joining region in JPH2 interacts with cell surface ion channels, known as
L-type Ca2* channels (LTCCs), and mediates their recruitment into the
junctional membrane complexes in cardiac cells.

. Alteration of JPH2 abundance in cardiac hypertrophy promotes LTCC
membrane redistribution away from the junctional complexes.

. The Joining region in JPH2 contributes to the stabilization of junctional
membrane structures, intracellular Ca2* stability and bioenergetic balance.
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JPH2 is a critical regulator of cardiomyocyte membrane junctions by tethering
sarcoplasmic reticulum and transverse-tubule (T-tubule) membranes. Thereby, JPH2
brings their residing ion channels into a close proximity to ensure normal Ca2* cycling.
We asked how JPH2 holds LTCCs in T-tubules to maintain their function with every
heartbeat. We found that the Joining region in JPH2 is a novel interaction site between
JPH2 and LTCC, and this interaction is crucial for LTCC recruitment to the T-tubules. In
cardiac disease, reduced JPH2 membrane abundance promoted LTCC membrane
displacement away from T-tubules. Our studies showed that alteration of the Joining
region resulted in structural abnormalities of T-tubules and redistribution of LTCCs to
other membrane locations. Cardiac cells with disrupted Joining region in JPH2 developed
pro-arrhythmic Ca2* waves after adrenergic stimulation, indicating that the interaction
between the Joining region in JPH2 and LTCC is important for intracellular Ca2*
stability. Disruption of this interaction site caused irregular Ca2* signaling through
activation of Ca%*/calmodulin-dependent protein kinase 11 — a major Ca?* dependent
regulator of cardiac function. These changes also impacted cellular bioenergetics
regulation. In summary, this study demonstrates that LTCC interaction with the Joining
region in JPH2 is critical to the normal function of cardiomyocytes.
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Figure 1. LVH in Feline hearts induces reductions of JPH2 abundance in the PM and shifts the
membrane localization of JPH2 and LTCC.

The LV hypertrophic phenotype in banded Felines was determined by the following
parameters: (A) increased heart weight to body weight ratio (HW/BW); (B) enlarged LV
wall thickness. For A and B: Data are shown as mean + SEM, N=4 Felines, *P=0.0286
LVH vs. sham using non-parametric Mann Whitney test; (C) Increased cardiomyocyte cross
sectional area. Data are shown as means = SEM, N=4 Felines, n=10 images per Feline,
*P=0.0381 LVH vs. sham using unpaired t-test; and (D) preserved LV fractional shortening
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(FS). Data are shown as mean £ SEM, N=4 Felines. A non-parametric Mann Whitney test
was applied. (E) Representative immunoblotting of PM fractions extracted from Feline heart
tissues and whole tissue lysates. (F) Comparison between LVVH and sham densitometry
analysis of total JPH2 expression and (G) total LTCC expression (non-parametric Mann
Whitney was applied). (H) Summary of densitometry analysis of JPH2 membranal fraction
abundance normalized to GAPDH (£P=0.098 LVH vs. sham using non-parametric Mann
Whitney test) and (1) normalized to total JPH2 (*P=0.0286 LVH vs. sham using non-
parametric Mann Whitney test). (J) Summary of densitometry analysis of LTCC membranal
fraction abundance normalized to GAPDH and (K) normalized to total LTCC (non-
parametric Mann Whitney test was applied). (L) Expression ratio of JPH2 membranal
fraction normalized to LTCC (a.1C) membranal fraction. (*P=0.05 LVH vs. sham using non-
parametric Mann Whitney test). N=4 hearts per group. (M) Representative
immunofluorescence images of JPH2 and LTCC (a1C) staining in sham (M.1) and LVH
(M.2) Feline hearts. Arrows indicate the difference in JPH2 organization and colocalization
with LTCC. Scale 10um. (N) Representative Western blots of JPH2, LTCC (a.1C) and LTCC
(B2a) across sucrose density gradient fractions (F1-F11) of sham and LVH Feline hearts.
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Figure 2. JPH2 and T-tubular remodeling in cultured AFVMs with and without Adenoviral
expression of human WT-JPH2 and mut G13PH2 constructs in cultured AFVMs.

