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Jia Li? and William E. Louch™2*

" Institute for Experimental Medical Research, Oslo University Hospital and University of Oslo, Oslo, Norway, > KG Jebsen
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In cardiomyocytes, invaginations of the sarcolemmal membrane called t-tubules are
critically important for triggering contraction by excitation-contraction (EC) coupling.
These structures form functional junctions with the sarcoplasmic reticulum (SR),
and thereby enable close contact between L-type Ca?t channels (LTCCs) and
Ryanodine Receptors (RyRs). This arrangement in turn ensures efficient triggering
of Ca?t release, and contraction. While new data indicate that t-tubules are
capable of exhibiting compensatory remodeling, they are also widely reported to
be structurally and functionally compromised during disease, resulting in disrupted
Ca?* homeostasis, impaired systolic and/or diastolic function, and arrhythmogenesis.
This review summarizes these findings, while highlighting an emerging appreciation
of the distinct roles of t-tubules in the pathophysiology of heart failure with reduced
and preserved ejection fraction (HFrEF and HFpEF). In this context, we review
current understanding of the processes underlying t-tubule growth, maintenance, and
degradation, underscoring the involvement of a variety of regulatory proteins, including
junctophilin-2 (JPH2), amphiphysin-2 (BIN1), caveolin-3 (Cav3), and newer candidate
proteins. Upstream regulation of t-tubule structure/function by cardiac workload and
specifically ventricular wall stress is also discussed, alongside perspectives for novel
strategies which may therapeutically target these mechanisms.

Keywords: t-tubules, dyad, cardiomyocyte, calcium homeostasis, heart failure

T-TUBULE STRUCTURE AND FUNCTION

Forceful contraction of the heart requires coordinated contraction of cardiac muscle cells, called
cardiomyocytes. Within these cells, electrical excitation during the action potential is linked to cell
shortening by a process known as excitation-contraction (EC) coupling. In mammalian heart, this
process is made possible by membrane invaginations called t-tubules which propagate the action

Abbreviations: CICR, Ca?T-induced Ca’?* release; Cav-3, Caveolin-3; CRU, Ca?* release unit; DAD, Delayed
afterdepolarization; EAD, Early afterdepolarization; EC coupling, Excitation-contraction coupling; HE, Heart failure; HFpEF,
Heart failure with preserved ejection fraction; HFrEE Heart failure with reduced ejection fraction; JPH2, Junctophilin-
2; LTCC, L-type Ca?* channel; miR-24, microRNA-24; MG53, Mitsugumin 53; NEXN, Nexilin; NCX, Sodium-calcium
exchanger 1; PKC, Protein kinase C; RyR, Ryanodine Receptor; SR, Sarcoplasmic Reticulum; Tcap, Titin cap/Telethonin.
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potential into the cell interior. Critical in normal cardiac
physiology and importantly disrupted during disease, t-tubules
have been the focus of considerable research focus in the past
decades. This review will summarize this progress and outline
future perspectives, with particular attention given to potential
roles of t-tubules as therapeutic targets.

Structural Overview

Retzius (1881) first suggested t-tubules’ existence in 1881 after he
noted that muscle cells exhibit a quick inward spread of electrical
depolarization (“negative variation”). Thereafter, the first visual
evidence of t-tubules was provided by Nystrom (1897), who
found that India ink entered rabbit heart muscle in a transverse
pattern. In 1957, with the help of electron microscopy, Lindner
(1957) clearly described t-tubule structures in dog ventricular
cardiomyocytes. Subsequent studies from both skeletal and
cardiac muscle revealed that t-tubules serve to rapidly conduct
electrical excitation and facilitate communication with the
sarcoplasmic reticulum (SR) (Huxley and Taylor, 1955; Cheng
et al., 1996), thereby playing a central role in EC coupling.
More recently, the advent of newer techniques, such as
three-dimensional (3D) electron microscopy, super-resolution
microscopy, and ion-conductance microscopy have provided
ever greater detail in current understanding of t-tubule biology
(Gu et al., 2002; Hayashi et al., 2009; Pinali et al., 2013; Crossman
etal., 2017; Frisk et al., 2021).

A schematic overview of cardiomyocyte t-tubule structure
is provided in Figure 1. Originally named transverse tubules,
the majority of these structures are indeed oriented transversely
across the cell, in a well-organized network along the Z-lines
(Lindner, 1957; McNutt, 1975; Kostin et al., 1998). However,
a fraction of tubules is positioned along the cardiomyocyte’s
longitudinal axis, extending into the A-band of the sarcomere
(Simpson, 1965; Forssmann and Girardier, 1970; Sperelakis and
Rubio, 1971; Forbes and Sperelakis, 1976; Soeller and Cannell,
1999; Pinali et al,, 2013). In an effort to accurately describe
this arrangement, and include both populations of t-tubules,
some have referred to the overall network as the transverse-
axial tubule system (TATS) (Sperelakis and Rubio, 1971; Forbes
and Sperelakis, 1976). In rat cardiomyocytes, the proportions
of transverse and longitudinal t-tubules are estimated at 60
and 40%, respectively (Soeller and Cannell, 1999), although
as noted below there are large species differences. In addition
to variation in overall orientation, t-tubules also exhibit non-
uniform branching, tortuosity, bulges, and folds (Jayasinghe
et al,, 2012; Hong et al,, 2014), and the lumen diameter of the
t-tubules varies from 20 to 450 nm (Soeller and Cannell, 1999).
These narrow dimensions of the t-tubules are believed to restrict
solute movement compared to the extracellular environment,
with important physiological consequences (Swift et al., 2006;
Kong et al., 2018b; Uchida and Lopatin, 2018). However, a recent
publication demonstrated that there is significant deformation
of t-tubules throughout the cardiomyocyte contractile cycle.
During contraction, extracellular solution is thus actively
pumped in and out of the t-tubular compartment in a
rate-dependent manner, counteracting geometrical diffusion
constraints, and representing a new form of t-tubule functional

autoregulation which has been hitherto underappreciated
(Rog-Zielinska et al., 2021b).

There are considerable species differences in t-tubule density
and organization (Soeller and Cannell, 1999). Indeed, depending
on species, t-tubules constitute 0.8-3.6% of the total cell volume,
and 21-64% of the total sarcolemma (Stewart and Page, 1978;
Severs et al., 1985; Bers, 2002; Hayashi et al., 2009). In smaller
species with higher heart rates (mouse and rat), t-tubule
arrangement is the most complex, with denser, more branched
and thinner structures than large mammals (rabbit, pig, and
human) (Soeller and Cannell, 1999; Cannell et al., 2006; Savio-
Galimberti et al., 2008; Jayasinghe et al., 2012; Kong et al., 2018b).
Mouse cardiomyocytes also exhibit smaller t-tubule openings,
and thus it has been proposed that t-tubular solute movement is
more restricted in these cells than in larger species (Kong et al.,
2018b). T-tubule topology also varies across the different heart
chambers. While t-tubule structure is reported to be similarly
well-organized in both left and right ventricle (Tidball et al., 1991;
Chen et al,, 2013; Guo et al,, 2013), there is greater variance
reported in the atria. Although t-tubules have been identified in
atrial myocytes in both small (rat) (Frisk et al., 2014) and larger
mammals (pig, dog, sheep, cow, horse, and human) (Dibb et al.,
2009; Lenaerts et al., 2009; Richards et al.,, 2011; Frisk et al,
2014; Arora et al., 2017), studies in rat and pig indicated that
only a minority of atrial cells contain tubular structures (Frisk
et al., 2014; Gadeberg et al.,, 2016). When they are present in
atrial cells, t-tubules are considerably less developed than those
present in ventricular myocytes, with generally lower density and
often a more longitudinal orientation (Dibb et al., 2009; Lenaerts
et al., 2009; Smyrnias et al., 2010; Richards et al., 2011; Frisk
et al., 2014; Glukhov et al., 2015; Gadeberg et al., 2016; Arora
et al., 2017). Notably, t-tubule density is reported to be higher
in the atria’s epicardium than in the endocardium (Frisk et al.,
2014). Although not yet closely examined, there may also be
intra-chamber variability in t-tubule structure, as lower t-tubule
density has been reported in the apex than other regions of the
left ventricle (Wright et al., 2018; Frisk et al., 2021).

