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Abstract
Fibroblast growth factor homologous factors (FHFs) are non-canonical members
of the fibroblast growth factor family (FGF11-14) that were initially discovered to bind and
regulate neuronal and cardiac voltage-gated Na+ channels. Loss-of-function mutations
that disrupt interaction between FHFs and Na+ channels cause spinocerebellar ataxias
and cardiac arrhythmias such as Brugada syndrome. Although recent studies in brain of
FHF knockout mice suggested novel functions for FHFs beyond ion channel modulation,
it is unclear whether FHFs in the heart serve additional roles beyond regulating cardiac
excitability. In this study, we performed a proteomic screen to identify novel interacting
proteins for FGF13 in mouse heart. Mass spectrometry analysis revealed an interaction
between FGF13 and a complex of cavin proteins that regulate caveolae, membrane
invaginations that organize protective signaling pathways and provide a reservoir to buffer
membrane stress. FGF13 controls the relative distribution of cavin 1 between the plasma
membrane and cytosol and thereby acts as a negative regulator of caveolae. In inducible,
cardiac-specific Fgf13 knockout mice, cavin 1 redistributed to the plasma membrane and
stabilized the caveolar structural protein caveolin 3, leading to an increased density of
caveolae. In a transverse aortic constriction model of pressure overload, this increased
caveolar abundance enhanced cardioprotective signaling through the caveolar-organized
PI3 kinase pathway, preserving cardiac function and reducing fibrosis. Additionally, the
increased caveolar reserve provided mechanoprotection, as indicated by reduced
membrane rupture in response to hypo-osmotic stress. Thus, our results establish FGF13
as a novel regulator of caveolae-mediated mechanoprotection and adaptive hypertrophic
signaling, and suggest that inhibition of FHFs in the adult heart may have cardioprotective
benefits in the setting of maladaptive hypertrophy.
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1 Introduction

1.1 Significance
Each year, 500,000 new patients in the U.S. develop heart failure (HF) (1). While
therapies targeting neurohormonal abnormalities have reduced mortality from pump
failure, a significant number of HF patients still die from sudden cardiac death (SCD). The
molecular mechanisms leading to an increased risk of SCD in HF patients are poorly
understood. It is speculated that during pathological cardiac hypertrophy, the failing heart
undergoes “arrhythmogenic remodeling” in which the expression of certain ion channels
or their modulators is altered, setting up conditions for the development of life-threatening
arrhythmias (2). Another consequence of pathological remodeling is altered Ca2+
homeostasis, leading to defective excitation-contraction coupling and diminished cardiac
contractility. Therefore, understanding the mechanisms of ion channel regulation, cardiac
hypertrophy, and intracellular calcium handling in both physiological and pathological
conditions is essential in the development of improved treatments for cardiac arrhythmias
and heart failure.
In this thesis, I demonstrate a novel role for fibroblast growth factor homologous
factors (FHFs), a class of ion channel modulators, as regulators of cardiomyocyte
caveolae, membrane invaginations that protect against membrane stress and maladaptive
cardiac hypertrophy. In addition, I investigate gain-of-function mutations in the cardiac
Ca2+ channel, using animal and computational models to better understand how Ca2+
dysregulation increases the propensity for cardiac arrhythmias. Results from these studies
not only provide new insight into mechanisms of arrhythmogenesis and cardiac
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hypertrophy, but also offer potential therapeutic targets in the treatment of arrhythmias
and heart failure.
This chapter summarizes: (1) the membrane domains, molecular components, and
signaling pathways that mediate cardiac function and hypertrophic growth; (2) the known
functions of FHFs in the heart; and (3) the specific aims of this thesis.

1.2 The molecular components underlying cardiac excitability and
excitation-contraction coupling
Coordinated and rhythmic contraction of the heart requires precise control of the
expression, localization, and function of numerous ion channels, pumps, transporters, and
signaling effectors. Within the complex architecture of the cardiomyocyte, newly
synthesized proteins are trafficked to specialized subdomains on the cell membrane to
exert their electrophysiological or signaling functions. Illustrated in Figure 1.1 are select
microdomains and molecules regulating cardiac excitability and contraction that will be
discussed in further detail throughout this thesis. Voltage-gated sodium channels
(VGSCs), such as NaV1.5, are localized to the sarcolemma and the intercalated disc (3),
where they initiate and propagate action potentials (Figure 1.1A). L-type calcium channels,
CaV1.2, are predominantly targeted to deep invaginations in the sarcolemma known as Ttubules (Figure 1.1B), where they participate in a process known as excitation-contraction
coupling (4). Upon membrane depolarization, CaV1.2 channels open to allow Ca2+ entry.
This localized Ca2+ influx within the cardiac dyad activates ryanodine receptors (RyR2;
Figure 1.1C) on the sarcoplasmic reticulum (SR) membrane to release Ca2+ from the SR
stores into the cytoplasm, thereby initiating contraction. SERCA2, a Ca2+ ATPase located
on the SR membrane (Figure 1.1D), mediates Ca2+ reuptake back into the SR between
each heartbeat. In addition, a subset of NaV1.5 and CaV1.2 has been identified within
2

