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Abstract

Cardiovascular disease is the leading cause of death in the United States, claiming
nearly 800,000 lives each year. Regardless of the underlying cardiovascular dysfunction,
nearly 50% of these patients die of sudden cardiac arrest caused by arrhythmia.
Development and sustainment of cardiac arrhythmia begins with dysfunction of
excitability and structure at the cellular level. Therefore, in order to improve therapeutic
options for these patients, a basic understanding of the molecular mechanisms regulating
cardiac cellular excitability and structure is required. Decades of research have
demonstrated that intracellular scaffolding polypeptides known as ankyrins are critical for
the regulation of cellular excitability and structure in multiple cell types. Ankyrin-G
(ANK3) is critical for regulation of action potentials in neurons and lateral membrane
development in epithelial cells. Given its central importance for cellular physiology in
excitable and non-excitable cell types, we hypothesized that functional ankyrin-G
expression is critical for proper cardiac function. To test this hypothesis in vivo, we
generated cardiac-specific ankyrin-G knockout (cKO) mice. In the absence of ankyrin-G,
mice display significant reductions in membrane targeting of the voltage-gated sodium
channel Navl.5. This disruption in turn causes severely reduced whole cell sodium
current, leading to significant conduction abnormalities, bradycardia, and ventricular

arrhythmia and atrioventricular nodal block following infusion of Nay channel



antagonists. In addition to regulating cardiac excitability, we also demonstrate a critical
role for ankyrin-G in the regulation of the cardiomyocyte cytoarchitecture. Specifically,
ankyrin-G cKO mice show disrupted cellular distribution of the desmosomal protein
plakophilin-2 (PKP2) at baseline. In a setting of pressure overload-induced heart failure
we observed severe disruptions to the cellular localization of PKP2. Further, as
desmosomes mediate the integration of the intermediate filament protein desmin, we
demonstrate the reduced expression of desmin at the intercalated disc (ID) i the setting
of mislocalized PKP2. Mechanistically, we correlate these molecular changes with
significant reductions in systolic function and increased propensity for bradyarrhythmia
mn ankyrin-G cKO mice following transverse aortic constriction (TAC). As ankyrin-G is
significantly increased two weeks post TAC, we hypothesize that ankyrin-G expression is
required for the early, compensatory phase of ventricular remodeling. Our hypothesis is
further strengthened by the observation that functional ankyrin-G expression is severely
reduced in multiple forms of human heart failure. We conclude that ankyrin-G is a
critical regulator of both excitability and molecular architecture of the intercalated disc.
We further hypothesize that remodeling of this ankyrin-G-dependent molecular
environment is a critical step in the development of human arrhythmia and structural

heart diseases.
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Chapter 1: Introduction

The heart is tasked with pumping oxygen and nutrient rich blood to every tissue in
the body through a myriad of arteries, arterioles, and capillaries. The singular purpose of
the organ leads many lecturers to begin extensive lessons on cardiac physiology with the
following phrase: “The heart is a pump.” In essence, all pumps work the same way. One
form of kinetic energy (electrical, thermal, magnetic, etc.) is translated into mechanical
energy to forcibly move fluids. The heart itself is an electromechanical pump, translating
an electrical signal (action potential) into mechanical energy (contraction). Using the
analogy of the pump, there must be a mechanical component to the organ that can
perform work necessary to pump blood throughout the body. The pumping function of
the heart derives from the highly synchronized contraction of millions of cardiac muscle
cells (cardiomyocytes) in response to a coordinated electrical activation of the heart.
However, despite major advances i the understanding of cardiac physiology and disease
from the single molecule to the organ system level, cardiovascular disease (CVD)
remains the number one cause of death in the United States, claiming nearly 800,000
lives each year'.

Several factors contribute to this alarmingly high rate of CVD-related deaths.
First, an estimated 85.6 million American adults are currently living with one or more

types of cardiovascular disease, including hypertension, angmna pectoris, myocardial



ischemia or infarction, stroke, and heart failure!. Second, average life expectancy has
increased significantly over the past century. According to the 2016 Heart Disease and
Stroke Statistics published by the American Heart Association, of the aforementioned
85.6 million U.S. adults living with CVD, an estimated 43.7 million of these individuals
are 60 years of age or older’. As CVD incidence increases with age, statistical probability
dictates that more cases of CVD will be seen. Although CVD was generally believed to
be an aging-related disease, the rates of obesity and diabetes in American adults and,
sadly, adolescents have increased steadily year after year. Unfortunately, due to the
increases in these comorbidities, CVD is rapidly becoming a concern at younger and
younger ages”.

Regardless of the underlying cause of cardiac dysfunction®, more than 50% of
patients with CVD die of suddenly of arrhythmia, or abnormal electrical regulation of the
heart.* > During an arrhythmia, the pattern of electrical activation in the heart is disrupted,
compromising cardiac pump function as a result. Unfortunately, in many patients with
CVD, the arrhythmias developed are so severe as to produce complete cessation of
cardiac pump function, rapidly leading to the death of the patient, a phenomenon known
as sudden cardiac arrest (SCA). As approximately 210,000 individuals die each year of
SCA in the United States”, development of antiarrhythmic therapies has remained at the
forefront of modern medical science. Unfortunately, even with an entire field focused on
this problem, therapeutic treatment and prevention of arrhythmia remains lacking. For
prevention of secondary sudden cardiac arrest (i.e. patient has already suffered an SCA),

implantable cardioverter-defibrillator (ICD) therapy offers the greatest benefit in most



patient populations*. However, these devices interrupt arrhythmia by delivering a painful
and debilitating electrical shock, severely decreasing quality of life for the patient. For
primary prevention of SCA (ie. patient has not suffered SCA, but is at risk®), medical
therapy with anti-arrhythmic drugs (e.g. B-blockers, Class I/III anti-arrhythmic drugs,
etc.) and/or anti-hypertensives (ACE mhibitors, aldosterone antagonists, etc.) is generally
advised prior to implantation of an ICD*. Although some medical therapies show promise
in reducing rates of SCA”® several clinical trials have demonstrated that anti-arrhythmic
drug therapy can result in increased mortality compared to placebo in patients with
CVD’'°. More striking, 25% of patients suffering primary SCA have no symptoms
before experiencing cardiac arrest®. These falled attermpts to medically prevent primary
and secondary SCA demonstrates the extremely complex nature of human arrhythmias.
In order to reduce the burden of SCA clinically and develop/refine therapeutic
options, we must first gain new insight into basic cardiac physiology and

pathophysiology at the molecular, cellular, organ, and animal level.

Electrical Activation of the Heart: Stimulus for Contraction
The heart itself is composed of four chambers consisting of two atria and two
ventricles. For the heart to function as a pump, the atria and ventricles must contract and
eject blood, with the atria contracting ahead of the ventricles. When a chamber contracts
(systole) it ejects blood uni-directionally mto the adjacent chamber or artery. To
effectively pump blood, however, the chambers must relax (diastole) to fill for the next

heartbeat. Importantly, for a chamber to contract, the cardiomyocytes comprising the



chamber need to be excited by an action potential''. As a result, the heart has developed a
highly coordinated pattern of electrical stimulation necessary to produce synchronized
pump function. Clinically, we can monitor the electrical activation of the heart using the
electrocardiogram (ECG). A representative waveform is shown illustrated in Figure 1'2.
The electrical impulse necessary to stimulate contraction originates in a specialized
collection of cells in the right atrium known as the sinoatrial (SA) node'®. Also termed
the pacemaker of the heart, the SA node spontaneously generates action potentials and
therefore sets the rate at which the myocardium (heart muscle) is excited'?,
approximately 60 beats per minute in humans. Having a heart rate too low (<60 bpm) or
too high (>100 bpm) results in arrhythmias termed bradycardia and tachycardia,
respectively'>. The SA nodal impulse propagates to and activates the right and left
atrium, causing atrial systole. This corresponds to the P-wave on the ECG. Before the
atria contract, however, the majority of blood entering the atria flows passively through
the atrioventricular valves (tricuspid and mitral) and nto the ventricle. This passive flow
represents 80% of the ventricular end diastolic volume. After atrial systole, the remaining
20% of ventricular end diastolic volume is pumped from the atria to the ventricles. This
event is often termed the “atrial kick.”'® As most of the blood entering the ventricles
arrives via passive flow, atrial function is not strictly necessary for life. For example, the
most common arrhythmia seen clinically is termed atrial fibrillation (AF), an erratic and
uncoordinated activation of the atria. Although this condition can severely impair atrial

function, this arrhythmia is not as life-threatening due to the extensive
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Figure 1. The cardiac conduction system and electrocardiogram (ECG).

White arrows trace the spread of electrical activation through the heart. A representative
ECG waveform is also presented, correlating changes in the ECG with spread of
electrical activation through the heart. RA= right atria, RV= right ventricle, LA=left atria,

LV=left ventricle



amount of passive ventricular filling. However, as blood can pool and clot in the
fibrillating atria, AF patients are routinely placed on anti-coagulation therapies'’.

Once the electrical impulse propagates through the atria, it then encounters a non-
conducting fibrous annulus between the atria and ventricles. This blockage of electrical
activation is necessary to ensure that the atria contract before the ventricles, providing
time for the atrial kick during ventricular filling. However, the electrical signal must
propagate to the ventricles to produce ventricular systole. This pathway is provided by
another group of specialized cells known as the atrioventricular (AV) node. The primary
role of the AV node is to slow the impulse to keep atrial systole out of phase with
ventricular systole. At this time, there is no activation of the myocardium, corresponding
to the PR interval on the ECG. The AV node then conducts the impulse to the AV bundle
(or bundle of His) where it is transferred to the high-velocity conduction pathways known
as the right and left bundle branches. Composed of cells known as Purkinje fibers, the
right and left bundle branches rapidly conduct the impulse to the ventricular tissue,
causing ventricular systole. This corresponds to the QRS complex on the ECG. In some
patients, the transfer of the impulse from the atria to the ventricles can be blocked. The
ECG of these patients displays a P wave without a subsequent QRS. This arrhythmia is
AV block or Type II heart block'®.

After electrically activated, the ventricles contract. This contraction causes an
increase in chamber pressure that closes the unidirectional AV valves, preventing
backflow of blood into the atria. The ventricles first contract without a change in

ventricular volume (isovolumic contraction). When the developed pressure in the



ventricle overcomes pressure present in the pulmonary artery in the case of the right
ventricle and aorta in the case of the left, the semilunar valves open causing rapid ejection
of blood mto either the pulmonary or systemic circulation. As mentioned earlier, the
chambers of the heart must also relax (ie. diastole) and fill with more blood to be an
effective pump. After systole, both chambers undergo a period of relaxation without a
change in ventricular volume (isovolumic relaxation). Using the left ventricle as an
example, when left ventricular pressure drops below left atrial pressure, the mitral valve
opens allowing blood flow and increases left ventricular volume'®. The relaxation (or
repolarization) of the ventricles corresponds with the T-wave on the ECG. The mterval
from the onset of the QRS complex until the end of the T-wave is termed the QT
interval'®. Clinically, lengthening of the QT interval is associated with increased
probability of ventricular tachyarrhythmias'®. Importantly, many of the arrhythmias
resulting in SCA occur within the ventricles, making these chambers of central
importance to the study of arrhythmia®.

As is often the case with large problems, the genesis of cardiac arrhythmia begins
with a very small cause: dysregulation of excitability at the level of the individual
cardiomyocyte. The presence of specific combinations of ion channels, transporters, and
membrane ion pumps underlies the excitable nature of the individual cardiomyocyte. A
common finding in multiple forms of CVD, however, is remodeling of these electrical
constituents of the cardiomyocyte plasma membrane, producing dysfunctional
excitability in the heart at the cellular level. Coupled with structural remodeling at the

cardiac tissue level (e.g. fibrosis, pathological hypertrophy, infarct, etc.), aberrant



cardiomyocyte excitability is a breeding ground for the trigger and sustainment of cardiac
arrhythmia'>. In order to effectively treat cardiac arrhythmia, we must first
understand the cellular mechanisms producing normal cardiac cellular excitation as

well as the molecular disruptions responsible for altered cardiomyocyte excitability.

Cardiac Ankyrins and Congenital Human Arrhythmia

Adding another layer of complexity are the significant numbers of patients
harboring genetic mutations causing fatal cardiac arrhythmia. Since the 1980’s, multiple
studies have linked single nucleotide polymorphisms with human arrhythmia diseases
such as Long QT syndrome'®, Brugada syndrome'’, atrial fibrillation?®, and
catecholaminergic polymorphic ventricular tachycardia®'. Most of these genetic variants
occur in genes encoding for the transmembrane, pore-forming subunits of various cardiac
ion channels. However, ion channels themselves are not singular proteins. They are
macromolecular complexes composed of the pore-forming subunit (o-subunit),
modulatory [B-subunits, and what are classically termed channel interacting proteins.
Associated with the majority of ion channels, channel nteracting proteins can influence
ion channel forward trafficking, membrane retention and recycling, and local regulation.

Evidence for the importance of channel interacting proteins for cardiac
excitability came i 2003 with the identification of a human variant in the gene ANK2 in
a French kindred with a family history of Long QT syndrome and sudden cardiac death®.
ANK?2 encodes for the intracellular scaffolding protein ankyrin-B. The family of ankyrin

polypeptides consists of three members: ankyrin-R, ankyrin-B, and ankyrin-G (encoded



by genes ANKI, ANK2, and ANK3 respectively). Derived from the Greek word ankyra
meaning anchor®® #*, ankyrins bind directly to integral membrane proteins within the
plasma membrane and anchor them to molecules known as spectrins in the underlying
cytoskeletal architecture. With respect to cellular excitability, ankyrin polypeptides are
responsible for the development of densities of voltage-gated sodium (Nay) channels at
the axon mitial segment in neurons necessary for the generation of electrical mpulses

known as action potentials®> 6

. Ankyrins also play structural roles i cells, targeting cell
adhesion molecules known as cadherins in epithelial cells, necessary for the biogenesis of
the lateral membrane®”* 2*. Further highlighting the importance of ankyrin-dependent
membrane organization, human variants in each member of the ankyrin family have been
associated with severe human diseases ranging from structural deformities i red blood
cells to neuropsychiatric disorders and cardiac arrhythmia.?®='. These roles of ankyrins in
human disease will be detailed in later sections. Using mice heterozygous for Ank2 null
allele, Mohler et al., 2003 demonstrated that ankyrin-B was necessary to target several
molecular transporters, such as the Na"/K™ ATPase (NKA) pump and Na*/Ca*? exchanger
(NCX), in the cardiomyocyte plasma membrane’?. Further, haploinsufficiency of
ankyrin-B in mice led to extreme heart rate variability, QT mterval prolongation, and
severe ventricular arrhythmia leading to animal mortality. Subsequently, work from the
Mohler lab demonstrated that human variants in ankyrin-B also linked with atrial
ﬁbrillation“, sinus nodal disease32, and sudden cardiac death®® %,

Clearly the evidence indicates an indispensable role for ankyrin polypeptides in

human cardiac physiology. However, most of the study on cardiac ankyrins has focused



specifically on ankyrin-B. This changed in 2004, when a 47-year old female with a
history of heart palpitations was admitted to the emergency room after suffering a
syncopal episode at rest®>. Upon admittance, the patient demonstrated runs of self-
terminating ventricular tachycardia and a 1 mm ST-elevation. Echocardiographic
mvestigation demonstrated a structurally normal heart and programmed electrical
stimulation could not evoke any clinically relevant arrhythmia. On the basis of the
presentation, a diagnosis of Brugada syndrome was given. Brugada syndrome was
confirmed by intravenous infusion of flecainide eliciting a 3 mm ST elevation with coved
type morphology (Type I Brugada syndrome)*®. At the time, Brugada syndrome was
primarily associated with loss-of-finction mutations in the SCN54 gene’’, encoding the
cardiac isoform of the voltage-gated sodium channel Navl.5. These SCN5A mutations led
to decreases in cardiomyocyte sodium current, disrupting cardiac excitability as a result.
Sequencing of the SCN5A gene i this patient revealed a single nucleotide variation
G3157A, encoding for a gluitamic acid (E) to lysine (K) transition mutation at position
1053 (E1053K). This mutation occurred in a highly conserved stretch of amino acids
present in many Nay channel isoforms. Two independent investigations in 2003
demonstrated that this stretch of nine amino acids (VPIAVAESD) was sufficient to
interact with the adapter protein ankyrin-G (encoded by human ANK3)*%3°.

Knowing this, Mohler et al., 2004 demonstrated that Navl.5 associated with 190
kDa ankyrin-G i cardiac tissue. Further, the researchers determined that the E1053K
mutation inhibited the ankyrin-G/Navl.5 mteraction, leading to disrupted cellular

localization of virally-transduced E1053K Navl.5 channels in isolated rat
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cardiomyocytes. Although mutant channels displayed alterations in the properties of
activation, inactivation, and recovery from iactivation (explained in detail in the
following sections), it was hypothesized that the arrhythmia witnessed in the patient were
due to dysregulated cellular targeting of Navl.5 leading to decreased cellular sodium
current’>. This investigation was followed by work conducted by John Lowe in 2008.
Lowe, using shRNA-mediated knockdown of ankyrin-G expression in neonatal rat
cardiomyocytes, demonstrated that the absence of ankyrin-G in cardiomyocytes caused
decreases in functional sodium current explained by alterations in cellular targeting of
Navl.5%°. Although these in vitro experiments demonstrated a functional requirement of
ankyrin-G for proper cardiac excitability, the role of ankyrin-G in the heart in vivo is

unknown and untested. The primary objective of this study is to determine the

molecular function of ankyrin-G with respect to cardiac_physiology and

pathophysiology. Before we can understand how ankyrin-G regulates cardiac
physiology, we must first investigate the discovery of ankyrin polypeptides and their role

in the organization of the plasma membrane of the cell

Evolution of the Cell Membrane Hypothesis
Although the existence of the cell membrane has been known since the late 17
century*', the molecular composition remained unknown until relatively recently. The
determination of the molecular identity of the cell membrane is classically credited to
Charles Ernest Overton. Overton, using biological membranes isolated from various

tissues, tested the permeabilities of those membranes to various dissolved solutes.
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Overton found that polar hydrophilic substances such as sugars, amino acids, salt
compounds, and glycerol rarely crossed the plasma membrane whereas hydrophobic
molecules such as aldehydes, alcohols, and hydrocarbons rapidly diffused across the
plasma membrane with rates comparable to that of water. Further, Overton found that
dyes that readily dissolve m lipid crossed the plasma membrane at a faster rate than lipid-
msoluble dyes. Overton concluded that, due to the high permeability of the plasma
membrane for lipophilic substances, the plasma membrane must be primarily composed
of lipids**. Clues as to the molecular arrangement of the lipids the plasma membrane
began with a study published in 1925 by Dutch scientists Gorter and Grendel looking at
acetone-solubilized red blood cell membranes*’. Based on a finding by Langmuir that
lipids will form a monolayer on the surface of water, Gorter and Grendel compared the
surface area covered by the solubilized membrane lipids compared to the calculated
surface area of intact cells. Gorter and Grendel arrived at a ratio of 2:1, implying that
lipids are arranged as a bilayer in biological membranes*®.

Building on the findings of Gorter and Grendel, English biologists Davson and
Danielli proposed that the plasma membrane indeed contained a lipid bilayer, but this
arrangement was not enough to account for the surface tension of the plasma membrane.
To account for this, Davson and Danielli proposed that the bilayer is encased in
proteinaceous material that also formed pores in the plasma membrane. This hypothesis,

also termed the paucimolecular membrane model**

, was the leading theory of the cell
membrane until 1972 when S.J. Singer and Garth Nicolson proposed their theory of the

fluid mosaic model"®. In their theory, Singer and Nicolson classified cellular proteins into
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two classes: 1) peripheral proteins that were hydrophilic and required little solublization
and 2) integral or membrane-associated proteins that were amphipathic, with both
hydrophilic and hydrophobic areas enabling them to span the plasma membrane. As
hydrophilic amino acid residues in the protein would be able to associate with the
aqueous environment and hydrophobic amino acid residues located in the lipid bilayer,
the fluid mosaic model is thermodynamically favorable compared to the Davson-Danielli
hypothesis.

Singer and Nicholson envisioned these integral membrane proteins as icebergs
floating on an ocean as discrete structures. However, this hypothesis implies that the
mtegral membrane proteins can “float” around freely in the plasma membrane. However,
we now know that these integral membrane proteins are “anchored” to specific
membrane microdomains. One of the ways the cell has evolved to achieve the molecular
anchorage is through the family of ankyrin polypeptides. Classically, ankyrin
polypeptides bind to integral membrane proteins in the plasma membrane and anchor
them to proteins known as spectrins in the underlying cytoskeleton. Although this
mvestigation primarily centers on the molecular biology of ankyrin polypeptides, to
understand the historical context of this mvestigation, we must first review the discovery

of spectrin polypeptides.

Seminal Discovery and Investigation of Ankyrin Polypeptides
The discovery of spectrin polypeptides predates the discovery of ankyrin by more

than a decade. In 1967, Marchesi and Palade demonstrated that trypsinized red blood cell
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membrane fragments, also known as membrane ghosts, were associated with a
proteinaceous material that formed coiled filaments visible by electron microscopy*®.
Published in Science in 1968, Marchesi and Steers, working again with erythrocyte
membrane ghosts, perfected a way to purify and enrich the material that was associated
with the red blood cell membrane. In doing so, the treatment caused the membranes to
break up into small pieces, leading the researchers to hypothesize that this protein played
a structural role in the erythrocyte. Because this protein was extracted from red blood cell
ghost membranes, the researchers termed this new protein “spectrin™’. Subsequent
mvestigations also demonstrated that spectrins interacted with globular actin. Published
n Nature m 1975, Pinder et al. further showed that spectrin causes rapid polymerization
of actin filaments. Pinder and colleagues demonstrated that preparations of pure actin or
pure spectrin showed very slowly developing polymers as seen by electron microscopy.
However, incubation of globular actin with spectrin molecules promoted rapid actin
polymerization, causing increased viscosity of the preparation and visualized again via
electron microscopy™®.

However, some uncertainty existed as to the precise cellular localization of the
spectrin proteins. A key finding came in 1971, when Nicolson, Marchesi, and Singer
demonstrated that these red blood cell ghost membranes can “reseal” into biconcave
membranes when placed into isotonic solution. After fixation of the resealed membrane,
ferritin-conjugated antibodies against human spectrin showed immunoreactivity only on
the intracellular aspect of the red blood cell membrane preparations®”. This led the

researchers to conclude that spectrin is a cytoplasmic proten. However, this study gave
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no indication as to whether the association of spectrin with the plasma membrane was
direct or indirect through another protein. Published in 1977, elegant work by Bennett
and Branton, using inside-out membrane preparations depleted of spectrin and actin,
demonstrated that radiolabeled (**P) spectrin associates with the intracellular aspect of
the plasma membrane with a relatively high affinity (dissociation constant (Kg) = 107 to
108 M). They further showed that this binding was saturable at a high spectrin
concentration and inhibited at high pH or with increasing amounts of unlabeled spectrin.
Importantly, proteolysis of inside-out membrane ghosts completely abolished spectrin
membrane binding. This led the researchers to hypothesize that the spectrin-membrane
interaction occurred through an indirect association with an intermediary protein®’.
Interestingly, light proteolysis with trypsin inhibited approximately 50% of
spectrin membrane association. At the same time, this proteolysis was sufficient to reduce
the high molecular weight erythrocyte membrane proteins Band 2.1 and Band 3 almost
entirely. Early electrophoretic experiments of erythrocyte membranes revealed the
presence of distinct and reproducible banding patterns, with Bands 1 and 2 correlating
with the spectrin polypeptides. Interestingly, cross-linking studies demonstrated that
Band 1 and 2 associate as a dimer, early evidence of the existence of alpha and beta
spectrin isoforms (explained in detail below). The identity of the remaining bands
continued to elude the investigators, but due to large amounts of proteolysis of Bands 2.1
and Band 3, the researchers hypothesized that neither Band 2.1 nor Band 3 could serve as

direct membrane attachment sites for spectrin. Still, the investigation posited that another
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mtermediary protein may use these membrane proteins as an attachment site and scaffold
the spectrin molecules to the erythrocyte plasma membrane®’.

However, this hypothesis turned out to only be half-correct. Although an indirect,
mtermediate scaffolding protein between spectrin and the plasma membrane had been
hypothesized, no evidence existed as to the identity of this molecule. In a study published
in the Journal of Biological Chemistry n 1978, Bennett again showed that alpha-
chymotrypsin digestion of inside-out red blood cell membrane ghosts inhibited **P-
spectrin association with the membrane. Similarly, Band 2.1 and Band 4.1 also
demonstrated near complete loss of expression following digestion. Further, following
digestion, a 72 kDa fragment was released into solution. This 72 kDa fragment also
complexed with native spectrin molecules with a 1:1 stoichiometry and competitively
inhibited *2P-spectrin association with the actin-spectrin depleted inside-out membrane
preparations. Although the identity of the full-length protein mediating the membrane
association of spectrin was not determined in this study, an antbody was created against
the isolated 72 kDa fragment™'.

The hidden identity of the 72 kDa fragment was revealed in 1979 in a study by
Bennett and Stenbuck. Using the newly developed anti-72 kDa antisera, Bennett and
Stenbuck demonstrated that this antibody, when incubated with red blood cell
membranes, specifically immunoprecipitated Band 2.1, a protein previously believed to
not be the membrane attachment site for spectrin. Further, incubation of spectrin-depleted
red cell membranes with increasing amounts of purified Band 2.1 inhibited spectrin

reassociation. In light of these findings, Bennett and Stenbruk concluded that they had
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identified the membrane attachment site for spectrin, suggesting that this protein be
named ankyrin due to its anchoring capabilities” **. Subsequent investigation
demonstrated that ankyrin associated with the cytoplasmic surface of with the
transmembrane protein Band 3 in the erythrocyte plasma membrane with 1:1
stoichiometry %, This would become the basic model of ankyrin function: 1 molecule of
ankyrin would associate with 1 integral membrane protein at one time. This ankyrin
molecule would i turn interact with 1 molecule of spectrin in the cytoskeleton (ie. one
of the spectrin molecules in the spectrin dimer). The importance of the Band 3 — ankyrin
— spectrin complex for red cell morphology is classically demonstrated by human variants
n Band 3, ankyrin, and spectrin producing severe structural changes to the red cell

membrane>”” 3334,

Canonical Structure of Ankyrins and Spectrins
In order to understand exactly how this ankyrin-spectrin complex functionally
forms, we must first discuss the canonical structure of ankyrins and spectrins. Canonical
ankyrin polypeptides can be divided into 3 functional domains: The membrane-binding
domain (MBD), the spectrin binding domain (SBD), and the C-termmal domain (CTD).
Originally identified asa 100 kDa membrane-attached fragment >, the MBD is the
primary site for ankyrin interaction with integral membrane proteins. The MBD is
composed of 24 ankyrin (ANK) repeats®®, highly conserved protein binding motifs
consisting of 33-34 amino acids arranged in a helix-turn-helix morphology’’. The

connections between the individual ankyrin repeats are highly variable in ammo acid
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identity, forming B-hairpin loops between adjacent ANK repeats often the site of protein-
protein interaction. These B-hairpin loops are perpendicular to the helix-loop-helix motif,
producing an L-shape to each repeat®’. The 24 ANK repeats are then arranged in a super-
helix forming a spiral hook, with the B-hairpin loops oriented to the inside of the cavity,
readily accessible for protein-protein interaction’®. Interestingly, ANK repeats are one of
the most common protein motifs found in nature®®. Although highly conserved domains,
ANK repeats show a high degree of specificity for their nteraction partners in part
mediated by these B-hairpin domains®’.

