1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Trends Cardiovasc Med. Author manuscript; available in PMC 2016 July 01.

-, HHS Public Access
«

Published in final edited form as:
Trends Cardiovasc Med. 2015 July ; 25(5): 379-389. doi:10.1016/j.tcm.2014.12.012.

Cardiomyocyte Protein Trafficking: Relevance to Heart Disease
and Opportunities for Therapeutic Intervention

Shaohua Xiao, Ph.D.! and Robin M. Shaw, M.D., Ph.D.1.2*

IHeart Institute and Department of Medicine, Cedars-Sinai Medical Center, Los Angeles, CA
90048, USA

2Department of Medicine, University of California Los Angeles, Los Angeles, CA, USA

Abstract

Cardiomyocytes, the individual contractile units of heart muscle, are long-lived and robust. Given
the longevity of these cells, it can be easy to overlook their dynamic intracellular environment that
contain rapid protein movements and frequent protein turnover. Critical gene transcription and
protein translation occur continuously, as well as trafficking and localization of proteins to
specific functional zones of cell membrane. As heart failure becomes an increasingly important
clinical entity, growing numbers of investigative teams are examining the cell biology of healthy
and diseased cardiomyocytes. In this review, we introduce the major architectural structures and
types of protein movements within cardiac cells, and then review recent studies that explore the
regulation of such movements. We conclude by introducing current translational directions of the
basic studies with a focus on novel areas of therapeutic development.

Introduction

Clinical therapies for failing cardiac muscle are dominated by striving to limit the
consequences of chronic external stress stimuli. For instance, blocking the renin-
angiotensin-axis and adrenergic stimuli has resulted in therapeutic mainstays such as beta-
blockers, ace-inhibitors, and aldosterone blockers. At the same time, thanks to pioneers in
cardiac biology, there has been a wealth of information accumulated on basic biology of
cardiac muscle cells that is now coinciding with a surge in the incidence and morbidity of
patients with advanced heart failure. Future medical therapies for heart failure will leverage
new understandings about how myocytes pathologically remodel during stress. These
additional therapies will not so much block external stimuli but rather they will likely
intervene on intracellular pathways to help restore normal myocyte function.

Each individual cardiomyocyte is a highly organized, robust, and dynamic system, not
unlike a bustling walled-in city with portals to the outside world. The nuclei of
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cardiomyocytes continuously transcribe genes that are then translated into proteins. These
proteins are shuttled throughout the cytoplasm to specific organelles and functional
subdomains of surrounding cell membrane. Just as a historic city wall would have guard
towers, drawbridges, and defensive structures that each consist of task-specific elements, the
cardiomyocyte cell membrane has particular regions such as those designated for cell-cell
communication (intercalated discs) and initiating contractile signaling (T-tubules). Proteins
and channels that function at intercalated disc regions are different from proteins and
channels that function at T-tubules. A question for all cells, and in particular
cardiomyocytes, is how in normal homeostatic conditions particular regions of membrane
are populated with the appropriate proteins.

When a walled city is attacked, it immediately marshals resources for immediate defense,
even if to cause negative long term consequence. During a long defense, however, cities can
alter their production facilities and internal transportation networks to accommodate the
changing needs. Like attacked cities, diseased cardiomyocytes subjected to less energy and
more stress undergo pathologic remodeling of membrane proteins and even membrane
structures. As we learn about normal movements of cardiac intracellular proteins, and
disease related changes of these movements, interventions can be designed to target positive
intracellular remodeling. The long-term objective of cell biology laboratories is to treat heart
failure by not just blocking external adrenergic and renin-angiotensin signals, but improving
how cardiomyocytes respond to such stressors.

In this review article, we briefly introduce the basics of cardiomyocyte organization and
then focus on trafficking, which is the ordered movement of cardiomyocyte proteins. Special
emphasis is placed on ion channels and, in particular Connexin 43 (Cx43) gap junctions and
L-type calcium channels (LTCCs). Cx43 channels are important for cell-cell electrical
communication and LTCCs are important for contraction. Cx43 channels need to localize to
intercalated discs at the longitudinal ends of cardiomyocytes and LTCCs need to localize to
T-tubules that are at the transverse borders of cardiomyocytes. An analysis of Cx43 and L-
type calcium channels therefore covers different regions and many fundamental concepts of
cardiomyocyte organization. The final section of this review is a brief summary of state-of-
the-art therapies that are being developed based on what has been learned to date of
cardiomyocyte cell biology.

