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Abstract

Junctophilin-2 (JPH?2) is a cardiac specific member of the junctophilins, a newly characterized family of junctional membrane complex
proteins important in physically approximating the plasmalemmal L-type calcium channel and the sarcoplasmic reticulum ryanodine receptor for
calcium-induced calcium release. JPH2 knockout mice showed disrupted calcium transients, altered junctional membrane complex formation,
cardiomyopathy, and embryonic lethality. Furthermore, JPH2 gene expression is down-regulated in murine cardiomyopathy models. To this end,
we explored JPH2 as a novel candidate gene for the pathogenesis of hypertrophic cardiomyopathy (HCM) in humans. Using polymerase chain
reaction, denaturing high performance liquid chromatography, and direct DNA sequencing, comprehensive open reading frame/splice site
mutational analysis of JPH2 was performed on DNA obtained from 388 unrelated patients with HCM. HCM-associated JPH2 mutations were
engineered and functionally characterized using immunocytochemistry, cell morphometry measurements, and live cell confocal calcium imaging.
Three novel HCM-susceptibility mutations: SI01R, Y141H and S165F, which localize to key functional domains, were discovered in 3/388
unrelated patients with HCM and were absent in 1000 ethnic-matched reference alleles. Functionally, each human mutation caused (i) protein
reorganization of junctophilin-2, (ii) perturbations in intracellular calcium signaling, and (iii) marked cardiomyocyte hyperplasia. The molecular
and functional evidence implicates defective junctophilin-2 and disrupted calcium signaling as a novel pathogenic mechanism for HCM and
establishes HCM as the first human disease associated with genetic defects in JPH2. Whether susceptibility for other cardiomyopathies, such as
dilated cardiomyopathy, can be conferred by mutations in JPH2 warrants investigation.
© 2007 Elsevier Inc. All rights reserved.
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Hypertrophic cardiomyopathy (HCM) is a genotypically and
phenotypically heterogeneous disorder. Clinically defined as
cardiac hypertrophy in the absence of extrinsic causes such as
hypertension and valvular disease, HCM affects approximately
1 in 500 persons and is one of the most common causes of
sudden cardiac death in young athletes [1,2]. To date, hundreds
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of mutations in over 15 genes have been implicated in the
pathogenesis of HCM. The most common subtype of HCM is
myofilament-HCM secondary to mutations in myosin binding
protein C (MYBPC3), p-myosin heavy chain (MYH?7), cardiac
troponin T (TNNT2), a-tropomyosin (7PM1), cardiac troponin I
(TNNI3), cardiac actin (ACTC), regulatory myosin light chain
(MYL?2) and essential myosin light chain (MYL3) [3-9]. Genetic
alterations in these eight common myofilament genes have been
found in 30—61% of HCM patients in different cohorts around
the world [10]. In our cohort, the yield of myofilament
mutations was approximately 40%, indicating that the patho-
genic basis for a significant percentage of clinically diagnosed
HCM remains unknown [11-13].

Recently, it has become clear that HCM may also be caused
by mutations in Z-disc proteins with the discovery of mutations
involving proteins such as telethonin encoded by 7CAP, muscle
LIM protein encoded by CSRP3, metavinculin and vinculin
encoded by V'CL, and LIM domain binding 3 encoded by LDB3
(also known as ZASP) [14—18]. Similarly, previous studies have
shown glycogen storage diseases mimicking HCM with
mutations in PRKAG2-encoding protein kinase gamma 2 and
LAMP2-encoding lysosome-associated membrane protein 2
[19]. Compared to myofilament-HCM, both Z-disc- and
metabolic-HCM account for a relatively small percentage of
HCM leaving a significant proportion of HCM genetically
unexplained.

Multiple experimental studies have suggested a pathogenic
role for abnormal calcium handling in cardiac hypertrophy and
failure. In particular, cellular proteins involved in calcium-
induced calcium release, which allows for coordinated myocyte
contraction, have been targeted as candidates in the pathogenesis
of cardiomyopathy [20—22]. Mutations in promoter and coding
regions of phospholamban, a regulator of the sarcoplasmic reti-
culum calcium ATPase (SERCA2a) and a regulator of calcium
homeostasis within the cell, have been identified in hypertrophic
and dilated cardiomyopathy respectively [23,24]. These findings
suggest that mutations in proteins involved in intracellular
calcium homeostasis might be linked to HCM and may provide
insight into novel mechanisms of HCM pathogenesis.