(A) Distribution of T-tubules detected by Di-8-ANEPPS staining in freshly isolated AFVMs
at day 0 (DO0), after 4 days of culture in control AFVMs (D4C), in AFVMs after 4 days in
culture overexpressing Ad-WT-JPH2 (WT-JPH2) and in AFVMs after 4 days in culture
overexpressing Ad-mytPGLIPH2 (mutPGLIPH2). WT-JPH2 overexpression preserved T-
tubules while overexpression of mutPG1JPH2 did not preserve T-tubules in cultured AFVMs.
Scale 10um. The entire area of the cell was selected to measure t-tubule density and

Circ Res. Author manuscript; available in PMC 2022 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gross et al.

Page 30

integrity. (B) T-tubular transverse and longitudinal densities. Data are shown as means +
SEM, N=4 isolations, for DO n=15 cells and for the rest of the groups n=20 cells. For
transverse elements comparison: ~"P=8.45x1079 D4C vs. D0, *""P=6.53x1076 WT vs. DO,
“*P=1.8x10"% mut”CLIPH2 vs. DO; ##P=2.09x10"6 WT-JPH2 vs. D4C and #P=0.0068
mutPCLIPH2 vs. DAC; ¥¥¥P=1.48x10~" mut"®1JPH2 vs. WT-JPH2. For longitudinal
elements comparison: “**P=8.4x10~7 D4C vs. DO, *P=0.0288 WT-JPH2 vs. DO,
“P=2.6x10"" mut’CLIPH2 vs. DO; ##P=1.03x10"° WT-JPH2 vs. D4C; *¥¥P=2.28x107°
mutPCLIPH2 vs. WT-JPH2. 2-way ANOVA multiple comparisons test was applied after
making all six possible comparisons. Adjusted p-values were obtained after Sidak’s
correction. (C) Global T-tubular integrity. Data are shown as means + SEM, N=4 isolations,
for DO n=15 cells and for the rest of the groups n=20 cells. **"P=6.19x10"8 D4C vs. DO,
P=2.67x10"% WT JPH2 vs. DO, "P=1.2x10"8 mutP®1JPH2 vs. DO; #P=0.0094 WT-
JPH2 vs. D4AC and ¥*¥*¥P=0.0003 mut"C1JPH2 vs. WT-JPH2. One-way ANOVA multiple
comparisons test was applied after making all six possible comparisons. Adjusted p-values
were obtained after Tukey correction. (D) Representative images of JPH2 staining in
AFVMs at DO, control cells at D4, and AFVMs overexpressed with either Ad-WT-JPH2 or
Ad-mut”C1JPH2. 1.1 - 1.4 images represent mid-section of the cells obtained via Z-stack
confocal scanning. D.5 image represents the surface of the cell. Scale 10um. (E) Calculated
JPH2 global density. Data is shown as means + SEM, N=3 isolations, for DO n=10 cells and
for the rest of the groups n =15 cells. *"P=0.0001 D4C vs. DO, *P=0.05 WT JPH2 vs. DO,
“*P=7.96x10"°> mutPGLIPH2 vs. DO; ###P=1.22x107> WT-JPH2 vs. DAC and