Cardiomyocyte Organization

Human hearts consist of several billion cells that need to contract in synchrony for an
effective heartbeat. To achieve synchronous contraction, before each heartbeat action
potentials must rapidly spread throughout the myocardium. As an action potential initiates in
each cardiomyocyte, intracellular calcium release occurs, resulting in cellular contraction.
Thus rapid spatial transmission of action potentials is need for coordinated myocyte activity.
Both rapid propagation of action potentials and intracellular calcium release require, for
each cell, a sophisticated cascade of ion channel activation that is dependent on time as well
as on the localization of particular ion channels at particular subdomains of the plasma
membrane. The proper formation and correct delivery of these channels to their membrane
subdomain is referred to as protein trafficking.
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A central component in the sorting and delivery of membrane proteins to their subcellular
destination is the Golgi apparatus (Figure 1). The Golgi complex is usually found adjacent to
the lateral side of the two nuclei in mammalian ventricular cardiomyocytes. Co-localized
with each Golgi is the centrosome at which microtubules are nucleated and extend
throughout the cell [1]. Sorting of proteins mainly takes place at the trans Golgi network
(TGN) [2]. Cargo proteins are sorted into post-Golgi carriers, which are docked onto
molecular motors and delivered to cell periphery along microtubules [3]. In the context of
trafficking, one can consider the Golgi to be the “loading dock™ and microtubules the
“highways” along which packets of channels are delivered to the plasma membrane.

Cardiac muscle contracts more than 3 billion times during the average lifetime of human
beings. Cardiomyocytes have a large number of mitochondria whose primary role is to
produce ATP through oxidative phosphorylation to support the high-energy demand of the
beating heart. Mitochondria occupy ~30% of the volume of a cardiomyocyte and are
positioned beneath the sarcolemma, between myofibrils, and near the nucleus [4] (Figure 1).
These different subgroups of mitochondria, identified by spatial location in the myocyte,
appear to have different morphologies and properties [4, 5]. In addition to providing energy,
mitochondria play an important role in regulating cell death, propagating Ca2* signaling,
and mediating cardiac protection to ischemia/reperfusion and other stresses [6, 7].

Each heartbeat, the normal sequence of events leading to contraction is 1) initiation of an
action potential at the sinoatrial node, 2) myocyte-to-myocyte spread of action potentials
through the atria, across the AV node, and through the His-Purkinje systems, 3) myocyte-to-
myocyte spread of action potentials in ventricular myocardium in apex to base order, 4)
individual cellular action potentials allowing calcium-entry through calcium channels at T-
tubules, triggering larger calcium release from the corresponding internal sarcoplasmic
reticulum, 5) calcium release causing myofibril contraction. The myocyte-to-myocyte spread
of action potentials occur across intercalated disc regions at the longitudinal ends of each
ventricular myocyte. Calcium-induced calcium release is triggered at cardiac T-tubules.
Thus, in general, the intercalated disc regions are responsible for myocyte-to-myocyte
electrical communication and the T-tubule regions are responsible for triggering and
regulating the strength of each contraction (Figure 1).

Heart contraction is accomplished, at the subcellular level, by contraction of individual
subcellular contractile units named sarcomeres. A sarcomere occupies the region between
two Z-lines (Figure 1), and consists of thick filaments of myosin and thin filaments of actin
that are anchored to Z-discs. Myofibrils are connected to the sarcolemma along the
longitudinal axis at the adherens junctions (fascia adherens) of the intercalated discs and
across the lateral axis at the costameres connecting Z-discs to T-tubules [8, 9]. The outer cell
membrane is linked to cortical cytoskeletal desmosomes and actin microfilaments (F-actin),
which provide mechanical support to maintain cell shape and specialized sarcolemmal
subdomains such as intercalated discs, caveolae and T-tubules [10, 11].
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Trafficking in Healthy and Diseased Hearts

Introduction

The internal organization of cardiomyocytes is complex, with thousands of individual
proteins each contributing to an overall equilibrium. For inherited (genetic) disease, a
mutation in a single protein disrupts the equilibrium, which can manifest later in life as a
generalized myopathy. Multiple instances exist for mutations negatively affecting trafficking
of ion channels. Anderson et al., for instance, have found that of 28 clinically relevant
mutations in Kv11.1, most reduce hERG current not by altering Kv11.1 expression or
kinetics, but by negatively affecting Kv11.1 trafficking to the membrane [12]. Mohler et al.
have identified that mutations in Nav1.5 which limit Nav1.5’s binding to ankyrin-G cause
aberrant Nav1.5 trafficking and result in human Brugada syndrome [13]. Patel and
colleagues have found that mutations in desmosomal desmoplakin affects Cx43 trafficking
to intercalated discs, contributing to arrhythmogenesis in Arrhythmogenic Cardiomyopathy
[14, 15]. For acquired muscle disease, such as ischemic heart disease, cellular myopathy and
syndromic heart failure also can take weeks to months or years to develop. In acquired
disease, trafficking is also highly relevant, as discussed below.