The spectrin binding domain was first identified as the 72 kDa fragment released
after digestion of red blood cell ghost membranes®'. The SBD contains 2 ZU5 domains
and 1 UPA domain arranged as ZU5-ZU5-UPA®® ¢! Using truncated constructs of
ankyrin-B, Mohler et al. 2004 demonstrated that the spectrin binding capability of
ankyrin requires a 160 amino acid stretch (ankyrin-B 220 residues 966-1125) containing
the first ZUS domain with a small C-terminal portion. Further, targeted mutagenesis of
ankyrin-B at DAR976AAA and A1000P (analogous to DAR999AAA and A1024P in
ankyrin-G**) were sufficient to disrupt the ankyrin-spectrin interaction in neonatal
cardiomyocytes®?. Compared to the MBD and SBD, the function of C-terminal domain of
ankyrin is the least-well known. The CTD of ankyrin is the most divergent among the
domains, with ~11% homology between the c-terminus of ankyrin-B and ankyrin-G°°.
Clues to the function of'the CTD arose in 1987 with the identification of Protein 2.2 in
red blood cells, a splice form of ankyrin-R lacking amino acids 1513-1674 of the C-

terminus. This ankyrin splice form bound to spectrin with a 3-fold higher affinity
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compared to ankyrin comprising Band 2.1°%. Further this isoform showed increased
affinity for binding tubulin. Further mnvestigations demonstrated that the C-termmal
domain of ankyrin is responsible for mediating its cellular localization and function in
neonatal cardiomyocytes®.

The spectrin family of polypeptides is composed of two a-subunits and five [-
subunits, each with multiple splice variants. From very early on in their discovery,
spectrin polypeptides demonstrated the remarkable ability to self-assemble mnto
polymers*’. The smallest unit of assembly is a dimer®® composed of an a- and B-spectrin
polypeptide arranged in an antiparallel, head-to-toe fashion®’. Further, in 1981 Morrow
and Marchesi demonstrated that these of-dimers could stably associate into tetramers®®,
visualized as ~200 nm rods 2 years prior by Shotton®®. In 1984, Speicher and Marchesi
demonstrated the presence of 106-amno acid repeats assembled into triple helices, what
we now call spectrin repeats’’. In 1990, Tse et al. demonstrated the molecular basis of
tetramerization of spectrin dimers. The tetramers themselves associate as dimers opposed
head-to-head, with the C-terminus of B-spectrin on one dimer contributing 2 helices and
the N-terminus of o —spectrin on the adjacent dimer contributing 1 helix to form another
spectrin repeat as a connector®’. Early electron microscopic investigation indicated that
ankyrin associated with the spectrin tetramer toward the middle of the polymer’'. We
now know that ankyrin polypeptides associate with B-spectrins at the 15" spectrin
repeat’”. B-spectrins also contain an actin-binding domain in their N-terminus facilitating

the interaction between filamentous actin and the spectrin tetramer’-.
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Although many early publications describe the role of ankyrins in red blood cells,
the most significant finding i the study of ankyrins occurred in 1979. In publication in
Naturen 1979, Bennett isolated membrane preparations from rat liver, brain, testes,
kidney, and fat’*. Using the antisera developed against the 72 kDa fragment, Bennett
discovered that all these membrane preparations showed positive immunoreactivity for
ankyrin. Because of the presence of ankyrin isoforms in the brain, the literature at this
point begins to refer to the separate isoforms as ankyrin-R (for red blood cell) and
ankyrin-B (for brain). This nomenclature appeared long before the identification of the
ANK]I gene on chromosome 8 encoding for ankyrin-R”> and the 4ANK2 gene on
chromosome 4 encoding for ankyrin-B’¢. In reality, ankyrin-R and ankyrin-B are
expressed in multiple tissues and together within the same cell. Further, a third ankyrin
gene was discovered in 1995 located on chromosome 10. Given the gene name ANK3,
this ankyrin isoform was shown to be expressed in multiple tissue types and included
isoforms with very high molecular weight (~480 kDa). Because of its “general

expression” and “gant size,” this isoform of ankyrin was named ankyrin-G'” ’®.

Experimental Silencing of Ankyrin-G in the Cardiomyocyte
Now that the discovery and basic properties of ankyrin polypeptides have been
discussed, we return to the primary objective of this dissertation: What is the role of
ankyrin-G in the heart in vivo? Although we have in vitro data describing a select role for
ankyrin-G in mediating cardiac excitability through its interaction with voltage-gated

sodium channels, no in vivo data exist regarding the exact molecular function of ankyrin-

20



G i cardiac tissue. To answer this question, we have developed a cardiac-restricted
ankyrin-G knockout (cKO) mouse. Through homologous recombination of a targeting
vector, loxP sites were inserted flanking exons 22 and 23 of the Ank3 mouse gene’’.
These 34 base-pair loxP sites can be thought of as “cut sites” added to the murine
genome®. In the presence of the enzyme Cre recombinase, this stretch of DNA is
excised, creating a premature stop codon within the Ank3 gene to prevent transcription.
However, the Cre recombinase transgene in this animal model is under the control of the
Myh6 (a-myosin heavy chain) promoter, restricting its expression specifically to
cardiomyocytes (atrial, ventricular, nodal)®'. In the mouse, the Myh6 promoter begins to
become activated around embryonic day 11 with expression peaking from postnatal day 0
to 60°2. This means that in this system, ankyrin-G expression is maintained during
embryonic development and is silenced at the birth of the animal. Further details and
characterization of this model can be found in Chapters 2 and 3 of this dissertation.
Importantly, this ankyrin-G cKO mouse gives us the means to address our primary
objective. However, a very important question has remained unaddressed to this point:
what are my hypotheses regarding the function of ankyrin-G in the cardiomyocyte in
vivo? A daunting question, indeed, given the small amount of data reported even
mentioning ankyrin-G with respect to the heart. Fortunately, due to its ubiquitous nature,
we have a wealth of experimental mvestigations detailing the function of ankyrin-G in a
multitude of cell types. Specifically, studies conducted in renal and bronchiolar
epithelium and neurons will be the primary experimental precedence upon which my

hypotheses are built.
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Ankyrin-G Regulates lon Transport and Cellular Structure in Epithelial Cells
Epithelial cells line the external surface of all organs and are responsible for the

entrance of all nutrients and exit of all waste from the organism as a whole. Recall,
however, that the plasma membrane is impermeable to the flow of amino acids, glicose,
and other nutrients mto the cell. As the body requires these molecules in large quantities
to sustain organ function, the epithelial cell membrane has evolved multiple pathways to
facilitate the transport of these entities from the external environment and into systemic
circulation. Let us use glucose transport in gut epithelium as an example. Maintenance of
organ metabolism requires large amounts of glucose present to be converted into ATP for
cellular energy. As aresult, the apical epithelial membrane ofthe gut lumen, exposed to
the external environment, must be able to scavenge the high concentrations of ingested
glucose at a very high rate. However, the plasma membrane is impermeable to glicose
and requires the presence of a glucose transporter™. Further, cytosolic concentration of
glucose is relatively high compared to the concentration in the gut. Therefore, if this
glucose transporter were just a pore that allowed free diffusion of glucose across the
membrane, glicose would efflux out of the epithelial cells, severely decreasing the
amount of glucose available to the organs of the body. Instead, diffusion of glucose mto
the epithelial cell is coupled to the very large Na™ concentration gradient through the
sodium/glucose symporter located on the apical cell membrane. As the dietary Na'
concentration in the gut lumen is relatively high (~20 mM) compared to the cytosolic
environment (~5mM), this drives glucose into the cell, enabling the absorption of as

much glucose as possible from the gut lumen. However, this causes a large accumulation
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of both glucose and sodium inside the epithelial cell. Glucose transporters on the
basolateral membrane allow diffusion of glucose down its concentration gradient, out of
the epithelial cell, and into the circulation®. But what about the large amount of cytosolic
Na'? A protein known as the Na'/K"™ ATPase (NKA), located on the basolateral epithelial
membrane is responsible for resetting the Na" gradient within epithelial cells. NKA,
using chemical energy in the form of ATP, extrudes 3 Na' ions into the circulation and
bring 2K " ions into the cell. This resets the primary ionic gradients in the cell, enabling
facilitated diffusion of glucose to occur again®®. Therefore, this lateral membrane
specification is critically important to the proper function of epithelial cells. Further, the
function of NKA will become very important during our investigation of the electrical
principles of excitable cells.

Several reports in the late 1980s demonstrated that ankyrin coimmunoprecipitated
and colocalized with NKA in the basolateral membrane of Madin-Darby Canine Kidney
(MDCK) cells and isolated renal tubule epithelium®>* ®¢. Further investigations would
demonstrate that epithelial ankyrin associated with spectrin, termed fodrin in the early
literature, in the basolateral membrane in epithelial cells®. Interestingly, upon cell-cell
association, soluble ankyrin-spectrin complexes become increasingly associated with
NKA as demonstrated by co-sedimentation experiments®” 3%, Similar to erythrocytes,
ankyrin was also shown to associate with the anion exchanger, orignally termed Band 3,
at the basolateral membrane in renal epithelium®®. This finding implied that ankyrin could
possibly associate with multiple membrane proteins. However, in 1990, Davis and

Bennett demonstrated that Band 3 and NKA associated with distinct sites on the ankyrin
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molecule. Unlike Band 3 that nteracted with the MBD of ankyrin with high affinity, the
NKA-ankyrin association required the presence of the spectrin binding domain®®. This
finding seems msignificant at first. However, from an evolutionary standpomt, this result
implies that the ankyrin polypeptide structure had evolved first and that Band 3 and NKA
evolved ankyrin binding ability over time through divergent pathways. This explains the
lack of a consensus ankyrin-binding site in integral membrane proteins. Upon the
discovery of the ANK3 gene in 1995, Peters et al., demonstrated that ankyrin-G was the
primary ankyrin isoform expressed in the kidney, with only trace amounts of ankyrin-R
and ankyrin-B’®. In 1998, Thevananther et al., demonstrated the presence of an ankyrin-G
isoform was 190 kDa in size that was restricted to lung and kidney epithelium®®.
Interestingly, cardiac tissue also showed the presence of 190 kDa ankyrin-G, which
would later be shown to be the primary isoform of ankyrin-G expressed in the heart>>.
Similar to the findings of Davis and Bennett in 1990, Thevananther et al., showed that
NKA associated with 190 kDa ankyrin-G at 2 distinct sites in vivo, one site in the distal
N-terminus and one site in the spectrin binding domain. This study further showed that
190 kDa ankyrin-G localized specifically to the lateral membrane of MDCK cells*”.

As discussed previously, epithelial cells act as a physical barrier between the cells
of the organ and the external environment. As a result, the epithelial cells have evolved
molecular complexes to prevent the leak of fluid into the tissue, termed tight junctions, an
anastomosing network of claudins, occludins, and junctional adhesion molecules linked
to the actin cytoskeleton through an interaction with the protein zonula occludens 1 (ZO-

1)°!. Further, to increase the mechanical strength of the epithelial border, the epithelial
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cell contains adherens junctions and desmosomes that link cell-cell contacts with the
actin and intermediate filament cytoskeleton respectively’”. The cell adhesion molecule
E-cadherin is the integral membrane component mediating cell-cell adhesion at the
epithelial adherens junction. Classically, E-cadherin forms homophilic cell-cell contacts
in a Ca™ dependent manner. The cytoplasmic domain of E-cadherin is then linked to
p120, B-catenin, and a-catenin that scaffolds the membrane E-cadherin to the actin
cytoskeleton’®. In 1990, Nelson et al., demonstrated that ankyrin also associated with E-
cadherin in renal epithelial cells. Recall that ankyrin-spectrin localization to the
basolateral membrane in renal epithelium was increased by cell-cell contact. Further,
truncation of the cytoplasmic domain of E-cadherin inhibited NKA and ankyrin-spectrin
localization to the lateral membrane, suggesting that E-cadherin recruits these molecular
players”.

Fifteen years later, evidence of the functional importance of this ankyrin-cadherin
interaction to epithelial biology came in a 2004 study by Kizhatil and Bennett published
in the Journal of Biological Chemistry’’.In this study, the researchers used small
mterfering RNA (siRNA) to knockdown expression of the 190 kDa isoform of ankyrin-G
n human bronchiolar epithelium. Interestingly, loss of the 190 kDa ankyrin-G resulted in
the loss of the lateral membrane specification. Further, reintroduction of 190 kDa
ankyrin-G restored lateral membrane height after siRNA-mediated ankyrin-G
knockdown. Importantly, even in the absence of ankyrin-G, E-cadherin was still localized
to sites of cell-cell contact, but with increased levels of cytoplasmic E-cadherin. The

same cellular distribution of B-catenin, which binds to the E-cadherin cytoplasmic
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domain, was also seen in ankyrin-G depleted cells. However, lateral membrane
localization of BII-spectrin was disrupted in the absence of ankyrin-G*’. Further work
demonstrated that siRNA-mediated knockdown of BII-spectrin in human bronchiolar
epithelium also reduced lateral membrane height®®. This finding is in agreement with a
model where E-cadherin recruits the ankyrin-G / Bll-spectrin complex to drive lateral
membrane assembly, a model later confirmed by a follow-up study by the same group’.
Further, m addition to maintenance of previously developed lateral membranes, de novo
biogenesis of the epithelial lateral membrane is also shown to be dependent on ankyrin-G
and PlI-spectrin®®.

In addition, Bennett and colleagues identified a conserved ankyrin-G binding
sequence in the cytoplasmic tail of E-cadherin. Using targeted mutagenesis to abolish the
ankyrin-G binding site, the investigators further showed that E-cadherin exit from the
trans-Golgi network is dependent on the ankyrin-G / E-cadherin interaction. Treatment of
human bronchiolar epithelial cells with siRNA against ankyrin-G and BII-spectrin caused
E-cadherin to accumulate in the trans-Golgi network as demonstrated with overlap with
the trans-Golgi network marker golgin-97. Further, treatment of bronchiolar epithelium
with nocodazole, a microtubule stabilizing drug, also reduced the exit of E-cadherin from
the trans-Golgi network’*,

In light of these in vitro findings, Bennett and colleagues designed an ankyrin-G
knockout mouse using Cre-Lox technology to determmne the role of ankyrin-G i lateral
membrane regulation in vivo. LoxP sites were inserted flanking exons 22 and 23 of the

Ank3 gene through homologous recombination techniques’’. These mice were then
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crossed with mice expressing Cre recombinase under the control of the B-actin promoter,
effectively knocking out ankyrin-G expression in every tissue. Due to the critical
mportance of ankyrin-G in the nervous system (discussed i detail in the coming
sections), the ankyrin-G knockout mice demonstrated 100% mortality by postnatal day
two. Upon mnvestigation of renal epithelium, Bennett and colleagues found that lateral
membrane height was decreased in the absence of ankyrin-G. Further analysis of the
cadherin superfamily demonstrated a conserved ankyrin-G binding site in both classic
cadherins (E-cadherin, N-cadherin, VE-cadherin) as well as desmosomal cadherins
(desmoglein and desmocollin). Further, the mvestigators identified di-leucine motifs
resident within these ankyrin-G binding sequences. Targeted mutagenesis of the di-
leucine motifs to alanines (LL-AA) resulted no change in the amounts of E-cadherin
localized to the plasma membrane. Conversely, mutagenesis of conserved glutamic acid
and aspartic acid residues critical for ankyrin-G / E-cadherin interaction resulted in
proper lateral membrane targeting of E-cadherin (we will term this construct “Poly-A”).
However, upon silencing of clathrin heavy chain, Poly-A E-cadherin was completely
mislocalized. Further, double mutants (ie. LL-AA and Poly-A) were completely
mislocalized at baseline and after clathrin heavy chain deletion. These results show that
apically mis-sorted E-cadherin is relocalized to the lateral membrane through clathrin-
dependent endocytosis’’.

In a subsequent publication, Bennett and colleagues demonstrated that silencing
of the both ankyrin-G and BII-spectrin resulted in an increase in bulk endocytosis of the

lateral membrane in MDCK cells concomitant with a decrease in lateral membrane
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height”. Deletion of clathrin heavy chain in the presence of ankyrin-G siRNA
normalized lateral membrane height. Further, nhibiting clathrin-mediated endocytosis
using the drug dynasore also normalized lateral membrane height. Together, these results
demonstrate that ankyrin-G and BII-spectrin complexing with E-cadherin inhibits
endocytosis of the lipids of the lateral membrane’®. In summary, ankyrin-G regulates the
cellular localization of NKA for maintenance of ionic gradients. Further, ankyrin-G
prevents the endocytosis of E-cadherin, necessary for biogenesis and mamtenance of the
epithelial lateral membrane®®. Interestingly, a similar mechanism is proposed for giant
ankyrin-G opposing the endocytosis of GABAergic receptors, stabilizing somatodendritic
GABAergic synapses’’. Clearly, ankyrin-G can regulate both jonic concentration
gradients and cell-cell adhesion. However, the functional in vivo consequence of these

ankyrin-dependent cellular processes has yet to be determined i epithelial tissues.

Neuronal Excitability and Structure is Regulated by Ankyrin-G

Neurons are a highly specialized cell type, receiving excitatory and inhibitory
mputs from multiple upstream neurons or receptors. These nputs summate in a
spatiotemporal fashion at the axon initial segment, an area enriched with voltage-gated
sodium channels. If the inputs summate to threshold, an action potential is generated and
propagates down the axon. In myelinated neurons, clusters of voltage-gated sodium
channels at small unmyelinated axonal segments termed nodes of Ranvier speed the
propagation of the action potential via a process termed salutatory conduction’®. The

primary mechanism by which voltage-gated sodium channels localize to these specific
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membrane domains is through their interaction with ankyrin-G*® °°'°!, Further, several
reports using genetically modified mouse models have demonstrated the necessity of
ankyrin-G expression for proper neuronal excitability. Most indicative, however, are the
host of human ankyrin-G variants linked with neurologic diseases such as bipolar
disorder, autism, post-traumatic stress disorder, and schizophrenia, suggesting that
ankyrin-G serves extremely critical roles in excitable cell types such as neurons®® 19%1%.

The term “excitable cell” refers to any cell that has the ability to produce action

potentials. In its simplest approximation, an action potential is an electrical message that

propagates across the plasma membrane of excitable cell types such as neurons, skeletal
and cardiac muscle, and specialized glandular cells’®. In all excitable cells, the action
potential is produced to transmit a message and elicit a response inside the cell. In the
neuron, for example, action potentials speed down the axon to the axon terminus where
they induce, through a cascade of cellular events, the release of neurotransmitters mnto the
neuronal synapse. These neurotransmitters then bind to receptors on downstream neurons
or target cells to further transmit this message and/or produce an end effector function. At
the organismal level, these neuronal action potentials are the foundation of complex
behaviors such as movement, sensation, and cognitive function’®. In the cardiomyocyte,
the cardiac action potential (described in detail in coming sections) is used to signal the
cardiomyocyte to contract as well as transmit that message to downstream
cardiomyocytes to produce the concerted contraction of the heart. But how exactly can

any cell be excited?
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Elementary Electrical Principles of Excitable Cells

To understand how action potentials are generated in excitable cells, we must first
understand the basic electrical principles of the cell. As mentioned previously, all cells
are bound by a semipermeable barrier known as the plasma membrane. Early
mvestigations dating back to the early 1900s demonstrate that the plasma membrane is
composed of a bilayer of amphipathic phospholipids, with charged, hydrophilic head
groups and non-polar, hydrophobic lipid tails**. In an aqueous solution, the amphipathic
phospholipids will orient themselves so that their hydrophobic tails are facing each other
and the hydrophilic head groups facing the aqueous environment. Small molecules, such
as 0y, CO,, and N, can freely diffuse across the plasma membrane. However, the plasma
membrane acts a barrier to the diffusion of large molecules, proteins, lipids, and,
importantly, charged ions. For charged ions (e.g. Na", K¥, Ca™, CI) to cross the plasma
membrane, integral membrane proteins such as ion channels, transporters, and ATP-
dependent pumps must facilitate the crossing. Therefore, the plasma membrane can be
thought of as selectively permeable to ions. The selective permeability of the plasma
membrane for charged ions is best demonstrated by large concentration differences of ion
populations across the plasma membrane. These ionic concentrations witnessed i the
intracellular compartment (adapted from Hille 2001'%¢, Bers 2001'°7) and the

extracellular space are listed in Table 1.
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Ton Intracell. [Ion] (mM) Extracell. [Ion] (mM) \

Na* 5-20 135 - 145
K’ 140 35-5
Ca™ 100 nM 1.8-2.52
Mg" 10 — 20 1-5
Cr 1-50 115
HCO5 1-3 20 - 30

Table 1. Ranges of physiologic intracellular and extracellular ion concentrations

The differences in ion concentration between the cellular internal and external
environment create concentration gradients. In the absence of an impermeable membrane,
these concentration gradients would dissipate spontancously via diffusion, the movement
of molecules from an area of high concentration to an area of low concentration. The
spontaneity of diffusion is thermodynamically favorable to a system as it both 1)
increases the entropy (disorder) of the system as well as 2) releases energy. This release

of free energy was quantitated by Nernst in the equation:

where AG is Gibb’s free energy released during diffusion, R is the universal gas constant
(8.31 Jmol'' K1), T is the temperature in Kelvin (often taken at 25 °C or 298 °K), and
[ion]o and [ion]i are the concentrations of the ion in question in the extracellular and

mtracellular space respectively. Recall, however, the plasma membrane itself is
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impermeable to the flow of ions, inhibiting spontaneous diffusion. For diffusion of a
charged ion to occur, an ion channel needs to be present and open. Let us consider an ion
channel that is selectively permeable to potassium (i.e. potassium channel). When the
potassium channel opens, K" ions will diffise from the inside of the cell (High [K]) to
the outside of the cell (Low [K']). However, this diffusion of positive charge out of the
cell will render the intracellular environment relatively more negative. This build-up of
intracellular negative charge then acts to attract the positively charged K ions back into

the cell The electrical energy pulling on the K" ions can be quantified by the equation:

AG = —EzF

where E is the electrical potential (in volts) across the plasma membrane, z is the valence
of the ion in question ("1 for K, but would be -1 for CI'), and F is the Faraday constant
(9.65 x 10% C mol'"). What we can appreciate at this point is that the electrical energy
opposing K" efflux out of the cell is opposite in direction to the energy of K diffusion
out of the cell. Progressively, these forces will achieve equilibrium such that there is no
net flux of K™ jons across the membrane. This equilibrium can be described with the
following equation:

[ion]o
EzF = RTIn

[ion]i

The equation can be further arranged to describe the electrical potential at which the

system achieves equilibrium:
32



RT  [ion]o
— N
zF  [ion]i

E =
E is referred to as the equilbrium potential or, most commonly, as the Nernst potential.
Likewise, this equation is classically referred to as the Nernst equation. Using the values
in Table 1, we can calculate that the Nernst potential for K (Ex) ((K'Jo =5 mM /[K']i =
140 mM), is -85.5 mV. However, we also have multiple other ionic gradients present
across the membrane. For example the Nernst potential for Na" (En,) ([Na'Jo = 140 mM /
[Na]i=10 mM) is 67.7 mV and for Cl- ([Cl-]o = 115 mM /[Ck]i =20 mM) is -44.9
mV. In a healthy ventricular cardiomyocyte, experimental investigation has shown that
the electrical potential across the sarcolemma (Ey) at rest is approximately -80 mV. How
does this occur? If we calculate the Nernst potential just for monovalent ions (ie. z=1)

using the following formula:

. RTl [K]o + [Na]o + [Cl]i
“TF <[K]i + [Nali + [Cl]o)

F
we arrive at a value of -12.2 mV, drastically different from the experimental
measurements. Note, due to the negative charge on the chlorine ion, the mtracellular and
extracellular [CI] have been switched to make z=1. However, this equation falsely makes
the assumption that, at rest, the permeability of K* (pK) = pNa = pCl As the resting
membrane potential is closer to the Nernst potential of K, the sarcolemmal permeability

for K" must, by definition, be larger than Na"and CI" permeability. In fact, pK is
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approximately 100 times greater than pNa in a resting cell. By factoring in relative ionic

permeability, we arrive at the Goldman-Hodgkin-Katz formula'%¢:

. RT1 pK[K]o + pNa[Na]o+ pCl[Cl]i
—TF " (pK[K]i +pNa[Nali + pCl[Cl]o)

F
where relative ion permeability for Na', CI', and K'is 1: 10 : 100. Factoring in the
relative permeability of each ion, we arrive at a value of -74.3 mV, much closer to the
experimentally-determined value.

Recall, however, that the plasma membrane is impermeable to charged ions; their
crossing must be facilitated. To increase the permeability of any charged ion requires the
activation or opening of ion channels mn the plasma membrane. Simply stated, ion
channels are low-resistance pores in the plasma membrane that selectively facilitate the
diffision of specific charged ions. Let us use Na' channels as an example. At rest, the
plasma membrane can be said to have a high resistance to the flow of Na" ions due to the
closed state of Na' channels. When the Na' channels open, membrane resistance for Na*
decreases, causing an influx of Na' ions for two reasons. First, Na” will diffise from an
area of high [Na'] to an area of low [Na']. Second, the negative membrane potential of
the cell at rest will attract the positively charged Na'ions into the cell. This movement of
charged ions creates an electrical current (I). From an electrical standpoint, this

relationship can be modeled for the Na" gradient by using Ohm’s law where:
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Driving Force Ey —Eng

Current (I) = =
D Membrane Resistance Ry na

Let us consider the system at rest. Using the derived values mentioned previously
for Ep and Eng, (-74.3 mV and 67.7 mV respectively) we arrive at a value of -142 mV for
the driving force on sodium. Contrast this with a driving force of 11.2 mV for K" ions.
The negative sign on the sodium driving force means that any derived value for Na*
current will be negative, mplying that the sodium current will flow into the cell when
sodium channels are activated. At rest, when the Na' channels are in the closed state,
membrane resistance is very high, in effect producing an extremely small Na' current.
However, this changes when membrane Na' channels are activated. When the Na"
channels activate, membrane resistance for Na" becomes relatively small, facilitating
rapid influx of Na" ions into the cell and producing an inward Na' current. As this Na"
current brings Ey to more positive potentials, we say that this current acts to depolarize
the cell. Conversely, if more K channels were to open, membrane resistance to K would
decrease and cause an outward K" current. As this decrease in membrane K resistance
would act to bring Ey to more negative potentials, we say that this K™ current act to
repolarize the cell. Importantly, this rapid increase in Na' current acts to set in motion a
series of stereotypic changes in the membrane potential of excitable cells known as the
action potential.