Junctophilin type 2, encoded by JPH?2, is a cardiac member
of the junctophilins family of junctional membrane complex
proteins which physically approximates the plasmalemmal L-
type calcium channel and the sarcoplasmic reticulum (SR).
Junctophilins have multiple membrane occupation and recog-
nition nexus (MORN) domains and an SR transmembrane
domain thought to allow for proper localization in the dyadic
cleft between the transverse tubules and SR membrane [25,26].
JPH?2 knockout mice demonstrate embryonic lethality, irregular
calcium handling, asynchronous and stochastic contractions and
SR segmentation, suggesting a crucial role for junctophilin-2 in
facilitating intracellular calcium release and cardiac contractility
[25]. In addition, disruption of JPH expression in skeletal
muscle results in compromised intracellular calcium home-
ostasis [27]. JPH2 gene expression is down-regulated in murine
models of both dilated and hypertrophic cardiomyopathy [28].
Therefore, we pursued JPH2 as a novel candidate gene for
HCM in humans.

2. Methods
2.1. Study population

Between April 1997 and December 2001, 388 consecutive,
unrelated patients were referred to the Hypertrophic Cardio-
myopathy Clinic at Mayo Clinic, Rochester, Minnesota.
Following receipt of written consent for this Mayo Foundation
Institutional Review Board-approved protocol, DNA was
extracted from peripheral blood lymphocytes using the Purgene
DNA extraction kit (Gentra, Inc, Minneapolis, MN). All
patients have been previously analyzed for mutations in eight
myofilament-associated (MYBPC, MYH7, TNNT2, TPMI,
TNNI3, ACTC, MYL2 and MYL3) and five Z-disc-associated
(ACTN2, VCL, TCAP, CSRP3 and LDB3) genes.

2.2. JPH2 mutational analysis

All five translated exons, with flanking intronic regions of
JPH?2, were amplified by PCR using oligonucleotide primers.
Exons 1, 2, and 4 were subdivided into two, three and three
fragments of overlapping nucleotides, respectively, for optimal
mutational analysis yielding a total of 10 amplicons. The JPH?2
gene and the linear topology of junctophilin-2 are schematically
represented in Fig. 1. Each amplicon was evaluated for
mutations using denaturing high performance liquid chromato-
graphy (DHPLC, Transgenomic, Omaha, Nebraska), and
samples with an abnormal elution profile were directly
sequenced (ABI Prism 377; Applied Biosystem, Foster City,
California) to characterize the difference between the wild type
and variant alleles. Primer sequences, PCR and DHPLC
conditions are available upon request.

A panel of 1000 ethnically matched reference alleles, in-
cluding 400 Caucasian reference alleles derived from 200 Coriell
Repository DNA samples and 600 reference alleles from 300
Caucasian subjects with normal screening electro- and echo-
cardiograms, were examined for all amino acid variants identified
among cases. Absence of these variants in 1000 reference alleles
demonstrates with 95% confidence that the true allelic frequency
of these variants is less than 0.004. All amino acid variants were
denoted using known and accepted nomenclature. To be consi-
dered as a putative HCM-susceptibility mutation, minimal mole-
cular/genetic requirements included (i) absence in 1000 ethnic-
matched reference alleles, (ii) non-synonymous amino acid
substitutions, and (iii) localization to key functional domains.

2.3. Construction of expression vectors for complementary
mutations

The full-length mouse JPH2 ¢cDNA was amplified by PCR
from plasmid pMHMG?72, provided by H. Takeshima, using the
primers 5-AAG AAT TCG CCA CCA TGA GCG GGG GCC
GCT TTG ACT and 5’-AAT CTA GAT CAA GTC AGG AGG
TGA ACA AAT AGG. The resulting PCR product was cloned
into the EcoRI and Xbal sites of a modified pCMS-EGFP
vector (Invitrogen) called pCMS-RFP. In this modified plasmid,
a red fluorescent protein cDNA has been subcloned in place of
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Exon | 1 | 2 3 | 4 | 5
Amino 1-126 ‘ 127-390 | 391-430 | 430-670 ‘ 671-
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Y141H

Fig. 1. Junctophilin-2 linear topology and location of identified mutations. Approximate location of HCM-associated mutations as well as exons boundaries and

putative functional domains of junctophilin-2.

the green fluorescent protein cDNA at the BamHI and Sacll
sites which was followed by removal of the Sacll site by
Klenow fill-in and self-ligation. pCMS-RFP was used as a
control plasmid for appropriate experiments.