We have divided the section on trafficking into three main types which are forward
(antegrade) trafficking to the membrane, channel behavior once in the membrane, and
reverse (retrograde) trafficking from the membrane. Each subsection is divided by healthy
physiology and what is known of the diseased response.

Forward Trafficking

Healthy Physiology—A remarkable aspect of cardiac ion channel biology is that
individual ion channels have half-lives on the order of hours. Connexin43 (Cx43) gap
junction proteins, which form the gap junctions that occur at intercalated discs of ventricular
cardiomyocytes and are responsible for cell-cell communication, have a half-life of 1-3
hours [16, 17]. Supplemental Video 1, from reference [18] illustrates the rapid time course
of Cx43 trafficking. Interested readers are referred to all supplemental videos in [19, 20], for
high resolution visualization of Cx43 trafficking. Potassium and calcium channels, and
sodium-calcium exchanger have half-lives that are reported in the 2-8 hour range [21-24]. It
is not yet clear whether channel half-lives on the plasma membrane are longer or shorter
than overall protein half-life, and it is already being found that different pools of channels
exist within the cardiomyocyte [25]. Also, channels such as the sodium channel may have a
slightly extended half-life of about 35 hours [26], however these times likely vary based on
cell type and specific membrane partners. Half-life is likely not just a function of intrinsic
protein susceptibility to degradation molecules, but is heavily influenced by location of the
channel in a particular membrane subdomain or region in the cell. Proteins that are spatially
protected from being in contact with degradation processes will experience slower turnover.
However despite small variances in turnover, the overall implication for a turnover on the
scale of several to tens of hours is that, in the course of any day, the bulk of the ion channels
in each cardiomyocyte are regenerated and have to be newly positioned. Thus, the
trafficking of channels is a dynamic ongoing occurrence, and has a critical impact on
channel function.
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The short life span of ion channels suggests there needs to be efficiency in their life-cycle
and movements which are, in order: formation, delivery to the correct subdomain on plasma
membrane, behavior once in membrane, and internalization back into the cell. In 2007, we
found that Cx43 hemichannels could be trafficked by microtubules directly to adherens
junctions at the intercalated disc [19]. Specificity of delivery consisted of the 1)
hemichannels, and 2) plus-end-binding proteins (EB1) at the end of microtubules which
attach to 3) membrane anchors (adherens junction complex), allowing delivery of the
hemichannels from the microtubule to adherens junction containing membrane [19]. This
finding, and subsequent studies [18, 27, 28] have led to our Targeted Delivery model of
channel delivery. Targeted Delivery is the understanding that channels, once formed and
exiting the Golgi, can be rapidly directed across the cytoplasm to their respective specific
membrane subdomains. The highways for transport are microtubules whose negative ends
originate at Golgi oriented microtubule-organizing centers and whose positive ends are
growing outward and can be captured at the plasma membrane by membrane anchor
proteins and complexes. Specificity of delivery is a combination of the individual channel,
the plus-end-tracking proteins at the positive ends of microtubules which guide microtubule
growth and capture, and the membrane bound anchor complex which captures the
microtubule, completing the highway for channel delivery (Figure 2).

The Targeted Delivery model has been supported by multiple subsequent reports [28-32].
At the same time, important details of this delivery paradigm continue to be elucidated. For
instance Patel et al. recently reported that the desmosome associated linker protein
desmoplakin binds to EB1, and is involved in targeted delivery of Cx43 to intercalated discs
[14]. Also, non-sarcomeric actin appears to be involved in channel delivery. Actin is
necessary for Cx43 forward delivery [33, 34]. It remains to be determined how actin
interacts with channels and the microtubule apparatus. At any given point in time, the
majority of intracellular Cx43 channels are not moving rapidly on microtubules, but rather
are stationary and associated with non-sarcomeric actin [33].