Functional Overview

As central players in EC-coupling, t-tubule structure is closely
linked to contractile function. T-tubules carry the action potential
(AP) deep into the cell interior, and the resulting depolarization
of the t-tubular membrane leads to opening of voltage-gated
L-type Ca’™ channels (LTCCs, Cay1.2; see Figure 1). This influx
of Ca?* from the extracellular space triggers a larger amount of
Ca’?" release from the SR through ryanodine receptors (RyRs); a
process called Ca?*-induced Ca®* release (CICR) (Fabiato, 1983;
Bers, 2002). Binding of the released Ca?™ to the myofilaments
results in the contraction of the cell, and thus the whole heart.
Thereafter, relaxation occurs as Ca?* is recycled into the SR
by the SR Ca?T-ATPase (SERCA), or extruded from the cell
by the Nat/Ca?t exchanger (NCX), and to a lesser extent, the
sarcolemmal Ca®t ATPase (Louch et al., 2012).

The presence of a dense and well-organized t-tubule
network ensures synchronous Ca’* release across the cell.
This is particularly apparent in mouse and rat ventricular
cardiomyocytes, due to the robust presence of these structures
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FIGURE 1 | T-tubule structure and key proteins involved in excitation-contraction (

process occurs at specialized junctions called dyads, where LTCCs and RyRs are
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is provided in the upper panel, while an enlargement of the indicated region is provided below to illustrate positioning of EC coupling proteins. EC coupling is initiated
as Na* channels are opened, and the cell membrane depolarizes during the action potential. This depolarization triggers the opening of voltage-gated L-type
Ca?*-channels (LTCCs) in the t-tubules, and subsequent Ca?*-induced Ca2™ release from the SR through the opening of Ryanodine Receptors (RyRs). This

contraction, Ca?* is recycled into the SR by the sarco-endoplasmic reticulum ATPase (SERCA), and removed from the cell by the Nat-Ca?* exchanger (NCX) and
the plasma-membrane Ca?*t ATPase. NCX activity is critically regulated by Nat levels, set by the Na* channel and the Na™-K* ATPase within t-tubules. Created

EC) coupling in the cardiomyocyte. A schematic overview of the t-tubule network

in close proximity. After released Ca?™ binds to the myofilaments to trigger

(Heinzel et al, 2002; Louch et al., 2006; Song et al., 2006).
However, in larger animals, such as pig, less synchronous Ca?™
release has been linked to the lower cardiomyocyte t-tubule
density (Heinzel et al., 2002, 2008). Similarly, in atrial cells with
a less developed t-tubule network, the Ca?* transient is less
synchronous, with a wave-like propagation of released Ca?* from
the periphery toward the cell interior (Frisk et al., 2014). This
dyssynchronous pattern of Ca?* release can be reproduced by
experimentally detubulating cardiomyocytes (Louch et al., 2004;
Brette et al., 2005).

Triggering of Ca?™ release from the SR requires its close
alignment with the t-tubule membrane at “dyads” (Figure 1),

and close proximity between LTCCs and RyRs (Sun et al., 1995).
While EM data have historically indicated that the dyadic cleft
measures only ~12 nm across (Takeshima et al., 2000), recent
data have suggested that the true dimensions may be even
more narrow (<10 nm), and that artifactual expansion of the
cleft could have occurred in earlier work as a result of sample
fixation procedures (Rog-Zielinska et al., 2021a). Consistent
dyadic dimensions are ensured by junctophilin-2 (JPH2) which
stabilizes the membranes, but also functionally interacts with
both RyRs and LTCCs (Jiang et al., 2016; Munro et al., 2016;
Reynolds et al., 2016; Gross et al., 2021). Insight into the precise
positioning of these dyadic proteins has been made possible
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by new advances in super-resolution microscopy, including
STED (Wagner et al., 2012), 3d STORM (Shen et al., 2019), and
DNA-PAINT techniques (Jayasinghe et al., 2018; Sheard et al.,
2019). For example, nanoscale visualization of RyRs has shown
that these proteins are organized into clusters containing an
average of 9-14 channels (Baddeley et al., 2009; Jayasinghe et al.,
2018; Shen et al,, 2019). Tight packing of RyRs within these
clusters is thought to synchronize their gating (Marx et al., 2001;
Sobie et al., 2006). At the larger scale, RyR clusters that are in close
proximity have been predicted to cooperate as a Ca?™ release
unit (CRU), or a “super-cluster; with released Ca?™ jumping
between nearby clusters to produce a Ca?* spark (Sobie et al.,
2006; Baddeley et al., 2009; Louch et al.,, 2013; Kolstad et al,,
2018). CRUs are estimated to contain an average of between
18 and 23 RyRs (Shen et al., 2019), and this composition is a
key factor in determining Ca?* spark frequency and amplitude
(Xie et al., 2019).

On the t-tubule side of the dyad, LTCCs are localized opposite
RyR clusters. LTCCs also form clusters, with sizes estimated to
be about 67% of those reported for RyRs (Scriven et al., 2010).
Exciting new data indicate that the interaction between LTCCs
facilitates Ca®" influx via coupled gating of the channels (Dixon
etal., 2015). Recently, Ito and colleagues found that 3-adrenergic
receptor activation augments LTCC abundance and promotes
enhanced channel interaction, thereby amplifying Ca?™ influx
via a protein kinase A-dependent pathway (Ito et al., 2019). NCX
localization in dyads remains a controversial topic (Scriven et al.,
2000; Thomas et al., 2003), but it is reported that at least a fraction
of NCX is colocalized with RyRs (Mohler et al., 2005; Jayasinghe
et al., 2009; Schulson et al., 2011; Wang et al., 2014; Figure 1).
While the main function of NCX is extrusion of Ca?* during
relaxation (Louch et al., 2012), numerous reports have suggested
that Ca?* entry via NCX can also act in “reverse mode” to trigger
SR Ca?* release (Sipido et al., 1997; Henderson et al., 2004; Lines
et al., 2006; Larbig et al., 2010). This mechanism is proposed to
follow Na™ influx during the rising phase of the action potential,
which creates driving force for NCX-mediated Ca*™ entry.

Besides ion channels, such as the LTCC and NCX, the
t-tubular membrane is also enriched in molecules which
critically regulate their structure and function. Notable
examples are amphiphysin-2 (BIN1), junctophilin-2 (JPH2), and
caveolin-3 (Cav-3) (Figure 1), which are involved in functions
spanning t-tubule growth, t-tubule microdomain formation, and
regulation of LTCC and RyR localization and activity. A detailed
discussion of these important t-tubule regulators will be made in
the following sections.

T-TUBULE REMODELING
T-Tubule Remodeling Throughout Life

The process of t-tubule development varies between species
(Ziman et al., 2010; Louch et al., 2015; Jones et al., 2018). In
species such as cow, guinea pig, sheep and human, t-tubules
have been found in the fetal stages of development (Forbes and
Sperelakis, 1976; Sheldon et al., 1976; Forsgren and Thornell,
1981; Brook et al, 1983; Kim et al, 1992). A recent study

in sheep specified that t-tubule development started at a late
fetal stage (108 days out of 145 days), with further maturation
occurring after birth (Munro and Soeller, 2016). In contrast,
t-tubules only appear postnatally in mouse, rat, rabbit, and
cat cardiomyocytes (Hirakow et al., 1980; Hoerter et al., 1981;
Gotoh, 1983; Ziman et al., 2010; Hamaguchi et al., 2013; Lipsett
et al,, 2019). In rats, t-tubules appear gradually and become
visible around 4-9 days after birth (Ziman et al., 2010; Mackova
et al., 2017; Lipsett et al., 2019), with an initial appearance
at the cell surface as sparse openings along Z-spines, with a
rudimentary internal structure that is largely longitudinal in
orientation (Figure 2). During further development, t-tubule
density strikingly increases, with a re-orientation into a clear
striated pattern at roughly 20 days of age, and a progressively
more dominant presence of transverse over longitudinal elements
(Ziman et al., 2010; Louch et al., 2015; Mackova et al., 2017;
Figure 2). This process continues until surprisingly late stages of
postnatal development (Oyehaug et al., 2013).