¥¥¥p=8 66x10~6 mutPGLIPH2 vs. WT-JPH2. One-way ANOVA multiple comparisons test
was applied after making all six possible comparisons. Adjusted p-values were obtained
after Tukey correction. (F) JPH2 global integrity in the mid-section of the cell. Data is
shown as means = SEM, N=3 isolations, n=10 cells and for the rest of the groups n =15
cells. "P=4.22x1077 D4AC vs. DO, *"*P=4.54x10"° WT-JPH2 vs. DO, ""P=3.47x10~"
mutPGLIPH2 vs. DO. ##P=0.0002 WT-JPH2 vs. DAC and ¥*¥P=0.0001 mut°C1JPH2 vs.
WT-JPH2. One-way ANOVA multiple comparisons test was applied after making all six
possible comparisons. Adjusted p-values were obtained after Tukey correction. (G) Protein
topology of human JPH2 isoform (1-696 amino acids) that was cloned into Adenovirus WT-
JPH2 contains an HA tag on the N-terminus, MORN motifs, joining region, a-helical
domain, divergent and transmembranal (TM) domains. The zoomed joining region shows
the seven-point mutations that were modified in Adenovirus mutPG1JPH2 are shown. (H)
Overview of human JPH2 localized in the dyad of cardiomyocyte. The illustration depicts
the structure of JPH2 domains. The region highlighted in the red box is the Joining region
that was mutated in Ad-mutPG1JPH2. (1) Template-based tertiary structure modeling of HA
tagged WT-JPH2 (P-value 1.37x1079%) and mutPG1JPH2 (P-value 2.29x1079%) proteins via
RaptorX. (J.1) Representative Western blot and (J.2) Densitometry of JPH2 protein
expression normalized to GAPDH. Data represented as means + SEM, N=3. *P=0.0269 WT-
JPH2 vs. DO, #P=0.05 WT-JPH2 vs. D4C. £P=0.0578 mutPG1JPH2 vs. DO and °P=0.1
mutPC1JPH2 vs. D4C. Non-parametric Friedman multiple comparisons test with preselected
pairs (DO vs. WT and mutant JPH2 and D4C vs. WT and mutant JPH2) was applied.
Adjusted p-values were obtained after Dunn’s correction. (K) Immunofluorescence staining
of JPH2 and HA in freshly (DO) isolated AFVMs, control cultured AFVMs for 4 days
(D4C), Ad-WT-JPH2 with HA tag transduced AFVMs and Ad-mutPC1JPH2 with HA tag
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transduced AFVMs. Scale 10um. (L) mutPG1IPH2 expression induces downregulation of
dyad distribution. Z-line organization and distribution of the dyads were evaluated in
DO0/D4C/WT-JPH2/mutPG1JPH2 AFVMs. Dyads are indicated in red circles. Myofilament
degradation is indicated via yellow arrows. Scale 1um. (M) Frequency of dyads quantified as
the number of dyads per number of intermyofibrillar spaces. Data are shown means £ SEM,
N= 6-7 randomly analyzed cells per group, n=15 totals dyads analyzed per group.
**P=0.0009 D4C vs. DO, *P=0.0401 WT-JPH2 vs. DO and “"*P=4.16x10"° mut"C1JPH2
vs. DO; ¥P=0.0449 mut”G1JPH2 relative to WT-JPH2. One-way ANOVA multiple
comparisons test was applied after making all six possible comparisons. Adjusted p-values
were obtained after Tukey correction.
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Figure 3. The Joining region in JPH2 interacts with LTCC a1C and regulates membrane
microdomain distribution of LTCCs.

(A) HA-tag co-immunoprecipitation (Co-1P) was performed on purified PM from AFVMs
that were expressing either Ad-WT-JPH2 or Ad-mutPG1JPH2. HA, JPH2, LTCC a1C and
LTCC pB2a were detected in whole cell homogenate (H), PM, HA bound (B) fraction and
unbound (U) fraction. Co-IP was performed using magnetic beads conjugated with HA
mouse antibody. Therefore, mouse 1gG expression was tested. HA positive control was
Escherichia coli extract containing HA tagged GST-PI3K-SH2 domain. (B) Quantification

Circ Res. Author manuscript; available in PMC 2022 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gross et al.