Involvement of non-sarcomeric actin in channel trafficking raises several interesting
questions, the most fundamental of course being why is actin involved. If vesicles
containing channels can depart the Golgi and ride a microtubule highway straight to its
proper subdomain, is there a need for actin filaments that appear to slow down vesicle
transport? We believe actin has at least two important roles in forward delivery. The first is
to help contribute specificity to delivery. Vesicles transported along microtubules on kinesin
motors move rapidly, at a rate of about 1 micron per second [19]. Thus delivery to most
locations at a cell membrane can occur within a minute. Association with important
accessory proteins and post-translational modification of channels, both of which can affect
delivery destination, probably also happen en route between the Golgi and membrane.
Hopping off the microtubule highway on an actin “way station”, which is analogous to a
highway rest stop with convenience stores, could allow the channel and vesicle containing it
to pick up accessory proteins and allow for needed post-translational modification at Z-disc,
subcortical locations, or other important regions in the cytoplasm. The way stations could
also serve as a channel reservoir. For instance the cardiac Z-disc and costamere are actin
rich structures. If L-type calcium channels are needed acutely in T-tubule membrane, there
could be a signal for rapid delivery to occur from the Z-disk and costamere reservoir to the
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nearby T-tubule membrane. Finally, an actin way station could allow the channel containing
vesicles to use multiple microtubule highways in their delivery path. The Golgi exit
microtubule could be destined for an actin way station, allowing for a different membrane
domain specific microtubule to finish the delivery to the right membrane subdomain.

The second potential role for actin in microtubule based forward delivery pertains to the
microtubules themselves. In non-myocyte systems, actin can help stabilize and guide
microtubules [35, 36]. Actin could be the blueprint along and across which microtubule
highways are patterned. In this respect, actin involvement could be an upstream to
microtubules in determining location of channel delivery.

With regard to accessory proteins, Cx43 hemichannels are notable for, despite extensive
examination, not being associated with their own unique beta-subunits that assist in their
trafficking. Recently, it was identified that these hemichannels do have important subunits
that are N-terminal truncated isoforms of the same full length protein [37]. The smaller
proteins are created through the phenomenon of alternative translation [37]. In order to
understand alternative translation, it should be recognized that traditional translation of
mMRNA begins with the first coding triplet, which is always an AUG (Methionine). Most
transcribed genes (MRNA strands) have other AUG sites downstream of the first one. The
Cx43 gene GJAI has six in frame AUG triplets beyond the first one. Alternative translation
occurs when ribosomal translation initiates not at the first triplet, but at a downstream triplet.
By initiating translation at downstream sites, alternative translation creates N-terminal
truncated proteins that lack the respective non-translated upstream (N-terminal) portions of
the proteins.

In the case of Cx43, GJA1 mRNA produces the expected full-length 43 kDa protein as well
as proteins that are approximately 32 kDa, 29 kDa, 26 kDa, 20 kDa, 11 kDa and 7 kDa in
size [37]. Cx43 is the first mammalian ion channel shown to be subjected to alternative
translation, which has already been confirmed by two separate reports [38, 39]. It has also
been found that the 20 kDa isoform (GJA1-20K) assists with Cx43 forward trafficking. We
currently understand the smaller Cx43 isoforms to effectively be the ‘beta-subunits’ that
promote and thus autoregulate full length Cx43 trafficking to the plasma membrane [37].

A critical aspect of Targeted Delivery is for microtubules to be captured by the appropriate
membrane anchor, allowing channel delivery directly to regions of membrane that happen to
contain the particular anchor. For Cx43 delivery to the intercalated disc, EB1-tipped
microtubules bind to N-Cadherin associated beta-catenin and also p150(Glued) [19].
Desmoplakin may also be involved in capturing the EB1-tiped microtubule for Cx43
delivery [14], although the transmembrane domain still appears to be N-Cadherin rather than
desmosomal desmoglein [15]. For Cav1.2 channel delivery to T-tubules, a membrane anchor
is the lipophilic membrane scaffolding protein BIN1 [28] (Figure 2). We discuss below how
microtubule anchor complexes may be affected in disease. Also, other anchor complexes
likely exist. For instance, ankyrin-G binds to and regulates Nav1.5 localization [40, 41] and
ankyrin-B regulates the membrane targeting and subsequent regulation of the Na*/Ca2*
exchanger, Na*/K* ATPase, and IP3 receptor [42]. In addition, fibroblast growth factor
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homologous factors are potent regulators of Nav1.5 and Cav1.2 localization to the
sarcolemmal membrane [43, 44].

Pathophysiology—Recent studies have explored forward trafficking of cardiac ion
channels in different disease states. A difficulty with such studies is that the short life spans
of individual channels (hours) are dwarfed by the chronicity (months, years and decades) of
most failing hearts. A further complication is that dynamic channel behavior is best studied
with in vitro cellular studies, well removed from intact animals and humans. A simple
knockout mouse model establishes the importance of a channel or trafficking partner, but
does not reveal the signaling interplay that occurs with other proteins during protein
movements.