It is noteworthy that the heart exhibits robust contractile
function at early embryonic stages of development in the absence
of t-tubules (Brand, 2003). Since these embryonic myocytes are
quite thin, EC coupling is sufficiently supported by U-shaped
propagation of the Ca®* transient from the surface of the cells
to the interior (Rapila et al., 2008; Korhonen et al, 2010),
reminiscent of Ca®T release patterns observed in detubulated
myocytes described above. This pattern of Ca’*t release is
initiated at the cell surface, where LTCCs and RyRs are co-
localized before birth (Snopko et al., 2008), and propagated
by RyRs assembled on SR extensions positioned at intervals
of 2 um (de Diego et al, 2008; Rapila et al,, 2008). These
internal RyR clusters continue to be assembled along Z-lines
as t-tubules arrive, and dyadic pairings with LTCCs are quickly
formed (Ziman et al., 2010; Lipsett et al.,, 2019). Thus, dyadic
functionality is rapidly attained once these structures are formed,
allowing progressive increases in Ca?* release efficiency with
further maturation (Ziman et al., 2010; Lipsett et al., 2019).

Recent data suggest that the aging heart may exhibit reversal
of the processes of dyadic assembly that take place during
development. Aging is associated with reduced cardiomyocyte
contractility, especially in males (Grandy and Howlett, 2006;
Feridooni et al., 2015), and these changes are linked to reduction
in cardiomyocyte t-tubule density (Kong et al., 2018a; Lyu et al,,
2021). An accompanying reduction of t-tubule Ca?* current
density during aging has also been linked to loss of a cav-3-
dependent mechanism that augments t-tubular Ca?* current
density (Kong et al., 2018a).

T-Tubule Remodeling During Heart

Failure

Heart failure (HF) is a leading cause of death worldwide. It
is therefore of great importance to understand the different
mechanisms underlying this condition, to facilitate discovery
of novel treatment targets. HF can be divided into two main
entities; HF with reduced ejection fraction (HFrEF) and HF with
preserved ejection fraction (HFpEF). HFrEF describes a state
where the cardiac muscle is unable to contract adequately, leaving
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FIGURE 2 | Changes in cardiomyocyte surface topography and dyadic organization in the developing and HFrEF rat heart. (A) Left panels: Scanning electron
micrographs show the appearance of Z-spines (arrowheads) from an early time point during development and their re-appearance during post-infarction HFrEF.
Z-grooves (dashed lines) and t-tubule openings (arrows) appear gradually during development and are lost in HFrEF. Right panels: temporally matched confocal
captures of internal t-tubules (di-8-ANEPPS staining). (B) Quantification of these t-tubule signals illustrates an organizational shift from a predominantly longitudinal to
largely transverse orientation during maturation, but reversion to an immature phenotype during HFrEF. (C) Structural parallels between developing and failing
myocytes include not only t-tubule structure, but also similarly sparse arrangements of RyRs that exhibit low co-localization with LTCCs. d.o., days old. *P < 0.05 vs.
adult in same category, TP < 0.05 vs. SHAM in same category. Reproduced from Lipsett et al. (2019) with permission.

the heart unable to meet the body’s oxygen demand. This state is
associated with ventricular dilation, thinning of ventricular walls
and high wall stress. HFpEFE, on the contrary, is predominantly
linked to cardiac hypertrophy, wall thickening, and maintained
wall stress (Pieske et al, 2019). Although, ejection fraction
is preserved in this condition, compromised cardiac chamber
relaxation and filling yields impaired cardiac output. Hence, both
HF entities are severe diseases with 2-year mortality rates between
14 and 19% (Lam et al., 2018).

HEFrEF mechanisms have been extensively investigated, and
numerous studies in a range of species and disease etiologies have
linked disease progression to alterations in t-tubule structure and
function (Jones et al., 2018; Figure 3). Typically this remodeling
includes reduced t-tubule density (Maron et al., 1975; Heinzel
et al,, 2008; Swift et al., 2008; Wei et al., 2010; Wu et al,,
2011, 2012; Xie et al.,, 2012; Ibrahim et al., 2013; Frisk et al,
2021; Yamakawa et al, 2021), including a lower density of
transversely oriented tubules (Louch et al., 2006, 2013; Song et al.,
2006; Swift et al.,, 2008; Ibrahim et al., 2010, 2013; Wei et al,,
2010; van Oort et al., 2011; Wu et al,, 2011; Lyon et al,, 2012;
Woagner et al., 2012; Xie et al., 2012; Oyehaug et al., 2013; Frisk

et al., 2021). Based on this finding, it has often been claimed
that t-tubules are “lost” in HFrEF. However, recent work has
indicated that the t-tubule frame may in fact be maintained in this
condition, although cell size increases (Frisk et al., 2021). Thus,
the observed decrease in t-tubule density is suggested to reflect
a lack of adaptive remodeling to meet the developing cellular
hypertrophy, rather than a degradation of t-tubule structure
per se. Further complicating the picture is the observation that
t-tubule remodeling in HFrEF frequently includes an increased
fraction of longitudinally oriented tubules (Kaprielian et al., 2000;
Louch et al., 2006, 2013; Song et al., 2006; Sachse et al., 2012;
Swift et al., 2012; Wagner et al., 2012; Oyehaug et al., 2013;
Frisk et al., 2016, 2021), t-tubule dilation (Maron et al., 1975;
Schaper et al., 1991; Kostin et al., 1998; Kaprielian et al., 2000;
Lyon et al., 2012; Pinali et al., 2017), loss of tubule openings at
the cell surface (Lyon et al.,, 2009; Lipsett et al., 2019), and the
appearance of broad t-tubule “sheets” (Pinali et al., 2017; Seidel
et al., 2017a; Fiegle et al., 2020). The animal models employed in
these examinations have included myocardial infarction (Louch
et al., 2006; Swift et al., 2008; Lyon et al., 2009; Wagner et al.,
2012; Oyehaug et al, 2013; Crocini et al., 2014; Frisk et al,
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FIGURE 3 | Alterations in cardiomyocyte t-tubule structure and Ca?* release in different HF entities. (A) Left panels: 3D reconstructions and 2D zoom-ins of
t-tubules imaged in human cardiac biopsies (wheat germ agglutinin staining). Healthy individuals are compared with HFpEF patients, with and without diabetes
mellitus, and HFrEF patients. As illustrated in the schematics (right panels), t-tubule density is unchanged in diabetic HFpEF, increased in non-diabetic HFpEF, and
decreased in HFrEF. In all HF entities, t-tubules dilate. However, whereas t-tubule remodeling is accompanied by increased NCX and SERCA function in non-diabetic
HFpEF, Ca2* removal by these proteins is decreased in diabetic HFpEF and HFrEF. (B) T-tubule disruption promotes dyssynchronous and slowed Ca2* release in
rats with HFrEF but not HFpEF, while slowed Ca2+ removal promotes diastolic dysfunction in diabetic HFpEF and HFFEF. For each disease state, representative
Ca?™ transients (right panels) are presented with comparison to a control cardiomyocyte (green) for the individual rat models. Micrographs and Ca?™ transients are
reproduced from Frisk et al. (2021) with permission.

2016, 2021; Sanchez-Alonso et al., 2016; Schobesberger et al.,
2017; Lipsett et al., 2019), aortic stenosis (Wei et al., 20105
Ibrahim and Terracciano, 2013; Pinali et al., 2013; Caldwell et al.,
2014), hypertension (Song et al.,, 2006; Xie et al,, 2012; Shah
et al., 2014; Singh et al.,, 2017), tachycardia (He et al., 2001;
Balijepalli et al., 2003; Caldwell et al., 2014), and diabetes (Stolen
et al., 2009; Ward and Crossman, 2014). Similar disruption of
t-tubule structure has also been reported during chronic ischemia
(Heinzel et al., 2008) and atrial fibrillation (Lenaerts et al., 2009).
Notably, t-tubule remodeling is not limited to the left ventricle, as
comparable alterations have been reported in the right ventricle
(Wei et al,, 2010; Xie et al., 2012) and atrial cells as well (Melnyk
et al., 2002; Dibb et al., 2009; Lenaerts et al., 2009; Wakili et al.,
2010; Richards et al., 2011). In disease models with a non-uniform
myocardial affliction, such as myocardial infarction, there are
reports that t-tubule remodeling exhibits a spatial gradient, with
the most marked changes occurring proximal to the infarcted
myocardium (Frisk et al., 2016; Pinali et al., 2017; Wang et al,,
2018). Perhaps most importantly, examinations in human tissue
(Crossman et al., 2015; Frisk et al., 2021) broadly concur with
the findings described in animal disease models, as reviewed in
Louch et al. (2010b), Ibrahim et al. (2011), Guo et al. (2013), and
Hong and Shaw (2017).