Figure 1.1: Microdomains and proteins regulating cardiac excitability and contraction. This
schematic illustrates the various microdomains on the sarcolemmal membrane of cardiomyocytes,
as well as the key ion channels, pumps, and transporters that will be discussed in this thesis. (A)
NaV1.5 voltage-gated Na+ channels at the sarcolemma initiate action potentials. (B)-(C) CaV1.2 Ltype Ca2+ channels are apposed to ryanodine receptors (RyR2) at the dyad, where they mediate
excitation-contraction coupling. (D) SERCA2 Ca2+ ATPase pumps Ca2+ back into the sarcoplasmic
reticulum (SR). (E) A subset of NaV1.5 and CaV1.2 are compartmentalized within caveolar
membrane invaginations, and participate in localized signaling mediated by β-adrenergic receptors.
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membrane invaginations known as caveolae (5) (Figure 1.1E), where they are stimulated
by beta-adrenergic receptor activation (6, 7) and participate in localized signaling
pathways (8). Because the central study of this thesis revealed a novel role for FHFs in
regulating caveolae density and function, the next section reviews the structural
components and cardioprotective functions of caveolae.

1.3 Caveolae: membrane reservoirs mediating mechanoprotection
and hypertrophic signaling
Caveolae, flask-shaped cholesterol-rich invaginations of the plasma membrane,
are abundant in numerous cell types and play critical roles in endocytosis,
mechanoprotection, and signaling (9). Two classes of caveolae scaffolding proteins have
been discovered to regulate caveolae formation, morphology, and function (Figure 1.2).
Early structural characterization focused on caveolins, integral membrane proteins that
bind cholesterol and form oligomers to stabilize caveolae. Caveolin 1 (Cav1) is critical for
caveolae formation in non-muscle tissue; caveolin1-/- mice lack caveolae in all cells except
striated muscle (10). Caveolin 3 (Cav3) is the major isoform in smooth, skeletal, and
cardiac muscle. Recent attention has focused on the cavin family of caveolar coat
proteins, which, in concert with caveolins, regulate the formation, morphology, and
endocytosis of caveolae (9). Cavin 1 (also known as PTRF), cavin 2 (SDPR), cavin 3
(SRBC), and cavin 4 (MURC) form multimeric coat complexes in the cytosol that are
recruited to caveolae after caveolins have been trafficked to the plasma membrane (11).
Cardiac myocytes express all cavin isoforms except for cavin 3 (11, 12). The precise
mechanisms by which cavins assemble with caveolins are not known, and it is thought
that other regulatory proteins may contribute to caveolae formation and dynamics. In the
heart, especially, elucidating the full molecular components of caveolar complexes will be
4

critical to understanding the pathogenesis of cardiomyopathies induced by caveolae
dysfunction (discussed below).
Recent studies have highlighted an important mechanoprotective function for
caveolae in numerous cell types (13–15). In this role, caveolae serve as membrane
reservoirs that can stretch to accommodate increases in membrane tension, thereby
preventing membrane rupture (Figure 1.2). While caveolae have been shown to limit
membrane damage in skeletal muscle and endothelial cells in response to vigorous
muscle activity or increased cardiac output, respectively (14, 15), it is not known whether
cardiomyocyte caveolae also buffer mechanical stretch due to pathological loading in the
heart (e.g. hypertension). Mechanoprotection of cardiomyocyte sarcolemmal membranes
will be investigated in Chapter 3.

Figure 1.2: Caveolins and cavins regulate caveolae formation and morphology. Figure
adapted from Parton RG, del Pozo MA. Caveolae as plasma membrane sensors, protectors and
organizers. Nat Rev Mol Cell Biol. 2013;14(2):98-112.

In addition to providing mechanoprotection, caveolae serve important roles in
signaling. Caveolae not only compartmentalize ion channels and receptors (Figure 1.1),
but they also coordinate numerous signaling effectors implicated in cardiac hypertrophy
(16). Thus, dysregulation of caveolae or their constituent proteins causes cardiac
5

arrhythmias (17, 18) and pathological hypertrophy (19). Conversely, cardiac-specific
overexpression of caveolin 3 upregulates cardioprotective signaling (e.g. increasing
PI3K/Akt signaling; discussed in next section) and thereby protects against pressure
overload-induced maladaptive hypertrophy (20). The next section provides an overview of
the signaling cascades that mediate adaptive vs maladaptive hypertrophy.

