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Abstract

Proper cardiac Ca>* homeostasis is essential for normal excitation—contraction coupling. Perturbations in cardiac
Ca®" handling through altered kinase activity has been implicated in altered cardiac contractility and arrhythmogen-
esis. Thus, a better understanding of cardiac Ca®" handling regulation is vital for a better understanding of various
human disease processes. ‘Striated muscle preferentially expressed protein kinase’ (SPEG) is a member of the myo-
sin light chain kinase family that is key for normal cardiac function. Work within the last 5 years has revealed that
SPEG has a crucial role in maintaining normal cardiac Ca®" handling through maintenance of transverse tubule
formation and phosphorylation of junctional membrane complex proteins. Additionally, SPEG has been causally im-
pacted in human genetic diseases such as centronuclear myopathy and dilated cardiomyopathy as well as in com-
mon acquired cardiovascular disease such as heart failure and atrial fibrillation. Given the rapidly emerging role of
SPEG as a key cardiac Ca*" regulator, we here present this review in order to summarize recent findings regarding
the mechanisms of SPEG regulation of cardiac excitation—contraction coupling in both physiology and human dis-
ease. A better understanding of the roles of SPEG will be important for a more complete comprehension of cardiac

Ca*" regulation in physiology and disease.

Atrial fibrillation e Cardiomyopathy e Centronuclear myopathy e Excitation—contraction coupling ¢ Heart

failure o JPH2 o SERCA2a e Striated muscle preferentially expressed protein kinase e Ryanodine receptor

1. Introduction

The regulation of Ca®>" release and re-uptake into the sarcoplasmic re-
ticulum is a key component of normal excitation—contraction coupling in
cardiomyocytes. Altered regulation of Ca*t handling proteins by kinases
and phosphatases has been implicated in the pathogenesis of cardiovas-
cular diseases such as heart failure and atrial fibrillation."™ Striated mus-
cle preferentially expressed protein kinase (SPEG) is a member of the
obscurin (OBSCN) sub-family of the myosin light-chain kinase (MLCK)
family, containing two tandem kinase domains both shown to be catalyti-
cally active in the heart.* Studies within the last 5 years have revealed
that SPEG is a key regulator of cardiac Ca®" regulation within the junc-
tional membrane complex and has been causally implicated in both ge-
netic and acquired cardiovascular disease. Thus, knowledge of SPEG may
aid in advancing the broader field of cardiac Ca*" handling and

excitation—contraction coupling. We here present an overview of
SPEG’s key functional domains and regulations as well as mechanisms of
SPEG regulation of cardiovascular Ca®* homeostasis in both physiology
and heart disease.

2. SPEG isoforms

In humans, the striated muscle preferentially expressed gene, also re-
ferred to as the SPEG complex locus, is localized to chromosome 2q35.
The SPEG gene is comprised of 43 exons and produces four distinct pro-
tein variants or isoforms that differ both in structure and composition
(Figure 1). The first isoform expressed from the SPEG complex locus,
aortic preferentially expressed gene-1 (APEG-1), was reported in 1996 as
part of a differential MRNA display performed in arterial smooth muscle
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Figure | Tissue-specific isoforms of SPEG and functional domains. (A) Diagram of the SPEG complex locus (top) along with the gene regions tran-
scribed for each isoform. Black arrows mark alternative transcription start sites. Red-filled boxes are protein coding sequences/exons. Clear boxes code
untranslated regions. Tissue-specific transcripts with exons/sequences included are indicated below the gene diagram. Adult tissues expressing high levels
of the transcripts are indicated to the left. (B) Diagram of full-length canonical SPEG protein showing key domains including immunoglobulin, fibronectin
Il and kinase domains. The lines below the diagram indicate which domains are part of the four SPEG isoforms (SPEG, SPEGa, APEG-1, and BPEG)

marked below. Scale bar of 200 amino acids (a.a.).

cells.’ Subsequent studies revealed that the APEG-1 is one of four iso-
forms [i.e. SPEGB, SPEGA, APEG-1, and brain preferentially expressed
gene (BPEG)] generated from the SPEG complex locus.® The SPEG com-
plex locus contains two transcriptional start sites with alternative splice
variations resulting in multiple isoforms that have both temporal and
tissue-specific regulation patterns (Figure 1A).°Tissue-specific expression
of these isoforms is likely mediated by the desmin (DES) locus control re-
gion, located 5’ of SPEG, which, as its name suggests, also concomitantly
regulates expression of DES.” Thus mechanisms that regulate DES ex-
pression in striated and smooth muscle may have similar effects on SPEG
expression as the gene expression of both are regulated by the same
regions of muscle-specific DNase | hypersensitivity predicted to bind a
variety of transcription factors.