Mutations were introduced into the mouse JPH2 cDNA in
pCMS-RFP using a recently developed PCR-based technique that
makes use of the unique effects of type Il restriction enzymes [29].
For this mutagenesis approach, the primer mJP2 F1 (5'-AAG
AAT TCG CCA CCA TGA GCG GGG GCC GCT TTG ACT)
was used as the upstream anchor primer, while R585 (5’-AGC
AGA GTG AGC GCG AAA CC)and R641 (5’-CCC AGC AGT
GTG CCA CGC GTG A) acted as downstream anchor primers.
The complementary mutation in R. norvegicus (rat) and M.
musculus (mouse) for the human mutation S101R is N101R, thus
N101R was introduced for expression in H9C2 and HL-1 cell
lines respectively. Two mutagenesis primers were used to produce
this mutation, 5’-AAC TCT TCA AGA AGT GGT GCC AAG
TAC GAG GGC A and 5-AAC TCT TCATCT TGT GCT CTG
CCG GAT TCC GTA GCG. For the mutant Y 141H, the primers
5’-AAC TCT TCA CAT GGT GTG CGC CAA AGC GTG CC
and 5'-AAC TCT TCA ATG GCC ATG GCG CAT GCC GTT
GGT were used. Finally, the primers 5'-AAC TCT TCA TTT
CTG CGC AGC GAG CAC AGC AAT and 5'-AAC TCT TCA
AAA GGA CAG AGA AGT GCG CAG CG were used to
generate S165F. All mutations were confirmed by direct se-
quencing using a primer specific for vector sequence which flanks
the JPH2 cDNA. GFP-fusion constructs were generated by sub-
cloning of these fragments into the pEGFP-C1 vector (Clontech).

2.4. Cell culture and DNA transfection

HIC2 cells were maintained in Dulbecco’s Modified Eagle’s
Media (DMEM, GIBCO) supplemented with 10% Fetal Bovine
Serum (FBS, GIBCO) and 1% penicillin/streptomycin (Sigma)
in 5% CO, at 37 °C. For experimentation, 2 x 10° cells were
plated on 30 mm? ATC3 dishes (Bioptechs). HL-1 cells
maintained in Claycomb media (JRH Biosciences) were supple-

mented with 10% FBS (JRH Biosciences Lot # 3J0229), 1%
penicillin/streptomycin, 0.1 mM norepinephrine and 2 mM L-
glutamine. For experimentation, 1x10° cells were plated on
30 mm? ATC3 dishes that were coated with fibronectin (Sigma)
and gelatin (Fisher Scientific). Cells were transfected with
GeneJammer transfection reagent (Stratagene) per manufac-
turer’s instructions. During culturing of cells, medium was
replaced every 2 days. Cells were washed twice by a balanced
salt solution (BSS) (in mM: 140 NacCl, 2.8 KCl, 2 CaCl,, 2
MgCl,, 10 HEPES, pH 7.2) before experiments. Cellular
transfection was confirmed through DsRED?2 red fluorescence.

2.5. Western blotting

Cells were collected in cell lysis buffer (150 mM NaCl, 1%
Triton-X, 0.1% SDS, 50 mM Tris—HCI, pH 8.0) and
homogenized by a handheld motorized rotary homogenizer
(Kontes). Protein concentrations of whole cell extracts were
determined by Dc protein assay (BioRad) and 25 pg per sample
was separated by SDS—polyacrylamide gel electrophoresis on
10% gels. After blotting onto PVDF (BioRad) membrane,
equivalent loading and efficient transfer were confirmed with
Ponceau S staining (Sigma). A rabbit polyclonal antibody raised
against mouse JPH2 was applied to the membrane as the
primary antibody [27]. The ECL+ kit (Amersham) was used to
produce luminescent signal that was detected by exposure to
autoradiography film (Denville).

2.6. Cell morphology determination and immunocytochemistry

Transfected H9C2 cells were examined using the 40X
objective of a Zeiss Axiovert 200 fluorescent microscope
equipped with a temperature (37 °C) and CO, (5%) environ-
mental chamber to facilitate live cell imaging. Fluorescent
images from 15 randomly selected fields were selected from
each dish. The area of all transfected cells (as determined by red
fluorescence protein marker) in the field was determined by
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using AxioVision V4 software (Zeiss). Transfections were
performed in duplicate for three separate trials.

Following morphometric analysis, cells were fixed with
100% ethanol at —20 °C for 10 min then washed three times in
phosphate buffered saline (PBS). Cells were blocked in 5% total
milk protein in PBS for 1 h at room temperature. Primary rabbit
anti-JPH2 (1:300 dil.) or anti-calreticulin (1:250 dil.) was
applied for 2 h at room temperature. Cells were washed 3 times
for 10 min in PBS with gentle agitation. Goat anti-rabbit
secondary antibody coupled to AlexaFluor488 (1:300 dilution,
Molecular Probes) was applied for 1 h at room temperature.
Cells were washed 3 times for 10 min in PBS with gentle
agitation before mounting on glass slides. Mounting media
contained 4’,6-diamidino-2-phenylindole, dihydrochloride
(DAPI) in some experiments. Images were captured by confocal
microscopy as described below.