1.4 Physiological vs pathological cardiac hypertrophic signaling
Cardiac hypertrophy is an adaptive mechanism by which the heart responds to
stress. The nature of the inciting stimulus dictates whether the heart undergoes
physiological (adaptive) hypertrophy or pathological (maladaptive) hypertrophy (21)
(Figure 1.3). During development and in response to physiological stimuli such as exercise
or pregnancy, the heart undergoes eccentric hypertrophic growth characterized by an
increase in myocyte length; a proportional increase in ventricular wall, septum, and
chamber dimensions; absence of fibrosis; and normal cardiac function (22). By contrast,
in response to pathological stimuli such as pressure overload, the heart undergoes
concentric hypertrophy in order to maintain cardiac output and normalize increased wall
stress, as dictated by the Law of LaPlace. This pathological hypertrophy is characterized
by increases in myocyte width; a disproportionate thickening of ventricular wall and
septum with a net decrease in chamber dimensions; fibrosis; and eventual cardiac
dysfunction and heart failure (23). Under conditions of chronic pathogenic stress or injury,
the heart can also undergo cardiac dilation associated with extensive fibrosis, myocyte
death, and severe cardiac dysfunction (Figure 1.3).
The divergent signaling pathways mediating physiologic vs pathological
hypertrophy are complex and have been comprehensively reviewed by Heineke et al. and
Maillet et al. (22, 23). Figure 1.3 highlights central pathways that differentially transduce
6

adaptive vs maladaptive growth responses. Physiological hypertrophy is primarily
mediated by insulin-like growth factor-1 (IGF-1) signaling through phosphoinositide 3kinase (PI3K), Akt, and mammalian target of rapamycin (mTOR) (24). Pathological
hypertrophy is mediated by a broader array of signaling pathways, including (1) the
mitogen-activated protein kinase (MAPK) signaling pathway that ultimately leads to
activation of c-Jun N-terminal kinase (JNK), p38 kinase, and extracellular signal-regulated
kinase (ERK); and (2) the calcineurin-nuclear factor of activated T-cells (NFAT) pathway
(24). Sustained elevation of Ca2+ activates calcineurin, which in turn dephosphorylates
NFAT, allowing its translocation to the nucleus to induce “fetal genes” underlying
pathological growth (e.g. atrial natriuretic factor, b-type natriuretic peptide, β-myosin heavy
chain). Interestingly, exercise-induced physiological growth was associated with
downregulation of pathological fetal gene expression and suppression of NFAT activity
(25).
While it is clear that divergent signaling pathways mediate physiological vs
pathological hypertrophy, the identity of the sarcolemmal “sensor” (a protein or structure)
that transduces biomechanical stretch into activation of downstream signaling cascades
is still unresolved (26). It has been hypothesized that ion channels housed within
specialized

microdomains

on

the

sarcolemmal

membrane

might

serve

as

mechanosensors that participate in localized signaling (27). For instance, recent studies
suggested that localized Ca2+ influx through CaV1.2 or TRPC channels within caveolae
can selectively activate hypertrophic signaling via the NFAT-calcineurin pathway (8, 28,
29). Moreover, other studies suggest that caveolae may serve as mechanosensors
capable of transducing hypertrophic stimuli because they can rapidly disassemble in
response to membrane stretch and release signaling effectors into the cytosol (9, 13).
7

Figure 1.3: Types of cardiac hypertrophy and their associated signaling pathways. Adapted
from Heineke J, Molkentin JD. Regulation of cardiac hypertrophy by intracellular signaling
pathways. Nat Rev Mol Cell Biol. 2006. & Molkentin JD. Parsing good versus bad signaling
pathways in the heart: role of calcineurin-nuclear factor of activated T-cells. Circ Res. 2013.

In this thesis, I show that FHFs regulate cardioprotective signaling by tuning the
density of caveolae at the sarcolemmal membrane. The next section presents a brief
introduction to FHFs, focusing on their ion channel modulatory roles in the heart.
8

1.5 The Fibroblast Growth Factor Homologous Factor (FHF) family
Fibroblast growth factor homologous factors (FHFs) are a subset of the fibroblast
growth factor (FGF) family (30). Comprised of four genes (FGF11-14), FHFs were cloned
by homology after FGF12 was first identified in a screen for novel genes expressed in the
retina (31). For each FHF, multiple isoforms with distinct N-terminal sequences are
produced through alternative promoter usage and alternative splicing, yielding 10 FHF
isoforms in humans (32). Unlike canonical FGFs, FHFs lack signal sequences, are not
secreted, and do not bind to or activate FGF receptors. Instead, FHFs bind directly to
voltage-gated Na+ channels (VGSCs), modulating channel gating and trafficking (33, 34).
Widely expressed in the brain (35), FHFs have been implicated in neurologic disease such
as spinocerebellar ataxia 27, caused by missense mutations in FGF14 that diminish Na+
channel current, disrupt channel localization, and impair neuronal excitability (36–38).
Additionally, nonspecific forms of X-linked mental retardation have been mapped to the
FGF13 locus, suggesting that the FGF13 gene may be a candidate for these disorders
(39).