SPEGS is considered the full-length canonical isoform, and mRNA and
protein of SPEGP are found in both heart and skeletal myocytes in adult
muscle.® Each protein is generated from an 11 kb mRNA transcript and
weighs a total of 355kDa. In comparison, SPEGu, another striated
muscle-specific isoform, lacks a portion of the N-terminal sequence of
SPEGS with loss of amino acid residues 1-841. SPEGa is translated from
a 9kb mRNA transcript and weighs around 250kDa.® There is an ap-
proximate 1:1 ratio of these two isoforms in both cardiac and skeletal
muscle.® Recent studies have identified human single-nucleotide

polymorphisms located in close proximity to the SPEG gene associated
with increased SPEG levels in skeletal muscle.® The authors reporting
these findings did not, however, specify whether these isoforms had an
effect on expression of SPEGo. Regardless, these findings may provide
clues into the specific DNA regions including enhancer elements impor-
tant for the regulation of skeletal muscle SPEG levels.

The smaller APEG-1 and BPEG isoforms are preferentially expressed
in arterial smooth muscle and brain respectively.’APEG-1 expression
has been seen to be inversely correlated with smooth muscle cell dedif-
ferentiation.” However, in contrast to striated muscle-specific SPEG iso-
forms, little is yet known of the physiological significance of either of
these two isoforms with no brain or vascular phenotype yet detected in
Speg germline knockout mouse lines (Table 7).

3. SPEG functional domains

Members of the MLCK family contain a variety of structural protein-
binding domains in addition to serine/threonine kinase domains. These
domains can work together in order to perform their downstream phys-
iological functions.'* SPEG is similar to other members of the MLCK
family in this regard with a variety of immunoglobulin and fibronectin Il
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Table | SPEG knockin and knockout mouse models

Animal model

Phenotype

Cellular and molecular findings

Speg germline knockout
Deletion of Exons 8-10

Cardiac-specific SPEG conditional

knockout

SPEG™ (Floxed Exon 9) x «MHC-
MerCreMer

SPEG* Kl mice

Normal baseline in heterozygous
knockout but with reduced LV ejec-
tion fraction after pressure overload

Dilated cardiomyopathy in homozy-
gous knockout

98% death by postnatal day 2 in

knockout

Enhanced atrial fibrillation inducibility
2 weeks post-tamoxifen injection

Dilated cardiomyopathy and heart fail-

ure with reduced fractional short-

ening and ejection fraction by

8 weeks post-tamoxifen injection
Premature death as early as 4 weeks

post-tamoxifen injection with 100%

death by 24 weeks

Decreased cardiac ejection fraction

Speg expressed in embryonic atria and
ventricle

Dysregulation of myofibril and sarco-
mere structure in knockout

Reduced cardiac tropomyosin phos-

phorylation in knockout

T-tubule structure disruption
Reduced SR Ca?* load and steady
state Ca>" transient amplitude
Reduced SERCAZ2a activity and in-
creased RyR2 SR Ca" Leak
Reduced SPEG mediated JPH2,
SERCA2a-T484, and RyR2-S2367
phosphorylation

Decreased cardiac SERCA?2a activity

4,11-13

SPEG-S2461A-S2462A-T2463A
knockin

Left ventricular dilation

Atrial-specific SPEG conditional

knockout tion with rapid atrial pacing

SPEG™" (Floxed Exon 9) 4+ AAV9-
ANF-Cre

Increased inducibility of atrial fibrilla-

and oligomerization

Reduced SERCA2a-T484
phosphorylation

Increased Ca®" spark frequency in
atrial cardiomyocytes

Reduced RyR2-52367 phosphorylation

protein-binding domain. In addition, SPEG contains two serine/threonine
kinase domains similar to other members of the OBSCN sub-family of
the MLCK branch.

3.1 SPEG serine/threonine kinase domains
SPEG is composed of tandem myosin light chain kinase regions, each
bearing a conserved serine-threonine kinase domain."" Similar to other
catalytically active kinases, both domains contain a Asp-Phe-Gly (DFG)
motif at the N-terminus of the activation loop as well as several other in-
variant amino acid residues.'* Mutation of these conserved residues has
been successfully performed in order to abolish kinase activity in vitro.""
The first kinase domain located in the central region of the protein—
also referred to as SPEG-1—has been shown to phosphorylate
junctophilin-2 (JPH2). although the specific serine or threonine residue
on JPH2 remains unknown.*'" The C-terminal kinase domain—referred
to also as SPEG-2—phosphorylates cardiac sarco-endoplasmic reticu-
lum ATPase-2a (SERCA2a) at the T484 residue."” Finally, SPEG has also
been shown to phosphorylate the ryanodine receptor type-2 (RyR2) at
$2367, but the specific kinase domain involved is not known."? The phys-
iological role of these phosphorylation events in striated muscle will be
discussed later.