Much of our current understanding of the ionic basis of the action potential

derives from biophysical work conducted from the late 1930s to the early 1950s.
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Working with giant squid axons, Curtis and Cole demonstrated a dramatic increase in
membrane conductance during an action potential with little change in membrane

capacitance' %

. This finding again demonstrates three very important pomts: 1) The
plasma membrane itself is not leaking ions (in opposition to the “membrane breakdown”
hypothesis of the action potential prominent at the time) and 2) the plasma membrane at
rest has a very high resistance to the flow of ions 3) cellular excitation signals some
constitutive membrane component to permit ionic flux across the membrane, responsible
for this surge in membrane conductance'®®. Although several hypotheses were present at

the time, we now know that these ions flow through mntegral membrane proteins such as

ion channels and transporters during the action potential.

lon Channel Structure and Function

Although we have talked generally about ion channels to this point, we must now
investigate their specific structure and function in order to properly understand the
development of action potentials. Ion channels are comprised of a combination of
transmembrane proteins with an extracellular face and ntracellular domains. Ion
channels themselves are comprised of the pore-forming a-subunit and regulatory -
subunits. On the intracellular side, o-subunit interacts with regulatory elements, protein
trafficking machinery, and cytoskeletal architecture. On the basis of structure, the o-
subunits of ion channels can be separated nto two groups. First are the protein families of
Na', Ca™, and K" jon channels. These channels are each composed of 4 domains (DI-

IV), with each domain comprised of 6 transmembrane segments (S1-6) with alpha-helical
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secondary structure. In Na* and Ca™ channels, all four domains are translated as one
entire protein, whereas K" channels are translated as individual domains that assemble to
produce a functional ion channel. Although their molecular makeup is slightly different,
the anatomy of the channels is quite similar. First, each ion channel contains an aqueous
central pore through which ions will pass. However, as can be inferred by Curtis and
Cole, these pores are not constitutively open. These pores must be stimulated to open
through a process called “channel gating'%¢.”

In response to binding of a specific-ligand, mechanical stretch, or membrane
voltage, ion channels can be stimulated to open. With respect to the understanding of the
action potential, the mechanisms of voltage-gating are the most characterized at this time.
Each domain of the ion channel contains a voltage sensing mechanism on transmembrane
segment 4 (S4). Recall that these transmembrane segments are alpha helical. At resting
membrane potential, polar charged amino acid residues on the S4 domain face the central
aqueous pore. When the membrane reaches a specific electrical potential, different for
each species of ion channels, these charged residues rotate away from the central pore
causing the S4 domain to twist outward in a helical motion. This translation of the S4
domain then acts to open the channel pore. This process is termed voltage-dependent
activation. After voltage-dependent activation of an ion channel, selective ions begin to
flow across the plasma membrane through the open pore depending on their respective
electrochemical gradient. However, once an ion channel activates and passes current, ion
channels begin to inactivate. Channel inactivation is not simply an “off” state for the

channel. In the iactivated state, the ion channel will not open in response to a stimulus.
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The ion channel must first recover from channel inactivation in order to be opened again.
Once the ion channel has recovered, it can be considered in the “off” state, ready to be

stimulated to open again by appropriate membrane voltage'°®.

Neuronal Action Potential Initiation and Propagation

Knowing these basic properties of ion channels now enables us to investigate the
mechanisms producing a neuronal action potential. Consider a neuron at rest with no
incoming stimulation. Recall that the resting membrane potential of a cell ranges from -
80 to -70 mV, driven by a high permeability of the plasma membrane for K. In terms of
jon channels, K channels in the neuronal plasma membrane causing Ep to be
approximately equal to Ex. These K channels are a specialized subset of ion channels
termed inward rectifiers (Kir). Instead of six transmembrane segments live voltage-gated
K" channel subunits, Kir channel subunits have two transmembrane segments. Further,
these Kir channels have a unique property: at membrane potentials below Ex (~-70 mV),
these channels demonstrate a negative, inward current. This switches to a positive,
outward current from -70 mV to — 30 mV, responsible for governing the increased
membrane permeability of K at rest that sets the resting membrane potential'*%.

During stimulation, an upstream neuron releases a neurotransmitter (Glutamate,
GABA, 5-HT, Dopamine, etc) that binds to a neurotransmitter receptor in the dendrites of
the neuron. These neurotransmitter receptors are ligand-gated ion channels. In other
words, these channels are stimulated to open in response to binding of a specific

chemical Once again, these channels are selective for specific species of charged ions.
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Let us consider the glutamate receptors that are selectively permeable to Na' ions. Upon
opening of the glutamate receptors, Na' conductance of the plasma membrane increases,
causing the development of local depolarization of the plasma membrane also known as
an excitatory postsynaptic potential. This potential then propagates to the surrounding
membrane as a graded potential that decays very quickly with increasing distance from
the initial site of depolarization. However, if the neuron is sufficiently stimulated by
glutamate and enough excitatory post synaptic potentials are produced, these waves of
depolarization can summate at an area of the neuron known as the axon initial segment
(AIS)*.

At the AIS is a very large density of voltage-gated sodium channels. The family

199 begin to activate at

of voltage-gated sodium channels (encoded by 10 individual genes
approximately -50 mV. If the excitatory postsynaptic potentials integrated at the AIS
summate beyond -50 mV, this causes the individual sodium channels to activate very
rapidly, further depolarizing the plasma membrane. This further depolarization causes a
positive feedback mechanism that opens a large amount of sodium channels, causing a
rapid increase in Na' conductance at the plasma membrane. Further, this depolarization
also acts to close the Kir channels that govern the resting membrane potential, driving the
AIS membrane Ep closer to En,. This event is commonly referred to as the upstroke of
the action potential. A very important property of voltage-gated sodium channels is rapid
mactivation. Within 1-2 msec after activation, voltage-gated sodium channels rapidly

mactivate. These Nay channels will remain in the mactivated state until the membrane

voltage returns to more negative potentials. The biophysical basis of Nay channel
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inactivation is provided by the DIII-DIV linker also known as the inactivation gate. In
this model, after fast activation this DIII-DIV linker region swings up to associate and
block the channel pore. Early studies of sodium channels demonstrated that intracellular
perfusion of proteases to digest the domain linker regions inhibited Nay channel
mactivation. Further, antibodies directed specifically to the DIII-DIV linker also inhibited
fast mactivation. Through targeted mutagenesis studies, 3 specific residues (Isoleucine-
Phenylalanine-Methionine) have been shown to act as the “latch” between the DIII-DIV
linker. To transition from the mactivated state to the closed state, the Nay channel must
next recover from inactivation. This process again is also voltage dependent, requiring
the return of the membrane voltage to more negative membrane potentials. The processes
of rapid inactivation and recovery from inactivation are extremely critical to
unidirectional propagation of the action potential in the neuron, preventing backflow of
the stimulated action potential into the cell soma'®’.

As discussed already, the opening of the Nay channels triggers the upstroke of the
action potential, causing cellular depolarization. However, the increase in membrane
potential also stimulates the opening of voltage-gated K channels, which have a higher
threshold for activation (~-20 mV). As the Nay channels rapidly mactivate (i.e. decreased
membrane Na' conductance), membrane permeability for K increases due to the opening
of the K" channels, resulting in a peak in the action potential amplitude and then a rapid
repolarization of the membrane potential as Ey returns to values close to EK109. At this
point, the jonic gradients of Na" and K" have diminished and must be reset in order for

subsequent action potentials to fire. This is accomplished by the Na'/K" ATPase pump
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(NKA). By hydrolyzing one molecule of ATP, NKA pumps 3 Na" ions out of the cell and
brings 2 K" fons into the cell and resets the ionic gradients at the AIS'®°. Once the action
potential develops at the AIS, it must propagate down the axon to the axon terminus.
However, over a certain distance the action potential begins to decay. To prevent this,
many neurons are coated in an insulating layer of cell membrane, termed myelin. This
layer helps to preserve the amplitude of the action potential by preventing leakage of
current out of the axon. Even with this msulation, the action potential will eventually
decay a needs to be re-established. This is accomplished by further densities of Nay
channels located in gaps between the myelination known as nodes of Ranvier. Once the
decaying action potential enters into the node of Ranvier, the resident Nay channels open
and create a new, full-amplitude action potential This mode of action potential
propagation is known as salutatory conduction, speeding the transmission of the impulse
to the axon terminus to produce end effector function’®. As we can clearly see, for
proper initiation and propagation of the neuronal action potential, Naychannels need to
be localized at very discrete microdomains. Over 25 years of investigation have
demonstrated that ankyrin-G is critical to the development and maintenance of these
excitable microdomains i the neuron.

In 1979, Bennett and colleagues demonstrated the presence of ankyrin in nervous
tissue using antisera developed against the spectrin binding domain of erythrocyte
ankyrin’*. Further, work conducted by the same group in 1987 demonstrated that ankyrin
was uniformly distributed throughout the neuronal cell soma and the axon, with no

immunoreactivity witnessed in dendrites''®. However, this ubiquitous arrangement of
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ankyrin is in stark contrast with the discrete localization noticed for voltage-gated sodium
channels in the neuron. Regardless, elegant work by the Angelides group®® demonstrated
that purified voltage-gated sodium channels co-purify with ankyrin and spectrin peptides.
By reconstituting purified rat neuronal voltage-gated sodium channels into synthesized
vesicles, Srinivasan et al., demonstrated that '*°I-labelled ankyrin associated with the
“extracellular” surface of these vesicles with a Kd of 20 nM and a molar ratio of 0.53
pmol ankyrin /pmol sodium channel. However, as these sodium channels are artificially
reconstituted into these vesicles, probability dictates that ~50% of these channels would
be oriented with the extracellular face of the channel facing the extracellular

environment, preventing an interaction with ankyrin. Therefore, the researchers
concluded that ankyrin and Nay channels interact with a 1:1 stoichiometry25 . In 1992, the
same group would go on to demonstrate that ankyrin binds to the neuronal Nay channels
through a site in the first 11 ANK repeats, a site different than that for Band 3 or the
NKA isoforms' .

As mentioned previously, Naychannels have a highly localized localization
whereas immunostaining with anti-ankyrin antibodies revealed a diffuse distribution of
ankyrin within the neuron. If ankyrin was the molecular mechanism localizing Nay
channels, how would there be any targeting specificity? An answer to this question came
in 1995 with the identification of giant, neuronal specific isoforms of a novel ankyrin
isoform, termed ankyrin-G''?. Bennett and colleagues identified novel cDNAs encoding
for large (480 /270 kDa) ankyrin-G isoforms. Using ankyrin-G-specific antisera, the

mvestigators showed specific localization of ankyrin-G at the nodes of Ranvier and axon

42



mitial segments. This study was also the first to demonstrate the presence of 190 kDa
ankyrin-G in the heart. These “giant” isoforms of ankyrin-G contain a serine-rich domain
and an extended tail domain between the SBD and CTD. A follow up study n 1998
demonstrated that these serine-rich and tail domains in the giant ankyrin-G isoforms
limited the diffusion of ankyrin-G from the axon initial segment''®. Importantly, a 1998
study from the Bennett laboratory demonstrated the functional consequence of this
neuronal population of ankyrin-G i vivo. Using mice with cerebellum-specific deletion
of ankyrin-G, Zhou et al. demonstrated that ankyrin-G was required for the clustering of
Nay channels at the axon initial segment®®. Further, neurons fiom these animals displayed
increased threshold of activation due to decreased AIS density of Naychannels leading to
severe ataxia in these animals. Providing a molecular basis for the Nay channel-ankyrin-
G mteraction, two independent studies in 2003 demonstrated the presence of an ankyrin-
G binding sequence within the DII-DIII linker, conserved across all isoforms of Nay
channels®”. This motif is also finctionally conserved in the KCNQ2/3 channels that
cluster atthe AIS and nodes of Ranvier in an ankyrin-G-dependent manner''*. In 2000,
Berghs et al. demonstrated that ankyrin-G scaffolds these channels to a new spectrin
isoform at the AIS and nodes of Ranvier termed PIV-spectrin''’.

In 1996, ankyrin-G was also shown to associate with several structural elements
within the neuron including neurofascin and neuronal cell adhesion molecule (NrCAM)
at the node of Ranvier''® and subsequently the AIS in 1998'"". Also known as L1-CAMs,

these cell adhesion molecules are members of the immunoglobulin superfamily of cell

adhesion molecules and associate with ankyrin-G through a FIGQY motif in their
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intracellular domain''’. Functionally, these L1-CAMs mediate cell-cell adhesion with
myelinating glial membranes of Schwann cells (peripheral nervous system) and
oligodendrocytes (central nervous system), necessary for proper axonal myelination that
speeds action potential transmission''®. In 2001, work from the Bennett laboratory
demonstrated that knockout of ankyrin-G in cerebellar neurons resulted in the disruption
of Navl.6, BIV-spectrin, and neurofascin at the AIS. Further, time-course experiments
revealed that ankyrin-G / BIV-spectrin targeting to the AIS precedes the arrival of
densities of Navl.6 and neurofascin by as much as seven days in vivo'’!. Unlike the AIS
that can form in the absence of myelinating glia, nodes of Ranvier require glial contact to

form properly' "

. A study conducted by the Salzer laboratory in 2007 provided the
molecular mechanism behind this finding'?®. Cytoplasmic sequences of exogenously
expressed Neurofascin-186 (NF-186) were found to be necessary for localization at the
AIS, whereas extracellular domains of NF186 were required for targeting of NF-186 to
the node of Ranvier. Further, neurons subjected to exogenous expression of NF-186
lacking its intracellular FIGQY domain demonstrated preserved localization at the node
of Ranvier with reduced expression of ankyrin-G. This demonstrates that nodes of
Ranvier assemble in a different sequence than the AIS. However, it was demonstrated
that NF-186 required ankyrin-G for its stabilization at the node of Ranvier and that
ankyrin-G knockdown almost entirely prevented the development of functional nodes of
Ranvier. Interestingly, ankyrin-G i oligodendrocytes is necessary for proper targeting of

NF-155 isoform to the paranodal region of nodes of Ranvier. Further, oligodendrocyte-

specific ankyrin-G knockout severely delayed the development of proper paranodal
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regions, resulting in slowed conduction velocity of neuronal action potentials n P7
neurons' ',

As stated earlier, ankyrin-G mteracts with BIV-spectrin in neurons, colocalizing at
the AIS and nodes of Ranvier. As we have seen previously, knockout of ankyrin-G in
cerebellar neurons results in the mislocalization of PIV-spectrin'®’. However, Komada et
al. 2002 demonstrates that silencing of BIV-spectrin resulted in reduced clustering of both
ankyrin-G and neuronal Naychannels at the AIS. Further, these researchers also
confirmed that silencing of ankyrin-G also resulted in disruption of BIV-spectrin and
neuronal Nay channels localization at the AIS'??. This finding, confirmed by several
subsequent reports, demonstrates that ankyrin-G and BIV-spectrin stabilization at the AIS
is codependent on the presence of both molecules'** >4, Recall from earlier that ankyrins
associate with spectrins through their respective spectrin binding domains. However,
recent work imvestigating the giant 480 kDa ankyrin-G isoform specific to neurons is
challenging this dogma. 480 kDa ankyrin is translated from a transcript containing the
giant exon 37. Therefore, Jenkins et al. 2015 created exon 37-specific ankyrin-G
knockout mice to specifically mnvestigate the function of this 480 kDa ankyrin-G isoform.
Interestingly, removal of just the 480 kDa ankyrin-G isoform was sufficient to eliminate
the targeting of Nay channels, KCNQ?2, BIV-spectrin, and neurofascin at the AIS and
drastically reduced the number of nodes of Ranvier present in the axon'?>. Functionally,
this resulted in a slower rate rise to achieve threshold of activation and slowed action

potential firing rate. As discussed previously, giant ankyrin-G isoforms have a serine-rich
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domain. Surprisingly, this isoform recruited PBIV-spectrin through a site in this serine-rich

domain (Serine 2417), instead of the canonical SBD domain'?’.

Molecular Physiology of Ankyrin-G in Cardiac Tissue

As evidenced by the investigation of ankyrin-G in non-cardiac cell types, ankyrin-
G can regulate both cellular excitability as well as cellular structure. However, as we can
see from investigations in epithelium and neurons, ankyrin-G is not homogenously
expressed throughout the entire cell. Instead, ankyrin-G shows a highly localized
distribution in these cell types. The cardiomyocyte is no exception. Work from multiple
laboratories has indicated that ankyrin-G is preferentially localized to the ntercalated
disc (ID) membrane domain in the cardiomyocyte, with minor amounts of ankyrin-G
located in the transverse tubules®> '2%'?7 Located at the terminal edges of the
cardiomyocyte, the ID contains three distinct functional domains: 1) the fascia adherens
domain, 2) desmosomes, and 3) gap junctions'?®. Unlike epithelial lateral membrane
domains, cardiac fascia adherens domains are primarily composed of N-cadherin'?’. Like
E-cadherin, the cytoplasmic domain of N-cadherin associates with B-catenin and o-
catenin to scaffold N-cadherin to filamentous actin'*® '*°. Demonstrating its functional
importance, knockout of N-cadherin in mice results in embryonic lethality and abnormal
cardiac development'*!. Further, induced deletion of N-cadherin in adult mice results in
disruption of fascia adherens structure as well as dilated cardiomyopathy and ventricular
arrhythmia'*2. Again similar to the epithelial lateral membrane, the intercalated disc also

contains desmosomes, analogous to spot welds between adjacent cells'*®. Cardiac
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desmosomes are composed of the desmosomal cadherins desmocollin-2 (DSC-2) and
desmoglein-2 (DSG-2), mediating homo- or heterophilic interaction with desmosomal
cadherins on adjacent cardiomyocytes. The cytoplasmic tails of DSC2/DSG2 m turn
mteract with the cytoplasmic scaffolding proteins plakoglobin (JUP) and plakophilin-2
(PKP2). JUP and PKP2 then bind to the cytoplasmic molecule desmoplakin (DSP) which
in turn binds to the intermediate filament cytoskeleton, composed of desmin i the
cardiomyocyte'**. Tmportantly, loss-of-finction mutations in each member of the cardiac
desmosome have been implicated in arrhythmogenic right ventricular cardiomyopathy, a
cardiac disorder characterized by severe ventricular arrhythmia and fibrofatty
replacement of cardiac tissue'>>.

Analogous to pores between cells, gap junctions act to physically unite the
cytoplasm of adjacent cardiomyocytes. To accomplish this, gap junction hemichannels
located on opposing membranes unite to form the gap junction'*®. In ventricular
myocytes, these hemichannels are composed of hexamers of connexin-43 molecules'>’.
Functionally, gap junctions act as a low resistance pathway for the flow of current'*®,
This property enables rapid conduction of the cardiac action potential between adjacent
cardiomyocytes, synchronizing cardiac contraction'*®. In the setting of heart failure, one
common finding is the lateralization of gap junctional plaques, greatly slowing the
propagation of the excitatory impulse between cells'*’. This slowing, orin some cases
block, of the transmission of the action potential results in the production of reentrant

cardiac arrhythmia'®®. Also present at the intercalated disc are large densities of the Nay

channel Navl.5"". Consider a chain of cardiomyocytes linked in series. An action
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potential in the first cell, initiated by the rapid opening of Navl.5, propagates to the next
cell through the gap junctional plaques. This injection of current from the upstream cell
depolarizes the cardiomyocyte cell membrane, activating the density of Navl.5 located at
the intercalated disc to produce the cardiac action potential'*>. Although theoretical
modeling of this system has indicated that this polarized distribution of Nay channels is
not necessary for action potential propagation at baseline, preferential localization Navl.5
to the mntercalated disc is of critical importance to transmit this electrical impulse during

settings of decreased cell-cell coupling via gap junctions'*®’.

Molecular Basis of the Cardiac Action Potential

The ventricular cardiac action potential can be divided into five phases. The
resting membrane potential is commonly referred to as Phase 4 of the action potential. In
the cardiomyocyte, the resting membrane potential is set by the inward rectifying K"
channel Kir2.1, producing the current Ix;'**. As we have seen in neurons, the upstroke of
the cardiac action potential is known as phase 0, governed by the rapid activation of the
Nay channel isoform Navl.5 (encoded by the SCN5A gene) producing a large, inward
depolarizing Na' current known as In,. This action potential propagates across the plasma
membrane and down the transverse tubules, tubular invaginations of the plasma
membrane to activate voltage-gated Ca' channels located in these membranes'?. After
the peak of the cardiac action potential, the membrane potential begins to repolarize,
creating a notch in the action potential termed phase 1. This is due to the activation of the

voltage-gated K" channels Kv4.2 and Kv4.3, producing an outward, repolarizing current
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known as Ito (transient outward)'*’. Phase 2, also known as the plateau phase, is
characterized by activation of L-type voltage-gated Ca™ channels termed Cavl.2
specifically localized in the transverse tubules'®. Activation of Cavl.2 in the ventricular
cardiomyocyte is responsible for the initiation of Ca**-induced Ca* release from the
sarcoplasmic reticulum to activate the sliding filament mechanism producing cellular
contraction (described in detail below). Phase 3 is composed of multiple repolarizing K"
currents such as Ik, Iks, Ixur, and the reactivation of Ik, further repolarizing the
cardiomyocyte plasma membrane back to resting membrane potential'*’. Like in other
excitable cell types after an action potential, the ionic gradients are re-established by the

NKA pump'*’, also highly localized to the transverse tubule domain®.

Ca™-induced Ca™ release and the Sliding Filament Mechanism

As stated earlier, the influx of Ca™ into the cardiomyocyte during phase 2 of the
action potential acts to initiate the process of Ca**-induced Ca'*? release from the
sarcoplasmic reticulum. Upon activation of Cavl.2 in the transverse tubules, small
amounts of Ca' enter the cardiomyocyte. The transverse tubule membrane is in close
proximity to the junctional area of sarcoplasmic reticulum (SR), a structure termed the
dyad (1 transverse tubule and 1 junctional SR)'°"'*® These entering Ca* ions bind to the
ryanodine receptor type 2 (RyR2) in the sarcoplasmic reticulum''. Ca™ binding to the
RyR2 then triggers it to open. As the concentration of Ca**is relatively higher in the SR
(~100 M) and very low in the cytosol (100 nM'°?), this opening of RyR2 causes an

influx of Ca™, known as the Ca™ transient, into the cytosol, raising cytosolic calcium
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concentration. This increase in cytosolic Ca™* then activates the sliding filament
mechanism to produce cellular contraction. Instead of relying on diffuision of Ca™ from
the plasma membrane to the cell interior to activate all RyR2, propagation of the cardiac
action potential down the transverse tubule system ensures that the Ca* release from all
RyR2 is synchronized to produce a uniform contraction'”'.

Once the Ca™ is released from RyR2, it activates the sliding filament mechanism
to produce contraction. In the cardiomyocyte, electron microscopic studies demonstrate a
highly ordered array of actin and myosin filaments in a ratio of 4 actin filaments to 1
myosin filament arranged in a hexagonal array'>?. Electron microscopy shows a highly
ordered banding pattern in the cardiomyocyte, with each individual unit termed a
sarcomere linked together in series across the entire length of the cardiomyocyte. Z-lines
(or Z-disks) act as the site of actin filament integration. The M-lines are anchor points for
the myosin filaments. The A-band represents the entire length of the myosin filament and
the I-band represents the non-overlapping region between the actin filament and the
myosin filament terminus. When stimulated to contract, the myosin and actin filaments
slide in an antiparallel direction with respect to each other. This shortens each sarcomere
(ie. pulls the Z-lines closer together) causing cellular contraction. This understanding of
muscle contraction is termed the sliding filament mechanism'>?.

The sliding filament mechanism, and therefore cellular contraction, occurs by a
process known as cross-bridge cycling. The myosin filament is created by the
polymerization of multiple monomers of myosin. The individual myosin molecule is a

molecular motor composed of a tail domain, a neck region of variable length, and an
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actin-binding head domain with ATPase activity' >

. The tail domains of the myosin
molecules ntegrate into a myosin filament with the head domains radiating outward.
When the myosin molecule encounters a molecule of ATP, the myosin ATPase site
rapidly hydrolyzes the ATP causing a conformational change to the myosin neck

153 The transfer of energy extends the myosin head domain and is stored as

region
potential energy to produce pulling force, analogous to a loaded gun ready to be fired.
The actin filament is composed of multiple partners. Actin monomers polymerize into
filamentous actin and contain binding sites for the myosin head region. To prevent the
actin-myosin mteraction until necessary to produce a contraction, a molecule known as
tropomyosin covers the myosin binding sites on the actin filament'>*.

With potential energy stored in the myosin motors and the actin-myosin
mteraction inhibited by tropomyosin, how then is a contraction produced? To regulate
contraction, the troponin complex (composed of Troponin-T, Troponin-C, and Troponin-
I) mediates the myosin binding site availability on the actin filament in a calcum (Ca*?)
dependent manner'>*. In response to elevated levels of intracellular Ca*? ions sensed by
troponin-C, the troponin complex acts to move the tropomyosin molecules, exposing the
myosin-binding sites on the actin filament. This event facilitates the actin-myosin
interaction'>*. When the primed myosin head domains interact with the actin filaments,
this causes the myosin neck to flex back to its origmal position, pulling on the actin
filaments and pulling the Z-disks closer together. ADP and inorganic phosphate then

diffise from the myosin molecule, with ADP diffusion being the rate limiting step in the

entire reaction of cross-bridge cycling. Another molecule of ATP is required to bind to
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the myosin ATPase site to facilitate the release of the actin filament by the myosin motor.
The absence of available ATP would preserve the myosin-actin interaction, producing a
tetanic response’>°.