Page 33

of co-immunoprecipitation experiments of HA pull-down, (C) JPH2 Co-IP and (D) LTCC
a1C Co-IP between WT-JPH2 and mutPCLIPH2 overexpressing AFVMs. Each bound
fraction was normalized to its PM input. Data are means = SEM of N=3 independent Co-IP
experiments. Non-parametric Wilcoxon test was applied. £P=0.0625. (E) Proximity ligation
(PLA) assay was performed on AFVMs infected with Ad-WT-JPH2, or with Ad-
mutPG1JPH2 to detect protein-protein interaction between JPH2-LTCC a.1C subunit. (F)
PLA density was measured as the fraction of an area covered by the fluorescence signal.
Average values were calculated from at least n=5 cells per isolation. Data are shown as mean
+ SEM, N=3 isolations/experiments. “*P=0.0018 WT-JPH2 vs. D4C, ®P=0.0902
mutPCLJPH2 vs. D4AC and #P=0.0226 mut”G1JPH2 vs. WT-JPH2. One-way ANOVA
multiple comparisons test was applied after making all three possible comparisons. Adjusted
p-values were obtained after Tukey correction. (G) Representative Western blots of JPH2
and LTCC (a1C) across sucrose density gradient fractions (F1-F11) of DO, D4C, WT-JPH2
and mut”G1JPH2 overexpressed AFVMs. (H) AFVMs at DO (panel H.1), D4C (panel H.2),
overexpressed with WT-JPH2 (panel H.3) and overexpressed with mutPG1IPH2 (panel H.4)
were immunostained for RyR (red channel — right column) and LTCC a1C subunit (green
channel — middle column). The overlay of green and red channels is depicted in the left
column. (1) Distance based co-localization percentage of LTCC a1C with RyR. The entire
cell surface was analyzed for co-localization excluding the nuclei. Data are shown as mean *
SEM from N=3 isolations/experiments. n=15 cells per experiment were analyzed in each
group. “*P=0.0054 D4C vs. DO, **P=0.0033 mut”61JPH2 vs. DO, ®P=0.0681 WT-JPH2 vs.
DAC and ¥P=0.0386 mutPG1JPH2 vs. WT-JPH2. One-way ANOVA multiple comparisons
test was applied after making all six possible comparisons. Adjusted p-values were obtained
after Tukey correction.
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Figure 4. LTCC and JPH2 jointly stabilize T-tubules.
(A) AFVMs were transduced with Ad-scrambled shRNA, Ad-WT-JPH2, Ad-LTCC (a.1C)

shRNA-V3 and combination of Ad-LTCC (a1C) shRNA-V3 + Ad-WT-JPH2.
Immunostaining for LTCC a.1C is shown in the upper panel, confirming knock down of
LTCC. JPH2 staining is shown in the middle panel and di-8-ANPPES T-tubular stain is
presented in the lower panel. (B) Quantification of JPH2 density. Data are shown means +
SEM, N=3 isolations, n=10 cells per group. ~*P=0.0006 WT-JPH2 vs. Scrm, **P=0.0084
al1C shRNA+WT-JPH2 vs. WT-JPH2, ##P=0.0002 a.1C shRNA vs. WT-JPH2, ¥¥P=0.0018
alC shRNA+WT-JPH2 vs. a1C shRNA. One-way ANOVA multiple comparisons test was
applied after making all six possible comparisons. Adjusted p-values were obtained after
Tukey correction. (C) JPH2 staining integrity analysis. Data are shown means £ SEM, N=3
isolations, n=10 cells per group. ““P=0.0087 WT-JPH2 vs. Scrm, *P=0.0119 a.1C shRNA
+WT-JPH2 vs. WT-JPH2, #P=0.0071 . 1C sShRNA vs. WT-JPH2 and ¥¥P=0.0096 a.1C
ShRNA+WT-JPH2 vs. a1C shRNA. One-way ANOVA multiple comparisons test was
applied after making all six possible comparisons. Adjusted p-values were obtained after
Tukey correction. (D) T-tubular density analysis. Data are shown means + SEM, N=3
isolations, n=10 cells per group. For transverse comparisons: ~P=0.0005 WT-JPH2 vs.
Scrm, ##P=3.85x107° a.1C shRNA vs. WT-JPH2, ##P=2.68x10~° a1C ShRNA+WT-JPH2

Circ Res. Author manuscript; available in PMC 2022 January 08.

JPH2 shRNAshRNA +
WT JPH2



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gross et al.