The catalytic regions of many kinase domains in the MLCK family, in-
cluding SPEG-1, are followed by an auto-regulatory domain (ARD) that
contains a CaM-binding motif." True CaM autoregulated kinase domains
help translate increased Ca®" levels into phosphorylation events result-
ing in a range of downstream consequences including changes in sarco-
meric contractility, ion channel function, and gene transcription.'®
However, some of these ARDs may be regulated by separate signalling

pathways necessary for cardiovascular function. For instance, the ARD
of titin is actually physically removed from the catalytic site through pas-
sive stretching of cardiac muscle during diastole, thus allowing increased
end-diastolic volume to translated into enhanced contractility as de-
scribed in the well-known Frank-Starling Law."” Future research will be
needed to determine whether the SPEG-1 catalytic kinase domain is acti-
vated through Ca>"/CaM or through an alternative mechanism. Given
that in vitro assays reveal that SPEG-1 is capable of autophosphorylation
as well as phosphorylation of JPH2 in the absence of Ca>™ or CaM, it
appears that Ca*™/CaM binding to the ARD is not necessary for catalytic
activity.“'6

In contrast to many other kinase domains of the MLCK family,
SPEG-2 does not appear to contain an autoregulatory domain.”® At
least in ventricle, SPEG-2 catalytic activity is enhanced by protein ki-
nase B (PKB)-mediated phosphorylation of residues S2461, S2462,
and T24638 Mutation of these three residues resulted in decreased
SERCA2a phosphorylation indicative of decreased SPEG-2 catalytic
activi‘cy.13 However, mutation of these residues or knock-out of PKB
did not result in complete loss of SERCA2a phosphorylation by
SPEG, suggesting that PKB phosphorylation may positively regulate
SPEG’s catalytic activity, but it is unlikely to be the sole regulator.
Phosphoproteomic studies demonstrate phosphorylation by CAMKII
(52‘135).18 Additionally, tissue-specific mouse proteomics revealed
two heart-specific phospho sites for SPEG." There are also several
sites on SPEG that are hyper-phosphorylated with exercise, although
the relevance of these phosphorylation events on protein function
remains unknown.”**'
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While other tandem kinase domains outside of the MLCK family such
as ribosomal S6 kinase-1 have been shown to be important in activating
each other,?? no such relationship has been shown for the tandem kinase
domains in SPEG or other members of the OBSCN sub-family of the
MLCK family. At least in vitro, the two catalytic domains seem to be able
to act independently of one another in the phosphorylation of their sub-
strates."! Thus, further extensive work is required to dissect whether
these tandem kinase domains have the ability to activate or inhibit one
another in vivo.

3.2 Other structural domains in SPEG

Like most members of the MLCK family, SPEG contains several
immunoglobulin-like and fibronectin Ill domains. These immunoglobulin-
like and fibronectin Ill domains facilitate protein-protein interactions that
allow MLCK family proteins to help form a cytoskeletal network and
compartmentalize the cell.?®
these kinases to specific targets through direct binding events, unlike
other kinases that rely on anchoring or scaffolding proteins to localize to
their substrates.2* The crystal structure of APEG-1 lacking the 14 N-ter-
minal amino acids revealed a single immunoglobulin domain containing
an Arg-Gly-Asp (RGD) adhesion recognition motif that is crucial for in-
teraction with extracellular proteins and cell adhesion.?> This functional

These binding domains can also localize

domain also mediates a weak dimerization event with the smooth mus-
cle APEG-1 protein isoform in vitro, although it has not been confirmed
whether such an interaction occurs in vivo.”> The larger SPEG isoforms
also contain multiple immunoglobulin-like and fibronectin Il domains. In
addition to facilitating protein-protein interactions, the repeat
immunoglublin-like domains may provide SPEG with mechanosensitivity
with a domain arrangement similar to that seen in the spring-like region
of titin.2" However, further experimental work is necessary to identify
the precise functions of these different domains.

A common feature of many members of the MLCK family is binding
to myosin or actin within the muscle sarcomere.'” However, it is not de-
finitively known whether SPEG is capable of binding either. SPEG local-
izes to the Z-disc on either side of DES in striated muscle and partially
overlaps with a-actinin, but not myosin staining.g’26 SPEG also shows lo-
calization with the terminal cisternae, where it binds JPH2, RyR2, and
SERCA2a.*'®"" Recent studies have shown that SPEG also localizes to
the intercalated disc and sarcolemma regions in adult cardiomyocytes in
a manner similar to obscurin like-1 (OBSL1), a protein made from a gene
physically linked to SPEG.>” Given that OBSL1 is almost completely com-
posed of immunoglobulin-like domains, it is likely that SPEG also uses its
immunoglobulin-like domains in a similar manner in order to localize
within the cell. However, the functional significance of SPEG localizing to
the intercalated disc or sarcolemma remains unknown.

4. SPEG as a calcium regulator

Thanks to the creation of various genetic mouse models of SPEG loss
(Table 2), our knowledge about the roles in cardiac muscle of the SPEGal
and SPEG isoforms has substantially improved within the last 10 years.
Through these studies, we and others have found that the SPEGa and
SPEGP isoforms play critical roles in regulating cardiomyocyte contractil-
ity by means of phosphorylating several Ca”—handling proteins
(Figure 2).**1"12 These phosphorylation events, in turn, directly modu-
late excitation—contraction coupling and contractility in striated muscle.
In addition, SPEG has been shown to directly modulate transverse (T)-

tubule stability, thereby contributing to the ultrastructural stability of key
Ca”" signalling domains within cardiomyocytes.*