1.6 FHFs regulate cardiac voltage-gated ion channels and are loci
for cardiac arrhythmias
In addition to their broad distribution in the central nervous system, FHFs are
expressed in the mammalian heart (35). Their roles in regulating cardiac function,
however, have only been recently investigated (40). We showed that FGF13, the
predominant FHF in rodent heart and a common transcript in human heart (41), directly
binds to the C-terminus of cardiac NaV1.5 Na+ channels (Figure 1.4), regulating current
density and conduction velocity through effects on channel gating and surface expression
(42) (Figure 1.5). The alterations in NaV1.5 sarcolemmal expression and gating kinetics
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induced by Fgf13 knockdown suggest that FHF loss-of-function mutations may be
unrecognized causes of cardiac arrhythmias associated with VGSC loss of function. In
addition, mutations in the gene encoding NaV1.5 (SCN5A) that disrupt FHF interaction
may produce equivalent effects as FHF mutations. Indeed, mutations in FGF12 (the major
FHF in human heart) and Nav1.5 that disrupt the FHF-NaV interaction have been
discovered in patients with Brugada syndrome (41) and a life-threatening arrhythmia
syndrome (43).

Figure 1.4: NaV1.5 voltage-gated sodium channel structure and modulatory proteins.
Schematic of the α subunit, two β subunits, and key modulatory proteins of NaV1.5. The poreforming α subunit contains four homologous domains (I-IV) – each made up of six transmembrane
segments (S1-S6) – which assemble into a tetrameric structure. The N and C termini and three
inter-domain linker loops are cytoplasmic. Channel activation is mediated by a charged S4
transmembrane segment; fast inactivation is mediated by hydrophobic residues in the III-IV linker.
The α subunit interacts with one or more β subunits, which regulate gating kinetics and membrane
trafficking. FGF13 binds directly to the cytoplasmic C-terminus. Adapted from Wei EQ, Barnett AS,
Pitt GS, Hennessey JA. Fibroblast growth factor homologous factors in the heart: a potential locus
for cardiac arrhythmias. Trends Cardiovasc Med. 2011;21(7):199-203.
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Figure 1.5: FGF13 regulates NaV1.5 gating kinetics and membrane trafficking. Illustration of
FGF13 regulation of NaV1.5 gating kinetics and membrane trafficking in wildtype (WT)
cardiomyocyte (left panel) and Fgf13 knockdown cardiomyocyte (right panel). Binding of FGF13 to
the C-terminus of NaV1.5 modulates the voltage-dependence of channel inactivation. Fgf13
knockdown reduces the number of channels available to be activated and reduces the trafficking
of channels to the membrane. Collectively, these effects on gating and surface expression reduce
INa current density. Furthermore, in the knockdown, delayed recovery from inactivation slows
conduction velocity through cardiac tissue, providing a possible substrate for re-entrant
arrhythmias. Adapted from Wei EQ, Barnett AS, Pitt GS, Hennessey JA. Fibroblast growth factor
homologous factors in the heart: a potential locus for cardiac arrhythmias. Trends Cardiovasc Med.
2011;21(7):199-203.

In addition to regulating Na+ channels, FHFs can modulate voltage-gated Ca2+
channels (44, 45). Fgf13 knockdown in adult rodent ventricular cardiomyocytes decreased
CaV1.2 current density, perturbed CaV1.2 localization at the dyad, and thereby affected
Ca2+-induced Ca2+ release (44). Because no direct interactions have been detected
between FGF13 and the pore-forming or auxiliary subunits of CaV1.2, however, the
mechanism by which FGF13 regulates Ca2+ channels is not as well understood in
comparison to the direct interaction with NaV1.5 Na+ channels.
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1.7 Novel roles for FHFs beyond ion channel regulation
It is likely that FHFs play other important roles in cardiomyocytes that extend
beyond ion channel regulation. Immunocytochemistry shows that, in addition to its
colocalization with VGSCs at the sarcolemma, FGF13 exhibits a widespread expression
pattern in ventricular cardiomyocytes, including a punctate distribution in the cytoplasm
and prominent nuclear localization (42). The functions of FHFs within these subdomains
have not previously been explored. Similarly, analyses of the consequences of FHF
knockdown in brain hint at additional functions. For example, examination of hippocampal
CA1 synapses in Fgf14-/- mice revealed a reduction in the number of total and docked
synaptic vesicles and effects upon synaptic vesicle release (46). Further, FGF13 was
reported to stabilize microtubules through a direct interaction with β-tubulin and regulate
neuronal polarization and migration (47).

1.8 Research goals and specific aims
The work presented this thesis addressed the following specific aims.
Aim 1: Define the FGF13 interactome in the heart.
In Chapter 2, I aimed to answer two questions: (A) Since FGF13 does not appear
to directly bind to CaV1.2 L-type Ca2+ channels, are there specific protein partners by which
FGF13 regulates CaV1.2? (B) Given the abundant data suggesting additional roles for
FHFs beyond ion channel regulation, what are the identities of other proteins in complex
with FGF13?
To answer these questions, I performed an unbiased proteomic screen to define
the FGF13 interactome in adult mouse heart. This screen revealed that FGF13 interacts
in a complex with the dyadic protein junctophilin-2, providing a potential mechanism for
12

how FGF13 regulates Ca2+ channel function. In addition, proteomic analysis identified all
three members of the cavin protein family in complex with FGF13 in cardiomyocytes. This
surprising discovery provided the motivation for investigating whether FGF13 regulates
caveolae organization and caveolae-mediated hypertrophic signaling.