T-tubule disorganization during HFrEF causes spatial
dissociation between key players in EC coupling, most notably
LTCCs and RyRs. This rearrangement leads to the formation of
“orphaned” RyRs which are no longer co-localized with t-tubules
(Louch et al., 2006; Song et al., 2006; Figure 2C). A resulting
de-synchronization of the Ca?* transient occurs, as Ca>* release
from orphaned RyRs can only be triggered after diffusion of
Ca’* from intact dyads (He et al., 2001; Balijepalli et al., 2003;
Cannell et al.,, 2006; Kemi et al., 2011; Xie et al., 2012; Louch
et al., 2013). Ca®* release dyssynchrony is further augmented in
failing cells by reduced SR Ca?" content (Oyehaug et al., 2013).
The net result of this de-synchronized Ca2" transient is slowed
and reduced magnitude of contraction; a hallmark of HFrEF
(Louch et al., 2010b).

Impaired efficiency of CICR is not only linked to reorganized
t-tubules and orphaned RyRs, but also a reduced ability of
t-tubules to trigger Ca?T release where they are present.
This deficit is at least partly attributable to reduced t-tubular
LTCC current (Bryant et al, 2015; Sanchez-Alonso et al,
2016; Lipsett et al, 2019). Reduced L-type current has, in
turn, been linked to altered localization of LTCCs, but also
changes in AP configuration, that prevent optimal channel
recruitment (Sah et al., 2002; Louch et al.,, 2010a). Interesting

Frontiers in Physiology | www.frontiersin.org

6 September 2021 | Volume 12 | Article 718404


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Setterberg et al.

T-Tubules in Health and Disease

data have suggested that there is also impairment of AP
propagation into some t-tubules in failing cardiomyocytes,
resulting in desynchronization of Ca?* release (Crocini et al.,
2014). Continuing work has suggested that this loss of electrical
activation may be caused by constriction of t-tubule geometry in
this condition (Scardigli et al., 2017; Uchida and Lopatin, 2018).

Recent work has indicated that loss of t-tubule functionality
during HFrEF additionally stems from alterations on the SR side
of the dyad. We observed “dispersion” of RyRs in MI-induced
HFrEE characterized by break-up of RyR clusters into smaller
sub-clusters (Kolstad et al., 2018; Figure 2C). Functionally, we
observed that this dispersion was associated with increased
“silent” Ca?t leak, not visible as sparks. Furthermore, we
found that larger multi-cluster CRUs exhibited low fidelity Ca?™
spark generation. When successfully triggered, sparks in failing
cells displayed slow kinetics as Ca?" spread across dispersed
CRUs. Previous work performed by us and others demonstrated
that sparks occur almost exclusively at t-tubules (Brette et al.,
2005; Meethal et al., 2007; Louch et al., 2013), suggesting that
CRU dispersion and slow sparks solely occur at intact dyads.
Thus, t-tubule and CRU remodeling may occur independently.
Ultimately, it seems likely that t-tubule and CRU disruption have
additive effects, yielding even more marked de-synchronization
and slower SR Ca2* release (Kolstad et al., 2018).

Importantly, not all dyadic changes during HFrEF are
detrimental. For example, at early stages of disease, longitudinal
tubules appear before transverse elements have disappeared
(Louch et al, 2006). LTCCs are co-localized with RyRs at
longitudinal dyads, allowing these structures to actively release
Ca®* (Lipsett et al., 2019). Thus, their early growth following the
initiating insult (for example myocardial infarction or induction
of aortic banding) is thought to be compensatory (Mork et al.,
2007). At later time points, contractile function declines as
transverse elements are lost, supporting that this latter type
of remodeling is a direct cause of HFrEF (Wei et al., 2010;
Shah et al., 2014).

Heart Failure With Preserved Ejection

Fraction

The above discussion has highlighted convincing evidence
that disrupted t-tubule structure and Ca?’* homeostasis are
a root cause of HFrEF. However, approximately 50% of
HF patients exhibit HFpEF (Lekavich et al, 2015), and the
mechanisms underlying this disease entity are merely beginning
to be unraveled. Recent evidence from our group indicates
that a distinct form of subcellular remodeling occurs in this
condition. Using patient biopsies we observed that, conversely
to HFrEE cardiomyocytes from HFpEF individuals exhibited
increased t-tubule density (Figure 3A), and a positive correlation
between t-tubule density and the severity of in vivo diastolic
dysfunction (Frisk et al., 2021). Higher t-tubule densities resulted
from a combination of t-tubule dilation and proliferation,
consistent with adaptive remodeling. These data contribute to
growing evidence that t-tubules have compensatory capacity,
as similar increases in t-tubule density have been reported
during physiological hypertrophy following exercise training

(Kemi et al, 2011). In this sense, t-tubule growth during
concentric, non-dilatory hypertrophy may be viewed as a
continuation of processes set in motion during development.
Importantly, functional data support such a compensatory role,
as cardiomyocytes obtained from hypertensive and ischemic
rat models of HFpEF revealed maintained Ca’*t release and
reuptake despite decreased SERCA protein levels (Figure 3B).
Marked phosphorylation of the SERCA inhibitory protein
phospholamban was identified as the key motif for unchanged
diastolic Ca?* homeostasis (Frisk et al., 2021). Other studies
examining Dahl salt sensitive rats and aorta banded rats with
impaired cardiac relaxation have reported similar maintenance
of t-tubule structure and Ca2t homeostasis (Roe et al., 2017; Curl
et al., 2018; Kilfoil et al., 2020).

HEpEF includes a set of patients with diverse etiologies,
including those suffering from cardiac ischemia or hypertension,
as noted above, but also diabetes (Lekavich et al., 2015). In
contrast to other disease etiologies, diabetic HFpEF appears
to negatively affect both t-tubule integrity and Ca?>* handling.
Indeed, we observed that HFpEF patients and animal models
with diabetes exhibited less compensatory t-tubule growth than
their non-diabetic counterparts, as t-tubule density was merely
maintained (Frisk et al., 2021; Figure 3A). We hypothesize that
this reduced capacity for adaptive remodeling may be related to
abnormal caveolin-3 and/or phospoinositol-3 kinase expression
and activity, since cholesterol, fatty acid and phosphoinositide
composition of the sarcolemmal membrane are altered during
diabetes (Russell et al., 2017). As discussed later, decreased
autophagy might also play a role (Hsu et al., 2016; Seidel et al.,
2019). Despite less adaptive t-tubule remodeling, systolic Ca**
release was observed to be quite well-maintained in diabetic
HFpEF. However, diastolic dysfunction in this condition was
linked to impairment of diastolic Ca?™ homeostasis, caused
by reduced activity of both SERCA and NCX (Frisk et al,
2021; Figure 3B). Accumulating evidence has indicated that
the reduced NCX activity in diabetic HFpEF may be related to
elevated cytosolic Na™ levels, which reduce the driving force
for t-tubular Ca?* removal. This Na® accumulation has in
turn been linked to increased activity of the Na™-glucose co-
transporter 1 (Lambert et al., 2015; Frisk et al., 2021) and/or
the Na™-H*-exchanger (Jaquenod De Giusti et al., 2019). Thus,
there appears to be impairment of diastolic Ca?>* homeostasis
in diabetic HFpEF, which includes detrimental alterations in
t-tubule function.

While investigations of HFpEF mechanisms are ongoing,
the above studies present an emerging view that t-tubule
structure remains adequate to maintain near-normal SR Ca?*
release in this condition. This striking difference from the
cardiomyocyte phenotype linked to HFrEF is perhaps not
surprising. In addition to the aforementioned differences
in chamber remodeling, HFrEF is primarily associated with
activation of the renin-angiotensin- aldosterone system and
stretch-mediated signaling pathways, while inflammation,
endothelial dysfunction, and alteration of the extracellular
matrix are key components of HFpEF (Paulus and Tschope,
2013). Perhaps most importantly, established therapies for
HFrEF, such as neurohumoral blockage, have proven ineffective
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for treatment of HFpEF (Paulus and Tschope, 2013). Thus, there
appears to be a growing consensus that management of HFpEF
will require novel strategies, and that these therapies may be
best directed at non-cardiomyocyte alterations occurring in the
endothelium and/or extracellular matrix.