Page 35

vs. WT-JPH2. For longitudinal comparisons: “*P=0.005 WT-JPH2 vs. Scrm, ##P=0.0006
a1C shRNA vs. WT-JPH2 and #P=0.0017 a1C shRNA+WT-JPH2 vs. WT-JPH2. 2-way
ANOVA multiple comparisons test was applied after making all six possible comparisons.
Adjusted p-values were obtained after Sidak’s correction. (E) T-tubular integrity analysis.
Data are shown means = SEM, N=3 isolations, =10 cells per group. For transverse
comparisons: *P=0.0183 WT-JPH2 vs. Scrm, #*P=0.0036 a.1C shRNA vs. WT-JPH2 and
##P=0.0024 a1C ShRNA+WT-JPH2 vs. WT-JPH2. One-way ANOVA multiple comparisons
test was applied after making all six possible comparisons. Adjusted p-values were obtained
after Tukey correction.
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Figure 5. Mutation of the Joining region in JPH2 alters ca%t signaling in AFVMs after B-
adrenergic stimulation.

Representative recordings of intracellular Ca2* transients (Fluo-4) in AFVMs overexpressed
with (A) Ad-RFP, (B) Ad-WT-JPH2, (C) Ad-mutPGLIPH2 paced at 0.5Hz with or without
isoproterenol (Iso 100nM). (D) Ca2* transient peak amplitude. Data are shown as means *
SEM collected from isolated AFVMs (biological replicates) n=20 cells per group, N=3 heart
isolations. ***P=0.0008 RFP Iso vs. baseline, **P=0.0038 WT JPH2 Iso vs. baseline,
#P=0.0018 mut°CLIPH2 vs. RFP after Iso effect and #P=0.0016 mut”®1IPH2 vs. WT JPH2
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after Iso effect. 2-way ANOVA multiple comparisons test was applied after making all six
possible comparisons. Adjusted p-values were obtained after Sidak’s correction. (E) Ca?*
time to peak amplitude. ***P=0.001 RFP Iso vs. baseline, **P=0.0014 WT JPH2 Iso vs.
baseline and **P=0.002 mutPG1JPH2 Iso vs. baseline. 2-way ANOVA multiple comparisons
test was applied after making all six possible comparisons. Adjusted p-values were obtained
after Sidak’s correction. (F) Ca?* time to 50% decay. ***P=4.37x107% RFP Iso vs. baseline,
***¥P=0,0002 WT JPH2 Iso vs. baseline and *P=0.0121 mut"®1JPH2 Iso vs. baseline. 2-way
ANOVA multiple comparisons test was applied after making all six possible comparisons.
Adjusted p-values were obtained after Sidak’s correction. (G) Time to 90% decay.

***P=7 37x1079 RFP Iso vs. baseline, **P=0.0019 WT JPH2 Iso vs. baseline and
*P=0.0256 mut”®1JPH2 Iso vs. baseline. 2-way ANOVA multiple comparisons test was
applied after making all six possible comparisons. Adjusted p-values were obtained after
Sidak’s correction. (H) Representative traces of paced AFVMs expressing RFP/WT-JPH2/
mutPG1JPH2 with and without iso 100nM. Cells were paced at 0.5Hz. Spontaneous Ca2*
oscillations are indicated via black arrows. (I) Ca2* release synchrony obtained via confocal
line scanning of RFP/WT- JPH2/ mutPC1IPH2 AFVMs. Cells were paced at 0.5Hz with or
without Iso 100nM. Spatial profiles are highlighted at 10msec (red dotted line) and 40msec
(white dotted line). (J) Percentage of line scan with an index of F/F,ax representing spatial
synchrony of Ca2* release. n=10 cells per group. ***P=1.03x10~% RFP vs. mutPC1JPH2 and
***P=3 13x1078 WT JPH2 vs. mut’®1JPH2 in comparison of non-linear fits using extra
sum-of-squares F test at baseline conditions. ***P=2.35x10~8 WT JPH2 vs. mutPG1JPH2 in
comparison of non-linear fits using extra sum-of-squares F test after Iso 100nM treatment.
(K) Representative line scan recordings of AVFMs expressing RFP/WT-JPH2/ mutPG1JpH2,
treated with 100nM Iso and paced at 0.5Hz. Asynchronous Ca2* release during pacing is
indicated via black arrows. Ca?* alternans are indicated via grey arrows. (L) Representative
3D-reconstruction of representative line-scan recordings determine the characteristics of
spatial Ca* waves spreading in space and time. Red arrows indicate spontaneous Ca?*
release.

Circ Res. Author manuscript; available in PMC 2022 January 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gross et al.