Aim 2: Investigate the in vivo role of FGF13 in regulating caveolae organization and
cardiac hypertrophy.
In Chapter 3, I first investigated the role of FGF13 in cardiac hypertrophy using an
inducible, cardiac-specific Fgf13 knockout mouse. I observed an unexpected
cardioprotective phenotype in Fgf13 knockout mice in response to ventricular pressure
overload. The discovery of the cavin proteins in the FGF13 proteomic screen provided a
mechanism for this cardioprotection. I showed that FGF13 controls the balance of cavin 1
protein between the cytoplasm and membrane, and thereby functions as a novel regulator
of caveolae density, mechanoprotection, and adaptive cardiac hypertrophy.

Aim 3: Determine how novel gain-of-function mutations in the CaV1.2 L-type Ca2+
channel lead to cardiac arrhythmias.
In Chapter 4, I investigated the mechanisms by which Ca2+ dysregulation increases
the propensity for cardiac arrhythmias. I first characterized two new mouse models of
Timothy Syndrome, a multisystem arrhythmia disorder caused by a gain-of-function
mutation in CaV1.2. I also collaborated with a colleague in biomedical engineering to
generate computer models that help to explain how novel CaV1.2 mutations lead to cardiac
arrhythmias.
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1.9 Contributions by co-authors and collaborators
I designed (in consultation with Dr. Pitt), performed, and analyzed all the
experiments in the thesis except for the following.
Chapter 2: Mass spectrometry was performed by the Duke Proteomics Core.
Chapter 3: Fgf13 floxed mice were generated and kindly provided by Dr. Chuan
Wang and Dr. Hailin Zhang at Hebei Medical University, Shijiazhuang, China. Transverse
aortic constriction and serial echocardiography were performed by Dr. Lan Mao at the
Duke Cardiovascular Physiology Core. Electron microscopy specimen preparation and
imaging were performed by Neil Medvitz at the Duke Electron Microscopy Service.
Following data acquisition, I performed the echocardiographic measurements and
analyzed the electron micrographs while blinded to genotype. Daniel Sinden, a fellow
MSTP student in our lab, assisted with blinded analysis of the electron micrographs and
helped to perform the hypo-osmotic stress assay.
Chapter 4: Classic Timothy Syndrome transgenic mice were generated and kindly
provided by Dr. Ricardo Dolmetsch. Atypical Timothy Syndrome (TS2) knock-in mice were
generated by Dr. Maiko Matsui. EKGs and programmed electrical stimulation were
performed by Dr. Adam Barnett and Dr. Albert Sun. Computational modeling was
performed by Tanmay Gokhale. ICa recordings from wildtype and p.G1911R CaV1.2
channels transfected in HEK293T cells were performed by Dr. Jessica Hennessey and
published in: Hennessey JA et al. A CACNA1C Variant Associated with Reduced VoltageDependent
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2 A proteomic screen for novel FHF interactors in heart

2.1 Introduction
Since their initial identification in the retina two decades ago (35), FHFs have been
most extensively characterized as modulators of voltage-gated Na+ channels (VGSCs)
through a direct interaction with the VGSC C-terminal domain. However, previous studies
indicate that the same FHF isoform can exert opposing effects on Na+ channel function
depending on the cell type or model system studied. For instance, in HEK293T cells, coexpression of FGF13 with NaV1.5 reduces current density [unpublished observation],
whereas FGF13 normally increases NaV1.5 surface expression and current density in
adult ventricular cardiomyocytes (42). One explanation for this discrepancy is that FHFs
interact with distinct complexes of channel subunits or regulatory proteins in different
cellular contexts, thereby differentially modulating channel function. Thus, elucidating the
cell type-specific FHF interactomes will be critical to understanding the mechanism for
these disparate effects.
In addition, several lines of evidence suggest that FHFs have roles beyond VGSC
regulation. First, Fgf13 knockdown in ventricular myocytes not only decreased action
potential peak amplitude but also half-width (44), suggesting modulation of other ionic
currents involved in the action potential plateau or repolarization phases (e.g. voltagegated Ca2+ or K+ channel currents). Indeed, we recently reported that Fgf14 knockdown in
cerebellar granule cells reduced presynaptic Ca2+ currents and synaptic transmission at
the granule cell to Purkinje cell synapse (45). Likewise, Fgf13 knockdown in ventricular
cardiomyocytes reduced CaV1.2 current density (44), although no direct interactions have
been detected between FGF13 and CaV1.2 subunits. Second, immunocytochemistry of
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FGF13 in adult cardiomyocytes revealed nuclear localization in addition to FGF13’s
colocalization with VGSCs at the sarcolemma (42), hinting at interactions with nuclear
proteins. Moreover, there have been persistent suggestions that FHFs have even broader
roles, such as regulation of limb (48) and craniofacial development (49), neural
differentiation (50), presynaptic neurotransmitter vesicle number (46), stabilization of
microtubules (47), and hair growth (51). Together, these observations indicate that FHFs
modulate multiple classes of ion channels and serve other unknown and likely tissuespecific functions.
Here, we aimed to identify novel functions for FHFs in the heart by conducting an
unbiased proteomic screen for FGF13 interactors in cardiomyocytes. We performed
antibody-based affinity purification combined with mass spectrometry analysis of the
native FGF13 complex from adult mouse ventricular lysate. The identified FGF13
interactome included 124 candidate proteins, the majority of which consist of ribosomal
subunits, mitochondrial proteins, and nucleic acid binding proteins not previously linked
with FHFs. This list also included proteins that regulate intracellular Ca2+ handling and
excitation-contraction coupling. Specifically, we report that FGF13 interacts in a complex
with junctophilin-2 and CaV1.2 L-type Ca2+ channels at the dyad, providing a potential
mechanism for FGF13’s regulation of Cav1.2 trafficking to the cardiac dyad (44). We
further identify interactions between FGF13 and the cavin family of caveolae regulators.
This dataset lays the foundation for subsequent studies in this thesis, and provide a
roadmap for future functional investigations.
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2.2 Results and Discussion
2.2.1 Affinity purification and mass spectrometry experimental approach