Trafficking related channel studies need to occur with proteins intact, yet in environmental
conditions that mimic those of failing heart. One important such condition is oxidative stress
that occurs in ischemia-reperfusion injury as well as ischemic and non-ischemic heart
failure. When isolated cardiomyocytes are subjected to oxidative stress, Cx43 gap junction
delivery to intercalated discs is impaired due to disruption of the forward trafficking
machinery [18]. Specifically, the oxidative stress causes the microtubule plus-end proteins to
disassociate from the tips of microtubules, impairing microtubule attachment to adherens
junction structures and subsequent delivery of Cx43 hemichannels to plasma membrane [18]
(Figure 2). Such studies provide evidence that forward trafficking and likely other ion
channels are impaired in acquired heart failure. At present we do not know how oxidative
stress causes EB1 displacement and disassembly of the forward trafficking apparatus. We
have preliminary investigations on the role of actin in maintaining EB1 based microtubule
integrity, and the response of these cytoskeletal fibers to stress conditions. This remains an
active area of investigation.

In failing heart, forward trafficking of Cav1.2 channels to T-tubules is also impaired [27].
Biochemical assessment of Cav1.2 channel content in failing heart indicates no difference in
total channel content compared to healthy muscle, yet channel localization to T-tubules is
impaired [27]. A difference between impaired forward delivery of Cx43 channels and
Cavl.2 channels in failing hearts exists with their respective anchor proteins. Even in
diseased heart muscle, the adherens junction structures for Cx43 delivery to intercalated
discs remain intact [18], whereas transcription of BIN1 protein, needed to anchor
microtubules for Cav1.2 delivery to T-tubules, is reduced by half [27] (Figure 2). In animal
models, successful treatment of heart failure and recovery of function correlates with
recovery of muscle BIN1 levels [45, 46].

In the preceding section, we introduced recent reports that the actin cytoskeleton could be an
important regulator of forward trafficking that is potentially upstream of microtubule based
trafficking [33, 47]. In acute ischemic injury, Cx43 dissociates from actin and forward
trafficking is impaired [33]. Despite these data, it remains to be determined whether actin
filaments can serve as Cx43 sorting centers and microtubule organizers, or whether actin can
actively bring Cx43 and other channels to the membrane surface. In another recent study, it
was identified the actin motor myosin 5B assists with forward trafficking of Kv1.5 and Cx43
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[48], suggesting actin could do more than sorting proteins and organizing microtubules in
the delivery of channels to the membrane surface.

Membrane Organization

Healthy Physiology—Once channels are inserted into the plasma membrane, it is
possible that they undergo lateral diffusion to other regions of membrane. However
multiplexing with scaffolding proteins and cytoskeleton elements will limit subsequent
diffusion, and the overall extent and rate of lateral diffusion are unclear, with reports that
vary significantly. For Cx43 hemichannels, it was previously understood that the channels
are randomly placed in plasma membrane to subsequently diffuse laterally to plaque regions
[49, 50]. This model of lateral diffusion does not preclude, but has generally been
supplanted by the model of Targeted Delivery [19] by which channels are delivered to the
membrane subregions in which they are to function. It is likely that most channels still move
laterally within the plasma membrane, but in confined local zones rather than widely
traversing regions of the cell surface. In 2011 Rhett et al. identified and named the
“perinexus” as a region adjoining gap junction plaques in which hemichannels can collect
and diffuse with movement into the plaque regulated by ZO-1 [51]. Such local movements
of Cx43 and other channels are highly likely and areas such as the perinexus could be
transitional zones in which post translational modification and protein clustering occur.

A recent development in cardiac membrane biology is the finding that T-tubule
invaginations are not simply straight and planar, but instead contain complex folds tight and
narrow enough to limit the free flow of extracellular ions [9]. High resolution imaging of
intercalated disc regions reveal that intercalated disc associated membrane is also non-linear,
with finger-like and low frequency undulations [52, 53]. We speculate that membrane
morphology such as location of critical curvature and inflection points may
compartmentalize trafficking domains as well as support structures such as the perinexus,
thereby affecting channel activity.

Pathophysiology—The mechanisms of pathologic remodeling of gap junctions during
disease states remain poorly understood. One possibility is that membrane signals which
permit directed targeting of connexons to intercalated discs may themselves be relocated to
lateral membrane during disease, thus attracting hemichannel delivery [32]. Another
possibility is that connexons can become untethered from plaques during disease, and
diffuse within the membrane to lateral regions [54]. The high rate of connexin43 turnover,
rapid rate of connexon delivery to plasma membrane, and lack of direct visualization of
connexon movements once in the plasma membrane, together severely limit the ability for
us to understand the mechanisms by which remodeled and poorly localized connexons arrive
at their new destination. It will probably be necessary to label connexons in live cells, and
record their real-time lateral movements to determine their fate once in the plasma
membrane of health or stressed myocardial cells.