A Test Potential (mV) B

Percentage Peak Icar (%)

- RFP
- REP ISO 100nM

- WT JPH2

-+« WT JPH2 ISO 100nM
= mut”®'JPH2

-+ mut"®'JPH2 ISO 100nM

Peak ICaL(pA/pF)

- RFP ]
1001 « WTIPH2 > 100-
= muPCIPH2

H
3 ip=0.09 %
< [

':*..
iy
H
-E',I,'__

- RFP
-+ WT JPH2
- muS!JPH2

® Bascline ® Isoproterenol 100nM

L13 L] ok

500

H

+

e

RFP WT JPH2

mut "¢ I PH2

60 -0

0 -0 %uage (m\% 2 o 'H'magr uu\v) » o
E WT JPH2 - T-tubules (+BayK) WT JPH2 - Crest (+BayK)
- 0 . - 0 o
< <
=2 -2
-4 -4

200 ms

200 ms

mut "*' JPHZ - T-tubules (+BayK)

mut "*'JPH2 - Crest (+BayK)

Page 38

e — 0 . .

= = y’hﬂﬂ M '™
= =

Z. S

4 -4
200 ms 200 ms
F G

- z 10

i | 1T

4 08 W Crest

5 2 e

3 :

% 2

£ g

H 2

: 2

= 3

5 :

H 2

£ £

g 9]

z

J

7000 4

e Baseline ® Isoproterenol 100nM

60004

EEs: 2 b

10000 msec 30004

WT JPH2

20004

SR content F/FO ( Fluo4)
 od 2o 7 . o o o g 4y oy A ol g
Shoinsinsinsinsnsinsnsin
0

.o e .
Time to 90% recovery (msec)

10004

10000 msec

RFP WT JPH2 mut "¢ 'y PH2 RFP WT JPH2 mut "¢ 'y PH2

mut PGIJPH2

Figure 6. Abnormal LTCC localization to the crest with modified voltage dependence of
activation in mut"G1JPH2 AFVMs.

(A) lcq L -voltage relationships in RFP/WT-JPH2/ mutPGLJPH2 overexpressed AFVMs with
or without Iso 100nM. N=3 isolations. For RFP n=11 and for WT and mutant JPH2 n=14
cells per group. (B) Peak amplitude of Ca2* current through LTCC. Data are shown as
means + SEM collected from isolated AFVMs (biological replicates), RFP n=11 and for WT
and mutant JPH2 n=14 cells per group, N=3 heart isolations. **P=0.004 RFP Iso vs.
baseline, *P=0.031 WT JPH2 Iso vs. baseline and ***P=0.0002 mut?®1JPH2 Iso vs.
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baseline. 2-way ANOVA multiple comparisons test was applied after making all six possible
comparisons. Adjusted p-values were obtained after Sidak’s correction. Voltage dependence
of lca, activation in RFP/WT-JPH2/ mut”G1IPH2 overexpressed AFVMs were fit with
Boltzmann Equation G/Gax=1/[1+exp(Vg 5-V)/K] in baseline (C) and in response to 1so
100nM (D). N=3 isolations, for RFP n=11 and for WT and mutant JPH2 n=14 cells per
group. In figure C: ***P=0.001mutPS1JPH2 vs. RFP and )P=0.0909 mutPCLIPH2 vs. WT
JPH2 using comparison of Boltzmann sigmoidal fits (Extra sum-of-squares F test). In figure
D: ***P=9.61x10"10 WT JPH2 vs. RFP and ***P=4.34x10~% mutPG1JPH2 vs. RFP using
comparison of Boltzmann sigmoidal fits (Extra sum-of-squares F test). (E) Single LTCC
activity was recorded in T-tubules or non-tubular areas of the surface membrane (Crest)
using super-resolution scanning patch clamp in the presence of the LTCC agonist BayK8644
(5uM in the pipette). Examples of original recordings from a holding potential of —-96.7mV,
channels were activated by a step to —6.7mV. (F) Channel density calculated per um2. The
number indicated for each column is the total number of patches. (G) Channel open
probability at —6.7 mV. The number indicated for each column is number of patches with
one or more Ca2* channel(s). 2-way ANOVA multiple comparisons test was applied after
making all six possible comparisons. Adjusted p-values were obtained after Sidak’s
correction. (H) Representative traces of CaZ* transient amplitudes and total SR content
indicated by the amplitude of caffeine induced SR Ca2* release in paced AFVMs. (1) SR
Ca?" release peak amplitude. Data are shown as means = SEM collected from isolated
AFVMs (biological replicates) n=15 cells per group, N=3 heart isolations. *P=0.0433 RFP
Iso vs. baseline, *P=0.0338 WT JPH2 Iso vs. baseline, #P=0.0403 mut°C1JPH2 vs. RFP
after Iso effect and P=0.0637 mutPS1IPH2 vs. WT JPH2 after Iso effect. £P=0.0637
mutPCLIPH2 vs. WT-JPH2 after Iso effect. 2-way ANOVA multiple comparisons test was
applied after making all six possible comparisons. Adjusted p-values were obtained after
Sidak’s correction. (J) Time to 90% recovery from Ca2* peak after caffeine addition. Data
are presented as mean + SEM. N=3 isolations, n= 15. 2-way ANOVA multiple comparisons
test was applied after making all six possible comparisons. Adjusted p-values were obtained
after Sidak’s correction.
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Figure 7. Global effect of WT-JPH2 and mutPClIpH2 overexpression on ca?* handling proteins
and mitochondrial disposition, morphogenesis and bioenergetics in AFVMs.