2.7. Confocal microscopy measurement of calcium waves

Transfected HL-1 cells were loaded in the dark with 10 pM
Fluo-4-AM calcium indicator (Molecular Probes) for 60 min at
37 °C. After the loading period, cells were washed three times
with PBS. Measurements of intracellular calcium handling were
performed at room temperature on a BioRad Radiance-2100
confocal microscope equipped with both argon (488 nm) and
helium/neon (543 nm) lasers on a Nikon Eclipse TE2000S
inverted microscope using a 60x, 1.4 NA oil immersion objec-
tive. Regions of interest (ROI) with equal area were selected and
serial x—y images (512 x512) were acquired at 3.08 seconds per
frame. Transfected cells could be identified by the presence of
red fluorescent protein marker. All transfections were performed
in duplicate for three experimental trials. Data analysis was
conducted using OriginPro 7.0 software (OriginLab).

2.8. Statistical analysis
ANOVA was performed to establish differences between

experimental groups. A p-value lower than 0.05 was considered
statistically significant.
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3. Results

The demographics of our HCM cohort are shown in the first
column of Table 1. After mutational analysis for eight
myofilament-associated and five Z-disc-associated genes, 165
of the 388 patients were found to harbor a putative HCM-
associated mutation. The clinical characteristics of the three
subgroups (myofilament negative, myofilament positive and Z-
disc HCM) are shown in Table 1.

Following criteria outlined in the Methods section, three
novel putative HCM mutations were discovered: S101R,
Y141H and S165F, in 3/388 unrelated, white patients with
HCM (Fig. 1). Y141H and S165F mutant residues are
conserved across multiple species while the SI01R mutation
localized to the conserved MORN motif as shown in Fig. 2. The
clinical characteristics of these three patients are listed in Table
1. The absence of these variants in 1000 ethnic-matched
Caucasian reference alleles demonstrates with 95% confidence
that the true allelic frequency of these variants is less than 0.004.
In addition, no other mutations were detected in these three
patients following comprehensive open reading frame/splice
site mutational analysis of 13 known HCM-susceptibility genes.

As summarized in Table 2, the JPH2 genotype positive
subjects were diagnosed with HCM at 27, 24 and 30 years with
septal wall thicknesses of 22, 38 and 18 mm for each mutation
respectively. Case 1 has a positive family history of familial
HCM involving three first-degree relatives and one second-
degree relative. There is no apparent family history of HCM
among either first- or second-degree relatives for cases 2 or 3
suggesting the possibility of a sporadic de novo mutation or
incomplete penetrance. To date, relatives of all 3 families have
declined participation precluding a molecular determination of
co-segregation or sporadicity.

To further investigate the molecular/cellular effects of these
HCM-susceptibility JPH2 mutations, complementary muta-
tions to all three JPH2 missense mutations were engineered
into mouse JPH2 cDNA rather than human to facilitate
functional studies in cultured cells of rodent muscle origin.
The mouse and human JPH?2 share greater than 98% identity

Table 1

Clinical characteristics of HCM cohort

Clinical characteristic HCM cohort Myofilament Myofilament Z-disc JPH2
negative HCM positive HCM positive HCM

No. of individuals 388 224 129 13 3

Sex, male/female 215/173 125/99 71/58 7/6 2/1

Age at Dx 41.2+19 45.0+19 36.4+17 45.4+20 26.8+3

Cardiac symptoms 55% 55% 54% 83% 100%

Max LVWT (mm) 21.5+7 20.7+6 22.8+6 20.8+8 26+10.6

Resting LVOTO (mm Hg) 46.6+£42 47.7+42 43.8+43 53.5+48 20.3+18.4

Pos. FH for HCM 147 (31%) 54 (24%) 61 (47%) 2 (15%) 1 (33%)

Pos. FH for SCD 54 (14%) 41 (18%) 32 (25%) 0 (0%) 0 (0%)

Surgical myectomy 160 (41%) 87 (39%) 56 (43%) 8 (62%) 1 (33%)

Pacemaker 68 (18%) 38 (17%) 27 (21%) 2 (15%) 1 (33%)

ICD 60 (15%) 22 (10%) 31 (24%) 0 (0%) 2 (66%)