We discussed above that L-type calcium channels have diminished forward trafficking in
failing heart [27]. There already exists significant experimental evidence that T-tubule
membrane remodels in failing heart [55-57]. The mechanisms of T-tubule remodeling in
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failing hearts is an area of active research. Microtubule trafficking of junctophilin-2 has
been implicated in impaired T-tubule maintenance during heart failure [58]. However the
role of junctophilin in T-tubule maintenance during heart failure has been questioned due to
a lack of decrease with heart failure as T-tubule structures are diminished [45, 46] or return
with recovery of T-tubule structures in treated heart failure [45]. In these same studies, BIN1
decreased with decrease in T-tubule density in heart failure [45, 46], and BIN1 recovered
along with T-tubule density when heart failure was treated [45]. When isolated mature
ventricular cells are placed in culture, they lose their T-tubules within 1-3 days. Interesting,
pharmacologic stabilization of actin filaments can extend the life-span of T-tubules in
cultured myocytes [59, 60]. These data support the concept that actin is important to T-
tubule maintenance, but do not explain the mechanism. It is worth noting that loss of BIN1
to levels that occur in end-stage heart failure result in impaired actin association with T-
tubules, and in BIN1-deificient mice T-tubule remodeling similar to that of failing hearts [9].

Internalization

Healthy Physiology—Given the short half live of channel proteins, just as with forward
trafficking, internalization from the plasma membrane represents an important regulatory
step in determining the level of gap junction coupling. Posttranslational modification of
plasma membrane proteins leads to internalization, and the c-terminus of Cx43 has many
residues known to be subjected to ubiquitin, acetylation, and phosphorylation based
modifications, of which phosphorylation has been most intensively studied.

The importance of phosphorylation of connexin is highlighted by recent findings that casein
kinase-dependent phosphorylation alters gap junction remodeling and decreases arrhythmic
susceptibility [61]. The specifics of the kinases acting on other residues, and the trafficking
consequence of specific residues being phosphorylated, are being actively investigated. It is
useful to consider that, with 22 serines, 5 tyrosines, and 4 threonines, many residues on the
c-terminus of Cx43 are potentially subject to phosphorylation. Phosphorylation based
modification of the c-terminus is complex, with upstream sites that, once modified, cause
structural changes to the c-terminus, eliciting gain or loss of binding partners. To make
matters even more complex, Cx43 exists as a hexamer on the plasma membrane, and it is
currently not known how phosphorylation differs between individual connexin protomers of
the same connexon. Ubiquitination of Cx43 occur following activation of protein kinase C,
leading to channel internalization [62].

Endocytosis of Cx43 can occur either through internalization of uncoupled hemichannels or
entire gap junctions, which entails engulfment of the opposing cells plasma membrane, and
generation of double-membrane intracellular structures termed annular gap junctions. Both
the lysosome and the proteasome have been implicated in degradation of Cx43 and
interestingly, autophagy is now known to be involved in degradation of annular gap
junctions in failing hearts [63]. Studies have shown recycling of gap junctions to occur
during cell cycle progression in cell lines [64], but whether gap junctions are recycled in
cardiomyocytes remains a controversial issue. It is exciting to consider the possibility that
posttranslational modifications of Cx43 may be acting as checkpoints within the same
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connexin molecule, or connexon hemichannel, requiring a specific series of events to permit
ubiquitination and internalization of a hemichannel, or annular gap junction.

Pathophysiology—Our experience to date, mostly with Cx43 protein, is that cytoskeletal
proteins regulate forward trafficking whereas post-translational modification such as
phosphorylation changes affect retrograde trafficking or internalization. Historically, altered
phosphorylation of Cx43 has been the hallmark of the pathological remodeling of gap
junctions during disease [65-67]. Rather than individual phosphorylation events of different
residues on the same channel being independent of each other, it is likely that internalization
results from a sophisticated cascade of posttranslational modifications. The Cx43 C-
terminus contains a phosphorylation-dependent 14-3-3 binding motif at Serine 373 (within
10 amino acids of the end of the protein). 14-3-3 proteins are known to regulate protein
transport and have been implicated in facilitating de novo Cx43 transport from ER to Golgi
apparatus [68, 69]. Phosphorylation of Ser373 and subsequent 14-3-3 binding provide a
gateway to a signaling cascade of downstream post-translational modification(s), leading to
gap junction ubiquitination, internalization and degradation during acute cardiac ischemia
[17]. (Figure 2).

