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Emerging role of junctophilin-2 as a regulator of
calcium handling in the heart
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Junctophilin-2 (JPH2) is a membrane-binding protein that plays a key role in the organization of the junctional membrane complex
(JMC) in cardiac myocytes. JPH2 is believed to keep the plasma membrane and sarcoplasmic reticulum at a fixed distance within the
JMC, which is essential for proper Ca**-induced Ca*" release during the excitation-contraction process. Recent studies have revealed
that mutations in the JPH2 gene are associated with hypertrophic cardiomyopathy, highlighting the importance of this protein for
normal cardiac physiology. In this paper, we review current knowledge about the structure and function of junctophilin-2 in the heart.
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Junctophilin-2 (JPH2) is a membrane-binding protein that
plays an important role in junctional membrane complexes
(JMC) in cardiac myocytes. There are four members in the
junctophilin protein family (JPH1-4), and they are believed
to bridge the physical gap between the plasma membrane
(PM) and the sarcoplasmic/endoplasmic reticulum (SR/ER)
in excitable cells. The JPH2 gene encodes the principal juncto-
philin isoform in the heart, although JPH1 is also expressed to
a lesser extent!'. JPHI is the major isoform in skeletal muscle,
whereas [PH3 and JPH4 are neuronal isoforms expressed in
subsurface cisternael.

A recent phylogenetic analysis of over 60 JPH genes from
over 40 species revealed that junctophilins are highly con-
served, in particular the ‘membrane occupation and recog-
nition nexus’ (MORN) motifs found in the N-terminus of
all isoforms®™ (Figure 1). In the case of JPH2, eight MORN
domains are thought to mediate attachment to the PM, either
by binding membrane lipids'* or proteins within the plasma
membrane”. The 14-amino acid MORN motifs are highly
conserved across isoforms and species, suggesting that these
Bl Computational
models predict the formation of a well-conserved a-helical
domain of about ~100 amino acids, which is believed to pro-
vide the structural basis for the distance-spanning feature of

domains are essential for JPH2 function
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Figure 1. Schematic representation of a junctional membrane complex
(JMC) in cardiac myocytes, showing voltage-gated Ca®" channels (VGCC,
also known as L-type Ca®" channels), cardiac ryanodine receptors (RyR2),
and junctophilin-2 (JPH2) proteins. The inset depicts the proposed
structural domains of JPH2. PM, plasma membrane; SR, sarcoplasmic
reticulum; TMD, transmembrane domain.

the protein?l.

region, that exhibits a high degree of conservation (83%-91%)
across species, but is poorly conserved across the 4 JPH iso-
forms (15%-17%)P. The function of this domain is presently
unknown, although it may play a role in isoform-specific JPH
functions. Finally, junctophilins are believed to bind to the

Each JPH isoform also contains a divergent

ER/SR membrane using a C-terminal, 22-amino acid trans-

membrane anchor. At present, there is no x-ray crystallogra-

phy or well-defined structural model available for JPHs.
Recent studies have begun to uncover the physiological role
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of JPH2 in cardiac muscle. Germ-line knockout of JPH2 turned
out to be lethal in mice". Although JPH2-/- embryos appeared
to develop normally, hearts did not exhibit rhythmic contrac-
tility and embryos died by day E10.5. Electron microscopy
analysis of ventricular myocytes isolated from E9.5 JPH2-/-
embryos revealed a severely decreased number of JMCslM,
Moreover, these myocytes exhibited Ca®* transients with a
lower amplitude compared to wild-type controls. Finally, a
large number of the JPH2-/- myocytes showed Ca®' transients
that were not evoked by PM depolarization and occurred ran-
domly, suggesting that JPH2 is required for normal SR Ca*"
release!’.

Ca**-induced Ca*" release from the SR is an essential compo-
nent of excitation-contraction (EC) coupling and cardiac myo-

cyte function (Figure 2),

Depolarization of the PM triggers
the opening of voltage-gated Ca®* channels (VGCC), allowing
influx of Ca” ions into the cytosol. This triggers the release of
a greater amount of Ca®* from the SR via ryanodine receptors
(RyR2). After the Ca*-induced contraction of the sarcomere,
myocyte relaxation occurs when Ca®" ions are pumped back
into the SR by sarco/endoplasmic reticulum Ca**-ATPase
(SERCA2a) or Ca* is extruded from the myocyte by Na*/Ca**
exchanger (NCX). Junctophilin is believed to be essential for
normal Ca*-induced Ca** release by keeping VGCC and RyR2
Ca”™ channels at a fixed distance within the Ca®* release unit to
ensure stable excitation-contraction coupling'™.