Values are mean=+SD or 7 (%). Dx indicates diagnosis; FH, family history; HCM, hypertrophic cardiomyopathy; ICD, implantable cardioverter-defibrillator; LVOTO,
left ventricular outflow tract obstruction; LVWT, left ventricular wall thickness. The 19 patients harboring compound mutations with either multiple myofilament
mutations or a myofilament and Z-disc mutation have been excluded from this comparison.
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S101R Y141H S165F
Mutation  GIRQSS| R [SGAKYE ... NGMRHG| H |GVRQSV ... LRTSLS| F |LRSEHS
H. sapiens  GIRQSS| S |SGAKYE ... NGMRHG| Y [GVRQSV ... LRTSLS| S |LRSEHS
M. musculus  GIRQST| N |SGAKYE ... NGMRHG| Y |GVRQSV ... LRTSLS| S |LRSEHS
R. norvegicus  GIRQST| N |SGAKYE ... NGMRHG| Y |GVRQSV ... LRTSLS| S |LRSEHS
F. rubripes GTRINA| G |SGAKYE ... GGMRHG| Y |GVRQSV ... LRTSLT| S |LRSEHS
G. gallus GARQSM| N |SGAKYE ... NGMRHG| Y |GVRQSV ... LRTSLS| S |LRSEHS
D.rerio GTRISQ| G |SGAKYE ... GGMRHG| Y |GVRQSV ... LRNSLS| S [LRSEHS
T. nigroviridis GTRINA| G |SGAKYE ... GGMRHG| Y |GVRQSV ... LRTSLT| S |LRSEHS
X. tropicalis GVRQSM| S |SGAKYE ... NGMRHG| C |GVRQSV ... LRTSLT| S [LRSEHS

Fig. 2. JPH2 primary sequence mutations are conserved across species or may affect protein phosphorylation. Sequence conservation analysis for the observed JPH2
mutations demonstrates that Y141H and S165F are conserved between multiple divergent species, while SI01R localizes to the conserved MORN motif of JPH2.

over the MORN motif region 1 and 85% identity over the
length of the protein. These constructs were transfected into
both H9¢2 and HL-1 homologous muscle cell lines. HL-1 and
HO9c¢2 cells provide a rodent muscle cell background for
expression studies that either express or do not endogenous
JPH2 respectively. Additionally, HL-1 cells display sponta-
neous calcium oscillations and contractions in vitro. Western
blot analysis confirmed that H9¢2 cells did not express native
JPH2 while transfection of wild type and/or mutant forms of
JPH?2 vectors produced robust expression of JPH2 (Fig.
3A). HL-1 cardiomyocytes express abundant endogenous
JPH2 and expression of the mutant GFP-fusion constructs
could be observed by Western blot (data not shown).
Furthermore, the in vitro assays revealed altered arrangement
of the JPH2 protein, abnormal calcium signaling and marked
cardiomyocyte hypertrophy (Figs. 3 and 4).

Since these membrane association studies required the
deletion of the JPH2 transmembrane domain, the localization
of full-length JPH2 and mutants was examined. Localization of
exogenously expressed wild type and mutant JPH2 in H9c2
cells was determined by immunohistochemistry since these

cells did not express endogenous JPH2. Only cells with similar
intensity of JPH2 staining were compared to minimize the effect
of expression level on protein localization. All JPH2 mutants
exhibited an altered localization pattern with respect to the SR
when compared to wild type JPH2 in H9c2 cells (Fig. 3B).
H9c2 cells expressing mutant JPH2 frequently displayed
alteration of intracellular localization and apparent vacuoliza-
tion of intracellular structures, reminiscent of the JPH2
knockout mouse (Fig. 3B) [25]. However, the SR remained
intact for the majority of H9c2 cells expressing mutant JPH2
(Fig. 3C). In addition, H9¢2 cells transfected with mutant JPH2
did not display large inclusion bodies under light microscopy,
suggesting that the hypertrophy was not secondary to an
alteration of metabolic status (data not shown).