Cx43 has many binding partners within the cell, and the majority of these protein—protein
interactions occur via the Cx43 C-terminus [70]. In close proximity to the Cx43 14-3-3
binding motif is a PDZ domain encompassing the distal end of the C-terminus. It is through
this PDZ domain that Cx43 interacts with ZO-1 [71], and this interaction has been
demonstrated to regulate Cx43 gap junction plaque size and assembly [51, 72]. Disruption of
Cx43/Z20-1 complexing has been reported to increase gap junction plaque size in cultured
cells [73, 74]. Phosphorylation of Cx43 Serine373 can disrupt interaction with ZO-1 [75],
and indeed it would be sterically unlikely for both 14-3-3 and ZO-1 to bind the same Cx43
protomer simultaneously. However, increased Cx43/Z0-1 interaction has also been
associated with gap junction remodeling, highlighting the complex nature of these dynamic
posttranslational and protein complexing events [54, 76].

Pharmacologic Rescue of Trafficking Pathways

In this review, we have focused on recent investigations involving the Cx43 cell-cell
communication channels important for electrical transmission and the L-type calcium
channel important for regulating the calcium transient and contraction. In this section, we
explore efforts to rescue diminished cell-cell coupling and diminished L-type calcium
channel (and hence contractile) activity in failing hearts. Table 1 summarizes potential
therapeutic interventions related to protein trafficking for heart failure. We emphasize that
our discussion of many of the potential treatments is preliminary. We include this discussion
to both underscore the knowledge gained so far and help guide development of new
therapies.

For Cx43 based gap junction communication, plaque density can be improved by either
increasing forward trafficking to cell-cell border or limiting internalization. The microtubule
disrupting agent colchicine was found, in a substudy of the COPPS trial, to reduce post-
operative atrial fibrillation in postpericardiotomy patients [77]. However in the recent

Trends Cardiovasc Med. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiao and Shaw

Page 11

COPPS-2 trial with postoperative atrial fibrillation as a primary endpoint, colchicine
reduced the incidence of postpericardiotomy syndrome, but did not reduce postoperative
atrial fibrillation [78].

Given the recent findings of alternative translation of smaller Cx43 isoforms, which
facilitate the forward trafficking of full length Cx43, and the increases in such alternative
translation by inhibiting mTOR and Mnk1/2 [37, 39], use of existing mTOR and Mnk1/2
inhibitors could increase plaque density. As mTOR inhibitors are already widely used in the
fields of organ transplant and immunosuppression, therapeutic rescue could potentially be
available as a novel use of an existing agent. Actin and microtubule stabilization could also
be employed to rescue forward trafficking [18, 19, 33, 47], although it is less clear whether
current cytoskeleton drugs used in research studies can be safely applied to humans.

Three potential avenues of therapy exist to decrease Cx43 plaque internalization. Enhanced
casein kinase phosphorylation by antagonizing aldosterone/mineralocorticoid receptors
could limit stress induced Cx43 dephosphorylation and internalization [61, 79], maintaining
plaque density. Using Cx43 c-terminal peptides to block Cx43 interaction with ZO-1 is
already undergoing clinical evaluation of therapeutic impact [73, 80-83]. With the discovery
of endogenous production of truncated C-terminal isoforms and their assistance with
forward trafficking [37], improving forward trafficking could be an additional mechanism
by which the peptides exert their effect. Finally, 14-3-3 inhibition appears to be a potent
potential rescue of Cx43 internalization [17, 80], albeit a safe pharmacologic approach needs
to be developed.

Current clinical efforts to rescue altered calcium transient in failing myocytes focus on
calcium release (ryanodine) and reuptake (SERCA) channels in the sarcoplasmic reticulum.
Leaky ryanodine receptors can be stabilized by drugs [84] and excess cytoplasmic calcium
can be re-sequestered by enhancing SERCAZ2a reuptake by virus based gene therapy that
targets new SERCAZ2a expression and activity to the heart [85].

Newer studies indicate inhibition of the L-type calcium channel trafficking alone can result
in an increased diastolic calcium levels and limited systolic calcium transient [27, 28].
Rescuing diminished cardiac BIN1 expression could both rescue L-type calcium channel
trafficking [27, 28] and restore normal T-tubule membrane morphology [9]. It is
theoretically possible to restore cardiac BIN1 by virus mediated gene therapy in an approach
similar to that used for SERCAZ2 restoration [85].