4.1 SPEG regulation of junctional

membrane complex formation

In adult mice, induced cardiomyocyte-specific knockout of Speg results
in a striking loss of T-tubules and JMCs.* In cardiomyocytes, JMCs (dyads)
are subcellular microdomains, in which voltage-gated L-type Ca*" chan-
nels on the sarcolemma are held in close apposition to RyR2/SR Ca*-
release channels on the SR.33Cardiac-speciﬁc Speg knockout mice also
exhibit decreased Ca*"-transient amplitudes indicative of reduced sys-
tolic SR Ca®* release along with reduced SR Ca’* load, both of which
contribute to decreased contractility.* Although cardiac-specific Speg
knockout mice develop heart failure within 4 weeks of knockout induc-
tion, the JMC disruptions and Ca>"-handling alterations develop before
any signs of cardiac failure manifest.* These findings strongly suggest that
loss of SPEG in adult cardiomyocytes is causally linked to the aforemen-
tioned JMC and Ca*"-handling changes, and are not secondary due to
heart failure. Similar findings were reported in subsequent studies per-
formed in skeletal muscle of mice with skeletal-muscle-specific SPEG
knockout.>* SPEG knockout resulted in loss of [MCs (triads) in skeletal
muscle as well as reduced SR Ca”" release during contraction. Taken to-
gether, these results suggest that loss of SPEG is sufficient to cause dis-
ruption of striated muscle JMCs, thus leading to reduced SR Ca®"
release and impaired striated muscle contractility.

In cardiomyocytes, loss of JMCs and T-tubules has been possibly at-
tributed to reduced SPEG-mediated phosphorylation of JPH2.* JPH2 is a
membrane-spanning structural protein that binds the sarcolemma at its
N-terminus and the SR with its C-terminal transmembrane segment.>
Using cardiac-specific short hairpin RNA-mediated JPH2 knockdown in
mice, we previously showed that loss of |PH2 during cardiac develop-
ment prevents the development of mature T-tubules in cardiomyo-
cytes*® Subsequently, Quick et al* demonstrated that reduced
phosphorylation of JPH2 in SPEG knockdown mice—despite unaltered
levels of JPH2 protein—correlated with a loss of T-tubules and JMCs.
Additional studies are needed to identify the exact residue(s) on JPH2
that are subject to SPEG phosphorylation and to determine whether
phosphorylation of such residue(e) are essential for T-tubule/JMC stabil-
ity. Interestingly, recent studies suggest that another type of post-
translational modification (S-palmitoylation) of JPH2 is also critical for its
role in tethering the SR to the plasma membrane.?” However, it is un-
known whether S-palmitoylation of JPH2 affects binding to SPEG.

4.2 SPEG kinase regulation of SR Ca*"
handling proteins

In addition to affecting sarcomere and JMC structure, SPEG can directly
affect excitation—contraction coupling by phosphorylating key Ca®*-han-
dling proteins. Excitation—contraction coupling is the process by which
an electrical, depolarizing signal propagates down T-tubules to activate
L-type Ca®*-channels, whereby the subsequent Ca*" influx activates SR
Ca®" release via RyR2, thereby causing contraction of the myofila-
ments.> During relaxation of the cardiomyocyte, Ca*tis pumped back
into the SR via SERCA2a or extruded from the cell via the Na™/Ca*"-
exchanger.

SPEG was identified as a major regulator of SR Ca*" handling in unbi-
ased proteomic analyses of JPH2 and RyR2 binding partners in adult
mouse hearts.* In this study, SPEG emerged as the only protein that
binds to both JPH2 and RyR2 under stringent co-immunoprecipitation
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Table 2 Clinical characteristics of humans with SPEG mutations

Patient

Gender/age

Genotype

Skeletal muscle
findings

Cardiac findings

Female/died at

3 weeks

Female/6 years

Male/19 months

Male/3 years

Male/8 years

Female/10 years

Male/died
19 weeks

Homozygous
c.6697C>T
p.G2233*
Pathogenic
Nonsense
Heterozygous
€.3709_3715 + 29del36
p.T12375fs*46
Pathogenic
Frameshift
and
c4276C>T
p.R1426*
Pathogenic
Nonsense

Heterozygous

¢.2915_2916delCCinsA

p.A972Dfs*79

Pathogenic

Frameshift

and

c.8270G>T

p.G2757V

Likely pathogenic

Missense

Homozygous

c.1626_1627insA
p.-T544Dfs*48

Pathogenic

Frameshift

Homozygous
c.9586C>T
p.R3196*
Pathogenic
Nonsense

Heterozygous
¢.1071_1074dup
p.K359Vfs*35
Pathogenic
Frameshift
and
c4399C>T
p.R1467*
Pathogenic
Nonsense
Homozygous
c7119C>A
p.Y2373*
Pathogenic

Severe hypotonia, respi-

ratory insufficiency

Severe hypotonia, oph-

thalmoplegia, facial
weakness, tracheos-
tomy for respiratory
insufficiency, sat
unsupported at 2, un-
able to walk

Severe hypotonia, facial

weakness, unsup-
ported sitting at
18 months

Severe hypotonia, oph-

thalmoplegia with mild
ptosis, polyphasic mo-
tor unit potentials on
EMG, unsupported
sitting at 12 months,
unable to walk