As elevation of intracellular Ca*? concentration produces cellular contraction,
removal of Ca™ from the cytosol will deactivate cross-bridge cycling'>®, allowing the
mdividual cardiomyocytes to relax, allowing the chamber as a whole to fill with blood
during diastole. Removal of Ca*? from the cytoplasm occurs through two main ways.
First, the Na/Ca' exchanger (NCX) in the transverse tubule plasma membrane will

155

export 1 Ca™ jon in exchange for the influx of 3 Na* ions'>. As there is an imbalance of

charge transported, activation of NCX is electrogenic, causing an inward, depolarizing

156 The amount

Incx current necessary for the maintenance of the action potential plateau
of Ca™ removed from the cytoplasm under normal conditions is equal to the amount of
Ca™ influx from Cavl.2 during cellular activation'®” (~37% of total systolic Ca™ in

157y Second, Ca'? can be extruded from the cytosol through the sarcoplasmic

humans
reticulum ATPase pump (SERCA2a in the heart). Located on the longitudinal SR'*®,
SERCA2a is inhibited by the small protein phospholamban'>®, but this inhibition is
removed via phosphorylation of phospholamban!®® by protein kinase A (serine 16) and
CaMKII (threonine 17)'®'. In humans, the proportion of Ca*? taken back up into the SR
via SERCA2a is approximately 63% of total systolic Ca™ in humans'®’. Further
pathways of Ca*? extrusion also include the plasma membrane Ca'> ATPase pump as

well as into mitochondria via the mitochondrial uniporter MCU accounting for less than

2% of Ca' extrusion. Regardless of the pathway, the extrusion of Ca*? from the cytosol
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results in the decay of the Ca’™ transient and myocyte relengthening'®’

. This process of
excitation — Ca™ release — myocyte shortening — Ca” reuptake is known collectively as

excitation contraction (EC) coupling'®’. Interestingly, ankyrin polypeptides have been

shown to be critical regulators of multiple members of the EC-coupling machinery.

Cardiac Ankyrins Regulate Excitation-Contraction Coupling

In 2003, Mohler et al. demonstrated that a human variant in ANK?2 (ankyrin-B
E1425G) causes lengthening of the QT interval, termed Long QT Type 4, causing a lethal
polymorphic ventricular tachyarrhythmia®®. Over the next decade, human mutations in
ANK?2 have been linked to sinus nodal disease, atrial fibrillation, ventricular arrhythmia,
and sudden cardiac death®'*3% %2, Mechanistically, these arrhythmias manifest due to
alterations in select members of the EC-coupling machinery. Recall from the earlier
discussion that multiple members of the EC-coupling machinery are heavily localized to
the transverse tubule membrane domain in the cardiomyocyte. In 1993, work from the
Philipson laboratory demonstrated the molecular basis of the localization of one of these
proteins, NCX, in the cardiomyocyte'®®. Using antibodies raised against erythrocyte
ankyrin, this investigation demonstrated the presence of a 220 kDa isoform of ankyrin in
cardiomyocyte membrane preparations that localized specifically to the transverse tubule
membrane domain. Further, this investigation demonstrated a direct association between
purifiecd NCX and '*I-labelled ankyrin'®®. These results were further confirmed in 1997
by electron microscopic investigation of using immunogold staining for ankyrin in rabbit

cardiomyocytes'®.
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Upon identification of the E1425G ankyrin-B mutation, Mohler et al., 2003
demonstrated that ankyrin-B " cardiomyocytes demonstrated reduced expression and
mproper cellular localization of NCXI1. Further, these myocytes also demonstrated
disrupted localization and expression of al /a2 NKA isoforms as well as the IP3
receptor’”. These disruptions in transverse-tubule localization of these components of EC
coupling lead to lethal arrhythmias in ankyrin-B"" mice and abnormal Ca** transients in
neonatal cardiac myocytes®>. Importantly, no changes were seen in expression of RyR2,
SERCAZ2a, or Navl.5, in contrast to findings conducted in neonatal ankyrin-B null
myocytes' > 1%® Interestingly, expression of GFP-tagged E1425G ankyrin-B in ankyrin-
B"" cardiomyocytes demonstrated normal cellular distribution, but could not rescue the
disrupted targeting of NCX / NKA??. Further investigation would demonstrate that IP3-
receptor interacted with ankyrin-B at membrane repeats 22-24'%" and NCX1 at membrane
repeats 16-18'°®. However, the E1425G ankyrin-B mutation, similar to most identified
human ANK2 mutations, occurs within the regulatory C-terminal domain of the

ankyrinl 62

, suggesting arole for this domain in regulating protein-protein interaction or
protein targeting. As predicted by Mohler in 2003, removal of ankyrin-B from the
cardiomyocyte should mimic the effects of cardiac glycosides, compounds that mhibit
NKA!'"7. By limiting Na" extrusion from the cytosol, the Na" gradient driving NCX to
extrude Ca™ from the cytosol would diminish (even worse with less NCX, as seen in
ankyrin-B " cells)!®®. This would cause an increase in cytosolic Ca*? and therefore

higher Ca'? concentration in the SR. Although this would lead to larger Ca ™ transients

and stronger cardiac contraction'', this increase in SR Ca*? load would act to make RyR2
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hypersensitive and cause an increase in spontancous RyR2 opening' ’°. This would result
in increased probability of pro-arrhythmic Ca*? waves and sparks in ankyrin-B"" mice, a
finding confirmed by Despa et al. in 2012'7".

With respect to ankyrin-G, a handful of reports have demonstrated a critical role
for ankyrin-G in mediating targeting of the Nay channel Navl.5 (SCN54) in vitro. As
discussed previously, the mitiation of the ventricular (and atrial) action potential, and EC-
coupling as a result, is dependent on the opening of the Nay channel Navl.5 in the
cardiomyocyte. Navl.5 accounts for 80-95% of total In, in human cardiomyocytes, with
the remainder supplied by the tetrodotoxin-sensitive neuronal isoforms (Navl.l, Navl.2,
Navl.3, and Nav1.6)'7*"'7% Several lines of evidence support the critical importance of
Navl.5. Human loss-of-function mutations in SCN5A result in decreased In,, producing a
constellation of arrhythmias known as Brugada syndrome. Conversely, gain-of-function
SCN5A4 mutations can also cause Long QT type 3, lengthening the cardiac action
potential due to inability of channels to inactivate properly?'* '’ Further, SCN5A4 variants
have also been implicated in sick sinus syndrome'’®. Although Navl.5 is not expressed in
the sinus node itself, the atrial cells surrounding the SA node demonstrate high
expression of Navl.5, necessary to transmit the SA nodal impulse into the atrial tissue'’¢.
Interestingly, although not entirely explained, SCN54 mutations localizing to the voltage-
sensor domain (S4) have also been associated with dilated cardiomyopathy'”’.
Experimentally, Scn5a ™" mice display severe electrocardiographic abnormalities such as

prolonged PR and QRS intervals, slowed ventricular activation, inducible and

spontaneous atrial and ventricular arrhythmia, and fibrotic replacement of ventricular
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tissue'’® ' Due to its critical importance for cardiac excitability, the cardiomyocyte has
evolved multiple mechanisms to traffic, localize, and regulate Navl.5 at the plasma

membrane.

Targeting Nav 1.5 in the Cardiomyocyte: An Evolving Understanding

Recall that all ion channels are made of an a-subunit, regulatory B-subunits, and
channel interacting proteins. Several channel interacting proteins have been demonstrated
to associate with Navl.5. At the C-terminus of the Navl.5 molecule is a highly conserved
PDZ-binding domain (residues SIV). This PDZ binding domain can theoretically interact
with cytoskeletal proteins containing PDZ domamn. With respect to the SIV domain in
Navl.5, the cytoskeletal molecules syntrophin and SAP97 have been shown to associate.
In 1998, Gee et al. demonstrated that sodium channels from cardiomyocyte plasma
membranes co-immunoprecipitated with o- and B-syntrophins, critical members of the
dystrophin glycoprotein complex'®’. A 2006 study from the Abriel laboratory further
demonstrated that these syntrophins scaffold Navl.5 to dystrophin itself'®'. Using mice
deficient in dystrophin, the Abriel laboratory demonstrated reductions in total Navl.5
membrane expression coupled with decreased In, current density. In 2011, work from the
same group demonstrated that the dystrophin glycoprotein complex specifically targets
Navl.5 to the lateral membrane of the cardiomyocyte'®*. Recall, however, that Navl.5
localizes heavily to the ntercalated disc as demonstrated by immunostaining and
electrophysiologic recordings. In the same investigation, the Abriel laboratory

demonstrated that Navl.5 associated with the PDZ domain of the protein SAP97 at the
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mtercalated disc. By silencing SAP97 with shRNA or truncating the SIV motif of
Navl.5, the mvestigators showed decreased membrane targeting of Navl.5 Further, as
shRNA-mediated silencing of SAP97 reduced sodium current density, the researchers
concluded that SAP97 may be responsible for localization of'a subset of Navl.5 at the

182 However, more recent work with mouse models of Navl.5 SIV

mtercalated disc
truncation have demonstrated disrupted localization of Navl.5 only at the lateral

membrane and not at the intercalated disc'®’. Further, cardiac-specific SAP97 knockout
mice do not demonstrate disrupted localization or functional expression of Navl.5 at the
mtercalated disc, suggesting that PDZ-dependent targeting of Navl.5 is provided mainly

through interaction with syntrophin'®*

. Interestingly, a report from the Jalife lab added
further complexity to this story. In a study published in 2012, Milstein et al. demonstrated
that Navl.5 was complexed with Kir2.1 (mediating Ix;) via SAP97 and that SAP97
silencing caused reductions in the both respective current densities. Further
overexpression or genetic silencing of Kir2.1 caused respective increases or decreases to
Navl.5 expression and Iy, current density185 .

Ziane et al. 2010 demonstrated a functional nteraction between Navl.5 and the
cytoskeletal protein a-actinin-2. Transfection of Navl.5 into tsA201 cells produced
significantly greater sodium current density when coexpressed with a-actinin-2. Further,
the researchers demonstrated colocalization at the Z-lines in human cardiac sections as
well as the nteraction of the spectrin repeat domains of a-actmin-2 with the DIII-DIV

linker region of Navl.5'%®. A similar finding was found by Wu et al. 2008 for the

cytoplasmic protein MOGI. Coexpression of MOGI and Navl.5 in HEK293 cells and
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neonatal cardiomyocytes resulted in increased sodium current density due to increased
amounts of Navl.5 membrane expression. Further, MOGI was shown to associate with
Navl.5 in the DII-DIII linker region and colocalize with Navl.5 at the intercalated
disc'®’.

Clearly multiple mechanisms are present to stabilize functional Navl.5 expression
at the cardiomyocyte plasma membrane. However, a clear mechanism for the
development of the densities of Navl.5 at the intercalated disc has not yet been
determined. The best evidence for the molecular mechanism targeting Navl.5 to the
mtercalated disc is provided by study conducted on ankyrin-G. As discussed previously,
Navl.5 contains a highly conserved ankyrin-G binding sequence in the DII-DIII linker. In
2004, a human SCN5A4 mutation causing Brugada syndrome was identified producing an
amino acid change in the ankyrin-G binding sequence (E1053K)*>. In this study, Mohler
and Rivolta demonstrated that ankyrin-G and Navl.5 functionally interact via this DII-
DIII linker and colocalize at the intercalated disc of the cardiomyocytes. Expressing
mutated HA-tagged E1053K Navl.5 into rat cardiomyocytes demonstrated that this
sequence was necessary for localization of Navl.5 at the intercalated disc and the
transverse tubule membrane domain. Expression of these channels in HEK cells further
showed decreased sodium current density (due to lack of membrane targeting) as well as
delayed recovery from inactivation®.

To more specifically address the role of ankyrin-G in targeting Navl.5 to the

plasma membrane, Lowe et al. 2008 treated isolated rat cardiomyocytes with shRNA for

ankyrin-G. Interestingly, shRNA-mediated silencing of ankyrin-G resulted in decreased
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expression of Navl.5 as well as ~50% reduction in peak sodium current density without
reductions in whole cell calcium current density. Immunostaining of adult rat
cardiomyocytes further showed that localization of Navl.5 at the ntercalated disc is
greatly reduced in the absence of ankyrin-G. Interestingly, the researchers further
demonstrated that ankyrin-G associated with Navl.5 through ANK repeats 14 and 15, in

contrast to the site of interaction with neuronal Nay channel isoforms™*’.

Ankyrin-G Associates with pIV-spectrin in the Cardiomyocyte

Recall that ankyrins classically associate with isoforms of B-spectrin in the
cytoskeleton. In the heart, ankyrin-B has been demonstrated to associate with BII-
spectrin®®. Further, recent investigation has demonstrated that BII-spectrin is required to
target ankyrin-B in adult murine cardiomyocytes and human mutations in the ankyrin-B
SBD domain produce arrhythmia'®®. Like in the neuron, ankyrin-G associates with BIV-
spectrin in the cardiomyocyte at the intercalated disc. Further, BIV-spectrin is required to
target the Ca'*/calmodulin-dependent protein kinase II isoform § (CaMKII3) into close
proximity to Navl.5 to regulate its function by phosphorylation at serine 571 in the DI-
DII loop. Using a spontaneous PIV-spectrin truncation mouse model that removed the
CaMKIIS binding site (qv3J), Hund et al. 2010 demonstrated that CaMKIIS targeting to
the mtercalated disc was abolished even in the presence of a fully formed BIV-spectrin /
ankyrin-G /Navl.5 complex'®.

CaMKII$ is a multifunctional serine/threonine kinase that becomes activated due

to elevated levels of Ca™ or after adrenergic stimulation'”’. In a setting like heart failure,
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characterized by massive adrenergic stimulation, CaMKIIS becomes hyperactivated,
producing RyR2 hypersensitivity, increases in Ca™* current via channel facilitation, and
phosphorylation of Navl.5 at multiple sites in the DI-DII loop region'®'. Although
multiple phosphorylation sites have been reported with debate focused on their relative
importance, the act of Navl.5 phosphorylation by CaMKIIo causes 3 functional changes
to whole cell Na' current: 1) Decreased peak Na' current density (only reported by Hund
et al. 2010) 2) shift of channel availability to more negative potentials, and 3) an increase
in the proportion of non-inactivating channels producing a phenomenon termed “late”
Na" current'®®* 1193 This increase in cytosolic Na' reduces the driving force for Na*
across the plasma membrane, reducing the amount of Ca*? that can be extruded from the
cytoplasm. This results in elevated cytosolic Ca*?and an increase in the SR Ca'” content
as a result'**. This elevation of cytosolic Ca™*and Ca™ load results in RyR2
hypersensitivity, producing spontaneous, proarrhythmic Ca™ release from RyR2 (ie.
sparks/waves)'*> 1?6 Late Na" current also prolongs the action potential, another

proarthythmic substrate'®?

. As aresult, pharmacologic therapies aimed at this “late”
component of Ix, have been the subject of multiple clinical trials'®” %,

With respect to the debate over which phosphorylation site is most functionally
relevant, recent work published in the journal Circulation by the Hund laboratory using
mice with serine 571 ablation (S571A) demonstrated that this site is required for the
development of late Na' current at baseline and after transverse aortic constriction (TAC)

to produce heart failure. Further, S571A mice displayed reduced amounts of arrhythmia

and preserved cardiac function after TAC, compared to WT mice and phosphomimetic
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S571 mice (S571E)'°. These results strongly suggest that phosphorylation of Navl.5 at
S571 is chiefly responsible for arrhythmia associated with CaMKIIS-dependent Navl.5
phosphorylation. Although activated CaMKIIS can directly associate with the DI-II linker
of Nav1.5"!, Hund et al. 2010 would hypothesize that PIV-spectrin is necessary for this
mteraction to occur in vivo. Recall from work n neurons, ankyrin-G is required for the
recruitment of BIV-spectrin to the AIS. Our ankyrin-G ¢KO animal model now enables us
to address this question i the cardiomyocyte in vivo. Specifically, our model whether
ankyrin-G is functionally required recruit the BIV-spectri/ CaMKIIS complex and

scaffold to Navl.5 for functional regulation.

Ankyrin-G: Possible Structural Regulation at the Intercalated Disc?

As we have seen in neurons, ankyrin-G can mediate both cellular excitability and
cellular structure. Once again, the cardiomyocyte is no exception. However, unlke the
very clear structural roles that ankyrin-G plays in the neuron through mediating L1CAM /
neurofascin, the structural role for ankyrin-G in the cardiomyocyte is only beginning to
be studied. Implications for a structural role for ankyrin-G in the cardiomyocyte came in
a 2011 study conducted by the Delmar laboratory. In this study, Sato and colleagues
demonstrated that ankyrin-G associated with the desmosomal protein plakophilin-2
(PKP2) as well as connexin-43, the primary component of gap junctions in ventricular
cardiomyocytes. Further, knockdown of ankyrin-G in monolayers of neonatal rat
ventricular cardiomyocytes resulted in the reorganization of PKP2 expression, leading to

decreased cell-cell adhesion. Ankyrin-G silencing also resulted in the reorganization of
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connexin-43 in monolayer preparations>’’. Although the three components of the
intercalated disc are visualized as discrete structures by electron microscopy'*, this was
not the first study to demonstrate functional cross-talk between the structures of the
intercalated disc. As experimental evidence indicates that ankyrin-G may be regulating
multiple integral mtercalated disc components, we must examine previous work
demonstrating this molecular cross-talk at the mtercalated disc.

The first example of this comes from a study n 2005 by the Radice laboratory
mvestigating the functional consequence of silencing N-cadherin in the mouse heart.
Recall, that the fascia adherens junction, composed of N-cadherin in the heart, scaffolds
to flamentous actin through its interaction with a- and B-catenin and is visualized as a
unique and discrete structure compared to gap junctions and desmosomes. However,
induced-deletion of N-cadherin caused the dissolution of gap junctional and desmosomal
structures evidenced at the electron microscopy level. These results were confirmed via
severe reduction in expression of desmosomal proteins desmoplakin and plakoglobin and
the gap junctional protein connexin-43. These changes produced extensive fibrosis,

201 The molecular basis of this gap

systolic dysfunction, and lethal cardiac arrhythmia
junctional remodeling was demonstrated in by Shaw et al. in 2007. In this study,
researchers determined that connexin-43 traffics to areas of cell-cell contact via
microtubule-dependent traffic. The microtubule plus end binding protein EBI interacts
with B-catenin and p150glued of the fascia adherens structure to target gap junctions to
sites of cell-cell contact. Further, using an N-cadherin blocking peptide that prevented

cell-cell adhesion further disrupted the traffic of connexin-43 to sites of cell contact*"?.
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As N-cadherin mediates the integration of actin filaments, this would be the expected site
of ankyrin-G / BIV-spectrin complex association at the intercalated disc. As experimental
evidence reveals that ankyrin-G is chiefly mvolved in targeting Navl.5 in vitro, it is no
surprise that recent investigations reveal that the overwhelming majority of Navl.5
colocalizes with N-cadherin at the intercalated disc*®*.

With respect to the cardiac desmosome, the Delmar laboratory demonstrated that
PKP2 silencing also decreased localization of connexin-43 at sites of cell-cell contact, as
demonstrated by decreased dye transfer between cell pairs after PKP2 knockdown®**.
Further, Delmar demonstrated either direct or indirect association between PKP2 and
connexin-43%. Interestingly, work conducted again by the Delmar group also
demonstrated that silencing of desmosomal PKP2 resulted in decreased peak Na" current
in cultured adult cardiomyocytes’®®. Further, an association between PKP2 and Navl.5
was demonstrated via co-immunoprecipitation experiments*’’. Functionally, mice with
heterozygous knockout of PKP2 (PKP2-Hz) display ~25% reduction in whole cell Na*
current and inducible ventricular arrhythmia after administration of the Na" channel
blocker flecainide?’®. However, these mice did not display any reduction in Navl.5
expression or apparent cellular mislocalization. In a subsequent study by the Delmar
laboratory, missense mutations in PKP2 also result in decreased Na" current when
expressed in PKP2-silenced HL-1 cells compared to WT PKP2. Further, this
investigation would demonstrate that Na' current was selectively reduced at the
mtercalated disc in PKP2-Hz cells. However, in this study, PKP2-Hz animals now

exhibited decreased expression of Navl.5 colocalizing with N-cadherin at the intercalated
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disc, in contrast to previous work®’’. Although these results are contradictory, a role for
the desmosome in mediating Na' current was further defined by work with mice
overexpressing a mutant DSG2 isoform (Dsg2-N271S) also resulting in minor reductions
in Na' current and severe ventricular arrhythmia®’®. Silencing of desmoplakin in HL-1
cells also causes severe reductions in whole-cell Na' current’®®. Further, human
desmosomal mutations causing ARVC cause severe reductions in the intercalated disc
population of Navl.5 regardless of which desmosomal protein is mutated®'’. These
results indicate that the desmosome either directly or indirectly through ankyrin-G are
also critical regulators of Navl.5 function at the mntercalated disc.

Recall, that ankyrin-G is implicated i regulating connexin-43 localization to the
plasma membrane in cardiomyocytes”’’. SIRNA against ankyrin-G in monolayers of
neonatal rat ventricular cardiomyocytes disrupts normal connexin-43 localization at sites
of cell-cell contact and reduced junctional conductance in these preparations®*’. How is
this occurring? The gap junction plaque is composed of two areas. The first area, in the
center of the plaques is composed of united hemichannels, producing functional unison of
adjacent cytoplasm to propagate the cardiac action potential. Onthe periphery of the gap
junctional plaque is an area termed the “perinexus” composed of large populations of
singular hemichannels associated with the scaffolding protein zonula occludens-1 (zo-
1)*'". Interestingly, zo-1 has been demonstrated to scaffold connexin-43 to all-spectrin in
the cardiomyocyte®'?. Recall from earlier studies, ankyrin polypeptides bind to the center
of the spectrin tetrad to a molecule of B-spectrin. If the spectrin tetrad can only interact

with zo-1 or ankyrin-G at any one time, reduction of ankyrin-G may then favor increased

64



accumulation of zo-1 at the intercalated disc. This would increase the size of the gap
junctional plaque (ie. more connexin-43 hemichannels) due to the increased abundance
of uncoupled hemichannels. This hypothesis was confirmed by the Delmar group in
2013. Si-RNA mediated ankyrin-G silencing resulted in larger gap junctional plaques
leading the researchers to speculate that ankyrin-G acts to restrict the size of connexin-43
plaques®!?.

Several other lines of evidence suggest that ankyrin-G may be functionally
interacting with connexin-43. Cardiac-specific deletion of connexin-43 did not result in
changes to any member of the fascia adherens or desmosome complexes®'*. However,
treatment of isolated rat cardiomyocytes with sSiRNA against connexin-43 resulted in
~40% decreased peak Na' current density. Further, mice heterozygous for connexin-43
demonstrated decreased localization of Navl.5 at the intercalated disc?'”. Most
perplexing is the studies conducted on mice lacking the last 5 c-termmal amino acids of
connexin-43. Although the connexin molecules i these animals traffic to the plasma
membrane normally and couple as a functional connexon, intercalated discs in these mice
display greatly reduced localization of Navl.5. Further, although the zo-1/connexin-43
mteraction is maintained, these mice display lethal ventricular arrhythmia and sudden
cardiac death?'®. This finding was expanded upon in 2014 by the Delmar laboratory.
Using the same mouse model, the Delmar group demonstrated that microtubule capture at
the intercalated disc was severely impaired, leading to reduced delivery of Navl.5%%.

However, ankyrin-G localization / expression was not determined in this study.
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Importantly, multiple studies have demonstrated remodeling of the Nay channel
complex associated with human desmosomal variants causing ARVC and Brugada
syndrome®!® 217 However, the VGSC complex has also been shown to be disrupted in
acquired CVD. In 2005, Valdivia et al., demonstrated that cardiomyocytes isolated from
failing human and canine myocardium demonstrate severely reduced levels of Na*

current2 18

. This decrease in Na' current density is also witnessed in murine heart failure
models and diabetic rabbit ventricular cardiomyocytes®!®” 22°. Further, work from the
Delmar laboratory demonstrated loss of ankyrin-G immunoreactivity at the intercalated
disc in a sheep pulmonary hypertension model. This was correlated with the cellular
redistribution of Navl.5, connexin-43, and desmosomal components in right ventricular

cardiomyocytes' %

. These findings suggest an extensive ankyrin-G interactome at the
intercalated disc. Further, as changes to Na' current density seem to be an underlying

finding in multiple forms of heart failure, mnvestigation of ankyrin-G in disease states may

shed light on both the electrical and structural remodeling seen in heart failure.

Ankyrins in Acquired Human Disease
Although multiple studies have demonstrated that variants n ANKI, ANK?2, and
ANK3 lead to severe human disease, ankyrins themselves are dysregulated in acquired
disease states. In 1993, Bennett and colleagues demonstrated that ischemic conditions
decrease levels of ankyrin polypeptides in kidney and brain®*!. Further work by Yoshida
in 1997 demonstrated that ankyrin in the heart is degraded by the Ca*? activated protease

calpain after myocardial ischemia®*?. These results were mirrored by the work of Kashef
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et al. 2012 demonstrating that activated calpain and reactive oxygen species also caused
decreases in ankyrin-B***. With respect to ankyrin-G, work by the Rasband laboratory
has demonstrated that ankyrn-G and BIV-spectrin are also degraded by calpain activation
after traumatic brain injury’>*. In the heart, work from the Boyden lab represent the only
data regarding the fate of ankyrin-G in cardiovascular disease states. In a canine
myocardial infarct model, cells isolated from the border zone of the infarct actually
demonstrate an increase in ankyrin-G expression as early as 48 hours post infarction'?’.
Clearly more work will be required to determine the role of ankyrin-G in acquired CVD

states.

Overview of Proposed Hypotheses

Given the wealth of published experimental data regarding the molecular
physiology of ankyrin-G, several hypotheses can be made regarding the functional
outcome of silencing ankyrin-G in the cardiomyocyte in vivo. First, given the role of
ankyrin-G in targeting Nav channels in neurons, we hypothesize that silencing ankyrin-G
expression in the cardiomyocyte will affect functional Navl.5 expression. Further, as
ankyrin-G localizes predominantly to the mtercalated disc, we hypothesize that ankyrin-
G may be a molecular mechanism responsible for the preferential localization of Navl.5
at the intercalated disc membrane domain. Further, as data from epithelial cells
demonstrate a structural role for ankyrin-G, we hypothesize that silencing of ankyrin-G
will also produce severe structural phenotypes. Specifically, as in vitro data suggest that

ankyrin-G regulates the desmosomal protein PKP-2, we hypothesize that functional PKP-
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2 expression will be disrupted in the absence of ankyrin-G, possibly producing severe
structural deficiencies in ankyrin-G cKO cardiomyocytes.