Consequences for Arrhythmia

Alterations in t-tubule structure and function during HF not
only impact systolic and diastolic function, but also have
complex consequences for arrhythmia generation (Orchard
et al, 2013). HFrEF is frequently associated with increased
RyR “leak” which can be exacerbated by SR Ca’* overload
during B-adrenergic stimulation (Dridi et al., 2020). Extrusion
of this spontaneously released Ca’t by NCX triggers an
inward, depolarizing current. If this current occurs during the
downstroke of the action potential, an early afterdepolarization
(EAD) results, while delayed afterdepolarizations (DADs) are
triggered by spontaneous Ca?* release between beats (Orchard
etal., 2013). How would t-tubule remodeling during HFrEF affect
these processes? As noted above, t-tubule reorganization in this
disease results in the formation of orphaned RyRs. However,
Ca?* sparks occur mostly at intact dyads where t-tubules are
present, and only to a much lesser degree at orphaned RyRs
(Brette et al., 2005; Meethal et al., 2007; Louch et al., 2013). In
the event that spontaneous release does occur at an orphaned
RyR, an EAD or DAD would be less likely to occur because
NCX is more distally located (Biesmans et al., 2011; Edwards and
Louch, 2017). On the other hand, propagation of spontaneously
released Ca>™ as a wave is more likely to occur, since distally
localized NCX does not draw Ca?* away from the wavefront.
Recent data have painted a more complex picture that considers
also the relationship between Ca?* release and LTCC activity.
Less Ca?"-dependent inactivation of LTCCs, due to displaced
(orphaned) RyRs, and resulting increased Ca?" influx has been
predicted to contribute to SR Ca?* overload (Shiferaw et al.,
2020). Thus, t-tubule remodeling may make spontaneous Ca?™
release more likely in HFrEF while at the same time attenuating
the link between these events and EADs/DADs.

T-tubule remodeling also has complex implications for
EADs triggered by channel reopening. Phase-2 EADs initiated
by LTCCs may be favored in HFrEF, as L-type current
is redistributed to the cell surface (Sanchez-Alonso et al.,
2016; Loucks et al, 2018). This increase in LTCC open
probability has been linked to calcium-calmodulin kinase II-
dependent phosphorylation of the channel, which augments
window current (Sanchez-Alonso et al, 2016), but also
phosphorylation by protein kinase A, based on the presence
of B2 adrenergic receptors and phosphodiesterases (Loucks
et al,, 2018). Conversely, loss of LTCCs and NCX in t-tubules,
and their respective currents, may shorten the AP making
phase-2 EADs less likely, but Na® channel re-activation and
phase-3 EADs more likely (Orchard et al, 2013; Edwards
and Louch, 2017). A shorter AP, and accompanying reduction
in refractory period, also increases the chance of re-entrant
arrhythmia (Herring et al., 2019). In addition to changes in
ion channel expression and regulation, Hong and colleagues
have provided evidence that alterations in the geometry of
the t-tubules themselves can promote the occurrence of EADs

(Hong et al., 2014). They observed that intricate folding of
the t-tubule lumen creates a microenvironment with slowed
ion diffusion. Upon loss of these membrane folds, more rapid
exchange of ions between the t-tubule lumen and extracellular
space was linked to prolonged action potential duration, and the
generation of EADs and arrhythmia (Hong et al.,, 2014). This
interesting observation raises the possibility that t-tubule dilation
observed during HFrEF and HFpEF (Figure 3A) may also have
arrhythmogenic consequences.

Finally, growing evidence supports that t-tubule remodeling
during HFrEF can promote pro-arrhythmic alternans. Two
mathematical modeling studies have linked spatially discordant
alternans to the increased fraction of orphaned RyRs that yield
a phase of secondary release following Ca?* diffusion from
intact dyads (Li et al, 2012; Song et al, 2018). Jiang et al.
(2014) suggested that there is, however, an intermediate range
of t-tubule remodeling where this phenomenon occurs. Thus,
failing ventricular myocytes and healthy atrial myocytes are likely
susceptible to this mechanism of alternans, while failing atrial
myocytes may be less prone due to their very low t-tubule
densities (Jiang et al., 2014). Importantly, since Ca**-voltage
coupling is an additional determinant of alternans generation
(Gaeta et al., 2009), the susceptibility of failing myocytes to
alternans is expected to be complicated by changes in AP
configuration. Interrogating and integrating these mechanisms
will be an important topic of future work.

EMERGING T-TUBULE REGULATORS

The above sections have highlighted a growing consensus that
t-tubule remodeling is a key trigger for reduced contractility and
arrhythmia in HFrEF. This understanding has led to a concerted
effort to reveal the processes that control t-tubule structure in
both health and disease. We review the emerging findings from
this work in the following sections.

Workload

Accumulating evidence has indicated that ventricular workload
plays a key role in regulating t-tubule structure. Pioneering work
by the Terraciano group was the first to indicate that the loss of
t-tubules during HFrEF could be directly triggered by the elevated
ventricular workload (reviewed in Ibrahim and Terracciano,
2013). In their work, failing hearts were unloaded by heterotopic
transplantation into healthy animals, resulting in rescue of
t-tubular structure (Ibrahim et al., 2012). Similar approaches to
unloading of the failing heart either pharmacologically (Chen
et al, 2012; Xie et al, 2012; Huang et al, 2016) or via
resynchronization therapy (Sachse et al., 2012; Lichter et al,,
2014) have similarly shown improved cardiac function linked
to restoration of t-tubules. Interestingly, unloading of healthy
hearts promoted loss of t-tubules (Ibrahim et al., 2012). These
findings support the notion that there is an optimal range of loads
necessary to maintain t-tubule integrity (Ibrahim et al., 2015).
Workload is a broad term, and ongoing efforts are aimed at
revealing the precise critical mechanical stimuli which control
t-tubule structure. The dilated, thin-walled ventricle leads to
elevated ventricular wall stress in HFrEF, and this appears to be
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a critical mechanical signal. Indeed, when we examined regional
differences across the post-infarction rat heart we observed a
correlation between wall stress and t-tubule disruption. This
remodeling included significant t-tubule disruption near the
infarct, where thinning of the myocardium markedly increases
wall stress, together with locally impaired Ca?* homeostasis and
in vivo systolic and diastolic dysfunction (Frisk et al., 2016; Roe
et al., 2019). Ex vivo studies supported this direct role of wall
stress in the regulation of t-tubular structure. A likely implication
of this wall stress-t-tubule relationship is in differentiating the
pathophysiology of HFrEF and HFpEF, since as noted above,
HFpEEF is associated with concentric remodeling and maintained
wall stress, and maintained t-tubule density (Frisk et al., 2021).

How does mechanical overload lead to the t-tubule loss?
What are the associated mechanosensors and signaling pathways?
While the precise mechanisms continue to be investigated, titin
may be of importance, as it plays a key role in cardiomyocyte
mechanotransduction by regulating interactions between the
extracellular matrix and sarcomeres (Linke, 2008). Telethonin,
or titin cap (TCap), a stretch-sensitive protein located in the
Z-disc of cardiomyocytes, also integrates mechanical signals
(Ibrahim and Terracciano, 2013; Ibrahim et al., 2013). Indeed,
TCap knockout mice exhibited progressive disruption of the
t-tubules during development (Ibrahim et al., 2013), and TCap
downregulation is reported in HFrEF (Lyon et al, 2012).
Furthermore, increased Tcap expression was associated with
recovery of t-tubules during reverse remodeling induced by
SERCA2a gene therapy (Lyon et al., 2012). While further studies
are needed to examine the interplay between myocardial load,
expression of Tcap, and t-tubule organization, this protein is
viewed as a promising therapeutic target (Roe et al., 2015).

Other  studies  have linked  membrane-mediated
mechanosensation by stretch-activated channels, integrins,
proteoglycans and angiotensin II type I receptors to activation of
a variety of pathways, including MAPK, AKT, calcineurin-NFAT,
and microRNA-24 (miR-24) (Lammerding et al., 2004; Dostal
etal., 2014). Of these, it should be noted that miR-24 is a member
of the miR23a-27a-24-2 cluster, which is upregulated in HF (Xu
et al., 2012). Xu et al. (2012) observed that overexpression of
miR-24 disrupted dyadic structure, and reduced CICR efficiency.
This group also found that miR-24 suppression protected against
HFrEF progression (Li et al., 2013).