Severe hypotonia, facial

weakness, walking
with assistance at
3years, walking inde-
pendently at 4 years,
normal eye

movement

Hypotonia, positive

Gower’s sign, walking
independently at
30 months

Floppy infant, no deep

tendon reflexes, mo-
tor nerve conduction
velocity amplitudes of

No cardiac evaluation

Normal cardiac function at
birth, at 2 months of age: di-
lated cardiomyopathy, se-
vere depression of systolic
function, left and right ven-
tricular diastolic dysfunction.
Drug treatments resulted in
normal ventricular function

by 1year of age

Foetal bradycardia, dilated car-
diomyopathy at 1 month of
age, decreased left ventricu-

lar function, mitral
insufficiency

Foetal bradycardia, no

cardiomyopathy

Foetal bradycardia, dilated car-
diomyopathy, left ventricu-
lar ejection fraction 31%

and worsening, mild mitral

insufficiency

Reduced myocardial contrac-
tion at 5 years that normal-

ized with 1 year of drug
treatment, no dilated
cardiomyopathy

At 10 weeks fractional short-
ening of 30% and normal in-

ner diameter of left
ventricle, enlarged atria,

28

28

29

30

Continued
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Table 2 Continued

Patient Gender/age Genotype

Skeletal muscle Cardiac findings Ref

findings

Male/died 17 years

Nonsense

Homozygous
€.9185_9187delTGG
p.V3062del

Likely pathogenic

median and peroneal
nerve were below
normal range (axonal
neuropathy), polypha-
sic motor unit
potentials

Proximal muscle weak-
ness diagnosed at age
4, ophthalmoplegia at
12

abnormal trabeculation,
intratrabecular recesses as
pathognomonic of left ven-
tricular non-compaction
(LVNC)

At age 6 biventricular hyper-

trophy, severe left ventricu-
lar dilation, poor muscle

contractility, progressive di-

31

In-frame deletion

9 Female/6.5 years Heterozygous ¢.2183delT
p.L728R(fs*82

Pathogenic

Frameshift

and

c.8962_8963insCGGG
GCGAACGTTCGTG
GCCAAGAT
p.V2997Gfs*52

Likely pathogenic

Frameshift

10 Female/died 3 days

(Twin of P11)

Homozygous

c.8710A>G

p.T2904A

Uncertain significance

Missense

11 Female/died 5 days
(Twin of P10)

Homozygous
c.8710A>G
p.T2904A

Uncertain significance

Missense

lated cardiomyopathy: frac-
tional shortening went from
20% at age 10 to 9% at age
16, severe mitral valve insuf-
ficiency, died of cardiopul-
monary insufficiency

31

Hypotonia, facial weak- Sinus tachycardia, no signs of

ness, axial hypotonia, contractile dysfunction
proximal muscle

weakness, ophthalmo-

plegia, bilateral ptosis,

intermittent strabis-

mus, walking at

2years

32

Facial weakness, ptosis, Sinus tachycardia, right atrium

respiratory insuffi- abnormality, dilated
ciency, hypotonia, ax- cardiomyopathy
ial muscle weakness

32

Facial weakness, ptosis, Sinus tachycardia, right atrium

respiratory insuffi- abnormality, dilated
ciency, hypotonia, ax- cardiomyopathy

ial muscle weakness

conditions. RyR2 is the main SR Ca*"-release channel responsible for
excitation—contraction coupling.'®*® Interestingly, SPEG is capable of
binding to RyR2 using the N-terminal portion of SPEG that is unique to
SPEGB.* These findings suggest that SPEGa, which does not have the N-
terminal region needed for RyR2 binding, probably does not regulate
RyR2, although this has yet to be experimentally verified.
Cardiomyocyte-specific SPEG conditional knockout mice develop in-
creased Ca”" spark frequency indicative of aberrant RyR2 activity.* This
increase in Ca*" spark frequency was not seen by Quan et al."", which
may be caused by the fact that they measured Ca®" fluxes in non-paced
cardiomyocytes, which might interfere with normal SR Ca®" homeosta-
sis. An additional limitation to these studies is that non-spark mediated
RyR2 leak was not measured through pharmacological tetracaine or dan-
trolene protocols.®®

Recently, we identified serine 2367 (S2367) as the SPEG-
phosphorylation site on RyR2."> Genetic knockout of SPEG caused re-
duced $2367 phosphorylation on RyR2. Campbell et al.'* generated
knock-in mice in which the S2367 site was genetically inactivated by mu-
tating the residue to alanine. Complete inactivation of S2367 on RyR2
leads to enhanced RyR2 activity manifesting as an increase in SR Ca>"-
spark frequency under diastolic conditions.'” These findings suggest that
the $2367 phosphorylation site on RyR2 acts as an inhibitory site, which
makes the SPEG-phosphorylation site unique among RyR2 site phos-
phorylated by other kinase (e.g. protein kinase A, Ca>*/calmodulin-de-
pendent protein kinase Il) that enhance RyR2 activity upon
phosphorylation (Figure 3).>*™* Understanding how this phosphoryla-
tion site interacts with other binding partners and post-translational
modifications on RyR2, as well as identifying the phosphatases with their
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Figure 2 Subcellular organization of SPEG and its phosphorylation
targets in cardiac muscle. SPEG phosphorylation of junctophilin-2
(JPH2) in cardiac muscle plays a role in T-tubule formation and stabiliza-
tion. SPEG phosphorylation of RyR2 and SERCA2a in cardiac muscle
modulates sarcoplasmic reticulum Ca** handling.