(A) Representative Western blot of EC coupling and Ca?* handling proteins: RyR (basal and
phosphorylated states), PLB (total and phosphorylated states) and CaMKII (basal and
phosphorylated states). Whole-cell lysates from freshly isolated AFVVMs (D0), control
cultured AFVMs for 4 days (D4C), Ad-WT-JPH2 or Ad-mut?©1JPH2 overexpressed
AFVMs 4 days in culture were tested for protein expression levels. (B-1) Average quantified
values expressed relative to DO AFVMs. Tested protein levels were normalized to GAPDH
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loading control. Phosphorylated protein expression was normalized to total protein
expression. Data presented as means + SEM, N=3-5 experiments. Significant p-values are
shown as follows: [B] Non-parametric Friedman multiple comparisons test was applied after
making three possible comparisons between mutPG1JPH2 to DO/D4C/WT-JPH2. Adjusted p-
values were obtained after Dunn’s correction. No significance was detected. [C] **P=0.0018
mutPG1JPH2 vs. DO. Non-parametric Friedman multiple comparisons test was applied after
making three possible comparisons between mut"G1JPH2 to DO/D4C/WT-JPH2. Adjusted p-
values were obtained after Dunn’s correction. [D] Non-parametric Friedman multiple
comparisons test was applied after making three possible comparisons between mut"G1JpPH2
to DO/DAC/WT-JPH2. Adjusted p-values were obtained after Dunn’s correction. No
significance was detected. [E]*"P=0.0078 mutPG1JPH2 vs. DO. Non-parametric Friedman
multiple comparisons test was applied after making three possible comparisons between
mutPCLIPH2 to DO/DAC/WT-JPH2. Adjusted p-values were obtained after Dunn’s
correction. [F-G] Non-parametric Friedman multiple comparisons test was applied after
making three possible comparisons between mut"G1JPH2 to DO/D4C/WT-JPH2. Adjusted p-
values were obtained after Dunn’s correction. No significance was detected. [H] **P=0.0031
mutPG1JPH2 vs. DO. Non-parametric Friedman multiple comparisons test was applied after
making three possible comparisons between mut”"G1JPH2 to DO/D4C/WT-JPH2. Adjusted p-
values were obtained after Dunn’s correction. [I] Non-parametric Friedman multiple
comparisons test was applied after making three possible comparisons between mut?G1JPH2
to DO/DAC/WT-JPH2. Adjusted p-values were obtained after Dunn’s correction. No
significance was detected. Ultrastructure of cardiac mitochondria in (J) DO cardiomyocytes,
(K) D4C cardiomyocytes, (L) WT-JPH2 overexpressed cardiomyocytes and (M)
mutPGLIPH2 overexpressed cardiomyocytes. Physical contact between two adjacent
mitochondria termed as “kissing events” is indicated via yellow arrows. Sites of
longitudinally oriented nanotunnels are indicated between the red arrows. Long distance
nanotunnel shown in DO myocyte has length of 2.6um and diameter of 194nm. Short
distance nanotunnel represented in DAC myocyte has length of 567nm and diameter of
0.121nm. Long distance nanotunnel indicated in mutP¢1JPH2 myocytes has length of
4.05um and diameter of 306nm. (N) Quantification of number of mitochondria per cellular