JPH2 may also modulate Ca® handling by direct interac-
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Figure 2. Overview of the flow of calcium within the junctional membrane
complex during excitation-contraction coupling. Plasma membrane (PM)
depolarization triggers the opening of voltage-gated Ca®* channels (VGCC),
allowing influx of calcium ions. This triggers the release of a greater
amount of Ca®' from the sarcoplasmic reticulum (SR) via ryanodine
receptors (RyR2). After Ca®*-induced contraction of the sarcomere,
myocyte relaxation occurs when calcium ions are pumped back into the
SR by sarco/endoplasmic reticulum Ca?* ATPase (SERCA) or removed
from the myocyte by the Na*/Ca®" exchanger (NCX). Proper structure and
function of junctophilin-2 (JPH2) is believed to be essential for proper
excitation-contraction coupling in cardiac myocytes.
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tions with Ca®* channels. In skeletal muscle, JPH1 was shown
to bind directly to the skeletal muscle isoform RyR17. 1t is
therefore likely that JPH2 will also bind to RyR2 in cardiac
myocytes, although this remains to be confirmed experi-
mentally. In addition, it was shown that JPH2 binds to the
canonical-type transient receptor potential cation channel type
3 (TRPC3), although the physiological role of this interaction
is still unknown!®. Therefore, changes in the expression level
or function of JPH2 may impact intracellular Ca** handling
in various ways. As such, JPH2 may represent an interesting
molecular target to normalize disease-induced changes in Ca*
homeostasis'’.

Compromised EC coupling has been postulated as a key
cellular mechanism for defective cardiac contractility in fail-
ing hearts'"”. Gomez et al" elegantly demonstrated that the
ability of VGCC to trigger Ca”™" release from the SR via RyR2
(ie, the gain of EC coupling) was reduced in rats with heart
failure. Because expression levels of VGCC and RyR2 were
normal in these failing hearts, the defect was localized to the
coupling between both types of Ca>" channels. More recently,
Xu et al™! proposed that decreased JPH2 expression might
underlie defective EC coupling in rats with cardiac hypertro-
phy. Decreased JPH2 expression has also been reported in
two mouse models of heart failure, the muscle-LIM protein
knockout model of dilated cardiomyopathy and the activated
H-ras transgenic mouse model of hypertrophic cardiomyopa-
thy[S]. These results suggest that loss of JPH2 in failing hearts
may contribute to defects in EC coupling, although it remains
unclear whether JPH2 alterations play a primary or secondary
role in the development of heart disease.

Landstrom et al™ recently reported mutations in the JPH2
gene in patients with hypertrophic cardiomyopathy (HCM).
Three missense mutations (S101R, Y141H, and S165F) were
found in 388 unrelated patients with HCM, but were absent in
500 control individuals. None of the JPH2 mutation carriers
had mutations in any other known HCM-linked gene. Matsu-
shita et al™ also reported a mutation in JPH2 (G505S) in a Jap-
anese cohort of HCM patients. Expression of mutant but not
wild-type JPH2 in H9c2 cells caused cellular hypertrophy!?.
Moreover, overexpression of mutant JPH2 in HL-1 cardiomyo-
cytes attenuated the amplitude of Ca®* transients, suggesting
that the EC coupling process was disrupted in cells expressing
mutant JPH2', Additional studies will be needed to further
characterize the effects of mutant JPH2 in the context of adult
cardiac myocytes. Nevertheless, these translational studies
suggest that abnormal JPH2 function may lead to hypertrophy
and heart failure in patients.

Conclusion

Junctophilin-2 has emerged as a potentially important regu-
lator of excitation-contraction coupling in cardiac myocytes.
Although the physiological role of JPH2 needs to be studied
more extensively, it is currently believed that JPH2 plays a
critical role in properly spacing and aligning VGCCs in the
plasma membrane and ryanodine receptors on the sarcoplas-
mic reticulum. Reduced levels of JPH2 may contribute to



defective excitation-contraction coupling in cardiac disease
states such as hypertrophic cardiomyopathy and heart fail-
ure. Therefore, targeting JPH2 and its binding partners may
represent a new therapeutic strategy for the treatment of heart
disease.
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