Cytosol

Sarcoplasmic Reticulum Lumen

Figure 3 SPEG phosphorylation of RyR2-S2367 inhibits diastolic
Ca** leak. While CaMKIl phosphorylation (P) of $2814 and PKA phos-
phorylation of $2808 and S2030 have been shown to enhance RyR2 di-
astolic opening, enhanced targeting by protein phosphatase 1 and 2
(PP1 and PP2) along with phosphorylation of S2367 by SPEG inhibit dia-
stolic Ca*" leak.

corresponding regulatory subunits that regulate this site, will be impor-

tant for establishing a more complete understanding of RyR2 dynamics.
SPEG also phosphorylates SERCA2a. Quan et al.'" reported that

SPEG phosphorylation of SERCA2a enhances SR Ca®"-reuptake activity.

SPEG knockout in adult mouse cardiomyocytes resulted in a significant
decrease in SERCA2a activity."" In vitro studies demonstrated that the
SPEG-2 kinase domain was sufficient to phosphorylate a peptide contain-
ing SERCA2a-T484. Additionally, SPEG-knockout mice had decreased
SERCA2a-T484 phosphorylation. In silico studies also demonstrated that
SPEG was able to increase oligomerization of SERCA?2a and that this was
mediated through SPEG phosphorylation of SERCA2a-T484."" Loss of
SPEG levels resulting in enhanced SERCA2a activity was not seen in
SPEG cKO mice by Quick et al.* However, this could be potentially
explained by the smaller sample sizes that might fail to detect existent
differences. Differences in both genetic background and tamoxifen dos-
ing also resulted in mice having a more rapid onset of heart failure in
Quick et al? compared to Quan et al™ Future studies in SERCA-T484
phospho-resistant or phospho-mimetic mouse lines are required to defi-
nitely validate the precise role of SERCA2a-T484 phosphorylation by
SPEG in the regulation of ventricular cardiomyocyte Ca** homeostasis.

137 recently reported that the RyR2/SR Ca*"-
release channel and the SERCA2a/phospholamban/Ca”" reuptake trans-

Interestingly, Alsina et a

porter are part of a macromolecular protein super-complex. It was
shown that a protein phosphatase type-1 regulatory subunit type-3A
plays a key role in organizing these SR macromolecular complexes.*”
Given that SPEG binds to both RyR2 and SERCA2a,'""? it may also play
a role in the structural organization and regulation of SR Ca**-handling

protein complexes.

5. Human diseases caused by SPEG
mutations

Inherited compound heterozygous or homozygous loss-of-function
mutations in SPEG have been shown to cause centronuclear myopathy
(CNM), a form of congenital myopathy marked by muscle weakness and
centralized skeletal muscle nuclei on histological examination.*® In addi-
tion, many affected patients may also have concomitant dilated cardio-
myopathy or other cardiac components.*® CNM can also be caused by
mutations in other genes such as myotubularin (MTM1), bridging
integrator-1, or dynamin-2, genes that all encode proteins with impor-
tant roles in T-tubule formation.*’

The first three human SPEG mutations associated with CNM and di-
lated cardiomyopathy were reported by Agrawal et al'® in 2014. Since
then, a total of 11 patients with disease-causing SPEG mutations have
been reported (Figure 4).3? Patient demographics, family history, clinical
symptoms, and cellular/molecular findings in patient muscle biopsies are
summarized in Table 2. Most patients with SPEG mutations suffered from
hypotonia and skeletal muscle weakness, as expected for those afflicted
by CNM as well as from cardiac abnormalities, including dilated cardio-
myopathy, bradycardia, and eventually heart failure (Table 2). While
seven mutations suffered from homozygous autosomal-recessive SPEG
mutations, four patients exhibited compound heterozygous mutations.
Three of the 15 mutations are likely pathogenic with 11 being considered
pathogenic variants. One mutation in patients 10 and 11- both twins ho-
mozygous for the same mutation - is classified as a variant of unknown
significance.> However, given the close approximation of the mutation
to a critical functional domain and the fact that both twins had severe dis-
ease consistent with CNM, it is still possible that the mutation is disease
causing. Interestingly, 11 out of 15 mutations cause truncated mutations
through either nonsense or frameshift mutations. Therefore, it is be-
lieved that the striated muscle phenotype is generally caused by a loss-
of-function mutation phenotype.
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Figure 4 Localization of SPEG mutation associated with human disease. Diagram showing SPEG mutations identified in patients (P) 1-11 reported to
date (see Table 2) relative to the functional protein domains. All protein domains are drawn to scale. ¥Nonsense mutation. Fs, frameshift.