In this dissertation, I will provide data demonstrating that ankyrin-G cKO mice
display significantly reduced expression of Navl.5 at the intercalated disc. Further, we
demonstrate that ankyrin-G is required for the development of a signaling complex
around Navl.5 (composed of CaMKIIo and BIV-spectrin). In response to decreased
targeting of Navl.5, ankyrin-G c¢KO mice display bradycardia, conduction defects, and
arrhythmia due to decreases in functional Na+ current. We will also demonstrate that the
localization of the desmosomal protein PKP-2is disrupted in the ankyrin-G cKO
cardiomyocyte. Interestingly, we will also demonstrate that ankyrin-G cKO mice develop
severe cardiomyopathic remodeling with age and after transaortic constriction (TAC).
Interestingly, ankyrin-G cKO mice display severe systolic deficiency, pathologic
ventricular remodeling, and bradyarrhythmic death. We hypothesize that ankyrin-G
expression is required for proper cardiac compensatory response. Further, we provide
evidence that functional expression of ankyrin-G is reduced i the setting of human heart
failure. Therefore, we hypothesize that dysregulation of ankyrin-G may be a common

event in the development and/or progression of human heart failure.

68



Chapter 2: Materials and Methods

Animals
Cardiac-restricted Ankyrin-G knockout (cKO) mice were generated as follows. LoxP
sites were mtroduced via homologous recombmation of targeting construct containing: 1)
homologous DNA to exons 22 and 23 of the Ank3 gene, 2) Neomycin-resistance gene
flanked by flippase recognition target (FRT) sites, 3) LoxP sites at terminal ends of
construct. By homologous recombination, this construct is inserts by random chance mto
the mouse genome of embryonic mouse stem cells. Stem cells stably expressing the
targeting vector are selected for based on neomycin resistance. Surviving stem cells are
then treated with Flp recombinase to excise the neomycin resistance gene. These
embryonic stem cells are injected into female mice, creating chimeric founder (F1)
animals. The chimeric founders are then back-crossed with ¢57/bl6 wild type (WT) mice
for germline transmission of the ntegrated loxP sites (ie. F2 generation). These mice are
then back-crossed with c57bl6 WT mice multiple generations to generate mice carrying
the loxP sites on a clean c57bl6 background. To achieve cardiac-specific knockout of
ankyrin-G, mice from F2 generation are crossed with mice expressing Cre recombinase
under the control of the Myh6 promoter (aMHC). For all experiments, WT and cKO male
mice were used (aged 8 weeks at start of experiment, c57/bl6 background). To test the

role of Bry-Spectrin (Sptbn4 gene in mice) with respect to localization of ankyrin-G, Ov*’
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mice (on a ¢57/bl6 background) were also utilized. “Quivering” (qv) mice are a group of
mice with spontaneous mutations in the Sptbn4 gene causing truncations in the Pry
spectrin protein®>. As Bry-Spectrin is critical for proper neuronal function, these mice
spontaneously develop severe neurologic and neuromuscular phenotypes®>. The
truncation in ¢gv*/ mice occurs in spectrin repeat 10, abolishing the ankyrin-G / pIV-
spectrin interaction (ankyrin-G associates with BIV-spectrin at spectrin repeat 15).

For aging studies , WT and cKO animals were aged to 15 months. All animal studies and
surgeries were performed in accordance with the American Physiological Society
Guiding Principles for Research Involving Animals and Human Beings, and approved by
The Ohio State University Institutional Animal Care and Use Committee. The
mvestigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised

1996.)

Human Heart Tissue
Non-failing and failing (ischemic/non-ischemic) left ventricular tissue was obtained from
explanted hearts undergoing heart transplantation through The Cooperative Human
Tissue Network: Midwestern Division at The Ohio State University. The Institutional
Review Board of The Ohio State University provided approval for the use of human
subjects. Age and sex were the only identifying information acquired. This mnvestigation
conforms with the principles outlined in the Declaration of Helsinki. Ventricular samples
were prepped for immunoblot as described below. Cryosections of human heart samples

prepared and treated as described below.
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Telemetry
At 8 weeks of age, WT and cKO mice were implanted with ETA-F10 radiotelemeters.
Briefly, mice were anesthetized with 2.5% isoflurane and transferred to a heated, sterile
surface. Anesthesia maintained at 1.5% for duration of procedure. Hair is removed from
the ventral side of the animal and skin is sterilized with betadine. A midline incision is
then made along the sternum of the animal. Using blunt dissection, a subcutaneous
pocket is made on the right side of the animal at the abdominal level. A sterilized ETA-
F10 telemeter is implanted in the pocket. The negative lead is placed subcutaneously in
the right axilla and the positive lead is placed subcutaneously on the animals left side at
the abdominal level. Following surgery, mice receive analgesia in the form of
buprenorphine and are let to recover for seven days prior to electrocardiogram (ECG)
recordings. Average resting heart rate, PR interval, QRS interval, QT interval were
obtained from continuous 2 hr ECG recordings. Stress conditions were stimulated via the
mjection of epinephrine (2 mg/kg, ip.). Mice were monitored for 2 hours to determine
burden of arrhythmia. For TAC/sham experiments, animals were permitted to recover for
1 week following TAC/sham surgery. Mice were then implanted with telemeters as
previously outlined and let to recover 1 week. Mice were analyzed at 2 weeks post
TAC/sham operation. All telemetered ECG traces and waveforms were analyzed using

P3 Plus software (Ponemah).

71



Subsurface Electrocardiography
For anesthetized surface ECG recordings, mice were anesthetized with 2% isoflurane and
oxygen at rate of 1.0 L/mm. Mice were placed i the prone position on a heated pad to
maintain body temperature. Anesthesia maintained at 1% isoflurane at 1.0 L/min.
Subcutaneous electrodes were placed in the lead II configuration and ECGs were
recorded on a Powerlab 4/30 (AD Instruments). Baselne ECG was recorded for 3

226 \was administered at 3 min after

minutes after anesthesia. Flecamide (20 mgkg, ip.)
anesthesia and ECGs were recorded by the protocol detailed by Knollmann and
colleagues.””” ECG traces were analyzed using LabChart 7 Pro (AD Instruments) for

average heart rate, PR interval, QRS interval, and QT interval.

Transverse Aortic Constriction (TAC) Experiments

To produce pressure-overload conditions, transverse aortic constriction (TAC) was
performed on 8 week-old WT and cKO mice. Briefly, mice were anesthetized with
isofluorane (2.5%) and intubated. Intubated mice were placed on respirator (120
breaths/min, 0.1 mL tidal volume) and anesthesia was maintained throughout procedure.
The thoracic cavity was opened using a partial midline sternotomy and the transverse
aorta was exposed via blunt dissection. Once the aorta was identified, a 6.0 Prolene
suture was placed around the transverse aorta between the brachiocephalic and left
common carotid artery. The suture was tightened around a 27-gauge needle placed next
to the aorta to standardize degree of constriction. The needle was then removed, the

thoracic cavity and overlying skin was closed, and appropriate analgesia was
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administered (buprenorphine, 0.1 mg/kg, ip.). For sham controls (age/sex matched), the
identical protocol was utilized without the aortic constriction. At termmnation of

experiments (6 weeks post TAC/sham surgery), mice were anesthetized (2% Avertin, 20
uL/g body weight, ip.) and sacrificed via thoracotomy. Following euthanasia of animals,

hearts, lungs, and tibias were removed for analysis.

Echocardiography
To assess cardiac function in vivo, 2D-echocardiography (Vevo 2100, Visualsonics) was
performed at baseline, at 12 months of age, and at regular time intervals post TAC/sham
mtervention. Mice were anesthetized in induction chamber at 2% isoflurane in oxygen at
flow rate of 1.0L/min. Mice were then placed in supine position on a heated stage and
hair was removed from the chest using depilatory lotion. Anesthesia mamntained at 1.5%
isoflurane for duration of experiment. Heart rate was monitored throughout protocol to
ensure proper anesthetic dosage. Using a MS-400 transducer, proper anatomical
orientation was determined via imaging of the long axis of the heart. Once proper
orientation was achieved, the transducer was turned 90 degrees to visualize short axis of
the left ventricle. M-mode images recorded at the level of the papillary muscles. Images
were analyzed to assess ejection fraction, chamber diameters, and ventricular wall

thicknesses.

Immunofluorescence
Cardiomyocytes (left ventricle) and cardiac cryosections (5 um thickness) were

isolated/prepared from WT and cKO (baseline/TAC) hearts as follows. Hearts were
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excised from animal and placed into cold Modified Tyrode (MT) solution (ref). For
isolated cells, the hearts were then cannulated via the aorta and perfused with Hank’s
solution (Life Technologies) to clear the coronary circulation. The heart was then placed
on a modified Langendorff apparatus and perfused with Solution A (0.065 mM EGTA in
MT) to chelate free calcium and inhibit cardiac contraction. Hearts were then perfused
with Solution B (0.01 mM CaCl, in MT) containing Type 2 collagenase (Worthington,
0.6 mg/ml) and Type XIV Protease from Streptomyces griseus (Sigma, 0.12 mg/ml) for
digestion. Digested hearts were triturated in Solution C (0.1733 mM CaCl, n MT) to
dissociate cells. Cells were strained and pelleted to enrich for live cardiomyocytes. For
cardiac cryosections, hearts were excised from the animal and washed in cold phosphate-
buffered saline (PBS) to remove blood from the heart. Washed hearts were then placed
mnto molds filed with OCT medium (Tissue-Tek) and frozen in liquid nitrogen. Isolated
cells and tissue slices were fixed and permeabilized in 100% ethanol at -20 °C.
Cells/sections were blocked in 3% fish skin gelatin and 0.1% Triton X-100 in PBS.
Cells/sections were stained with primary antibody overnight at4 °C in blocking solution.
Cells/sections were stained with secondary antibodies in blocking solution for >1 hr at
room temperature. Secondary antibodies included Alexa-conjugated donkey anti-mouse
488, 568 and donkey anti-rabbit 488, 568. Cells were imaged on a LSM 780 confocal
microscope (Carl Zeiss). Cells/sections were imaged using identical confocal settings

between genotypes.
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Immunoblotting and Antibodies
Human ventricular and murine whole heart lysates, following quantitation by BCA assay
(Pierce), were loaded mnto 4-15% precast gels (BioRad) and transferred to nitrocellulose
membranes. Membranes were blocked for >1hr at room temperature in 5% mik or 3%
bovine serum albumin and incubated in primary antbody overnight at 4°C. Primary
antibodies included ankyrin-G (1:10,000 homemade), ankyrin-G (1:1,000 Santa Cruz),
CaMKII6(1:500, Badrilla), Brv spectrin (1:1000, gift from M. Komada, Tokyo Institute of
Technology, Yokohama, Japan), Na,1.5S571 (1:500) '* Na,1.5 (1:500) '
N-Cadherin (1:2000, Invitrogen), connexin-43 (1:1000 Invitrogen), plakophilin-2 (1:500
Abcam), desmoplakin (1:1000, Santa Cruz), desmocollin-2 (1:1000, BD biosciences),
Desmin (1:1000, Invitrogen), o-Tubulin (1:1000, Invitrogen) B-catenin (1:2000, BD
Biosciences), ZO-1(1:1000, Invitrogen), ankyrin-B®® (1:2000), Na/Ca exchanger (1:500,
Swant), Ca,1.2 (1:1000, Invitrogen), actin (1:2000, Santa Cruz), GAPDH (1:5000,
Fitzgerald). plakophilin-2 (1:500 Abcam), GAPDH (1:5000, Fitzgerald). Secondary
antibodies used were donkey anti-mouse-HRP and donkey-anti-rabbit-HRP (1:5000,
Jackson Laboratories). Densitometric analysis was performed using Image Lab software

and all protein expression data were normalized to GAPDH expression.

Biochemistry
Immobilized GST-fusion proteins were incubated with 100 pg left ventricular heart lysate
overnight in pull-down buffer at 4 °C.**® The samples were washed three times in pull-

down buffer, eluted, and proteins were separated by SDS/PAGE. The gels were
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transferred to nitrocellulose and immunoblotted. Nitrocellulose blots were developed

using standard ECL protocols.

Histology
Hearts were excised and fixed n 10% formalin, processed and embedded mnto paraffin for
sectioning. Hearts are sectioned along the long axis (4 chamber view) at a thickness of 10
microns. Sections are stained with hematoxylin and eosin (H&E) to examine general
structure and histology and Masson’s trichrome to visualize collagen deposition

(fibrosis).

Electrophysiology
Ina currents were recorded utilizing a patch-clamp configuration using an Axopatch 200B
amplifier and Digidata 1440A digitizer on left ventricular myocytes. Data acquisition and
analysis was performed using pCLAMP software (ver.10.3; Molecular Devices,
Sunnyvale, CA). Sodium currents (In,) were recorded at room temperature (20-22 °C)
with pipette resistances <2.8 MQ when filled with pipette filling solution containing (in
mM): NaCl (5), CsF (135), EGTA (10), MgATP (5), Hepes (5), pH 7.2. The extracellular
bathing solution contained (in mM): NaCl (5), MgCI2 (1), CaCI2 (1.8), CdCI2 (0.1),
glucose (11), CsCl(132.5) and Hepes (20); pH was maintained at 7.4 with CsOH at room
temperature. Appropriate whole-cell capacitance and series resistance compensation
(=60%) was applied along with leak subtraction. To assess the In, density, cells were held
at -160 mV and stepped to various test potentials from -100to 30mV in 5 mV

increments, with 200 ms duration pulses and 2800 ms interpulse intervals. Voltage-
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dependence of inactivation was assessed by holding the cells at -160 mV followed by a
300 ms test pulse from -140to -40 mV in 5 mV increments; interpulse mterval was 2700
ms. Recovery from mactivation was studied by holding cells at -160 mV and applying
two 20 ms test pulses (S1, S2) to -45 mv, separated by increasing increments of 1 ms to a
maximum S1-S2 mterval of 50 ms. The S1-S1 interval was kept constant at 2000 ms. Iy,
late was determined by quantifying the persistent current during an active voltage pulse at
time range of 100-200msec after the activation of In, and was expressed as a percentage
of Ina peak amplitudes. Prior to quantification, baseline was set to zero. Action potentials

were measured as described. 8% 192

Calcium Measurements.

Myocyte calcium measurements were performed as described.”*’

Statistics

Data were analyzed using SigmaPlot 12.0. P values were determined with the unpaired
Student T-test (2 tailed) in the case of single comparisons and with 1-way ANOVA in the
case of multiple comparisons. The Newman-Keuls multiple comparison test was used for
post hoc testing. If the data distribution failed normality tests with the Shapiro-Wilk test,
rank-based ANOVA and the Dunn multiple-comparisons test were performed. Incidence
of death following bradyarrhythmia, incidence of ventricular arrhythmia and AV block
after flecainide, and incidence of death following epinephrine administration was

analyzed by Chi Square Test. Kaplan-Meier survival analysis was used to determine risk
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of mortality following TAC procedure. In all cases, a p-value <0.05 was considered

statistically significant.
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Chapter 3: Ankyrin-G Coordinates Intercalated Disc Signaling Platform to Regulate

Cardiac Excitability In Vivo.

Introduction

Nay 1.5 (encoded by SCN5A)is the principal Naychannel n the cardiomyocyte. In
ventricular and atrial cardiomyocytes, Na, 1.5 regulates the rapid upstroke of the cardiac
action potential (phase 0), nitiating the process of excitation-contraction coupling. Proper
Navl.5 expression is critical for proper excitation and function of the sinoatrial (SA) and
atrioventricular (AV) nodes, and atrial and ventricular myocytes '’%23%23! Owing to its
critical importance for proper cardiac physiology, human SCN5A4 mutations are linked
with multiple forms of human CVD including sinus node dysfunction, atrial fibrillation,
conduction defects, and ventricular arrhythmias.?>'">*® Further, in the setting of acquired
CVD, expression and select electrophysiological properties of Nay 1.5 become
dysregulated, increasing the proarrhythmic potential in cardiovascular disease states. As a
result, medical therapies targeted to select properties of Na,1.5 have remamned at the
forefront of cardiovascular medicine.?** Unfortunately, the molecular pathways
underlying Na, 1.5 regulation remain largely undefined partially due to lack of essential in
vivo data.

Over the past few decades, immunological and electrophysiological evidence has

demonstrated that Na, 1.5 preferentially localizes to this intercalated disc microdomain,
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although minor populations can be found throughout the entire cell At the intercalated
disc are structures known as gap junctions, molecular connections that serve as low
resistance pathways for current flow between adjacent cardiomyocytes. This electrical
unison of adjacent cardiomyocytes allows action potentials to propagate from one cell to
the other, synchronizing the excitation of cardiac tissue to produce a coordinated
contraction. As depolarizing current from an upstream cardiomyocyte passes through the
gap junctions, these densities of Nay 1.5 channels are optimally placed to sense this
depolarization and subsequently initiate another action potential. As gap junctions can
uncouple in disease states, this intercalated disc localization of Nay 1.5 becomes even
more critical to mamntain proper electrical activation of adjacent cardiomyocytes in
disease states. Although the field as a whole nearly unanimously agrees that Nay1.5is
preferentially targeted to the intercalated disc, the molecular mechanism(s) producing this
biased localization in vivo are unknown and untested.

Ankyrin polypeptides play critical roles in ion channel and transporter targeting in
excitable and non-excitable cells, as described previously. Ankyrin-R (ANK1) links
membrane transporters (Band 3) to the cytoskeleton in erythrocytes and human ANK/
mutations cause hereditary spherocytosis.’> Ankyrin-B (4NK2) is critical for ion
channel and transporter targeting in heart, brain, and pancreas, and ankyrin-B dysfunction
has been linked with sinus node disease, atrial fibrillation, ventricular arrhythmia, and
diabetes.?? 3132235236 Apkyrin-G (ANK3) has been shown to be necessary for the
targeting and retention of voltage gated sodium channels (Navl.2 and Navl.6) to the

axon initial segment and nodes of Ranvier in neurons.”® '°! While in vitro work supports
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an association between ankyrin-G and Na, 1.5 in heart'™ %*7 little is known regarding the
role of this mteraction in vivo.

Nay1.51is principally regulated by membrane voltage. However, more recent data
demonstrate that Na,1.5is secondarily modulated by the calcum/calmodulin-dependent
kinase II (CaMKII) for acute action potential modulation and propagation. ***:%%°
Importantly, elevated CaMKIIS activity in heart disease is associated with increased pro-
arrhythmic Nay1.5-dependent late sodium current (/Na.L)- 238,239 The mechanisms
underlying CaMKII5-dependent regulation of Nay 1.5 were unknown until recent work
from Hund and colleagues revealed phosphorylation of the Na, 1.5 at Serine571 at
baseline dependent on CaMKIIS activity. Further, Nay1.5 was hyper-phosphorylated at

this site in disease states.'®’

This work also demonstrated that CaMKII6 was targeted to
the intercalated disc through association with BIV-spectrin, a molecule origmally
identified in brain and linked with neurological disease.’?®. Importantly, this work
suggested that CaMKIIS coupling to Nay 1.5 may be dependent on an ankyrin-G / BIV-
spectrin interaction.

Here we report the molecular basis of a novel signaling platform in heart that
couples CaMKIId to Nay1.5. Our in vivo data demonstrate that ankyrin-G serves as an
ID receptor for both Nay 1.5 and BIV-spectrin. Mice harboring a conditional null allele
for ankyrin-G in heart (cKO) are surprisingly viable, but display decreased Na,1.5
expression and deficient localization at the intercalated disc. Functionally, these changes

associated with decreased Na+ current (/y,), producing bradycardia, conduction

abnormalities, QRS prolongation, and ventricular arrhythmias in response to Na, channel
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antagonists. Further, ankyrin-G cKO mice show loss of BIV-spectrin recruitment to the
mtercalated disc membrane. The BIV-spectrin C-terminal domain associates with
CaMKIIo, and ankyrin-G ¢KO mice, as well as BIV-spectrin mutant mice lacking the C-
terminal domain (gv*’) show defects in CaMKIIS targeting and CaMKII8-dependent
regulation of InaL. Finally, we report that the ankyrin-G-dependent protein platform links
Na, channels with broader intercalated disc signaling/structural nodes, as in vivo ankyrin-
G loss results in remodeling of plakophilin-2, a resident desmosomal protein critical for
mtercalated disc integration with the intermediate filament-based cytoskeleton. Together,
our findings identify a novel molecular platform critical for the membrane recruitment
and regulation of Nay1.5mn heart. These findings further provide new insight into the

pathways underlying cardiac excitability in health and disease.

Results
Generation of mice with cardiac-specific deletion of ankyrin-G

0 and

Based on its role in assembly of excitable domains in the nervous system®*
in vitro links with Na,1.5 in myocytes®>, we hypothesized that ankyrin-G serves as a
molecular platform for cardiac Nay1.5 signaling. To address this hypothesis in vivo, we
generated a conditional null mutant allele where exons 22 and 23 of the mouse ankyrin-G
gene (Ank3) are flanked by LoxP sites (4nk3”) and therefore are deleted in the presence
of Cre recombinase (Figure 2A-C). We selectively eliminated ankyrin-G in post-natal

cardiomyocytes by utilizing aMHC-Cre knock-in mice®'; homozygous conditional

knockout mice are referred to as aMHC-Cre; Ank3” or cKO. Ank3"""" age- and sex-
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Figure 2. Generation of cardiac-specific ankyrin-G null mouse.

Scheme for generation of cardiac conditional ankyrin-G null mouse (cKO). LoxP sites
were inserted to flank exons 22-23 in ankyrin-G gene (4nk3). Mice homozygous for

(Continued on Page 84)
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(Figure 2 continued from Page 83)

loxP msertion (f/f) were crossed with mice expressing Cre recombinase under control of
the aMHC promoter. Cre-mediated excision of exons 22-23 resulted in the production of
a premature stop codon after exon 21. (B) Flox (f) allele (434 bp) and WT (+) allele (366
bp) identified by PCR. (C) Cre expression (+ Cre) evidenced by band at 300 bp not
observed n WT animals (- Cre) and in no template control (Ctrl). (D-E) Ankyrin-G
expression n WT and cKO mouse tissue lysates. Note that unlke heart, other tissues
examined express multiple molecular weight forms of ankyrin-G. (F) Data from
experiments in D-E were quantified and expressed relative to WT tissue (corrected for
actin expression; n=4/genotype, p<0.05). (G-H) Expression of ankyrin-G (green) and N-
cadherin (red) n WT and cKO myocytes (Bar=10 microns; arrow notes intercalated

disc). DAPI (blue) was included to stain nuclei.
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matched littermates were utilized as control mice. Surprisingly, cKO mice were viable,
displayed no gross differences in size, weight, feeding, grooming, and showed no
apparent deficits in motor function, unlike mice harboring selective deletion of cerebellar
ankyrin-G.>*  Immunoblots from whole heart lysates showed elimination of ankyrin-G in
cKO heart (Figure 2D). Selective loss of ankyrin-G in the heart was confirmed by
mmunoblot from cerebral cortex, cerebellum, skeletal muscle, and kidney of control and
cKO mice where we observed no difference in ankyrin-G expression (Figure 2E-F). At
the level of the single ventricular myocyte, ankyrin-G is enriched at the intercalated disc,
as demonstrated by colocalization with N-cadherin (Figure 2G). Ankyrin-G expression at
the intercalated disc (and minor population at transverse-tubule) was eliminated from

cKO ventricular myocytes (Figure 2H).

Ankyrin-G ¢KO mice display abnormal Na, 1.5 targeting and function

Ankyrin-G is linked with VGSC function in cerebellar neurons.”*° We therefore
examined Nay 1.5 expression, localization, and function in ankyrin-G cKO hearts.
Consistent with an in vivo role of ankyrin-G for Na, 1.5 membrane targeting, we observed
a significant decrease in Nay1.5 expression in cKO hearts by immunoblot (Figure 3A-B,
p<0.05). While primarily localized to the intercalated disc, Nay1.5is also found in
secondary populations at the peripheral sarcolemma'®®* 2*! In line with immunoblot data,
Nay 1.5 expression was significantly reduced in cKO compared with WT myocytes
(Figure 3C-D). Moreover, consistent with the localization of ankyrin-G, we observed

selective loss of Na, 1.5 from the mtercalated disc in cKO myocytes (Figure 3C-F).
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Figure 3. Ankyrin-G is required for myocyte Na, 1.5 expression and targeting

(A-B) Expression of Nay1.5in WT and cKO heart. In B, levels are normalized to
GAPDH loading control (n=4/genotype; p<0.05). (C-D) Expression of Na,1.5 (red) is

(Continued on Page 87)
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(Figure 3 continued from Page 86)

significantly reduced at the mtercalated disc of cKO myocytes (Bar=10 microns).
Myocytes were co-labeled for N-cadherin (green) and nuclei (blue DAPI). (E-F)
Magnified images of Navl.5 immunostaining of peripheral sarcolemma and intercalated
disc of WT and cKO myocytes. Note in E that Navl.5 is present at both intercalated disc
(white arrow) and peripheral sarcolemma membrane (yellow arrows). While disc staining
is reduced m cKO myocytes, the sarcolemmal staining is unaltered (F). In cKO myocytes,

we also observed intracellular Navl.5-positive puncta (blue arrows).
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However, Na, 1.5 immunostaining at the peripheral sarcolemma in cKO myocytes was
unaffected (Figure 3C-F). This loss was specific for Nay 1.5 as expression levels of
Cay1.2,Na/Ca exchanger 1 (NCX), and ankyrin-B were unchanged between WT and
cKO hearts (Figure 4 A-C). Consistent with these data, we observed ~50% reduction in
peak Iy, n ¢cKO myocytes compared with myocytes from WT littermates (Figure 5A-D).
Previous reports have indicated that ankyrin-G association with neuronal VGSC affects
channel mactivation in heterologous cells. While /v, was reduced in ¢cKO myocytes, we
observed no difference in Na,1.5 steady-state voltage-dependent inactivation or recovery
from inactivation (Figure 5 E-F). This selective reduction in Iy, is further consistent with
in vitro data of shRNA-mediated ankyrin-G silencing in adult rat cardiomyocytes.
Finally, consistent with prior findings in SenSa™” mice 2*?, loss of Ina in ¢cKO myocytes
resulted in a significant decrease in action potential (AP) amplitude and maximum
upstroke velocity (Vmax; Figure 6 A-B). Together, these findings demonstrate an in vivo

requirement of ankyrin-G for cardiac Na, 1.5 membrane expression and function.
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Figure 4. Ankyrin-B, Cavl.2, and NCX expression levels are not altered in cKO heart.