Conclusions

The individual cardiomyocyte is a highly complex and dynamic cell with internal
organization designed to maintain efficient cell-cell communication and excitation-
contraction coupling. Cardiomyocyte structures and organization are negatively affected by
environmental conditions of stress. Existing therapies such as beta-blockers, ace-inhibitors,
and aldosterone inhibitors, focus on blocking these external signals. New therapies for
failing heart will be focused on the specific organelles and pathways that regulate
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rdiomyocyte protein trafficking. Cytoskeleton based protein trafficking pathways are
ing elucidated and with this knowledge, targets developed for therapeutic intervention.
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Figure 1. Schematic illustration of the internal structures of an adult ventricular cardiomyocyte
Intercalated discs located at the longitudinal sides of each ventricular cardiomyocyte

mediate the cell-to-cell propagation of action potentials. T-tubules, which are rich in
voltage-gated L-type calcium channels, are positioned closely to the sarcoplasmic reticulum,
the internal calcium store. Sarcomeres form myofibrils, which are responsible for
cardiomyocyte contraction upon intracellular calcium release. The Golgi apparatus and
microtubules serve as the “loading dock” and “highways”, respectively, to deliver ion
channels to specific subdomains on the plasma membrane. Mitochondria provide the energy
needed for the contraction of cardiomyocytes.
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Figure 2. Schematic representation of vesicular trafficking in healthy and failing hearts
lon channel proteins are synthesized by ribosomes. In the case of connexin 43 (Cx43)

multiple isoforms are produced as a result of alternative translation. Nascent transmembrane
proteins are translocated to the membrane of the rough endoplasmic reticulum, transported
through the Golgi apparatus and to the trans-Golgi network (TGN). Channel proteins are
sorted into vesicular carriers and docked onto microtubules at the TGN, and subsequently
delivered to their subcellular destinations in cooperation with actin “way stations” along the
route. Microtubule plus-end binding proteins interact with anchor proteins of specific
membrane subdomains, allowing targeted delivery of cargo proteins. The interaction
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between EB1, a microtubule plus-end binding protein, and the adherens junction complex
ensures the targeted delivery of Cx43 hemichannels to the intercalated discs, whereas the
association of microtubules and bridging integrator 1 (BIN1), a membrane scaffolding
protein, warrants the delivery of Cavl.2, a voltage-gated L-type calcium channel protein, to
T-tubules. Channel proteins on the plasma membrane undergo internalization for
degradation.

In failing cardiomyocytes, expression of ion channels on the cell surface and the
morphology of T-tubules are altered. As highlighted in light yellow, possible mechanisms
underlying these changes include (1) dissociation of microtubule plus-end binding proteins
from microtubules; (2) reduced expression of membrane scaffolding proteins; and (3)
increased internalization. Under oxidative stress EB1 dissociates from the tip of
microtubules, impairing the attachment of microtubules to the adherens junction and the
delivery of Cx43 to the intercalated discs. During acute cardiac ischemia 14-3-3 mediated
internalization of Cx43 is increased, diminishing the amount of Cx43 channels on the
plasma membrane. In failing hearts the expression of BIN1 is significantly reduced,
resulting in detachment of microtubules from sarcolemma and reduction in Cav1.2 delivery
to the T-tubules. The dense membrane folds in T-tubules are also lost as a result of low
expression of BINL.
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Table 1

Potential trafficking related therapeutic interventions for heart failure.
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Targeted pathway Mechanism of intervention Potential treatments Ref
Rescue Cx43  Increase forward trafficking Increase translation of mTOR inhibitors, Mnk1/2 inhibitors [37, 39]
plaque GJA1-20k
density - .
Stabilize actin [33, 34]
Stabilize microtubule [18, 19]
Decrease Cx43 internalization Increase casein kinase Mineralocorticoid receptor antagonists [61, 79]
phosphorylation of Cx43
Block interaction with ZO-1 aCT1 peptide mimetic, rotigaptide [73, 80,
81, 83,
86]
Block 14-3-3 binding [17, 80]
Rescue Reduce basal intracellular Ca2*  Rescue leaky RyR2 JTV-519 (1,4- benzothiazepine), Rycals [84]
failing Ca?* (Ca?* release channel stabilizers)
transient . Lo
Rescue SERCAZ2 expression SERCAZ2a gene therapy, PP1 inhibitory [85]
and activity peptide (1-1), S100AL1, Istaroxime
Rescue LTCC localization Rescue forward trafficking Bin1 gene therapy [27, 28]
Restore T-tubule membrane Rescue Binl expression Bin1 gene therapy [9]
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