Patients with variants in the N-terminal part of the SPEG locus that is
unique to SPEGP generally did not develop a cardiomyopathy.?®**3" As
the SPEGP isoform is driven by an alternative promoter, it is predicted
that these patients will at least have some amount of SPEGa. Thus, it
appears that SPEG[} and SPEGa may have a great deal of redundancy in
cardiac muscle function, although this needs to be experimentally vali-
dated. Additionally, some patients had mutations within the SPEG-2 ki-
nase domain.*? With the exception of one patient, who was compound
heterozygous for another N-terminal mutation that only affects SPEG,
these patients had primarily a cardiomyopathic phenotype.>? However,
these patients had no or a relatively mild skeletal myopathy, suggesting
that proteins phosphorylated by kinase domain SPEG-2 play a more im-
portant role in cardiac muscle cells.

The causality of SPEG loss in the pathogenesis of myopathy and dilated
cardiomyopathy has been established using various SPEG mouse models.
Germline Speg knockout mice exhibit increased skeletal myocyte central
nuclei reflective of findings in CNM-affected individuals.™ Moreover,
germline Speg knockout mice also develop severe neonatal dilated car-
diomyopathy with a nearly 100% fatality rate in pups.” While it is likely
that frameshift mutations cause reduced SPEG levels and a loss-of-
function phenotype,m it is still unclear how SPEG missense mutations
lead to human disease.

6. Altered SPEG expression in heart
failure

Heart failure is a clinical syndrome characterized by symptoms and signs
resulting from the inability of the heart to meet the metabolic demands
of the body.*° It affects over 6.5 million people older than 20 years of age
in the USA alone.>" Current treatment methods are inadequate with a

5-year survival of only 42.3%, which in part reflects a poor understanding
of the molecular origin of this disease.>>

In heart tissue samples from patients with heart failure with a reduced
ejection fraction, SPEG mRNA levels were greatly decreased compared
in comparison to patients with non-failing hearts.* In experimental
mouse models of heart failure induced by isoproterenol or transverse
aortic constriction, SPEG mRNA levels were also reduced."” A reduc-
tion in cardiac SPEG levels appears to be causally linked to the develop-
ment of heart failure. In studies by two separate labs, tamoxifen-
inducible cardiomyocyte-specific SPEG knockout in mice induced the
development of severe dilated cardiomyopathy within weeks resulting in
significantly decreased survival*"" The loss of SPEG within cardiomyo-
cytes causes a major loss of T-tubules and JMCs, possibly in part due to
hypo-phosphorylation of JPH2.* In addition, enhanced RyR2-mediated
SR Ca®* leak and reduced SERCA2a activity lead to aberrant SR Ca**
handling and reduced myocyte contractility further contributing to the
development of heart failure.*""

Finally, studies in heterozygous SPEG knockout mice revealed the ab-
sence of a baseline cardiac phenotype suggesting that reductions in
SPEG levels up to at least 50% are tolerated.> However, following the
induction of pressure overload induced by transverse aortic constriction,
heterozygous SPEG mice exhibited a significant increase in fibrosis and
chamber dilation as well as a decrease in ejection fraction in comparison
to wild-type control mice. Heterozygous SPEG knockout mice also
exhibited more profound T-tubule and JMC disruption after transverse
aortic constriction relative to controls.>® Thus, mildly reduced SPEG lev-
els may predispose to exacerbated heart failure development, while se-
vere reductions in SPEG levels may be sufficient to cause heart failure
without additional stressors. Taken together, these studies suggest a
causative role for decreased SPEG levels or activity in human heart
failure.
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7. Altered SPEG function in atrial
fibrillation

Atrial fibrillation is the most frequently diagnosed cardiac arrhythmia af-
fecting between 3 and 6 million people in the USA alone.>* Because the
number of atrial fibrillation cases dramatically increase with age and
women generally live longer than men, more women than men suffer
from atrial fibrillation. Atrial fibrillation is more common among patients
suffering from obesity, hypertension, diabetes heart failure, and chronic
kidney disease.”>>® Several mechanisms contribute to the development
of atrial fibrillation, including electrical remodelling, structural remodel-
ling, and inflammatory signalling>” >’ Ca®"-handling abnormalities have
been identified in patients with either paroxysmal (early stage) or persis-
tent (more advanced) atrial fibrillation, although the underlying molecu-
lar mechanisms are quite distinct.>*?

Recently, Campbell et al.™ reported than reduced SPEG levels may
play a role in atrial fibrillation pathogenesis. Patients with paroxysmal
atrial fibrillation exhibited reduced SPEG protein levels in right atrial bi-
opsies compared to patients in sinus rhythm."? Interestingly, SPEG levels
were unchanged in chronic atrial fibrillation, indicating that it is unlikely
that this is secondary to atrial fibrillation induced atrial remodelling
changes."” To determine whether decreased SPEG levels could be suffi-
cient to enhance the susceptibility to atrial fibrillation, atrial SPEG knock-
out mice were developed using an atrial-specific adeno-associated virus
9 used to deliver Cre to SPEG-floxed mice (Table 1)."*** Atrial SPEG
knockout mice were more susceptible to atrial fibrillation induction using
programmed electrical stimulation, suggesting that reduced SPEG levels
generate a substrate for atrial arrhythmia formation.