Since the mutants identified appear in the MORN motif-
mediated cell membrane interaction, we explored whether the
missense mutations disrupted the localization to the cell
membrane. For this purpose, GFP-fusion proteins were
generated by linking GFP to the carboxy terminus of residues
1-430 of JPH2 and the JPH2 mutants. This construct resulted in
removal of the transmembrane domain of JPH2 that targets JPH2

Table 2
Clinical phenotype of JPH2 genotype positive patients with HCM
Case  Mutation  Age Age at Race  Symptoms at presentation ~ Subsequent ~AF  Max Resting FH of FH of Treatment
(y)/Sex  Dx (y) symptoms LVWT LVOTO HCM SCD
(mm)  (mm Hg)
1 S101R 40/M 27 C Dyspnea Dyspnea No 22 0 Yes No ICD
2 Y141H 33/M 24 C Dyspnea, palpitations, Dyspnea, No 38 25 No No Pacemaker ICD
angina, non-Q-wave MI palpitations
3 S165F 58/F 30 C Dyspnea, SBE Dyspnea No 18 36 No No Myectomy

HCM, hypertrophic cardiomyopathy; Dx, diagnosis; C, Caucasian; SBE, subacute bacterial endocarditis; AF, atrial fibrillation; LVWT, left ventricular wall thickness;
LVOTO, left ventricular outflow tract obstruction; FH, family history; SCD, sudden cardiac death; ICD, implantable cardioverter-defibrillator.
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to the SR membranes, thereby enabling a precise assessment of
the effect of the missense mutations that reside in the MORN
motifs on localization of JPH2 to the cell membrane. Following
transfection of each mutant JPH2 in to HL-1 cells, there was no
detectable alteration in the MORN-motif-mediated interaction
with the cell membrane (Figs. 3D and E).

Immunostaining also suggested qualitatively that JPH2
mutant-expressing H9¢2 cells were larger than cells expressing
either wild type JPH2 or no JPH2 at all. Cell imaging was used
to quantitate myocyte size. Indeed, H9¢c2 cells expressing
JPH2 mutants Y141H and S165F displayed significant
hypertrophy (2-3 fold) when compared to cells expressing
wild type JPH2 or cells expressing only marker fluorescent
protein from control plasmid (Fig. 3F). The N101R-JPH2
mutant did not induce significant hypertrophy, perhaps due to
genetic variation in the mouse and human protein sequence at
this residue or suggesting a different pathogenic mechanism
due to the loss of a phosphorylation site. As a whole, these
results indicate an association between these JPH2 mutations
and induction of myocyte hypertrophy.

Since JPH?2 ablation has been linked to defects in calcium
handling in embryonic cardiomyocytes and adult skeletal
muscle, we investigated the effects of these human JPH2
mutations on intracellular calcium signaling when expressed in
HL-1 cardiomyocytes [25,27]. Here, HL-1 cells were ideally
suited for this approach since they express endogenous JPH2
and display spontaneous calcium wave activity. To determine if
calcium signaling was disrupted in HL-1 cardiomyocytes
expressing JPH2 mutants, cells were transfected and 5 days
later were loaded with Fluo-4-AM calcium indicator dye.
Transfected cells were identified by the presence of red
fluorescent protein marker during confocal microscopy (Fig.
4A). The amplitude of spontanecous calcium waves, which
represent relative global cytosolic calcium concentrations, were
markedly attenuated in JPH2 mutant-expressing cells compared
to cells transfected with either wild type JPH2 or control vector
plasmid (Figs. 4B and C). This represents a decreased
spontaneous calcium release from the SR, which suggests that
excitation—contraction process is disrupted in cells expressing
the JPH2 mutant constructs.

4. Discussion

Since the identification of the first mutation in MYH7, HCM
has been viewed conceptually as a disease of the sarcomere,
with the typical gross and molecular characteristics of the
disease considered to result from inadequate or dysregulated
force generation [30]. Recent discoveries have implicated
several genes encoding components of the Z-disc as well as
genes previously associated with dilated cardiomyopathy in the
pathogenesis of HCM [19,31,32]. This paper reports the
discovery of S101R, Y141H and S165F mutations in JPH?2 as
anovel genetic basis for HCM. Junctophilin-2 is involved in the
calcium signaling apparatus of cardiomyocytes, and the
discovery of these mutations supports a key role for calcium
perturbations in a pathway that culminates in the clinically
expressed disease phenotype of HCM.