As Jones et al. (2018) discussed in their recent review
article, elevated workload and wall stress regulate not only
cardiomyocyte remodeling, but also the extracellular matrix.
Interestingly, recent evidence indicates that fibrosis occurs within
t-tubules in HFrEF, but not in HFpEF where wall stress is
maintained (Crossman et al., 2017; Frisk et al., 2021). Crossman
and colleagues in fact detected fibroblast filopodia within the
t-tubules of HFrEF hearts, suggesting a mechanism for local
collagen production (Crossman et al., 2017). Although the
consequences of this collagen deposition are unclear, it is
proposed that accompanying stiffening of the membrane might
mark the t-tubule for degradation (Louch and Nattel, 2017).
In apparent support of this hypothesis, it should be noted
that in the post-infarcted heart, the most marked t-tubule loss
occurs in regions proximal to the infarct, where the fibrosis

is most pronounced (Frisk et al., 2016; Seidel et al., 2017b).
Fibrosis is expected to impair mechanosignaling, and new data
indicate that this might occur within t-tubules themselves during
stretch and contraction (Dyachenko et al., 2009; McNary et al.,
2011). Such a role is suggestive of t-tubules having a self-
regulating feature.

In summary of the above discussion, it appears to be no
coincidence that the vast majority of present HFrEF therapies
relieve symptoms and delay disease progression by reducing
the workload of the heart, and specifically the physical stress
placed on the ventricular wall (Cohn, 1996; Tarzia et al., 2016;
Berliner and Bauersachs, 2017; Schmitto et al., 2018; Vaidya
and Dhamoon, 2019). However, there is great potential for
improvement. For example, wall stress and t-tubule structure
might be longitudinally tracked as biomarkers, aimed at
optimizing ventricular load. Future treatment strategies could
also be envisioned which directly inhibit the mechanosensing that
signals t-tubule remodeling.

Insight From Developing Cardiomyocytes

In the quest to unravel signaling pathways involved in triggering
subcellular remodeling in HFrEE, newfound attention has
turned to the importance of the fetal gene program. Indeed,
our group has recently observed striking similarities between
developing and diseased cardiomyocytes (Figure 2). Structurally,
these similarities include a disorganized and predominantly
longitudinal t-tubule configuration in both types of cells.
There also appear to be similarities in dyadic configuration,
as these junctions are progressively “packed” with LTCCs
and RyRs in developing cardiomyocytes and “unpacked” in
HFrEFE consistent with a “last in, first out” paradigm (Lipsett
et al, 2019). However, even though immature and failing
cardiomyocytes share rather similar subcellular structure,
functional differences were observed. For example, while
dyads were observed to effectively trigger Ca’t release
from early developmental states, impaired release Ca?™
release was noted along t-tubules in failing cells (Lipsett
et al., 2019). Thus, it is unlikely that there is a complete
reversion of subcellular structure/function to an immature state
in this disease.

The above observations suggest that subcellular remodeling
during HFrEF progression likely shares signaling mechanisms
with the developing heart, which may include fetal genes
that are reactivated in disease, and/or adult genes that are
suppressed (Rajabi et al., 2007; Louch et al., 2015; Figure 4).
Until recently, however, these signals and cardiomyocyte
developmental biology in general have been rather under-
investigated. This has changed as interest in the generation of
stem cell-derived cardiomyocytes and myocardium has come to
the forefront, and included an ever-expanding use of human
induced pluripotent stem cells (iPSCs). Most early work on iPSC-
derived cardiomyocytes generated cells with quite immature
features, including a round instead of rod shape, lack of t tubules,
poor cooperation of LTCCs and RyRs, and dyssynchronous
Ca’*t transients with delayed Ca’* release occurring in the
cell center. More recently, however, improved differentiation
has been achieved by treating iPSCs with hormones thought
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FIGURE 4 | Key regulators of t-tubule structure during development, adulthood, and heart failure of various etiologies. HFpEF, heart failure with preserved ejection
fraction; HFrEF, heart failure with reduced ejection fraction; Dnm2, dynamin-2; Mtm1, myotubularin-1; JPH2, junctophilin-2; Cav3, caveolin-3.

critical for cardiac maturation. Parikh et al. (2017) observed
that supplementing the culture medium with thyroid and
glucocorticoid hormones, followed by single-cell culture on a
Matrigel mattress, stimulated rudimentary t-tubule development
and functional coupling of LTCCs and RyRs. Similarly, Huang
et al. (2020) documented t-tubule formation close to z-lines
in iPSC-derived cardiomyocytes treated with thyroid hormone,
dexamethasone, and insulin-like growth factor-1 in both 2D
and 3D culture conditions. It is noteworthy that both of
these studies included a cellular environment which provided
mechanical cues, reinforcing the view expressed above that
t-tubule growth and maintenance are highly workload-sensitive.
Indeed, even without hormone treatment, Silbernagel et al.
(2020) found that reshaping single iPSC-CMs in rectangular
3D-micro-scaffolds triggered t tubule formation and improved
Ca2t handling. Ronaldson-Bouchard et al. (2018) on the other
hand, co-cultured hiPSC-CMs with human cardiac fibroblasts,
exposed the developing tissue to mechanical load, and gradually
increased electrical stimulation. With this method, the authors
observed an impressive degree of cellular maturation, including
transversely oriented t-tubules, functional Ca>* handling, and
adult-like gene expression profiles. This progress has given
credence to the application of iPSC-derived cardiomyocytes
for human cardiac disease modeling, drug development, and
eventually, engineered cardiac tissue which may be suitable for
in vivo implantation.

BIN1 and Its Partners

In addition to the broader t-tubule regulatory processes described
above, several specific proteins have been attributed roles in
dyadic structure and function. Of these, BIN1 has received

particular attention. This membrane sensing and bending protein
has been identified as a key regulator of t-tubule structure
assembly and maintenance in both developing and diseased
hearts (Lee et al., 2002; Muller et al., 2003; Hong et al., 2010,
2014; see Figure 4). However, understanding of these roles has
been complicated by the fact that BIN1 is expressed in several
tissue- and species-specific isoforms. Early work suggested that
the presence of exon 11 is required to induce tubulogenesis (Lee
et al., 2002; Kojima et al., 2004), and exon 11-containing BIN1
isoforms expressed in rat, sheep, and human myocardium have
indeed been observed to induce t-tubule formation (Caldwell
et al.,, 2014; De La Mata et al., 2019; Lawless et al., 2019;
Li L. L. et al., 2020). However, other studies have reported
that exon 11 is dispensable for t-tubule development (Prokic
et al., 2020), and shown that the mouse heart expresses four
BIN1 splice variants which do not contain this motif (BINI,
BIN1+13, BIN1+17, and BIN1+413+17) (Forbes and Sperelakis,
1976; Hong et al., 2014). In addition to gross t-tubule biogenesis,
there may also be isoform-specific roles in determining their
fine structure and function. Hong and colleagues reported
that isoform BIN1+413+17 creates microdomains by folding
the tubular inner membrane (Hong et al., 2014), and attracts
phosphorylated RyRs on the SR membrane (Fu et al, 2016).
Since BIN1 also anchors microtubules transporting LTCCs, in a
process known as targeted delivery (Hong et al., 2012b; De La
Mata et al., 2019), an emerging view is that this protein serves as
a master regulator of dyadic structure and function. Consistent
with this paradigm, genetic knockout of BIN1 has been shown to
be embryonically lethal (Muller et al., 2003).