(A-C) Immunoblots and normalized expression levels of myocyte proteins m WT versus

cKO heart (n=4/genotype; p=N.S.).
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Figure 5. Ankyrin-G cKO ventricular myocytes display decreased whole cell Iy,

(A-B) Representative Iy, traces from WT and cKO mouse myocytes. (C-D) Reduced Ina

(Continued on Page 91)
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(Figure 5 continued from Page 90)
current in cKO versus WT myocytes (WT: n=10; cKO: n=9; p<0.05). (E) Voltage-
dependent mactivation and (F) time-dependent recovery of INain WT (n=10)and cKO

(n=10) myocytes. We observed no significant difference in either property between

genotypes (N.S.).
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Figure 6. Ankyrin-G required for regulation of action potential phase 0.

Ankyrin-G cKO myocytes display defects in (A) action potential amplitude and (B)
Vmax compared with WT myocytes, consistent with reduced INa (n>8/genotype;

p<0.05.).
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Ankyrin-G recruits PIV-spectrin to the cardiomyocyte intercalated disc.

Ankyrins partner with spectrin polypeptides to bridge membrane and cytoskeletal
structures.>*® In the nervous system, while ankyrin-G and PIV-spectrin are both required
for proper assembly of the axon initial segment, ankyrin-G appears to serve as the
primary organizing protein. To investigate the functional relationship between ankyrin-G
and BIV-spectrin in the heart, we tested the localization of BIV-spectrin in ankyrin-G
cKO mice. In WT myocytes and cardiac tissue preparations, BIV-spectrin was
concentrated at the intercalated disc membrane (Figure 7.8).'% However, BIV-spectrin
was nearly absent from the intercalated disc membrane of isolated cKO myocytes (Figure
7B), and in cKO cardiac tissue preparations (Fig 8B). Instead, we observed populations
of BIV-spectrin -positive puncta near the peri-nuclear region in cKO myocytes (Figure
7B), indicative of impaired cellular targeting. Thus, we conclude that ankyrin-G is
required for normal expression and intercalated disc recruitment of BIV-spectrin in

cardiomyocytes.
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Figure 7. Ankyrin-G targets PBrv spectrin to the intercalated disc.

(A-B) Brv spectrin intercalated disc targeting is altered in cKO myocytes. PBrv spectrin

expression is clustered in the peri-nuclear region of cKO myocytes.
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Figure 8. Ankyrin-G required for intercalated disc targeting of Prv spectrin in cardiac

tissue.

Heart sections from ankyrin-G ¢KO mouse (B) display reduced BIV spectrin intercalated

disc staining (arrows) compared with WT heart (A). bar = two microns.
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PIV-spectrin is not required for ankyrin-G or Na,l1.5 targeting in myocytes

We tested the converse requirement of BIV-spectrin for ankyrin-G and Nay1.5
targeting in heart. For these experiments, we utilized a BIV-spectrin mutant mouse model
(gv*/ mice) harboring a premature stop codon in the 10th spectrin repeat resulting in a
truncated polypeptide lacking ankyrin-G-binding activity (located in 15'" spectrin repeat;
see Figure 9A?2%22%). Asexpected, a GST- BIV-spectrin fusion protein harboring the gv*
mutation lacked binding activity for ankyrin-G and Nay 1.5 (Figure 9B). In contrast to
findings in neurons***, gv* myocytes displayed no significant difference in ankyrin-G or
Nay 1.5 expression compared to control hearts by immunoblot (Figure 9C-D). Further, we
observed no difference in intercalated disc proteins N-cadherin or B-catenin in gv*/ hearts
(Figure 9C-D). In line with immunoblot data, we observed no difference in ankyrin-G or
Na, 1.5 localization at the intercalated disc between control and gv*/ myocytes (Figure
9E-H). However, consistent with the role of the BIV-spectrin C-terminus in CaMKII6
targeting'®, gv*/ myocytes displayed a significant decrease in CaMKII$ expression
(Figure 9C-D, p<0.05). In summary, our findings define a requirement of ankyrin-G for
BIV-spectrin targeting to the intercalated disc, whereas ankyrin-G is targeted to the disc

mdependent of BIV-spectrin -binding.
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Figure 9. Ankyrin-G targets Nay 1.5 to the ntercalated disc independent of Brv spectrin.

(Continued on Page 98)
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(Figure 9 continued from Page 97)

(A) Diagram of Py spectrin domains and location of qv*' truncation upstream of ankyrin-
G-binding site. (B) GST- Brv spectrin associates with Nay 1.5 (via ankyrin-G). by
spectrin representing the qv*’ mouse truncation lacks binding activity for ankyrin-G and
thus Na,1.5. (C-D) WT and qv*' hearts display no difference in expression of ankyrin-G
or Nay1.5 by immunoblot. CaMKII? levels are reduced in cKO hearts consistent with
qv* allele lacking the CaMKIIS -binding site (see A). Levels in C are normalized for
actin expression (n=4/genotype; p<0.05). (E-H) WT and qv* myocytes display no

difference i ankyrin-G or Nay 1.5 localization. Bar=10 microns.

98



Ankyrin-G recruits CaMKIIo to the cardiomyocyte intercalated disc.

BIV-spectrin, via a short C-terminal motif, associates with CaMKII3 '*° BIV-
spectrin mutant mice lacking this C-termmnal motif display aberrant CaMKIIo intercalated
disc targeting.'®® Based on the loss of BIV-spectrin in ankyrin-G cKO hearts (Figures
7,8), we hypothesized that ankyrin-G cKO hearts would display decreased CaMKIId
expression and abnormal intercalated disc targeting. We observed reduced CaMKIIo
expression by immunoblot in cKO versus WT hearts (Figure 10A-B). With respect to
localization, we observed selective loss of CaMKIIo at the intercalated disc (i.e. location
of BIV-spectrin) versus other myocyte membrane populations (ie. transverse-tubules) in
cKO cardiomyocytes (Figure 10C-D) and cKO cardiac tissue preparations (Figure 11 A-
B). Thus, ankyrin-G, via BIV-spectrin, controls the intracellular targeting of CaMKIIS to

the intercalated disc.
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Figure 10. Ankyrin-G targets CaMKIIS to the intercalated disc via Py spectrin

(A-B) CaMKlIlo expression and localization is altered in cKO myocytes. Levels in A are

(Continued on Page 101)
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(Figure 10 continued from Page 100)

normalized for actin expression (n=4/genotype; p<0.05). (C-D) CaMKIIo expression is
selectively reduced at the intercalated disc of cKO myocytes (yellow arrows in C versus
white arrows in D. Asterisk notes no change in CaMKIIS localization at T-tubules

between genotypes. Bar=10 microns.
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Figure 11. Bry spectrin-dependent targeting of CaMKIIS disrupted in ankyrin-G cKO

cardiac tissue.

Heart sections from ankyrin-G c¢KO mouse (B) display reduced CaMKIIo intercalated
disc staining compared with WT heart sections (A) (bar equals ten microns). Black and

white image on right is magnified view of CaMKII¢ localization.
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Ankyrin-G recruits CaMKIIo to regulate Na, 1.5 Phosphorylation

In response to sympathetic stimulation, CaMKIId phosphorylates Na, 1.5, via
serine 571 (S571) to regulate Na,1.5-dependent late current ([Na,L).189’ 192 As evidenced
by our data, ankyrin-G recruits both Na, 1.5 and CaMKIIS to the intercalated disc
(Figures 3, 10). Inline with these data, we observed reduced Na,1.5 S571
phosphorylation by both immunoblot and immunostaining in cKO myocytes compared
with control cells (Figure 12 A-D). When corrected for peak In,, we did not observe
differences in Ina 1 between WT and ¢cKO myocytes at baseline (Figure 13 A-D).
However, consistent with the loss of CaMKII-dependent regulation of Iy, in the absence
of ankyrin-G, we observed a significant difference in Iso-induced Ina 1 between WT and
cKO myocytes (Online Figure VII). Specifically, while WT myocytes displayed nearly a
two-fold increase in /a1 in response to Iso, we observed no statistical change in Iy, 1 in
cKO myocytes *Iso regardless of the voltage of the test potential (Figure 13 C-D;
p<0.05). Our combined data support an in vivo ankyrin-G-based platform with dual roles

for Na, 1.5 recruitment and CaMKIId-dependent regulation.
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Figure 12. Ankyrin-G cKO myocytes display reduced phosphorylation of Na,1.5 pS571

(A-B) Immunostaining of Nay,1.5pS571in WT and cKO myocytes. Bar=10 microns.
(C-D) Na,1.5pS571 levels are significantly reduced in cKO hearts compared with hearts

of WT mice. Levels are normalized for GAPDH (n=4/genotype; p<0.05).
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Figure 13. Iso-induced enhancement of Inar in WT but not ankyrin-G c¢KO myocytes

Transient and late INa currents evoked in response to 200 ms duration voltage clamp

steps to -25 mV in the absence (black trace) and presence (red trace) of Iso in WT (A)

and AnkG KO (B) myocytes. C) Bar graph of In,, 1 at multiple experimental voltages

(Continued on Page 106)
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(Figure 13 continued from Page 105)

+Iso. WT: -ISO (black), +Iso (blue). AnkG cKO: —Iso (red), +Iso (gray). D) Ina, 1 was
significantly increased in the presence of ISO m WT cells at several of the tested voltages
while currents from AnkG cKO myocytes were insensitive to ISO treatment. n>6 for all

conditions
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Ankyrin-G ¢KO mice display bradycardia, conduction defects, and arrhythmia

Impaired Na,1.5 function is associated with phenotypes of sinus node
dysfinction, conduction defects, and ventricular arrhythmia.”*!'"** We therefore tested the
role of the ankyrin-G-dependent disc platform for cardiac electrical regulation. The
electrocardiogram (ECG) of conscious ankyrin-G c¢KO mice was monitored by remote
telemetry. Compared to WT controls, cKO animals exhibited significant reduction in
resting heart rate. (Figure 14A-C). Impaired atrioventricular (AV) conduction in cKO
mice was also readily apparent in ¢cKO mice as evidenced by an increase in PR interval
compared with control mice (Figure 14D-F). Moreover, cKO mice displayed a
significant increase in the QRS interval, consistent with delayed mntraventricular
conduction (Figure 14D-E, G). In summary, in vivo findings strongly support a role of
the ankyrin-G-based protein complex in regulation of Na,1.5 function and cardiac

excitability.
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Figure 14. Cardiac-specific ankyrin-G null mice exhibit bradycardia and conduction

abnormalities

(A-C) Ankyrin-G cKO mice display bradycardia compared with WT littermates (WT:

n=5; cKO: n=7; p<0.05). Bar in B,C =200 ms. Representative ECG traces for (D) WT

(Continued on Page 109)
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(Figure 14 continued from Page 108)
and (E) cKO mice. ¢cKO mice show increased PR (F) and QRS (G) intervals compared

with WT mice (WT: n=6; cKO:n=7; p<0.05).
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Flecainide induces bradycardia, ORS prolongation, and arrhythmia in cKO mice

Class 1C anti-arrthythmics (Na, 1.5 antagonists) may be utilized in clinical practice
to identify individuals with Na, 1.5 abnormalities.”*> Moreover, these compounds (e.g.
lecainide) have been used to uncover Nay1.5-based arrhythmia mechanisms in animal
models.?*® 2”7 To test the finctional relevance of Na,1.5 dysfunction in the ankyrin-G
cKO mouse, we analyzed ECGs of anesthetized control and cKO mice following
flecainide administration.”?”> 2*® At baseline, ¢KO mice displayed bradycardia compared
to control mice (Figure 15A-B, E). Flecainide reduced heart rate in both control and cKO
mice (Figure 15A-E). However, the effect of flecainide on heart rate was significant and
potentially pathological n cKO mice as this ntervention resulted in an overall ~30%
decrease in heart rate compared with control mice at baseline (Figure 15E; p<0.05).
Further, m ¢KO but not control mice, flecainide caused AV block and ventricular
arrhythmia (Figure 15F-H). Specifically, 10% of control mice displayed AV block in
response to flecainide, whereas we recorded AV block in ~73% of cKO mice (Figure
15F-G; p<0.05). Of the mice showing AV block, the incidence of block was >140 fold
greater in cKO mice (control: 0.019 +0.019 episodes/min; cKO: 2.75 + 0.98
episodes/min; p<0.05). Moreover >80% of cKO mice showed arrhythmia including
bigeminy and non-sustained ventricular arrhythmia, compared to 10% of control mice
(Figure 15H, p<0.05). Consistent with conscious ECG recordings, anesthetized cKO
mice displayed prolonged QRS interval compared with control mice (Figure 16 A-C).
This QRS interval difference between genotypes was further accentuated by flecainide

administration (Figure 16C; p<0.05). Together, these data strongly support the role of
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ankyrin-G-protein complex in Na, 1.5 regulation in vivo, as well as link Na,1.5-based

mechanisms with observed cardiac electrical phenotypes in the ankyrin-G cKO mouse.
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Figure 15. Ankyrin-G ¢KO mice display conduction defects and arrhythmia in response

to Nay channel antagonist.

(A-B) ECG traces from WT and ankyrin-G ¢cKO mouse 30 seconds prior to flecainide
administration. (C-D) ECG traces from same mice (in A-B) observed 10 minutes post-
flecainide administration (20 mg/kg, 1.P.; bar=200 ms). Examples of AV block (red
arrowheads) and ventricular phenotypes (red brackets) are noted in D. (E-H) Ankyrin-G
cKO mice show significant decrease in heart rate and increase in frequency of AV block

and ventricular arrhythmia following flecainide compared with WT littermates (p<0.05).
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Figure 16. Ankyrin-G cKO mice display significant increase in QRS duration following

flecainide challenge.

Representative traces of WT and cKO mice at baseline (A) and post-flecainide mnfusion

(B). (C) Ankyrin-G cKO mice display increased QRS interval at both baseline and after

flecainide. (p<0.05).
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Ankyrin-G ¢KO mice display defects in plakophilin-2 expression and intercalated disc
targeting

Beyond membrane ion channels, in vitro work supports roles of ankyrin-G for
membrane protein regulation at cell junctions.”* #*7 We therefore tested the in vivo
requirement of ankyrin-G for expression and localization of key ID proteins as well as
Na, B-subunits that have been previously linked with ankyrin polypeptides.>** Notably,
we observed no difference in expression or localization of disc proteins N-cadherin and
[-catenin, or Nay channel B2 and 4 subunits between control and cKO hearts (Figure
17A-K; Figure 18; Figure 19). In contrast, plakophilin-2 showed a 50% increase in
expression in cKO hearts (Figure 17A-B). Further, we observed a striking redistribution
of plakophilin-2 from the ID of cKO myocytes to the cytosolic regions of isolated cKO
myocytes (Figure 17K-L) and in cardiac tissue preparations (Figure 18 A-B). While
prior work proposed a link for ankyrin-G in targeting of connexin43 in heart®*’, we
observed no difference in connexind3 expression by immunoblot, but did observe a
minor reduction in membrane localization in cKO myocytes (Figure 17C-D). Finally,
whereas ZO-1 expression was not significantly altered between WT and cKO myocytes
by immunoblot, we observed reduced membrane ZO-1 immunostaining (Figure 171-J).
Together, our new in vivo data clearly support a role of ankyrin-G in ID membrane

organization.
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Figure 17. Ankyrin-G is required for plakophilin-2 mtercalated disc expression

(A-B) Immunoblots of myocyte mtercalated disc proteins m WT versus cKO heart. Note

(Continued on Page 116)
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(Figure 17 continued from Page 115)

that plakophilin-2 levels are significantly increased in cKO hearts (n=4/genotype;
p<0.05). (C-K) Confocal imaging of WT (left) and cKO (right) myocytes labeled with
antibodies for resident intercalated disc proteins. Note that while primarily localized to
the disc of WT myocytes, plakophilin-2 is clustered in the peri-nuclear region of cKO

myocytes (arrowheads; Bar=10 microns).
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Figure 18. Intercalated disc PKP2 localization mamtained in ankyrin-G cKO cardiac

tissue.

Heart sections from ankyrin-G cKO mouse display normal plakophilin 2 (PKP2)
mtercalated disc staining (arrows) compared with WT heart (bar equals ten microns) but

mncreased intracellular staining,
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Figure 19. Nav channel beta subunit expression is not altered in cKO heart.

(A-C) Immunoblots and normalized expression levels of myocyte proteins m WT versus

cKO heart. (n=4/genotype; p=N.S.).
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Ankyrin-G ¢KO mice display catecholamine-induced arrhythmia and death

Ankyrin-G cKO mice display a number of pro-arrhythmic ECG phenotypes
associated with reduced I, (Figures 6-7). However, based on the additional observed
molecular defects in ankyrin-G cKO animals (Figure 17), we tested cKO animals for
arrthythmia susceptibility in response to elevated adrenergic stimulation. Ankyrin-G cKO
mice showed arrhythmia phenotypes following a standard I.P. epinephrine injection
protocol to mimic catecholaminergic stress (Figure 20°%). Specifically, the majority
(~62.5%) of cKO mice displayed multiple instances of ventricular arrhythmia and ~38%
of cKO mice died of malignant arrhythmias following this protocol (Figure 20 D-E; 3/8
cKO vs 0/6 control; p<0.05). Examples of sustamed premature ventricular contractions
(PVCs) as well as polymorphic ventricular arrhythmia in ¢cKO mice are shown in Figure
20 B-C. While we observed limited examples of sinus pause and rare PVCs in control
mice utilizing this protocol, we recorded no incidence of ventricular arrhythmia (0%) or
death (0%; Figure 20 A, D, E). In summary, we conclude that loss of the cardiac
ankyrin-G-based protein platform results in pro-arrhythmic ECG phenotypes at rest, and
arrhythmia and death in response to catecholaminergic stress. Of note, as catecholamine-
based arrhythmias n cKO mice were observed in the absence of elevated CaMKIIo6 or
INaL, We tested for potential alterations in myocyte calcium handling in cKO myocytes.
Consistent with whole animal data (e.g. PVCs), cKO myocytes displayed increased
mncidence of spontaneous Ca waves compared with WT myocytes (Figure 21;

n>10/genotype p<0.05).
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Figure 20. Ankyrin-G ¢KO mice display EPI-induced arrhythmias and death

(A) ECG of WT mice post-injection of epinephrine (2 mgkg, 1.P.). (B-C) Ankyrin-G

(Continued on Page 121)
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(Figure 20 continued from Page 120)

cKO mice following identical epinephrine administration display arrhythmia. (B) cKO
mouse exhibiting ectopic ventricular beats (red arrowheads). (C) Ankyrin-G cKO mouse
presenting polymorphic ventricular arrhythmia just prior to death (bottom). (D-E)
Frequency of ventricular arrhythmias and death m WT and cKO mice following

epinephrine injection (p<0.05). Bars equal 200 msec.
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Figure 21. Ankyrin-G cKO myocytes display increased calcium waves compared with

myocytes from WT littermates.
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Ankyrin-G ¢KO mice display cardiac structural phenotypes

Ankyrins are linked with assembly and maintenance of structural domains in
erythrocytes, epithelia, and neurons.?® 2%2%° Further, our data, and prior data from
Delmar and colleagues 2°’ link ankyrin-G with plakophilin-2, a protein associated with
cardiac structural remodeling in humans and mice.?*’-*°!%°? We therefore examined
ankyrin-G hearts for changes in cardiac structure or function at baseline and in agng. At
8 weeks, we observed no difference in heart weight/body weight (or tibia length) or
systolic or diastolic wall thickness between WT and c¢KO mice (Figure 22 A-F). While
we observed a non-significant trend for increased systolic and diastolic LV diameter in
cKO mice (p=N.S.), cKO mice displayed a small, but significant decrease in ejection
fraction compared to WT littermates (Figure 22 G-H). Notably, cKO mice displayed
obvious cardiac phenotypes with age (~9 months) as indicated by a further depression in
ejection fraction, increase in systolic and diastolic chamber diameters, and reduction of

both the anterior and posterior wall thickness compared to WT littermates (Figure 23).
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Figure 22. Ankyrin-G ¢KO mice display minor cardiac structural phenotypes at 8-10

weeks.

Representative short-axis M-mode images of wild-type (A) and cKO (B) mice at 8 weeks
of'age. The ratios of HW/BW (C) and HW/TL (D) are preserved as well as no change in
anterior wall thickness (E) or LV diameters (F) in cKO mice. However, cKO mice
display a small but significant decrease in fractional shortening (G) and ejection fraction

(H) compared to WT mice. For each measurement n>5/genotype; *p<0.05.
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Figure 23. Ankyrin-G c¢KO mice display structural abnormalities and reduced ventricular

function with age.

Representative short-axis M-mode image of 9 month WT (A) and cKO (B) mice. cKO

(Continued on Page 126)



(Figure 23 continued from Page 125)

mice display an increase in both the systolic (C) and diastolic (D) left ventricular
chamber diameter and a decrease in both the posterior wall (LVPW, E) and anterior wall
(LVAW, F) thickness. Consistent with chamber dilation and thinned walls, cKO mice
display a significant reduction in performance as indicated by reduced fractional

shortening (G) and ejection fraction (H). For each measurement n>5; *p<0.05.
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Discussion

Voltage-gated Na, channels are critical for the rapid upstroke of the cardiac action
potential and cardiac conduction. Defects in Nay channel function are linked with a host
of congenital and acquired forms of human disease including sinus node dysfunction,
atrial fibrillation, conduction disorders, ventricular arrhythmia, and heart failure. 31233
Despite these compelling human disease linkages and decades of elegant Na, channel
biophysical studies, the field still lacks significant fundamental knowledge of the
regulatory mechanisms governing the function of this critical molecule. Here we use in
vivo animal models to define the cellular pathway underlying the targeting of Na,1.5 and
its regulatory molecule, CaMKII? to the ntercalated disc membrane. Ankyrin-G, a
cytoskeletal adapter protein, associates with Na,1.5 and recruits the channel to the
myocyte membrane. Loss of ankyrin-G results in defects in Na, channel expression,
localization, and function. We further show that ankyrin-G, via the recruitment of PIV-
spectrin, also targets CaMKIIO to the intercalated disc. As CaMKIId phosphorylates

Na, 1.5 to modulate cardiac myocyte excitability in health and disease'®"" '*2

, our findings
provide data that support the mechanisms underlying the biogenesis of this membrane
signaling domain. Fmally, our findings confirm in vivo protein pathways for ankyrin-G
and Nay 1.5 n heart. Specifically, as described by Delmar and colleagues in cultured

237 our in vivo data link ankyrin-G with the desmosomal protein plakophilin-2

myocytes
as well as ZO-1. Further, our data associate ankyrin-G with the disc proten BIV-spectrin.
Ankyrin-G cKO mice were surprisingly viable, but display bradycardia, AV

conduction defects, QRS prolongation, and/or arrhythmia associated with flecainide or

127



epinephrine. Consistent with our proposed mechanism of Iy, dysfunction in these
animals, Na,1.5is linked with impulse propagation through the sinoatrial node (SAN?*"),
the AV node® 3, and the ventricular myocardium.25 4 Prior in vivo work links Nay1.5
dysfinction with bradycardia, and reduced SAN pacemaker potential.>* Moreover,
consistent with our findings, flecainide has been previously shown to evoke ventricular
arthythmias in multiple mouse models of Na, channel deficiency.?*® 2*” While our
findings clearly link ankyrin-G with Na, 1.5 targeting, they reveal new ankyrin-G
associated pathways that are relevant to cardiac electrical, signaling, and structural roles
in both health and disease. Genetic mutation in the ankyrin-binding motif of Na, 1.5 has
been previously linked with loss of myocyte /v, abnormal Na, channel targeting, and
human Brugada syndrome.>® However to date, ankyrin-G (4NK3) variants have not yet
been linked with human arrhythmia. Based on past findings i other tissues, as well as
work in this study, a pure loss-of-function ANK3 allele may be imcompatible with life.
Mice simply lacking Ank3 in the cerebellum are frail and display severe neurological
defects. Moreover, human ANK3 variants have been linked with bipolar disease,
schizophrenia, and autism.'%> 2°>-2°% Ankyrin-G is required for normal retinal protein
trafficking, and essential for lateral membrane biogenesis in columnar epithelia.?® 237
Based on our findings, we predict that more subtle variants may cause sinus node disease,
arrhythmia, and even structural heart disease due to defects in intercalated disc
mfrastructure.

As noted above, our data demonstrate that ankyrin-G recruits BIV-spectrin to the

mtercalated disc. In other cell types, BIV-spectrin, through their association with BIV-
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spectrin and actin form critical submembrane cytoskeletal infrastructure. In fact, defects
in spectrins have been linked with a host of pathologies in humans and animals.***
Moreover, BIV-spectrin associates with, and targets a subpopulation of CaMKIIo to the
intercalated disc to phosphorylate Na,1.5.'®%1%? Defects in CaMKIIS phosphorylation of
Nay1.5 have now been linked with multiple forms of heart faiire in humans and animal
models, 192 193
Our in vivo data support a role of ankyrin-G in organization of the intercalated
disc. Plakophilin-2 is a key disc protein, linking desmosomal cadherins with
desmoplakin and the intermediate filament system. Human plakophilin-2 loss-of-function
variants are linked with arrhythmogenic right ventricular cardiomyopathy (ARVC) and
Brugada syndrome.”’”* °® While cardiac phenotypes in the cKO model are distinct from
human ARVC (increased levels of PKP2 in cKO model versus reduced PKP2 levels in
ARVC ?°"), the unexpected new data on structural defects in ankyrin-G cKO hearts and
association with plakophilin-2 alterations are noteworthy. However, the specific
relationship between ankyrin-G and plakophilin-2, as well as the potential link between
these pathways and the observed structural defects in cKO mice, will require additional
mvestigation. Interestingly, unlke plakophilin-2, we did not observe alterations in
mtercalated disc N-cadherin or B-catenin in cKO mice. However, we observed minor
defects in connexin43 and ZO-1 membrane targeting. Notably, Delmar and colleagues
previously showed reduced connexind3 expression in ankyrin-G siRNA transfected

neonatal myocytes.’’> While future experiments will be important in defining the

relationship between these molecules (i.e. compensatory changes versus direct protein
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partners), our findings clearly implicate ankyrin-G as a multifunctional regulatory
molecule in the heart. Further, our work demonstrates that phenotypes observed in the
ankyrin-G cKO mouse likely extend far beyond simple In, deficiency.