Figure 2.1: Affinity purification and proteomic analysis of FGF13 interactome in heart.

The experimental approach is illustrated in Figure 2.1; detailed methodology is
described in section 2.3.1. In brief, to avoid co-elution of antibody IgG fragments, rabbit
anti-FGF13 antibody or control rabbit IgG were first coupled to protein A/G agarose beads
and chemically crosslinked using dimethyl pimelimidate (DMP). The antibody-crosslinked
beads were used to perform immunoprecipitation from adult mouse ventricular lysate (~23
17

mg total protein). The bound proteins were eluted and subjected to tryptic digestion at the
Duke

Proteomics

Core.

Peptide

identifications

were

determined

using

liquid

chromatography/tandem mass spectrometry (LC/MS); after data acquisition, all spectra
were searched against the SwissProt database with the mouse taxonomy selected.

2.2.2 Overview of the FGF13 proteome in heart
Mass spectrometry analysis identified 124 candidate proteins in the FGF13
immunoprecipitation with at least 2 tryptic peptides (Table 2.1). Confirming the specificity
of the approach, we detected multiple peptides from FGF13 and the alpha subunit of
NaV1.5, its best validated interactor (42), that were absent in the control IgG
immunoprecipitation (Table 2.1). A representative fragmentation spectrum of an FGF13
peptide and the amino acid coverage for all FGF13 peptides is shown in Figure 2.2.

Figure 2.2: Mass spectrometry identification of FGF13 using LC/MS. (A) Representative mass
spectrometry fragmentation spectrum of one of the identified FGF13 tryptic peptides
(VVAIQGVQTK) with the y- (blue) and b- (red) ions highlighted. (B) Detected peptides for FGF13
are highlighted in yellow; the peptide shown in A is outlined in red.
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In addition to detecting the alpha subunit of NaV1.5, our proteomic analysis
identified over 100 other proteins not previously associated with FGF13. Classification of
the FGF13 interactome by molecular function revealed that 52% of these proteins are
ribosomal subunits; 16% are mitochondrial proteins or enzymes; 15% are RNA or DNA
binding proteins; 4% are cytoskeletal proteins; 3% are adaptors; 2% are ion channels,
pumps, or transporters; and the remaining 8% serve other functions (Figure 2.3). Similarly,
correlation analysis using the STRING database of known and predicted protein-protein
interactions (52) revealed numerous associations between individual proteins of the
FGF13 interactome, and highlighted large subclusters within the network corresponding
to ribosomal and mitochondrial proteins (Figure 2.4).

Figure 2.3: Composition of the FGF13 proteome in heart. Proteins identified in the proteomic
screen were categorized according to their primary molecular function based on the Gene Ontology
framework (53).
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Figure 2.4: STRING database analysis of FGF13 interactome. Visual representation of known
and predicted protein-protein interactions between candidates identified in the FGF13 proteomic
screen. Schematic was created using the STRING database website (string-db.org). Interactions
within the STRING database are derived from direct (physical) and indirect (functional)
associations; each line color represents a type of evidence for the association [see reference (52)
for details]. Names of proteins relevant to cardiac excitability and calcium handling are bolded and
clusters of proteins with similar molecular functions are circled.
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While it is not uncommon for nuclear, mitochondrial, and ribosomal proteins to
show up as background contaminants in proteomic screens (54), the high abundance of
peptides for ribosomal and mitochondrial proteins in the FGF13 immunoprecipitation, and
their relative absence in the control IgG immunoprecipitation, suggest that these are bona
fide interactors. Consistent with these results, a previous FGF13 proteomic screen in
mouse heart (which did not rely on crosslinking of antibodies to protein A/G beads)
detected the majority of the mitochondrial proteins observed in this screen (see Table 2.2
for protein list) [J.A. Hennessey, unpublished observation]. Likewise, an FGF13 proteomic
screen in mouse brain was similarly enriched in ribosomal subunits [J.L. Pablo,
unpublished observation]. Interestingly, analysis of the NaV channel complex in Fgf14-/mice

cerebella

also

identified

mitochondrial

proteins

(e.g.