Accumulating data have identified BIN1 as a culprit in cardiac
pathology, with its downregulation linked to decreased t-tubule
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density in HFrEF (Caldwell et al, 2014; Hong et al., 2014; seems warranted. Evidence from skeletal muscle has indicated
Figure 4). An associated reduction in t-tubule folding has also  that BINI’s interaction with dynamin-2 (Dnm?2) critically
been predicted to augment diffusion of ions within individual regulates tubulogenesis (Lee et al, 2002; Picas et al., 2014).
t-tubules which, as noted above, may predispose for cardiac This membrane-bound GTPase mediates membrane fission of
arrhythmias (Hong et al., 2014). Furthermore, given BIN1’s clathrin-coated pits and plays a central role in membrane
proposed role in trafficking of LTCCs and RyRs to the dyad, and vesicle trafficking (Gonzalez-Jamett et al, 2013). Dnm2
it seems highly plausible that “unpacking” of these proteins knockdown was found to rescue perinatal death in Bin1 knockout
during HFrEF progression may be linked to declining BINI = mice, and to normalize t-tubule formation and muscle function
levels (Manfra et al., 2017). These findings indicate that BIN1  in animals with myopathies caused by Binl mutations (Tasfaout
may serve as a therapeutic target in HFrEE and preclinical et al, 2017). An inhibitory role of Dnm2 in tubulogenesis
data support this view. Treating mice with isoproterenol- was further supported by the observation that increasing its
induced HFrEF with adenoviral BIN1 overexpression was expression disrupts Binl-induced tubulation in skeletal muscle
shown to attenuate hypertrophy, increase t-tubular microfolding,  (Gibbs et al., 2014).
normalize SERCA2a distribution, and decrease the LTCC-RyR A key aspect of Binl’s function appears to be its ability
nearest neighbor distance (Liu Y. et al, 2020). This group to cluster phosphoinositides (PIs), in particular PI4, 5P, (Lee
additionally showed that BIN1 transduction rescued pre-existing et al., 2002). The dominant precursors of this phosphoinositide
global cardiac global dysfunction following aortic banding (Li J. are PI and PI5P, which are created through the actions of
et al, 2020). Beyond BIN1 overexpression as a therapeutic the PI3P phosphatase myotubularin-1 (MTM1) (Ketel et al.,
alternative, it appears that this protein may even serve as a 2016). This protein is expressed in most tissues, where it
biomarker. With normal, continuous turnover of BIN1 from regulates endolysosomal sorting and trafficking by controlling PI
dyads in healthy human patients, high levels of BIN1 are expression patterns (Ketel et al., 2016; Figure 5, yellow arrows).
maintained in the blood. Thus, lowering of BIN1 levels has been  Exciting data from the skeletal muscle field indicate that Binl-
linked to HF and arrhythmia (Hong et al,, 2012a), including mediated tubulogenesis is dependent on MTM1’s phosphatase
HFpEF disease severity and hospitalization risk (Nikolova et al.,  activity, as MTM1 expression levels predict the extent of t-tubule
2018), and HFrEF-associated risk of cardiovascular events biogenesis (Al-Qusairi and Laporte, 2011; Royer et al., 2013).
(Hitzeman et al., 2020). Although MTMT’s role in t-tubule formation in cardiomyocytes
Given the exciting basic science and clinical data described is not yet resolved, PIs are indeed thought to be important
above, more thorough investigation of BIN1’s protein partners for maintaining t-tubule integrity (Wu et al., 2011) and MTM1
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dysregulation can induce dilated cardiomyopathy (Agrawal et al.,
2014). Collectively, an emerging view is that balanced expression
and activity of Binl, Dnm2 and MTM1 are crucial for controlling
tubule growth and maintenance (Figures 4, 5).

Junctophilin-2

As noted in the first chapter, JPH2 is a membrane anchoring
protein, important for connecting the sarcolemma and its
t-tubules to the SR in the dyad (Takeshima et al., 2000;
Minamisawa et al., 2004; Han et al., 2013; Beavers et al., 2014;
Figure 5). In this capacity, JPH2 maintains dyadic dimensions,
and efficient crosstalk between LTCCs and RyRs. Importantly,
JPH2 also interacts with both LTCCs and RyRs (Jiang et al.,
2016; Reynolds et al., 2016), although the precise nature of these
connections is not completely understood.

As with BIN1, JPH2 has been shown to play a key role in the
development of t-tubules and dyads, both pre- and postnatally
(Ziman et al., 2010; Munro and Soeller, 2016; Figure 4). This
function is enabled by the membrane on receptor nexus (MORN)
motif of JPH2, which allows anchoring to the t-tubule membrane,
while the carboxy terminal is secured within the lumen of the SR
(Nishi et al., 2000; Takeshima et al., 2000). The role of JPH2 in
forming dyads is supported by the parallel appearance of JPH2
and t-tubules along z-lines in advance of developing t-tubules
(Ziman et al., 2010). Furthermore, in mouse studies, reduced
expression of JPH2 has been found to prevent t-tubule growth
or result in an immature longitudinal configuration (Chen et al,,
2013; Reynolds et al, 2013), consistent with a role of JPH2
in anchoring transverse, but not longitudinal elements (Chen
et al., 2013). When JPH2 is fully knocked out in mice, it results
in embryonic mortality, suggesting that it is required for dyad
formation at the surface of the cell, even before the development
of t-tubules starts (Takeshima et al., 2000; Franzini-Armstrong
et al., 2005; Jones et al., 2018).

In adult failing cardiomyocytes, declining expression of JPH2
has been linked to t-tubule remodeling and disrupted dyads
(Minamisawa et al., 2004; Xu et al.,, 2007; Wei et al.,, 2010;
Landstrom et al., 2011; Chen et al., 2012; Xie et al., 2012; Zhang
et al., 2014; Frisk et al,, 2016; Figure 4). A causative role of
JPH2 as a promoter of this remodeling is supported by studies
showing that overexpression of JPH2 protects against t-tubule
degradation, abnormal SR Ca™ release, and HFrEF (Guo et al.,
2014; Reynolds et al., 2016).

Emerging data support the role of JPH2 as a regulator of
dyadic proteins. JPH2 overexpression was reported to result in
the formation of larger RyR clusters within CRUs (Munro et al.,
2016), while Wang et al. (2014) observed a reduction in RyR and
NCX co-localization following JPH2 knockdown. JPH2 binding
to RyRs may directly stabilize the channel’s function, as JPH2
knockdown induced RyR hyperactivity (van Oort et al., 2011),
while overexpression inhibited Ca?* sparks (Munro et al., 2016).
JPH2 is also reported to modulate LTCC activity, which has
important implications for L-type current in HFrEE, where JPH2
expression is lowered (Jiang et al., 2016). Interestingly, recent
data from Gross et al. (2021) indicate that the “Joining Region”
of JPH2 may exert direct effects on the localization of LTCC
in t-tubules, indicating that not only the presence of JPH2 but

specifically JPH2-LTCC binding is necessary for maintenance of
dyadic integrity and Ca?™ homeostasis.

What causes JPH2 changes during disease? A suggested
mechanism for suppression of JPH2 expression is via
upregulation of microRNA-24 (miR-24), as Xu et al. (2012)
showed that a miR-24 antagomir protected against JPH2
downregulation and associated changes in t-tubule architecture.
Mislocalization of JPH2 in the failing heart has also been
reported, and linked to reorganization of the microtubules
necessary for its delivery to dyads (Zhang et al, 2014;
Prins et al., 2016).

Calpain cleavage of JPH2 is believed to be one of the
mechanisms behind its downregulation, as first reported in
mouse models of reversible heart failure (Guo et al., 2015),
and ischemia-reperfusion injury (Wu et al., 2014). Furthermore,
Wang et al. (2018) demonstrated increased calpain-mediated
JPH2 cleavage in several mouse HFrEF models (myocardial
infarction, transaortic banding, and chronic isoproterenol
infusion), and found that inhibition of calpain partially
restored both JPH2 expression levels and t-tubular density.
These authors also observed that in a dual overexpression
model of calpain and JPH2, JPH2 expression was only
transiently maintained, and that subsequent deterioration
in t-tubules and higher risk of cardiac death temporally
correlated with declining JPH2 levels. Interestingly, contrasting
reports also indicate that two different cleavage products
of JPH2 may relocate to the nucleus, and attenuate (Guo
et al, 2018b), or exacerbate cardiomyocyte stress responses
(Lahiri et al., 2020).

Finally, the function of JPH2 has been shown to be dependent
on its phosphorylation status (Guo et al., 2015), which is in turn
regulated by “striated muscle preferentially expressed protein
kinase” (SPEG). SPEG is downregulated in HFrEF, and loss
of SPEG-dependent phosphorylation of JPH2 is suggested to
promote t-tubule disruption (Quick et al., 2017).

Taken together, there is an abundance of evidence to support
that JPH2 is a critical regulator of dyadic assembly and
maintenance, and that this function extends far beyond a passive
role in anchoring membrane positions. Thus, JPH2 is a promising
target for future therapies.