Examination of the known structure—function domains in
junctophilin-2 shows that all three missense mutations involve
residues localizing to key domains. SIOIR localizes to part of
the conserved MORN motif region I, specifically, MORN
domain IV. Substitution of a basic amino acid, arginine, for the
hydrophilic amino acid serine caused a charge alteration in a
MORN repeat hypothesized to interact with the plasma
membrane. The Y141H mutation in MORN domain VI also
caused a substitution of a basic amino acid for a hydrophilic
amino acid in the plasma membrane binding domain. The
S165F mutation abolished a putative PKC phosphorylation site,
substituting a hydrophobic amino acid for the native hydro-
philic amino acid, thereby losing a hydroxyl group required for
phosphorylation. There has been significant interest in under-
standing the molecular and cellular adaptations leading to
hypertrophy caused by HCM, hypertension and valvular
disease. Several studies have shown that although the inward
calcium current (Ic,) through the L-type calcium channel is not
altered in hypertrophic or failing rat and murine cardiomyo-
cytes, there is a decrease in the intracellular calcium transient,
[Ca]; [33,34]. In post-myocardial infarction cardiomyocytes,
this normal I, and decreased intracellular calcium transient
[Ca]; were shown to be independent of SR calcium concentra-
tion [35]. Gomez et al. showed that receptor concentrations,
receptor properties and SR calcium concentrations remained the
same between control and hypertrophied myocytes and
consecutively demonstrated that the decrease in [Ca]; was
most consistent with partial uncoupling of the L-type calcium
channel and ryanodine receptor through increased inter-receptor
distance [33]. This process of ‘orphaned ryanodine receptors’
and disruption of EC coupling was described more recently by
Song et al. as a model for Ca®" dyssynchrony in heart failure
[36]. Such a change in the micro-architecture of the dyad would
lead to ineffective signaling and result in hypertrophy. As
junctophilin-2 was first discovered as a protein bridging the
dyad junction, allowing proper positioning of the L-type
calcium channel and ryanodine receptor to allow normal
calcium signaling [25], disruption of membrane coupling may
contribute to the pathogenesis observed with mutation in JPH2.
This hypothesis is supported by Xu et al. who recently
demonstrated that the expression of JPH2 was reduced by
nearly half in rats with pressure overload-induced hypertrophy.
This observation was made in the setting of early, compensatory
hypertrophy in which Ca®" transient, cardiac myocyte con-
tractility and myocyte ultrastructure were normal [37].

HCM often displays the histological pattern of disorganiza-
tion and fibrosis among cardiomyocytes, thought to be caused by
the activation of stress-induced trophic and nuclear factors, with
vasoactive and hormonal factors implicated in the process
[21,38]. Efficient calcium handling is essential in myocyte
organization as the correct t-tubular system orientation is de-
pendent on calcium signaling during development for example
[39—41]. Therefore, disrupted calcium signaling may predispose
to myocyte disarray. A recent study provides a link at the level of
the myofilament between calcium signaling and force generation
for HCM patients with myosin heavy chain mutations [42].
Here, individual muscle fibers showed substantial variability in
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their responsiveness to calcium and the authors hypothesize that
this could potentially lead to imbalanced force generation and
myocyte disarray. Furthermore, alterations in calcium signaling
through ryanodine receptor mutations have been shown to cause
sudden cardiac death and catecholaminergic polymorphic
ventricular tachycardia. Therefore, calcium signaling irregula-
rities might be a component of the frequent sudden cardiac death
seen in HCM [2,43-47].

Consistent with these aforementioned hypotheses, the HCM-
associated JPH2 mutations discovered in this study localized to

A
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key, conserved MORN motifs or potential sites of phosphor-
ylation sites. Our data may suggest a pivotal role of MORN
motifs in plasma membrane and SR protein complexes
scaffolding with the formation of large JPH2 multimeric
polypeptide aggregates. This is supported by our functional
expression of mutant JPH2 which resulted in mis-localization of
JPH2 in both heterologous cells and homologous cells of
muscle origin as well as significant perturbations in myocyte
intracellular calcium signaling and marked hypertrophy.
Furthermore, disruption of the C-terminal transmembrane

F
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Fig. 4. JPH2 mutants disrupt calcium signaling in HL-1 cells. (A) HL-1 cells were loaded with Fluo-4-AM (top panel) at 5 days post-transfection. Transfected cells
were selected by the presence of a red fluorescent protein marker (bottom panel overlay image) from a separate promoter of the expression vector backbone. Scale bar
indicates 10 pm. Boxed areas are representative regions of interest (ROI) used for analysis. (B) ROI were selected in transfected cells and signal was collected by xy
scan for 5—10 min. Representative traces for each mutant construct are provided. Scale bars indicate 1.0 for the ratio of fluorescence change (AF/F)) for the y-axis and
200 seconds for the x-axis. (C) The ratio of fluorescence change (AF/F}), as an indication of global calcium flux, is significantly attenuated in HL-1 cells expressing
JPH2 mutants. The AF/F, was measured in HL-1 (=29, mean=0.933 AF/F,, SE=0.142), JPH2-WT (n=11, mean=0.884 AF/F,, SE=0.0831), JPH2-N101R (n=5,
mean=0.474 AF/F,, SE=0.124), JPH2-Y141H (n=7, mean=0.200 AF/F,, SE=0.0309) and JPH2-S165F (n=7, mean=0.269 AF/F,, SE=0.0971) transfected cells
were examined. Data listed as mean+SE. *p<0.05.