Previous studies revealed evidence for increased SR Ca®" leak and SR
Ca** load in patients with paroxysmal atrial fibrillation.* Abnormal SR
Ca®" leak has been attributed to enhanced RyR2 protein expression and
reduced protein phosphatase-1 regulatory subunit levels, independent
of changes in protein kinase A or Ca*"/calmodulin-dependent protein
kinase Il phosphorylation of RyR2 at $2808 and 52814, respec-
tively.* Atrial cardiomyocytes from atrial SPEG-knockout mice
exhibited an increase in SR Ca>* leak evidenced by an enhanced Ca*t-
spark frequency. Moreover, reduced SPEG protein levels were associ-
ated with reduced RyR2-52367 phosphorylation levels in patients with
paroxysmal atrial fibrillation." In contrast, phosphorylation levels of
other, well-characterized RyR2 phosphorylation sites S2808 and S2814
were not altered, consistent with previous publications.f’o’61 Thus, a re-
duction in S2367 phosphorylation might be a unique marker of RyR2
dysfunction in paroxysmal atrial fibrillation patients.

Studies in knock-in mouse models, in which the S2367 phosphoryla-
tion site was genetically ablated, revealed that reduced SPEG phosphory-
lation of RyR2 predisposes mice to atrial fibrillation induction.'
Conversely, knockin mice with a constitutively phosphorylated S2367
residue due to mutation S2367D were protected against atrial fibrillation
induction after a carbachol challenge.®"Hypo-phosphorylation of $2367
in atrial cardiomyocytes from RyR2-5S2367A mice led to an increased
number of spontaneous SR Ca®" sparks and Ca®" waves, consistent
with enhanced cellular triggered activity. Confocal imaging studies of
Ca* spark latency times®® revealed a leftward shift in spark-to-spark de-
lay time in atrial cardiomyocytes from S2367A mice, validating that RyR2
single-channel activity is enhanced due to a loss of S2367 phosphoryla-
tion." While these studies provide strong evidence that reduced SPEG
levels and reduced SPEG phosphorylation of RyR2 contribute to aber-
rant SR Ca’™ handling and the evolution of an atrial fibrillation-

promoting substrate, extensive additional work is needed to assess the
impact on other SPEG targets (i.e. JPH2, SERCA2a) and their potential
roles in atrial fibrillation pathogenesis.

8. Conclusions

SPEG is a member of the myosin light chain kinase family critical for car-
diac muscle Ca*" handling.'***** Genetic mutations in SPEG have been
linked to a clinically heterogeneous condition known as CNM that can
include congenital myopathy and dilated cardiomyopathy, depending on
the mutation.'®*3%?3"32 Reduced protein levels of SPEG have also been
found as potential contributors to the development of heart failure and
atrial fibrillation.*"?

Disease modelling of SPEG alterations in mice has provided deep
insights into the mechanisms by which SPEG alterations could cause
cardiac pathology. Cardiac-restricted SPEG knockout mice develop
dilated cardiomyopathy and premature death, suggesting a causal re-
lationship between low SPEG levels and heart failure.* In addition,
atrial-specific SPEG knockdown caused an increased susceptibility to
atrial fibrillation, suggesting that loss of SPEG could create a pro-
arrhythmogenic substrate.' SPEG has several functions in cardiac
muscle, including stabilization of T-tubules and JMCs, regulation of
SR Ca”" release via RyR2, and modulation of SR Ca>" reuptake via
SERCA2a.*"""? Additionally, given SPEG’s localization to the sarco-
lemma outside of the JMC,"? it will be important to examine whether
SPEG has additional targets in these regions of the cardiomyocyte. It
is not yet known what the consensus substrate recognition motif is
for either of the SPEG kinase domains. However, identification of
further substrates will aid in this endeavour.

Protein kinases serve as promising pharmacological targets for small
molecule inhibitors or activators.®® Thus, a further refinement of our un-
derstanding of SPEG function is expected to foster the development of
novel therapeutic strategies for frequent but currently sub-optimally
treated diseases like heart failure and atrial fibrillation. Future work will
also need to elucidate whether there are differences in the precise
mechanisms by which SPEG causes atrial fibrillation vs. heart failure. It
may be that SPEG is more important as a T-tubule regulator in the ven-
tricle while SPEG phosphorylation of RyR2 may be more critical in the
atria. The mechanisms of SPEG down-regulation may also be different
between the two disease processes.

SPEGP and SPEGa are both expressed in cardiac muscle. However,
future work will be needed to test whether there are roles unique to
these different isoforms. Patients with human mutations that only affect
the region unique to SPEGP with SPEGa. function preserved appear to
have a milder cardiomyopathy phenotype suggesting some overlap in
function.*> However, immunoprecipitation data to date suggests that it is
only the SPEGP isoform that binds RyR2,* but it is not yet known
whether SPEGa can still complex or phosphorylate RyR2 without di-
rectly binding the channel.

Over the last 5 years, SPEG has emerged as a key regulator of car-
diac Ca>* homeostasis. It will be important to examine how SPEG
interacts with other novel regulators of sarcoplasmic reticulum
Ca®* release as the field of excitation—contraction coupling contin-
ues to progress. Additionally, SPEG may have additional kinase tar-
gets as well as structural roles that will need to be better
understood in order to translate our knowledge into treatment for
patients with cardiovascular disease.
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