2-oxoisovalerate

dehydrogenase subunit alpha, ATP synthase subunit d) and proteins involved in
transcription and translation (55). Whether the ribosomal and mitochondrial proteins in
complex with FGF13 in heart are also associated with cardiac NaV channels is unclear.
Nevertheless, these observations suggest potentially novel roles for FGF13 in regulating
ribosome assembly, transcription and translation, and/or metabolic function. Additional
biochemical and functional experiments will be required to validate and elucidate the
physiological relevance of these interactions. The immunoprecipitations could be
repeated, for instance, using a recently generated cardiac-specific Fgf13 knockout mouse
(to be discussed in Chapter 3) as a negative control.
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Table 2.1: Proteins identified in immunoprecipitated FGF13 complex from heart. Accession
numbers are from the SwissProt 2011 database. FGF13 and its best validated interactor, the alpha
subunit of NaV1.5, are highlighted in bold. The last two columns show the number of peptides
identified for each protein from FGF13 vs control IgG immunoprecipitations. The list is sorted by
decreasing number of peptides identified in the FGF13 immunoprecipitation (IP).
Identified
Protein
40S ribosomal protein S3a
Coronin-1B
Acyl-CoA dehydrogenase family member
Polymerase I and transcript release factor
60S ribosomal protein L7a
ATP synthase subunit alpha, mitochondrial
60S ribosomal protein L6
40S ribosomal protein S8
60S ribosomal protein L13
40S ribosomal protein S4, X isoform
Sodium channel protein type 5 subunit alpha
ADP/ATP translocase 2
Muscle-related coiled-coil protein
Lipoamide acyltransferase component of branchedchain alpha-keto acid dehydrogenase complex
Transcriptional activator protein Pur-beta
60S ribosomal protein L12
60S ribosomal protein L7
40S ribosomal protein S19
40S ribosomal protein S6
40S ribosomal protein S9
Cysteine and glycine-rich protein 3
Hepatoma-derived growth factor-related protein 2
60S ribosomal protein L18a
60S ribosomal protein L28
60S ribosomal protein L30
60S ribosomal protein L8
40S ribosomal protein S18
40S ribosomal protein S2
40S ribosomal protein S3
40S ribosomal protein S7
Serine/arginine-rich splicing factor 1
dCTP pyrophosphatase 1
Glutathione S-transferase P 1
Histone H1.4
60S ribosomal protein L10
60S ribosomal protein L18
60S ribosomal protein L23
60S ribosomal protein L27
60S ribosomal protein L34
60S ribosomal protein L35a
60S acidic ribosomal protein P0
40S ribosomal protein S13
40S ribosomal protein S16
40S ribosomal protein S23
Serum deprivation-response protein
Sarcoplasmic/endoplasmic reticulum calcium
ATPase
ATP synthase subunit gamma, mitochondrial

Accession
Number
RS3A_MOUSE
COR1B_MOUSE
ACD10_MOUSE
PTRF_MOUSE
RL7A_MOUSE
ATPA_MOUSE
RL6_MOUSE
RS8_MOUSE
RL13_MOUSE
RS4X_MOUSE
SCN5A_MOUSE
ADT2_MOUSE
MURC_MOUSE

# Peptides
FGF13 IP
18
12
10
10
10
9
9
9
8
8
8
7
7

# Peptides
IgG IP
1
0
1
1
0
6
0
0
0
0
0
1
0

ODB2_MOUSE
PURB_MOUSE
RL12_MOUSE
RL7_MOUSE
RS19_MOUSE
RS6_MOUSE
RS9_MOUSE
CSRP3_MOUSE
HDGR2_MOUSE
RL18A_MOUSE
RL28_MOUSE
RL30_MOUSE
RL8_MOUSE
RS18_MOUSE
RS2_MOUSE
RS3_MOUSE
RS7_MOUSE
SRSF1_MOUSE
DCTP1_MOUSE
GSTP1_MOUSE
H14_MOUSE
RL10_MOUSE
RL18_MOUSE
RL23_MOUSE
RL27_MOUSE
RL34_MOUSE
RL35A_MOUSE
RLA0_MOUSE
RS13_MOUSE
RS16_MOUSE
RS23_MOUSE
SDPR_MOUSE