Our in vivo findings demonstrate a critical role for ankyrin-G for intercalated disc
Nay 1.5 targeting. However, Na, 1.5 targeting to non-intercalated disc membranes has
been proposed as ankyrin-independent, relying instead on unique cellular machinery
including syntrophin/dystrophin, SAP97, caveolin-3, MOGI, and FGF12.%*° Based on the
essential role of Na, channels for myocyte excitability, we propose that the vertebrate has
evolved multiple mechanisms for Na, 1.5 membrane targeting. Future studies that
explore the specific roles of ankyrin-G versus other targeting proteins in ion channel
trafficking versus membrane scaffolding will be important to explore the relative
contribution of each protein in dictating cardiac excitability and function using in vivo
models. Further, based on the in vivo link between ankyrin-G and plakophilin-2, it will
be important to investigate the mechanistic roles of ankyrin-G in regulation of

mtermediate filaments at the intercalated disc.
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Chapter 4: Ankyrin-G expression required for compensatory ventricular response in

setting of pressure overload.

Introduction

Maintenance of proper cardiac pump function requires the coordmated conduction
of action potentials between cardiomyocytes in concert with sufficient transmission of
force from cell to cell. To accomplish this, cardiomyocytes are electrically and
mechanically coupled at therr terminal ends by a specialized membrane structure known
as the intercalated disc, first identified in 1954 by Sjostrand®®®. At the intercalated disc,
gap junctions electrically couple adjacent cells, acting as low resistance pathways to
propagate action potentials between cardiomyocytes'>®. Mechanical coupling is provided
by two cellular structures termed the fascia adherens junction and the cardiac
desmosome, integrating the plasma membrane with the actin filaments and ntermediate
flaments respectively' > '** Importantly, these structures become mislocalized and/or
deficient in both congenital and acquired forms of cardiovascular disease, ultimately
leading to failure of cardiac pump function'?® 129134261 Therefore, elucidating the
compensatory molecular pathways responsible for the maintenance of mechanical and
electrical coupling of cardiomyocytes is critical to gain insight into the pathogenesis of

human heart failure.
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Ankyrin polypeptides (ankyrin-R, ankyrin-B, and ankyrin-G) are intracellular
scaffolding proteins responsible for targeting membrane proteins in all cells, regulating
both cellular excitability and structure. Previously we demonstrated a critical requirement
for ankyrin-G in the regulation of cardiac excitability in vivo by controlling membrane
targeting of the voltage-gated sodium channel Navl.5 specifically to the intercalated disc
262 Interestingly, ankyrin-G has also been implicated in regulating mechanical coupling
in cardiomyocytes through its interaction with the desmosomal protein plakophilin-2
(PKP2) 2°°. However, the in vivo functional requirement for ankyrin-G in regulating
mechanical coupling of cardiomyocytes at baseline and in disease is unknown and
untested.

Here we report that mice with cardiac-specific silencing of ankyrin-G demonstrate
severe cardiac structural remodeling with age. In response to pressure overload via
transaortic constriction, ankyrin-G cKO animals display increased mortality, severe
systolic dysfunction and bradycardia leading to spontancous death. Mechanistically, we
link these phenotypes with reduced localization of the desmosomal protein plakophilin-2
at baseline and after transaortic constriction (TAC). In wild type mice, however, ankyrin-
G expression is upregulated 2 weeks after TAC concomitant with increased PKP2
expression/localization at the intercalated disc, demonstrating a requirement for ankyrin-
G for cardiac compensation in response to stress. In contrast, we also demonstrate that
ankyrin-G expression is decreased in samples from failing human hearts. Together, our

data demonstrate a necessity for proper ankyrin-G expression for cardiac compensation
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under pathological stress and implicate disruption of ankyrin-G in the development and

progression of human heart failure.

Results

Ankyrin-G is required for cardiac structure and function during aging

To investigate the role of ankyrin-G in cardiac function in response to normal
physiological stress, we evaluated ankyrin-G c¢KO mice during aging. As reported
previously, at two months of age, ankyrin-G cKO mice displayed normal cardiac
structure with only minor reductions in ejection fraction compared with WT mice.
However, ankyrin-G ¢cKO mice developed severe systolic dysfunction by nine months of
age’®?. Further, unlke WT mice, beginning at ten months of age, ankyrin-G cKO mice
displayed a sharp increase in mortality. In fact, unlke WT mice, only 30% of ankyrin-G
cKO mice survived to the age of 15 months (Figure 24A; 3/10 cKO vs. 10/10 WT;
p<0.05). Hearts of aged ankyrin-G cKO mice were significantly larger than age-matched
WT mice, displaying increases in heart weight / tibia length ratio (Figure 24 B-C). In line
with these data, surviving one year old ankyrin-G c¢KO mice showed pathologic
reduction in ejection fraction compared to WT mice (Figure 24 F; WT: 50.20 = 1.68%;
cKO: 31.08 £7.36%; p<0.05) with no gross changes in ventricular wall thickness or
mternal diameter (Figure 24 G-I). Instead, ankyrin-G cKO mice displayed increased
myocardial vacuolization that was not present in WT mice (Figure 24 J,K). These data
support a critical role of ankyrin-G in cardiac structure/function during the normal

physiologic aging process.
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Figure 24. AnkG cKO mice display increased mortality and ventricular dysfunction with

age.

(A) Kaplan-Meier survival analysis demonstrates increased mortality in ankG cKO mice

(Continued on Page 135)
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(Figure 24 continued from Page 134)

beginning at 10 months of age (15 week survival: WT 10/10; AnkG cKO 3/10; P<0.05)).
(B) Hematoxylin and Eosin staining of wild type and ankG cKO hearts at 12 months of
age demonstrate enlarged hearts with (C) increased heart weight to tibia ratio (N=5 WT,;
8 ankG cKO ; P<0.05). M-mode images of (D) wild type and (E) ankG cKO hearts
demonstrate a significant decrease in (F) ejection fraction m ankG cKO mice at 12
months (n= 5 WT, 6 ankG cKO; P<0.05). Analysis of M-mode images demonstrates
unchanged (G) LVID,d, (H) LVPW.,d, (I) LVAW.,d in aged ankG cKO at 12 months of
age. (J) Masson’s Trichrome staining of aged wild type heart sections demonstrates
preserved myocardial structure. (K,L) In contrast, aged ankG cKO heart sections
demonstrate severe cardiac structural disruptions including minor fibrosis and severe

vacuolization.
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Loss of ankyrin-G accelerates cardiac remodeling following pathological stress

To directly test the impact of ankyrin-G loss on cardiac remodeling in the face of
pathological stress, we analyzed WT and ankyrin-G c¢cKO mice following transaortic
constriction (TAC). This experimental model produces ventricular hypertrophy two
weeks following TAC and cardiac decompensation 6 weeks following TAC 2%3. Unlike
WT controls, ankyrin-G cKO animals displayed increased mortality begnning
mmediately at two weeks following TAC (Figure 25 A; WT: 1/8 died prior to six weeks
post-surgery; cKO: 8/14 died prior to six weeks post-surgery; p<0.05). All WT and cKO
sham controls survived the six weeks post-surgical time (WT: 5/5; cKO: 6/6). Consistent
with the protocol, hearts from both surviving WT and ankyrin-G cKO mice displayed a
significant increase in heart weight/tibia length ratio following TAC (Figure 25B).
However, unlke WT control mice, ankyrin-G c¢KO mice displayed increased lung
weight/ tibia length ratio, indicative ofthe development of congestive heart failure in
these animals (Figure 25C). Gross histologic examination of cardiac sections (Figure
25D) demonstrated chamber dilation and elongation i ankyrin-G cKO, but not WT
animals after only 2 weeks post-TAC. At baseline (prior to TAC), we observed no
difference i myocardial fibrosis / necrosis in either WT or cKO animals (Figure 25 E,
F). However after only two weeks post-TAC, compared with WT animals, we observed
significant myocardial remodeling including increased fibrosis and presence of

vacuolization in ankyrin-G cKO mice (Figure 25 G,H).
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(Figure 25 continued from Page 137)

(A) Kaplan-Meier survival analysis demonstrates increased mortality n ankG cKO mice
beginning at 2 weeks post TAC (6 week survival: WT TAC: 7/8; AnkG cKO TAC: 6/14;
WT sham: 5/5 ankG cKO sham: 6/6). AnkG cKO TAC hearts demonstrate (B)
statistically similar heart weight to tibia ratio comparted to wild type TAC hearts at 2 and
8 weeks post TAC (N=4 WT 2 weeks; 5 WT 8 weeks; 10 ankG ¢cKO TAC) (C)
However ankG cKO TAC hearts demonstrate a statistically significant increase in lung
weight to tibia length ratio (P<0.05.) (D) Representative heart sections stained with
Masson’s Trichome. Masson’s Trichrome staining of (E) wild type and (F) ankG cKO
heart sections at baseline demonstrate preserved myocardial structure. (G) Wild type
heart sections after TAC also display preserved cardiac tissue structure. In contrast, (H)

ankG cKO TAC heart sections demonstrate severe vacuolization.
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Based on these data, we performed cardiac functional analysis in WT and
ankyrin-G cKO mice following TAC. M-mode images of ankyrin-G cKO hearts revealed
a small, but significant decrease in ejection fraction at baseline compared to WT controls
at baseline (Figure 26E, WT: 55.65 £1.05% cKO: 52.37 £1.09%, p<0.05). However,
following only two weeks post-TAC, ankyrin-G cKO revealed significant and severe
decreased ejection fraction (33.55 + 5.24%, reduced ~35% from baseline p<0.05)
compared to WT animals (53.85 £1.79%; reduced ~4% from baseline). We observed no
significant difference in ejection fraction compared to baseline for WT and ankyrin-G
cKO sham operated animals following TAC.

Related to cardiac chamber size, we observed a small, but significant decrease in
diastolic left ventricular internal diameter (LVID,d) in ankyrin-G ¢KO mice compared to
WT controls at baseline (Figure 26F, WT: 4.31 £0.04 mm; cKO: 4.02 +0.05 mm;
p<0.05). After 2 weeks TAC, WT animals demonstrate an insignificant trend for a
decrease in LVID,d compared to WT baseline animals (Figure 26F, WT TAC: 4.14 +
0.04 mm). In contrast, surviving ankyrin-G cKO animals displayed significant ventricular
dilation compared to baseline ankyrin-G cKO values (Figure 26F, cKO TAC: 4.45 +0.13
mm, p<0.05) following TAC. WT and ankyrin-G c¢KO sham operated animals
demonstrated no significant difference n LVID,d compared to baseline.

Compared to WT controls, ankyrin-G cKO animals at baseline displayed no
difference i diastolic left ventricular anterior wall (LVAW,d) thickness (WT: 0.85 +0.03
mm; cKO: 0.81+0.02 mm) or left ventricular posterior wall (LVPW,d) thickness(WT:

0.74 £0.02 mm; cKO: 0.75 £0.03 mm). In mice, transaortic constriction has been shown
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to stimulate ventricular hypertrophy at two weeks post-surgery. In WT mice, this
hypertrophic response was demonstrated by significant increases in LVAW,d thickness
(Figure 26G WT TAC: 0.99 £+ 0.03 mm, p<0.05) and LVPW.d thickness (Fig 3H WT
TAC: 0.98 £ 0.06 mm, P<0.05). Following TAC, however, ankyrin-G c¢KO mice do not
display significant increases in LVAW.d thickness (Figure 26G cKO TAC: 0.88 £0.04
mm) or LVPW thickness (Figure 26H cKO TAC: 0.83 £+ 0.02 mm). Thus, cardiac

expression of ankyrin-G is critical for ventricular compensation to pressure overload.
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Figure 26. Ankyrin-G cKO mice demonstrate severe systolic dysfunction and ventricular

dilation 2 weeks post TAC.

Representative M-mode images of (A, B) wild type and (C, D) ankG cKO hearts at

(Continued on Page 142)
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(Figure 26 continued on Page 141)

baseline and after 2 weeks TAC. Analysis of short-axis M-mode images demonstrates (E)
decreased ejection fraction and (F) increased left ventricular mternal dimension during
diastole in ankG cKO mice following 2 weeks TAC (N for each group listed below bar
graph; P<0.05). Measurement of (G) left ventricular anterior wall (LVAW,d) and (H) left
ventricular posterior wall (LVPW,d) thickness during diastole demonstrates increases in
wall thicknesses in wild type mice following TAC (P<0.05). AnkG cKO mice wall

thickness increases, but not significantly (n.s.).
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Electrophysiologically, at baseline ankyrin-G c¢KO animals displayed decreased
resting heart rates compared to WT controls (Figure 27E, WT: 600.6 £7.7 bpm; cKO:
498.2 £21.1 bpm; p<0.05). This trend persisted, and in fact even increased between
genotypes two weeks post-TAC. (WT TAC: 678.9 £16.9, p<0.05). (cKO TAC: 5554 +
17.1; p=n.s.) At baseline, cKO animals displayed significantly increased PR and QRS
mtervals (Figure 27 F, G), similar to previous data presented here, as a result of altered
conduction due to reduced Ina 262, Further, compared to WT TAC animals at two months
of'age, ankyrin-G cKO TAC mice display significantly increased PR interval length, but
statistically insignificant increases in QRS mterval length. In contrast to the EPI-induced
arrhythmia and death in baseline ankyrin-G cKO animals (Figure 20), tachyarrhythmias,
unexpectedly, were not the cause of mortality in ankyrin-G cKO mice post-TAC.
Ambulatory recordings of conscious ankyrin-G cKO TAC animals at the time of death
revealed higher incidence of brady-arrhythmia preceding death with no arrhythmic events
noted in WT TAC animals (Figure 27 H,I; WT: 0/4; cKO: 4/7; p<0.05). In summary,
these in vivo data demonstrate an indispensable role for ankyrin-G i the cardiac
compensatory response to pressure overload. Further, these findings illustrate pump

failure versus arrhythmia as the cause of mortality in ankyrin-G cKO animals post-TAC.
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Figure 27. Ankyrin-G c¢KO TAC mice display abnormal regulation of heart rate.

Representative ECGs from ambulatory wild type mice at (A) baseline and (B) 2 weeks
post TAC reveal an increase in resting heart rate in response to transaortic banding. (C)
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(Figure 27 continued from Page 144)

ECGs from ambulatory ankG cKO mice demonstrate decreased resting heart rate at
baseline. (D) In response to TAC, ankG ¢KO mice display decreased resting heart rate
relative to wild-type controls. Bar = 100 msec. (E) Quantification of average resting heart
rates in all experimental groups. AnkG cKO mice display increased (F) PR mterval and
(G) QRS mterval at baseline and after TAC relative to WT controls. (N for each group
listed in bar graph; P<0.05) (H) AnkG cKO mice show increased rate of spontaneous
death. (I) Telemetric monitoring demonstrates that ankG cKO animals develop severe

bradycardia eventually leading to death. Bar=250 msec.
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To investigate ankyrin-G-dependent mechanisms during cardiac remodeling,
regulates the cellular response to pressure overload, we next performed immunostaining
of WT cardiomyocytes isolated from WT hearts at baseline (Figure 28A) and after 2
weeks TAC (Figure 28B). Ankyrin-G is primarily localized to the intercalated disc of the
cardiomyocyte (Figure 28A), consistent with previous reports fiom our lab and others '*¢
189,262 However, myocytes isolated from WT hearts following 2 weeks TAC demonstrate
a significant upregulation of ankyrin-G at the ntercalated disc (Figure 28B). Z-stack
confocal microscopy (Figure 28C) confirmed significant increases of ankyrin-G
localization at the mtercalated disc after 2 weeks TAC concurrent with enlargement of
the cardiomyocyte. Consistent with these data, immmunoblots demonstrated an ~2.5 fold
increase in ankyrin-G expression in WT hearts following 2 weeks TAC compared to WT
hearts at baseline (Figure 28D; p<0.05). CaMKII expression has also been showed to
increase following 2 weeks transaortic constriction. Likewise, we demonstrate ~9 fold
upregulation of CaMKII expression after 2 weeks TAC (Figure 28D; p<0.05) in
agreement with previous data at the same timepoint*®*. Based on our data, we

hypothesized that an increase in ankyrin-G expression is necessary to maintain

cardiomyocyte structural mntegrity during pathological stress.
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Figure 28. Ankyrin-G expression increases 2 weeks after TAC in WT mice.

Immunofluorescent staining of wild type cardiomyocytes at (A) baseline and after (B) 2
weeks TAC display increased expression of ankyrin-G (red) at the intercalated disc
during hypertrophy. (C) Composite z-stack images demonstrate increased intercalated
disc expression of ankyrin-G in tandem with an increase in cardiomyocyte size (bar =20
microns). (D) Immunoblot analysis demonstrates an ~ 2.5 fold increase in total ankyrin-G
expression as well as ~9 fold increase in CaMKII expression after 2 weeks TAC.

N=3/group, P<0.05.
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Ankyrin-G ¢cKO mice display defects in intermediate filament organization / integration
at the intercalated disc.

Interestingly, previous investigations have shown that expression / localization of
another desmosomal protein Plakophilin-2 (PKP2), is disrupted in the absence of
ankyrin-G  29%-2°2 PKP2 finctions to integrate intermediate filaments (comprised of
desmin) into the desmosomal plaque. Further, previous imnvestigation has demonstrated
that DSC-2 membrane targeting is dependent on PKP-2 expression (ref). In WT animals
at baseline, PKP2 is normally localized to the intercalated disc (Figure 29A). However, at
baseline ankyrin-G cKO animals show mislocalization of PKP2 from the intercalated disc
to the cytoplasm (Figure 29B), consistent with previous findings. In WT animals after 2
weeks TAC, PKP2 levels increase at the intercalated disc (Figure 29C) along with ~40%
increase in total PKP2 expression (Figure 29E, p<0.05). Conversely, ankyrin-G cKO
animals display massive disruptions in PKP2 localization at the ntercalated disc
following 2 weeks TAC (Figure 29D). At baseline, cKO animals demonstrate ~40%
increase in PKP2 levels, as demonstrated previously. However, after 2 weeks TAC, PKP2
expression in cKO animals increases ~100% from WT baseline. PKP2 expression in cKO
TAC animals was statistically significant compared to all groups tested (#p<0.05).

As PKP2 integrates intermediate filaments into the desmosomal plaques found at
the intercalated disc, we next examined cryosections of WT and cKO hearts to look at
mtermediate filament localization. In WT and WT TAC cryosections, desmin is heavily
localized at the intercalated disc, but also demonstrates a striated appearance (Figure 29

F, G) e.g sarcomeric desmin). Conversely, cKO animals at baseline demonstrate reduced
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desmin localization at the intercalated disc due to disruptions of plakophilin-2 expression
(Figure 29H). Further, cKO hearts subjected to 2 weeks TAC also show disrupted desmin
localization (Figure 291), supporting that ankyrin-G expression, through its interaction
with PKP2, regulates the intermediate filament cytoskeleton in the heart. As our new
findings are consistent with a model where loss of ankyrin-G-dependent regulation of the
mtercalated disc intermediate filament network accelerates cardiac remodeling following

pathological stress.
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Figure 29. Plakophilin-2 expression is dysregulated i the absence of ankyrin-G

Composite z-stack images of (A) wild type and (B) cKO cardiomyocytes at baseline
demonstrate cellular redistribution of plakophilin-2 in cKO cardiomyocytes. (C) After 2
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(Figure 29 continued from Page 150)

weeks TAC, plakophilin-2 localization at the intercalated disc increases m WT TAC
cardiomyocytes. (D) Conversely, plakophilin-2 distribution is severely disrupted m cKO
TAC cells. (E) Immunoblot demonstrates that plakophilin-2 expression is increased cKO
hearts relative to WT hearts at baseline and after 2 weeks TAC (N=3/group; P<0.05. (F-
I) Immunofluorescent staining of the intermediate filament protein desmin demonstrates
preferential localization to the mtercalated disc in WT heart tissue at (F) baseline and (G)
after 2 weeks TAC. (H) In cKO hearts at baseline, desmin immunolocalization is
decreased at the intercalated disc. (I) cKO hearts after 2 weeks TAC further show

decreased levels of desmin at the intercalated disc
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Ankyrin-G expression is altered in human heart failure

Several reports have demonstrated dysregulated expression of ankyrin-G in
multiple non-cardiac pathologies including generalized ischemia 2! and traumatic brain
injury 2**, Based on our data, we investigated the regulation of ankyrin-G in the setting of
human heart failure. Immunostaining of non-failing human heart tissue demonstrated
predominant localization of ankyrin-G to the intercalated disc (Figure 30A, white
arrows). In both ischemic (Figure 30B) and non-ischemic (Figure 30C) human heart
failure, ankyrin-G expression at the intercalated disc was diminished (white asterisks). In
line with these data, immunoblot analysis demonstrated a significant reduction (~50%) of
ankyrin-G protein expression i ischemic human heart failure tissue (IHF, Figure 30D)
and non-ischemic human heart failure tissue (NIHF, Figure 30E) relative to non-failing
controls (p<0.05). These results demonstrate that expression of ankyrin-G is dysregulated
n multiple forms of human heart failure and may be a critical event in the development /

progression of heart failure in humans.
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Figure 30. Ankyrin-G expression is dysregulated in human heart failure.

Immunofluorescent staining of (A) non-failing human myocardium demonstrates primary
localization of ankyrin-G (red) at the intercalated disc (white arrows). In contrast,
sections of human hearts diagnosed with (B) ischemic and (C) non-ischemic heart failure
display disruptions of ankyrin-G (red) staining at the intercalated disc (white asterisks).
N-cadherin (green) used as marker of intercalated disc (bar = 10 microns). Immunoblot
analysis demonstrates a decrease in total ankyrin-G expression in (D) ischemic and (E)

non-ischemic heart failure. (n= 3 NF; 5 IHF; 5 NIHF. P<0.05).
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Discussion

To our knowledge, this is the first investigation detailing that functional
expression of ankyrin-G is required for cardiac compensation in response to pressure
overload via transaortic constriction. In both aged systems (Figure 24) and after 2 weeks
TAC (Fig 25, 26), cKO animals demonstrate severe heart failure phenotypes including
reductions in systolic function as evidenced by reduced ejection fraction and severe
cardiac structural remodeling. Ultimately, these aberrances lead to increased mortality in
the cKO animal populations (Fig 24, 25). Further, we demonstrate that ankyrin-G
expression is upregulated in wild type animals following 2 weeks TAC (Figure 28). Ours
is not the first mvestigation to demonstrate an upregulation of ankyrin-G protein
expression in response to cardiac stress. Canine cardiomyocytes isolated from the border
zone of a myocardial infarct also demonstrate significant increases in ankyrin-G
expression as soon as 48 hours post-occlusion '*’. We propose that this upregulation of
ankyrin-G is a compensatory response necessary to increase and/or maintain mechanical
coupling of cardiac myocytes during times of cardiac stress.

Mechanistically, we link ankyrin-G deficiency with disrupted cellular localization
of the desmosomal protein plakophilin-2 at baseline and after TAC (Figure 29).
Following TAC, expression of both ankyrin-G and PKP2 is increased coupled with
increased ankyrin-G/PKP2 localization at the intercalated disc. We propose that these
events are necessary for cardiac compensation to chronic pressure overload. A functional
link between ankyrin-G and PKP2 has been demonstrated previously in vitro by the

Delmar 1ab**°. An in vitro association between ankyrin-G and PKP-2 has been
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demonstrated previously by the Delmar lab. Specifically, siRNA-mediated silencing of
ankyrin-G in neonatal rat ventricular cardiac myocytes led to redistribution of
plakophilin-2 from sites of cell-cell contact. Consequently, this disruption in PKP-2
localization produced finctional decreases in intracellular adhesion strength 2°°. Here we
demonstrate that cardiac-specific silencing of ankyrin-G leads to decreased localization
of PKP2 at the intercalated disc in cKO myocytes at baseline and after TAC. In humans,
loss of function mutations in PKP2 have been with severe cardiovascular diseases such as
arthythmogenic right ventricular cardiomyopathy (ARVC) *°%, dilated cardiomyopathy”®*,
and Brugada syndrome 2%, Given the extreme importance of proper PKP2 expression in
the human heart, we hypothesize that the severe contractile dysfunction and structural
remodeling seen in cKO animals is caused, in part, by deficient PKP2 localization in the
absence of ankyrin-G.

Indeed, previous mvestigations have demonstrated a structural requirement for
ankyrin-G in vitro in multiple cell types. In neurons, ankyrin-G is required for the
stability of structural components of the axon mitial segment including neurofascin-186
(NF-186) and neuronal cell adhesion molecule (NrCAM) '°!. Further, expression of
ankyrin-G in CNS neurons and oligodendrocytes is responsible for the rapid structural
formation of nodes of Ranvier '?'. Multiple reports have demonstrated that ankyrin-G is
necessary for the retention of E-cadherin, a molecular event necessary for the biogenesis
of the lateral membrane in human bronchiolar epithelial cells 2”>%. Given the presence of

such severe dysfunction, however, we hypothesized that the phenotypes displayed by the
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cKO mice following TAC were likely caused by multiple changes to the cardiac myocyte
structural apparatus.

PKP2 is a critical component of the cardiac desmosome. Desmosomes are
membrane structures present in multiple human cell types that act to link adjacent cells
together into a functional tissue. Specifically in the heart, desmosomal plaques are
composed of the transmembrane cadherins desmoglein-2 (DSG2) and desmocollin-2
(DSC2) that act as a “spot weld” between cells. PKP2 and Plakoglobin (JUP) then
associate with the cytoplasmic tails of DSC2/DSG2'**. In order to provide strong,
mechanical linking of adjacent cells into a functional tissue, desmosomes couple to the
mtermediate filament network. In the heart, desmin is the main protein component of
intermediate filaments and is mainly localized to sarcomeres and the intercalated disc *°°.
The desmosomal protein desmoplakin (DP) binds to desmin i the cardiomyocyte and
scaffolds the desmin filaments to PKP2 and Plakoglobin (JUP) in the desmosome'**. As a
result of deficient PKP2 targeting in cKO animals, desmin localization at the intercalated
disc is also disrupted at baseline and following 2 weeks TAC, further weakening the
cytoarchitecture in cKO cardiomyocytes (Figure 29). Interestingly, human mutations in
desmin (DES) have also been linked with congenital dilated cardiomyopathy*®’ and right
ventricular heart failure 2%, Further, desmin organization is disrupted in acquired human
heart failure. Taken together, our data demonstrate a critical regulatory role for ankyrin-G

in the regulation of cardiac desmosomal components at baseline and following chronic

pressure overload.

156



One mteresting finding given the severe structural abnormalities witnessed in
cKO animals after TAC was the absence of fatal tachyarrhythmia (Figure 27). At
baseline, we demonstrated that ankyrin-G c¢KO mice display fatal arrhythmia n the
presence of a catecholamine challenge 2?. Surprisingly, after 2 weeks TAC, telemetered
cKO animals displayed a progressive bradycardia rapidly leading to death. Interestingly,
human SCN5A variants have been linked with sick sinus syndrome, suggesting that the
bradycardia could be caused by severe In, deficiency”®®. Although Navl.5 is not
expressed in sinus nodal cells, the transition zone between the SA node proper and atrial
myocardium is enriched in Navl.5. Therefore decreased Navl.5 expression in these
transitional cells may underlie this bradycardic response'’®. However, given the multitude
of ankyrin-dependent interacting partners, a remaining question at this time is the
functional requirement of ankyrin-G in the SA nodal cells themselves. Future
experiments will be necessary to determine if and to what extent ankyrin-G modulates
sinoatrial cellular excitability and/or cellular integrity.