domain allows for localization of JPH2 protein to the plasma
membrane, potentially due to the interaction of the MORN
motifs. Since HL-1 cardiocytes express endogenous JPH2, our
experiments suggest a dominant-negative mechanism of action
whereby the JPH2 HCM-associated mutants hinder the normal
function of the normal protein derived from the wild type allele,
consistent with the patient’s heterozygous status at JPH2.
Taken together, the observed mutations in JPH2 may result
in vacuolization of the sarcoplasmic reticulum and perturbations
in calcium handling. A defect in calcium-induced calcium
release and ineffective calcium signaling may result in a loss of
contractile strength, compensatory cellular hypertrophy and
myocyte disarray — hallmarks of hypertrophic cardiomyo-
pathy. Despite the compelling molecular and in vitro functional
analyses of the newly discovered JPH2 mutations in patients
with HCM, the causal link between genetic perturbations in
JPH2 and the pathogenesis of HCM in humans would be

bolstered further by co-segregation studies. However, such co-
segregation studies require a pedigree of sufficient size and a
willingness of family members from mutation-positive index
cases to participate. Unfortunately, neither element exists for the
three putative HCM-associated JPH2 mutations described
herein. Alternatively, recapitulation of the HCM phenotype in
a suitable animal model, such as a knock-in mouse hetero-
zygous for one of these mutations, would further strengthen the
causal link.

5. Conclusion

We report the initial discovery of mutations in JPH2-
encoded junctophilin-2 resulting in protein mis-localization,
impaired calcium handling and cardiomyocyte hypertrophy as a
novel pathogenic basis for HCM in humans. Unexplained
cardiac hypertrophy in humans, such as HCM, is the first human

Fig. 3. JPH2 mutants are mis-localized and induce cardiomyocyte hypertrophy. (A) Western blot analysis for JPH2 expression in H9¢2 cells. H9¢2 cells do not express
endogenous JPH2 (vector lane); however, expression of all mutants was found when cells were harvested 24 h or 72 h post-transfection. Markers indicate molecular
weight in kilodaltons (kDa). (B) Confocal images of H9¢c2 cells expressing full-length wild type and mutant JPH2 stained with anti-JPH2 antibody. Intracellular
vacuolization and disrupted localization of the JPH2 gene product are present in cells expressing mutant JPH2. Scale bar indicates 10 pm. (C) Confocal images of
HO9c2 cells expressing full-length wild type and mutant JPH2 stained with anti-calreticulin antibody to indicate the presence of an intact SR network (green). Red
indicates expression of red fluorescent protein from a separate promoter on the plasmid that serves to mark transfected cells as well as to stain the cytosolic
compartment. Blue indicates nuclei as stained by DAPI. Scale bar indicates 10 um. (D, E) Live cell confocal images of HL-1 cells transfected with JPH2-GFP fusion
proteins at 24 (C) and 48 (D) h. These fusion proteins do not contain the C-terminal transmembrane domain (TM) which normally allows the JPH2 gene product to
associate with the SR. Deletion of the TM allows for JPH2-GFP fusion proteins (JPH2-ATM-GFP) to associate with the plasma membrane via the MORN motifs.
Expression of JPH2-ATM-GFP and mutant constructs did not have any obvious detrimental effects on cell morphology. Scale bar indicates 20 um. (F) Hypertrophy of
H9c2 cells transfected with mutant JPH2 was observed when cell size was measured at 5 days post-transfection. Results are representative from one trial of three
conducted. In this trial control H9¢2 cells (n=148, mean=63.3 pm?>, SE=5.3 um?), JPH2-WT (n=182, mean=66.4 pm?, SE=4.0 pm?), JPH2-N101R (=118,
mean=78.1 pm?, SE=7.2 um?), JPH2-Y 141H, (n=108, mean=96.6 pm>, SE=8.5 pm?) and JPH2-S165F (n=132, mean=97.7 pm?, SE=16.0 pm?) transfected cells
were examined. Arrows indicate vacuolization of intracellular structure. Data listed as mean+SE. *p<0.05.
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disease associated with mutations in JPH?2. It remains to be seen
whether the pathway for HCM involves calcium dysregulation
either primarily as shown here for JPH2-HCM or secondarily in
either myofilament- or Z-disc-HCM. Whether susceptibility for
other cardiomyopathies, such as dilated cardiomyopathy, is
conferred by mutations in JPH2 warrants further investigation.
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