area. Data are presented as means + SEM, N=6. *""P=0.0010 D4C vs. DO, **P=0.0003 WT-
JPH2 vs. DO, ""P=1.26x10"% mut"C1IPH2 vs. DO. #P=0.0269 mut?G1JPH2 vs. DAC and
Ap=0.0714 mutPSLJPH2 vs. WT-JPH2. One-way ANOVA multiple comparisons test was
applied after making all six possible comparisons. Adjusted p-values were obtained after
Tukey correction. (O) Measurement of mitochondrial area. Data are presented as means +
SEM, N=6. "*P=0.0061 mut”C1JPH2 vs. DO, °P=0.0668 mut’®1JPH2 vs. D4C and
AP=0.0878 mut"GLJPH2 vs. WT-JPH2. One-way ANOVA multiple comparisons test was
applied after making all six possible comparisons. Adjusted p-values were obtained after
Tukey correction. (P) Quantification of mitochondrial shape including circularity. Data are
presented as means £ SEM, N=6. *P=0.0249 WT-JPH2 vs. DO and ®P=0.0596 WT-JPH2 vs.
D4C. One-way ANOVA multiple comparisons test was applied after making all six possible
comparisons. Adjusted p-values were obtained after Tukey correction. (Q) Aspect ratio.
Data are presented as means + SEM, N=6. £P=0.0928 mutPG1JPH2 vs. DO. One-way
ANOVA multiple comparisons test was applied after making all six possible comparisons.
Adjusted p-values were obtained after Tukey correction. (R) Seahorse analysis of
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mitochondrial oxygen consumption rates (OCR) in AFVMs. n = 15 for DO and n=20 for
DAC/WT JPH2/mutPGLJPH2 conditions from N=3 AFVMs isolations. (S) Basal OCR. (T)
ATP-linked respiration after addition of ATP synthase inhibitor, oligomycin. (U) Maximal
respiration after addition of protonophore, FCCP. Data are presented as means = SEM,
**P=0.0075 WT-JPH2 vs. DO, ##P=0,0003 WT-JPH2 vs. DAC and *P=0.0628 WT-JPH2 vs.
mutPCLIPH2. (V) Spare respiratory capacity (max — basal). Data are presented as means +
SEM, £P=0.0850 WT-JPH2 vs. DO, #P=0.0098 WT-JPH2 vs. D4C and ¥*¥P=0.0083 WT-
JPH2 vs. mutPG1JPH2. (W) Proton leak (post-oligomycin OCR — non-mitochondrial OCR).
One-way ANOVA multiple comparisons test was applied after making all six possible
comparisons. Adjusted p-values were obtained after Tukey correction.
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Figure 8. Representative illustration of the LTCC-JPH2 interaction via the Joining region in
cardiomyocyte.

[Top] In WT-JPH2 expressing cardiomyocytes, LTCCs are recruited to the T-tubules and
interact with the Joining region in JPH2. LTCCs are localized in spatial proximity to the
juxtaposed RyRs forming a dyad complex that enables efficient EC coupling. These
myocytes exhibit balanced Ca2* dynamics and tight junctions between mitochondria.
[Bottom] In mutPCLIPH2 expressing cardiomyocytes, the T-tubular network becomes
degraded and there are fewer dyads. LTCCs translocate to the crest, leaving “orphaned”
RyRs at the jSR. LTCCs have reduced interaction with JPH2, whereas the remaining LTCC-
JPH2 interactions take place at the crest. Ca2* regulation in these myocytes is abnormal and
prone to spontaneous SR Ca?* release and mitochondria appear to communicate through
long-distance tunnels.
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