Human variants in ankyrin-G (ANK3) have been linked with multiple
neuropshychiatric disorders including bipolar disorder 2’°, schizophrenia '°*, post-
traumatic stress disorder '°%, and autism '%°. Surprisingly, none of the reported human
ankyrin-G variants has been shown to cause cardiac arrhythmia or cardiomyopathy.
While further investigation may uncover such a human variant, our data predict a
necessary role for ankyrin-G with respect to cardiac function. Further, neuropsychiatric
patients have increased propensity to develop cardiovascular diseases than the general

population 2’':27?  Although higher rates of external cardiovascular comorbidities
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(smoking, obesity, sedentary life-style) are witnessed in these patients compared to the
general population, it is quite intriguing to speculate that a loss-of-function mutation in
ankyrin-G may make these patients more susceptible to developing cardiovascular
disease. Our data also indicate a decrease in ankyrin-G expression in the setting of
acquired human heart failure (Figure 30). Human samples from both ischemic and non-
ischemic human heart failure demonstrate ~50% reduction i ankyrin-G expression
relative to non-failing control samples. Coupled with our in vivo data and biochemical
experiments, we propose that ankyrin-G expression is necessary to properly compensate
for stresses placed on the heart and that ankyrin-G dysregulation may be a common event

in the development and/or progression of human heart failure.
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Chapter 5: Conclusions and Future Directions

In accordance with experimental evidence derived from other cell types, ankyrin-
G regulated both cellular excitability and architecture in the cardiomyocyte as
hypothesized. Although i vitro evidence had indicated a role for ankyrin-G in regulating
these cellular properties, this is the first report detailing the molecular, cellular, and
functional consequences of ankyrin-G deficiency in the heart in vivo. Why is this so
mportant? Work from this study has demonstrated that ankyrin-G expression and cellular
localization is decreased in the setting of acquired heart failure (Figure 30). Given the
severe functional disruptions witnessed in ankyrin-G animals, it is intriguing to speculate
that deficiencies in the functional expression of ankyrin-G in humans may underlie
multiple pathologies seen in the setting of acquired CVD.

First, ankyrin-G is necessary to target a large proportion of the voltage-gated
sodium channel Navl.5 to the mntercalated disc in vivo, as determined by the biochemical
and electrophysiological evidence presented earlier. Silencing of ankyrin-G in vivo was
sufficient to cause decreased heart rate, significant conduction abnormalities, and severe
arrthythmia in response to the Nav channel antagonist flecainide. Navl.5 is the
predominant voltage-gated sodium channel in the cardiomyocyte. However, multiple
“neuronal” sodium channels (Navl.l, Navl.2, Navl.3, and Navl.6) are also present in

the cardiomyocyte, preferentially localizing to the transverse-tubule network. As these

159



channels do contain a consensus ankyrin-G binding sequence, we cannot rule out a direct
association between these channels and ankyrin-G. However, multiple studies have
shown that the expression level of these channels is relatively low in comparison with
Navl.5, contributing 5-20% of peak sodium current density'”>"!7*. Recent work from the
Mohler laboratory determined the relative contribution of Navl.5 to peak Na" current
density using ScnSa-floxed neonatal cardiomyocytes treated with Cre recombinase in
adenovirus. After treatment, cells receiving Cre recombinase demonstrated >95%
reduction in peak sodium current density compared to control cells, indicating a relatively
minor role for neuronal Na' channel populations for normal cardiomyocyte cellular
physiology'”®. However, evidence exists suggesting a role for these neuronal sodium
channels in rare cardiovascular diseases (sudden unexplained death in epilepsy®’>,
CPVT**)and ischemic heart failure (Navl.l upregulation®’”). Therefore, it will be of
mterest to nvestigate the role of ankyrin-G with respect to the cellular targeting of these
neuronal sodium channels.

In response to decreased functional expression of Navl.5 in ankyrin-G cKO
cardiomyocytes, resting heart rate was significantly reduced relative to WT controls at
baseline. In support of this finding, human SCN54 variants have been implicated i sick
sinus syndrome and animal models of Navl.5 deficiency have demonstrated decreased
resting heart rate®>':2%°, Although Navl.5 is not present in the sinus nodal cells,
mmmuno fluorescence has demonstrated that the cells peripheral to the sinus node do
express Navl.5, possibly mediating the conduction of the action potential from the sinus

node proper to the surrounding atrial tissue'’® 2*'. Further, PR and QRS interval were also
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prolonged. The PR interval correlates with the time for transmission of the impulse
through the AV node, to the AV bundle and through the right and left bundle branches to
the Purkinje fibers'®. Interestingly, human SCN5A4 variants have been linked with AV
conduction slowing and/or block?**. Although the compact node does not express Navl.5,
multiple studies have demonstrated that the nputs to the AV node (e.g. inferior nodal
extension, transition zone) and the outputs from the AV node (e.g. AV bundle and bundle
branches) express Navl.5. Therefore, disruptions in Navl.5 expression could result n
conduction slowing /block either before or after the compact node itself, as seen in the
ankyrin-G cKO animals?’®. The QRS interval measures the time for activation of the
ventricular myocytes'>. As functional Navl.5 expression is decreased significantly in
ankyrin-G cKO ventricular myocytes (resulting in decreased action potential upstroke
velocity?’), conduction velocity through the ventricles is also decreased, demonstrated
by prolonged QRS mntervals. Further supporting our findings, mice heterozygous for
Scnda develop significant conduction slowing (PR and QRS) and AV nodal block. These
conduction disturbances in ScnSa " animals (similar to ankyrin-G c¢KO animals) become
increasingly severe in the presence of the Nav channel antagonist flecainide'””.

Our results also demonstrate that ankyrin-G is required for the formation ofa
regulatory complex around Navl.5. Specifically, we show that ankyrin-G is required for
the recruitment of BIV-spectrin to the intercalated disc. Work from the Hund Laboratory
previously demonstrated that BIV-spectrin is required to target CaMKIIo to the

intercalated disc to regulate Navl.5 channel properties'®’. Specifically, activation of

CaMKII3 results in increase in the amount of “persistent” or “late” Ing'" " '*% After rapid
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activation, Na' channels rapidly inactivate, diminishing the magnitude ofthe Na" current
back to near baseline levels due to channel inactivation'®’. However, a proportion of
these Na' channels either do not activate properly or reactivate, producing a minor
depolarizing current termed “late” Na* current’’®. In a setting such as heart failure, this
proportion of non-inactivating channels increases, lengthening the action potential and

increasing the proarrhythmic potential of the cardiomyocyte'®?

. Why, if this current is so
detrimental, does it occur in a cardiomyocyte?

In an acute setting of cardiac insufficiency, adrenergic stimulation of the
myocardium increases to maintain cardiac output (ie. increased contractility, increased

heart rate, increased rate of relaxation)'’

. This adrenergic nput, among other signaling
consequences, activates CaMKIIS to produce multiple end effects'*” 27°. In particular,
work from the Hund Laboratory demonstrated that CaMKIId phosphorylates Navl.5 at
Serine571'%°. Importantly, this phosphorylation increases late sodium current, causing an
increase in the cytoplasmic Na' concentration. Recall that one of the main ways to
extrude Ca™ from the cytoplasm is through NCX. By decreasing the concentration
gradient of Na" across the membrane, this will decrease Ca' efflux. As a result, this
increase in cytoplasmic Ca*? will be taken up by SERCA2a into the SR, a finding seen by
Sossalla et al. 2008 when stimulating late In, by Anemonia sulcata toxin 1'%, This
increase in SR Ca™ would favor increased Ca’” transient height leading to stronger
celular force development during systole as a compensatory function®®’. However, in a

state of chronic adrenergic activation such as heart failure, increased late Na" current

would prolong the action potential duration'®** ?!, favoring reactivation of voltage-gated
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Na" and Ca™* channels, producing an early afterdepolarization (EAD)'®’:**2. Further,
increased SR Ca' load increases RyR2 open probability, favoring spontaneous release of
Ca+2 from the SR and increasing the probability of delayed afterdepolarizations
(DAD)'”®. As both EADs and DADs are proarrhythmic occurences, inhibition of late Iy,
has recently been targeted as a potential antiarrhythmic therapy”®’.

Experimentally, we can induce late I, using adrenergic agonists such as
isoproterenol (1 uM)'*°. In WT murine cardiomyocytes, this results in an increased influx
of late In,, at a magnitude approximately 1-2% of peak In,. In ankyrin-G ¢KO
cardiomyocytes, however, late In, cannot be stimulated by isoproterenol as CaMKIIS
targeting at the intercalated disc is disrupted due to decreased recruitment of BIV-
spectrin. This electrophysiological finding was corroborated by the use of a phospho-
specific p-Ser571 Navl.5 antibody. Both whole heart lysates and isolated cardiomyocytes
showed reductions in the levels of p-Ser571 Navl.5. This finding indicates that ankyrin-
G expression at the intercalated disc is necessary for CaMKIId-dependent regulation of
Navl.5 at baseline. However, viewing the data as a whole, an interesting question arises:
If ankyrin-G expression at the intercalated disc is decreased m human heart failure, how
could late In, be increased i this setting? This question is further complicated by recent
findings from the Hund Laboratory similarly demonstrating reductions in BIV-spectrin
expression under the same disease conditions in humans®®*.

At this point, it is necessary to point out that this late In, parameter was only
assessed in non-failing WT and ankyrin-G cKO cardiomyocytes. Therefore, we cannot

make any conclusions regarding the dependence of ankyrin-G in stimulating late In,in a
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failing cardiomyocyte at this time. However, a simple hypothesis can be proposed to
answer this question at present. Expression of total CaMKII6 and activated CaMKII® is
increased in human heart failure®®®. Further, work from the Hund laboratory has also
demonstrated no change i total Navl.5 expression, but increased phosphorylation of
Navl.5 at Ser571 in human heart failure samples'?. However, coupled with data
demonstrating decreased Na' current density in failing canine and human ventricular
cardiomyocytes, this would suggest that a large proportion of expressed Navl.5 is not

218 This is in agreement with a model whereby

functional i failing cardiomyocytes
ankyrin-G expression is decreased in heart failure, impairing recruitment of Navl.5 to the
plasma membrane at baseline. However, as more CaMKII9 is expressed in failing
cardiomyocytes, the ratio of activated CaMKII to functional Navl.5 would increase,
resulting in an increase in phosphorylated Navl.5 producing more late In,. To test this
hypothesis, one could over-express CaMKIIo in an ankyrin-G cKO cell and conduct
electrophysiologic recordings to investigate for the presence/absence of late Iy, after
isoproterenol stimulation. This would confirm whether or not CaMKII6 requires specific
targeting to Navl.5 to functionally regulate Navl.5 in a setting of increased CaMKII6
expression (i.e. heart failure, myocardial infarct).

Although we demonstrate an approximate 60% decrease in total CaMKIId
expression, localization of this kinase is only disrupted at the intercalated disc whereas
transverse-tubule populations of CaMKIIS (interacting with RyR2 and Cavl.2) are

conserved?®® 287 With respect to CVD, CaMKIIS activation is increased after myocardial

infarction and in non-ischemic heart failure®®>* 2*%. This hyper-activation of CaMKII$ is
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subsequently linked with spontaneous Ca+2 release from the RyR2, increased
cardiomyocyte apoptosis, and activation of pathological ventricular hypertrophy'*®: 23,
Given the large decrease in CaMKIIS expression in ankyrin-G cKO mice, we were
surprised to find that ankyrin-G cKO mice had a higher propensity of arrhythmia
following sympathetic stimulation at baseline. Although mnhibition of CaMKIId in animal
models has shown to be anti-arrhythmic®®’, a simple explanation for this dysfunction in
ankyrin-G cKO hearts exists. In a setting of decreased peak and late Na" current, the Na"
concentration gradient across the cell would increase. This would act to increase Ca ™
extrusion via NCX. In the setting of unchanged Cavl.2 expression (ie. same amount of
trigger Ca'” entering during the action potential) seen in ankyrin-G cKO cells, one would
hypothesize that NCX would extrude more Ca*? than was brought into the cell. This
would favor Ca*? under-loading in the SR at baseline.

However, as discussed previously, decreased SR Ca™ content would cause
decreases in Ca'” transient height (i.c. less Ca*’ released to activate the myofilaments per

excitation) resulting in decreased contractile force”*’

. Although a significant reduction in
ejection fraction is noticed in ankyrin-G cKO hearts at baseline, these differences are
quite minor relative to WT controls. As a result, we would hypothesize that the Ca'>
transients in ankyrin-G cKO cells are also unchanged at baseline. In a setting of
decreased SR Ca™ content with unchanged Ca'?transient height, RyR2 would have to
become sensitized to release more Ca'? per excitation in ankyrin-G cKO cells. One of the

major ways that RyR2 becomes sensitized is through phosphorylation at Ser2814 by

CaMKII3?*’. Phosphorylation of RyR2 at Ser2814 increases the open probability of
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RyR2, causing this Ca™ release unit to release relatively more Ca ™ per excitation.
However, this CaMKIId-dependent RyR2 hypersensitivity has been shown to cause
spontancous Ca " release and leak from the SR, resulting in the production of pro-
arthythmic DADs*°. As CaMKII$ targeting to RyR2 appears unaffected, increased RyR2
phosphorylation at Ser2814 in ankyrin-G c¢KO cardiomyocytes could be a plausible
mechanism that would produce unchanged Ca'*? transient height with an increased
propensity for arrhythmia witnessed in ankyrin-G c¢KO mice after sympathetic
stimulation. However, this hypothesis remains to be tested.

We were further surprised that ankyrin-G mice spontaneously develop
pathological remodeling at an accelerated rate with age. This was further surprising given
the drastic reduction in the expression of CaMKIIS in ankyrin-G cKO mice. Although
these phenotypes were incredibly severe in aged ankyrin-G cKO mice, a recent report
demonstrated that expression of Cre recombinase alone was sufficient to produce minor

291~ As we had evidence that

systolic deficiency and structural remodeling in aged animals
ankyrin-G expression was decreased in human heart failure, we wanted to test whether
ankyrin-G deficiency in cardiomyocytes was a cause or an effect of heart failure. To
sidestep any confounding variables with an aging system, we mstead elected to
experimentally produce heart failure via transverse aortic constriction (TAC) in young (8
weeks old) mice. As TAC produces ventricular hypertrophy by two weeks and heart

failure by six to eight weeks WT mice post operation®®?

, this model avoids any
cardiotoxic effects mediated by overexpression of the Cre transgene in ankyrin-G cKO

animals. Very mterestingly, ankyrin-G cKO mice began to suffer mortality as early as
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two weeks post TAC. Surprisingly in WT animals, ankyrin-G expression was increased

after 2 weeks TAC. Coupled with increased mortality of ankyrin-G c¢KO animals at this

timepoint, we hypothesized that upregulation of ankyrin-G may be a necessary event for
early ventricular compensation to TAC.

Interestingly, ankyrin-G cKO cells demonstrated altered cellular localization of
the desmosomal protein plakophilin-2 (PKP2). Evidence from the Delmar group had
previously reported that ankyrin-G and PKP2 associate in the cardiomyocyte and that
siRNA-mediated silencing of ankyrin-G resulted in cellular mislocalization of PKP22%.
This was functionally correlated with decreased cell-cell adhesion strength in the absence
of ankyrin-G. Our in vivo data further implicate a regulatory role for ankyrin-G with
respect to the cardiac desmosome. Interestingly, we were also able to demonstrate that
ankyrin-G cKO cells present with decreased expression of the intermediate filament
protein desmin at the intercalated disc, implying that ankyrin-G, through its direct or
indirect association with PKP2, regulates intercalated disc intermediate filament
integration / organization. Further, as human variants in desmosomal proteins have been
linked with arrhythmogenic right ventricular cardiomyopathy*”?, desmosomal disruption
may be a causal mechanism for the accelerated heart failure phenotypes and pathological
remodeling witnessed in ankyrin-G cKO animals after aging and following TAC.
Although PKP2 expression was not tested in aged animals, WT TAC animals
demonstrate significantly increased PKP2 expression following transaortic constriction
similar to ankyrin-G expression. Although expression of PKP2 and ankyrin-G at the

intercalated disc is disrupted in an experimental model of heart failure'*®, further
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mvestigation will be required to determine if functional PKP2 expression is disrupted in
acquired human cardiovascular disease states.

Although ankyrin-G and PKP2 have been shown to associate via
coimmunoprecipitation experiments, a direct association between these two molecules
has not yet been demonstrated. Future experiments will be necessary to determine if the
association between ankyrin-G and PKP2 is direct or indirect through an intermediary
protem. Mechanistically, we link the phenotypes seen in the ankyrin-G cKO TAC mice
with disrupted cellular PKP2 targeting. Importantly, PKP2 has been shown to be a critical
regulator of both Hippo/Wnt***> and EGFR signaling®*. As both of these pathways have
been linked with severe cardiac pathologies*®™ 2°¢, PKP2-dependent signaling may
represent a critical signaling mechanism for cardiac compensation. However, we cannot
rule out direct regulation of intracellular signaling cascades by ankyrin-G. Previous work
has demonstrated that ankyrin-G is a critical regulator of Wnt signaling in developing
neurons through its interaction with B-catenin. In neurons, the absence of ankyrin-G in [3-
catenin translocates to the nucleus, turning on a proliferative gene program®’. However,
ankyrin-G cKO animals exhibit no nuclear accumulation of B-catenin at baseline making
this mechanism implausible as an explanation for the phenomena witnessed after TAC in
the ankyrin-G cKO cohort.

Prior investigation has also demonstrated a role for ankyrin-G in the regulation of
gap junctional protein connexin-43. Connexin-43 is the primary connexin isoform
comprising gap junctions in ventricular cardiomyocytes, facilitating proper transmission

of action potentials through cardiac tissue'*’. Further, in the setting of acquired and
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congenital heart disease, connexin-43 has been shown to redistribute to the lateral aspects

of the cardiomyocyte'*’

. This uncoupling of cardiomyocytes, if extreme enough, leads to
conduction slowing and the production of arrhythmia®*®. Upon siRNA-mediated silencing
of ankyrin-G in neonatal rat ventricular myocyte monolayers, connexin-43 localization
was disrupted®?’. Further, silencing of ankyrin-G in adult cardiomyocytes led to the

213 This investigation,

development of larger connexin-43 plaques at the intercalated disc
conducted by the Delmar laboratory, hypothesized that in the absence of ankyrin-G,
expression of the gap junction interacting protein ZO-1 at the intercalated disc would
increase. ZO-1 associates with uncoupled connexin-43 hexamers®®'. Further, ZO-1
scaffolds to all-spectrin, the predominant o-spectrin isoform in the cardiomyocyte®'?.
Therefore, if there were less ankyrin-G to interact with BIV-spectrin of the spectrin
dimer, more all-spectrin would be available to bind ZO-1 and increase the amount of
connexin-43 hexamers at the intercalated disc leading to larger connexin-43 positive
plaques.

Interestingly, we observe only minor changes in the expression / localization of
connexin-43 i ankyrin-G cKO cardiomyocytes at baseline. Several explanations could
account for this observation. First, although we do not see changes m levels of ZO-1
protein expression, immunofluorescent experiments reveal minor reductions in ZO-1
localization at the intercalated disc. This would result in decreased binding sites for
connexin-43 hexamers, causing minor reductions in connexin-43 localization. Further, as

we show decreased recruitment of BIV-spectrin to the intercalated disc, we would

hypothesize that functional expression of all-spectrin may also be disrupted. However,
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this hypothesis remains to be tested. Further, anterograde traffic of connexin-43 depends

on the expression of the N-cadherin / B-catenin complex at sites of cell-cell interaction®®?.
As we see no changes in the expression/localization of either N-cadherin or B-catenin, we
would hypothesize that anterograde traffic of connexin-43 is unaffected.

However, significant evidence exists suggesting a functional interaction between
the connexin-43 macromolecular complex and the ankyrin-G-dependent complex at the
mtercalated disc. Connexin-43 heterozygous mice display significant reductions in tissue
conduction velocity explained by ~50% reduction in Na'current density in isolated
cardiomyocytes?'®. Further, connexin-43 isoforms with a C-terminal truncation localize
and couple normally at the intercalated disc in vivo, but show significant reductions in
peak Na' current density explained by disrupted expression and localization of Navl.5 at
the intercalated disc®'®. Work from the Delmar laboratory has further suggested that these
C-terminal amino acids act to promote microtubule +end capture due to a proposed
interaction with the microtubule +end binding protein EB-12°3. This, therefore, would
result in decreased microtubule-dependent forward traffic of Navl.5 to the intercalated
disc. However, this hypothesis is unlikely given that EB-1 is required for forward traffic
of connexin-43 itself*2.

Instead, I would propose a model whereby anterograde traffic of connexin-43 to
the intercalated disc is a rate-limiting step in the maintenance of membrane constituents.

As connexin-43 has a relatively short half-life (~2-4 hours)*”’

, anterograde traffic of
connexin-43 must occur at a higher rate than Navl.5 that has a much longer half-life (32-

36 hours)’’. As these two proteins inevitably use the same endosomal machinery for
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forward traffic, even minor disruptions in the forward traffic of connexin-43 may cause
major decreases in forward traffic of Navl.5, accounting for the decreases in Na" current
density. Further, as traffic of connexin-43 is also dependent on proper expression of

301 "this hypothesis would account for decreases in Na* current

desmosomal components
and Navl.5 expression seen in cells expressing loss-of-function mutations in desmosomal
proteins®® 2%%:2%° Interestingly, Scn5a® mice do display decreases in connexin-43
localization at the intercalated disc, but only with increased age (12-17 months)***. These
data strongly suggest a model whereby the majority of endosomal traffic to the
mtercalated disc is for the maintenance of connexin-43 plaques. As a result, any
disruption in the proper proportions of forward traffic will affect connexin-43 localization
first. This explains how seemingly incomparable disruptions to the intercalated disc all
produce the same functional consequence of impaired connexin-43 and Navl.5
localization. Further, this would explain our observation of only slightly reduced
connexin-43 targeting to the intercalated disc in ankyrin-G cKO mice. However, these
hypotheses remains to be tested.

Given the severe disruptions in expression of Navl.5 and PKP2 in ankyrin-G
cKO cardiomyocytes at baseline, one could theoretically explain the development of
tachyarrhythmia after adrenergic stimulation. However, we were surprised to find that
ankyrin-G cKO mice suffered from severe bradycardia prior to mortality after TAC.
Although itially perplexing, a simple mechanism again may provide explanation. If we

accept the hypothesis proposed earlier, SR Ca'? content may be decreased at baseline in

ankyrin-G ¢KO myocytes due to decreased Na' current density. In response to TAC, WT
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mice can upregulate ankyrin-G to increase Na' current density to prevent Ca* unloading
from the cardiomyocyte. I hypothesize that ankyrin-G cKO cardiomyocytes do not have
this ability to increase functional Navl.5 expression, leading to severe reductions in SR
Ca'? content. As RyR2 open probability is directly related to SR Ca*? content'”’, this SR
unloading would decrease the fiequency of proarrhythmic spontancous Ca* release from
the SR, preventing tachyarrhythmia in this setting. Further SR Ca*? unloading would
decrease cardiomyocyte contractile force, possibly explaining the observed systolic
dysfunction in ankyrin-G c¢KO mice after TAC. In support of this hypothesis, mice
expressing mutant Navl.5 channels (AKPQ) modeling long QT type 3 have increased SR
Ca'? content relative to WT mice. Further, treatment of the AKPQ myocytes with
ranolazine (ie. late current blocker) was sufficient to reduce SR Ca™? concentration®?. To
address these hypotheses, whole-cell Na* current density and Ca* handling dynamics
will need to be nvestigated in ankyrin-G cKO cardiomyocytes following TAC surgery of
the animal

Regardless of the mechanism whereby these dysfunctions arise in ankyrin-G cKO
animals, a very interesting finding is a decrease in ankyrin-G expression and localization
n human heart failure. Although the mechanisms producing this deficiency may be
multiple, prior investigations have demonstrated that ankyrins can be degraded by Ca™
activated proteases known as calpains in disease conditions**!* 22*-22* We hypothesize
that calpain-dependent degradation of ankyrin-G is the probable mechanism producing
reductions in ankyrin-G expression. To test this in vitro, we can expose cardiac lysate to

increasing concentrations of Ca™ to activate these calpains and monitor for reductions in
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ankyrin-G expression. We can then determine if calpains are in fact degrading the
endogenous ankyrin-G by using specific calpain inhibitors (MDL-28170)***. These
experiments would provide a critical mechanistic link between the phenotypes witnessed
experimentally and the pathogenesis of human heart failure.

In conclusion, this dissertation demonstrates a critical requirement for ankyrin-G
expression in the cardiomyocyte at baseline and in disease conditions. In the absence of
ankyrin-G, cKO mice display significant reductions n Navl.5 membrane targeting
leading to severely reduced functional Iy,, leading to significant conduction
abnormalities, bradycardia, and ventricular arrhythmia and AV nodal block following
mfusion of the Nay channel antagonist flecainide. In addition to regulating cardiac
excitability, we also demonstrate a critical role for ankyrin-G in the regulation of the
cardiomyocyte cytoarchitecture. Specifically, ankyrin-G cKO mice show disrupted
cellular distribution of the desmosomal protein PKP2 at baseline. In a setting of pressure
overload-induced heart failure (TAC), we demonstrate severe disruptions to the cellular
localization of PKP2. Further, as desmosomes mediate the integration of the intermediate
filament protein desmin, we demonstrate the reduced expression of desmin at the ID in
the setting of mislocalized PKP2. Mechanistically, we correlate these molecular changes
with significant reductions in systolic function and increased propensity for
bradyarrhythmia in ankyrin-G cKO TAC mice. As ankyrin-G is significantly increased
two weeks post TAC, we hypothesize that ankyrin-G expression is required for the early,
compensatory phase of ventricular remodeling. Our hypothesis is further strengthened by

the observation that functional ankyrin-G expression is severely reduced in multiple

173



forms of human heart failure. We conclude that ankyrin-G is a critical regulator of both
excitability and cytoarchitecture of the ntercalated disc. We further hypothesize that
remodeling of this ankyrin-G-dependent molecular environment is a critical step in the

development of human arrhythmia and structural heart diseases.
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