Caveolin-3

Cav-3 is known to play a key role in the formation of t-tubules
and caveolae (Parton et al., 1997; Figures 4, 5). However, as with
other dyadic regulators, emerging data suggest that decreased
expression of Cav-3 has important functional consequences in
the failing heart. Data from the Orchard group have shown
that Cav-3 knockout mice exhibit cardiac dysfunction, associated
with t-tubule reorganization and decreased LTCC current density
(Bryant et al., 2018b). In another study, this group found that
pressure overload in mice triggered loss of t-tubular Ca?* current
density and impairment of Ca®* release, linked to lowered levels
at Cav-3 (Bryant et al, 2018a). Interestingly, follow-up work
with Cav-3 overexpressing mice exposed to pressure overload
showed cardioprotective effects linked to maintained t-tubular
Ca?™ current (Kong et al.,, 2019). Of note, these protective effects
may also be linked to associations between Cav-3 and JPH2,
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as Cav-3 overexpression reportedly stabilizes JPH2, and thus
t-tubules (Minamisawa et al., 2004).

Autophagy

Recent work has identified a role of autophagy in regulating
the assembly and disassembly of cardiac t-tubules (Figure 5).
First, dexamethasone, a synthetic glucocorticoid, was shown to
aid t-tubule growth in stem cell-derived cardiomyocytes (Parikh
et al., 2017), and knockout of cardiac glucocorticoid receptors
was found to induce heart failure and disturbances in Ca?™
handling (Oakley et al., 2013). However, it wasn’t until Seidel and
colleagues (Seidel et al., 2019) recently examined the t-tubule
network in glucocorticoid receptor knockout mice that the
former results were linked to autophagy. Here they demonstrated
that t-tubule loss caused by glucocorticoid receptor knockout
can be rescued by treatment with dexamethasone, and that this
is associated with upregulation of the autophagy markers LC3BII
and p62. Furthermore, treatment with rapamycin, an autophagy
enhancer, reproduced the findings with dexamethasone
treatment. Conversely, treatment with chloroquine and
bafilomycin Al (autophagy blockers) exacerbated detrimental
effects on t-tubules (Seidel et al., 2019). In line with these
findings, it has also been shown that a high-fat diet, and diabetes,
induce apoptosis and cardiac alterations through inhibition of
autophagy (Hsu et al., 2016).

Nexilin

Very recently, several studies from the Chen group have
identified an exciting new dyadic regulator, called Nexilin
(NEXN) (Figure 5). Previously known as an actin-binding
and Z-disk protein, NEXN was shown to be critical to the
formation of dyadic membranes, as myocytes from knockout
animals did not develop t-tubules and exhibited early postnatal
cardiomyopathy and lethality (Liu et al, 2019). Furthermore,
conditional knockout of NEXN in adult cardiomyocytes resulted
in a remodeling of t-tubule structure that was highly reminiscent
of HFrEF, with loss of transverse t-tubules and an increased
proportion of longitudinal elements (Spinozzi et al., 2020).
The authors additionally reported that NEXN interacts with
both JPH2 and RyRs, and that its loss results in decreased
expression of these and other dyadic proteins, and accompanying
impairment of Ca?* homeostasis (Liu et al, 2019; Spinozzi
et al., 2020). These findings are of considerable interest, as
nexilin mutations are linked to cardiopathy in mice and
humans (Hassel et al, 2009; Wang H. et al., 2010; Haas
et al., 2015; Liu C. et al, 2020). Further work is required
to determine the exact mechanism by which NEXN grows
and maintains dyads, and whether NEXN alterations occur in
acquired HFrEF. In this regard, it is noteworthy that NEXN
expression levels were found to be maintained in HFrEF patients
(Chen et al., 2018).

Mitsugumin 53

The muscle-specific membrane repair protein mitsugumin
53 (MG53) is an up and coming t-tubule regulator
(Kitmitto et al., 2019; Figure 5). This “wound-healing” protein
is part of the tripartite motif family (TRIM), and is often

referred to as TRIM72. Wang X. et al. (2010) were the first
to identify MG53 as critical for maintaining cardiomyocyte
sarcolemmal stability. The sarcolemmal membrane of the
cardiomyocyte is the first line of defense against external stresses,
such as oxygen and nutrient deprivation, inflammation and
oxidative stress, and indeed, loss of sarcolemmal viability is
a key step in cell death via necrosis (Kitmitto et al., 2019).
Regulatory injury-repair proteins, such as MG53, are thus
important for the integrity of both the sarcolemma and the
cell as a whole. A new study suggests that while MG53 is not
necessary for the development or maintenance of t-tubules
during health, it may crucially preserve their integrity and
function when the heart is placed under pathological stress
(Zhang et al, 2017). When an injury or defect appears in
the cell membrane, MG53 travels to the injury site and
“plugs the hole” by re-sealing the membrane (Cooper and
McNeil, 2015). MG53 coordinates this role through interplay
with caveolaer proteins (Kitmitto et al, 2019). He et al
(2012) found that elevated expression of MG53 improved
heart function and augmented membrane repair capacity.
While these authors did not specifically link these findings
to changes in t-tubule structure/function, such effects seem
likely based on the well-established role of declining t-tubule
integrity in disease.

Protein Kinase C

Protein kinase C (PKC) activation has been implicated in
t-tubule remodeling in a recent study by Guo et al. (2018a),
where the authors found a transient elevation in PKC activity
in the days following transaortic banding. Inhibition of
PKC during this period ameliorated subsequent t-tubule
remodeling and heart failure development. It was shown
that the increase in PKC coincided with a transient biphasic
mode of actin depolymerization and repolarization, and that
PKC inhibition abolished this response. Furthermore, the
use of various inhibitors or stabilizers of F-actin polymers
seemed to protect the t-tubule system after aortic banding,
indicating that the sudden biphasic response is detrimental
to t-tubule integrity. Blocking stretch-activated channels
diminished the PKC-mediated effect on t-tubules, implicating
these channels in mechanosensitive regulation of t-tubule
structure downstream of PKC. These exciting findings are
consistent with a growing appreciation for the importance
of workload in regulating t-tubule structure, but are the first
to implicate a role of PKC and actin filament dynamics in
these processes.

Integrated Understanding of T-Tubule
Regulators

The above discussion has highlighted recent work implicating
a plethora of proteins involved in the growth and maintenance
of t-tubules and their remodeling during disease. How should
we make sense of this increasingly complex array of proteins?
Are there shared, overarching signaling pathways which
coordinate changing protein expression patterns? We believe
that changing physical stress experienced by the myocardium
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is at least one such signal. Indeed, when viewed from a
mechanosensatory viewpoint we can see that many of the
proposed t-tubule regulators can be functionally clustered
together. For example, several of these proteins have proposed
roles in mechanosensing at the cell membrane (PKC via
stretch-activated channels) or Z-disks (T-Cap), or are linked
to the mechanosensitive process of actin polymerization (BINI,
Nexilin, and PKC). A perhaps somewhat distinct group
of t-tubule regulatory proteins appears to be focused on
maintenance of the membrane itself, and notably includes Mtm1,
BINI1, and the general autophagic and endocytic processes.
It is less clear that these processes are mechanosensitive in
cardiomyocytes, and we might rather speculate that the changing
metabolic environment of the diseased heart is an overarching
signal that regulates membrane integrity.

Despite promising results from rodent studies, it seems
unlikely that targeting of only a single t-tubule regulator would
be sufficient to therapeutically protect t-tubule structure in
humans. Rather, we believe that new interventions should
instead be aimed at the overarching signals and functional
groups of proteins described above. For example, upregulating
expression of JPH2 has been suggested as an approach to
maintain dyadic structure during HFrEF (Reynolds et al,
2016). However, we expect that this approach would yield
only temporary benefits since JPH2 downregulation is itself
driven by elevated workload (Frisk et al., 2016), and thus
the persistence of these mechanical cues would continue to
signal detrimental changes in JPH2 and other mechanosensitive
proteins. Indeed, it is notable that existing therapeutics for
HFrEF act largely to alleviate cardiac workload, and thus
are expected to normalize expression of a spectrum of key
mechanosensitive t-tubule regulators. As an alternative approach,
we speculate that more precisely interrupting the processes of
mechanosensation at the levels of the cardiomyocyte membrane
and/or cytoskeleton could be broadly beneficial in the treatment
of HFrEF patients.
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