7
7
7
7
7
7
7
6
6
6
6
6
6
6
6
6
6
6
5
5
5
5
5
5
5
5
5
5
5
5
5
5

1
0
0
0
0
0
0
3
0
0
0
0
0
1
0
0
0
0
0
3
0
0
0
0
0
0
0
0
0
1
0
0

AT2A2_MOUSE
ATPG_MOUSE

4
4

0
3
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Complement C1q subcomponent subunit B
Stress-70 protein, mitochondrial
Heterogeneous nuclear ribonucleoprotein U
Junctophilin-2
Myosin-binding protein C, cardiac-type
Nucleolin
60S ribosomal protein L10a
60S ribosomal protein L13a
60S ribosomal protein L15
60S ribosomal protein L17
60S ribosomal protein L21
60S ribosomal protein L23a
60S ribosomal protein L26
60S ribosomal protein L27a
60S ribosomal protein L31
60S acidic ribosomal protein P2
40S ribosomal protein S11
Nuclease-sensitive element-binding protein 1
ATP synthase subunit beta, mitochondrial
Complement C1q subcomponent subunit A
Caprin-1
Trifunctional enzyme subunit alpha, mitochondrial
Elongation factor 1-alpha 2
Fibroblast growth factor 13
Fragile X mental retardation syndrome-related
protein 1
Ras GTPase-activating protein-binding protein 2
Glyceraldehyde-3-phosphate dehydrogenase
Creatine kinase S-type, mitochondrial
NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 4
2-oxoisovalerate dehydrogenase subunit beta,
mitochondrial
Polyadenylate-binding protein 1
Transcriptional activator protein Pur-alpha
60S ribosomal protein L14
60S ribosomal protein L22
60S ribosomal protein L24
60S ribosomal protein L3
60S ribosomal protein L4
40S ribosomal protein S14
40S ribosomal protein S17
40S ribosomal protein S20
Ubiquitin-40S ribosomal protein S27a
40S ribosomal protein S5
28S ribosomal protein S31, mitochondrial
Succinyl-CoA ligase [GDP-forming] subunit alpha,
mitochondrial
Troponin I, cardiac muscle
Vitronectin
Aconitate hydratase, mitochondrial
Serum albumin
Succinate dehydrogenase [ubiquinone] flavoprotein
subunit, mitochondrial
Elongation factor Tu, mitochondrial
Histone H1.0
Histone H1.1
Heterogeneous nuclear ribonucleoprotein D0
Heterochromatin protein 1-binding protein 3

C1QB_MOUSE
GRP75_MOUSE
HNRPU_MOUSE
JPH2_MOUSE
MYPC3_MOUSE
NUCL_MOUSE
RL10A_MOUSE
RL13A_MOUSE
RL15_MOUSE
RL17_MOUSE
RL21_MOUSE
RL23A_MOUSE
RL26_MOUSE
RL27A_MOUSE
RL31_MOUSE
RLA2_MOUSE
RS11_MOUSE
YBOX1_MOUSE
ATPB_MOUSE
C1QA_MOUSE
CAPR1_MOUSE
ECHA_MOUSE
EF1A2_MOUSE
FGF13_MOUSE

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
3
3
3
3
3
3

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
1
1
0

FXR1_MOUSE
G3BP2_MOUSE
G3P_MOUSE
KCRS_MOUSE

3
3
3
3

0
0
0
0

NDUA4_MOUSE

3

1

ODBB_MOUSE
PABP1_MOUSE
PURA_MOUSE
RL14_MOUSE
RL22_MOUSE
RL24_MOUSE
RL3_MOUSE
RL4_MOUSE
RS14_MOUSE
RS17_MOUSE
RS20_MOUSE
RS27A_MOUSE
RS5_MOUSE
RT31_MOUSE

3
3
3
3
3
3
3
3
3
3
3
3
3
3

0
0
0
0
0
0
0
0
0
0
0
0
0
0

SUCA_MOUSE
TNNI3_MOUSE
VTNC_MOUSE
ACON_MOUSE
ALBU_MOUSE

3
3
3
2
2

0
0
0
1
1

DHSA_MOUSE
EFTU_MOUSE
H10_MOUSE
H11_MOUSE
HNRPD_MOUSE
HP1B3_MOUSE

2
2
2
2
2
2

1
1
0
0
0
0
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Isocitrate dehydrogenase [NADP], mitochondrial
MAP7 domain-containing protein 1
Nucleophosmin
2-oxoisovalerate dehydrogenase subunit alpha,
mitochondrial
Plasminogen activator inhibitor 1 RNA-binding
protein
60S ribosomal protein L29
60S ribosomal protein L32
60S ribosomal protein L37a
60S ribosomal protein L9
60S acidic ribosomal protein P1
40S ribosomal protein S15
40S ribosomal protein S15a
40S ribosomal protein S24
40S ribosomal protein S25
40S ribosomal protein S30
28S ribosomal protein S22, mitochondrial
28S ribosomal protein S27, mitochondrial
Nucleoporin SEH1
Transcription elongation factor, mitochondrial
Troponin T, cardiac muscle
WD repeat-containing protein 24
WD repeat-containing protein 59

IDHP_MOUSE
MA7D1_MOUSE
NPM_MOUSE

2
2
2

0
0
0

ODBA_MOUSE

2

0

PAIRB_MOUSE
RL29_MOUSE
RL32_MOUSE
RL37A_MOUSE
RL9_MOUSE
RLA1_MOUSE
RS15_MOUSE
RS15A_MOUSE
RS24_MOUSE
RS25_MOUSE
RS30_MOUSE
RT22_MOUSE
RT27_MOUSE
SEH1_MOUSE
TEFM_MOUSE
TNNT2_MOUSE
WDR24_MOUSE
WDR59_MOUSE

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Table 2.2: Proteins identified in a previous FGF13 proteomic screen in heart. Highlighted in
bold are proteins identified in both proteomic screens.
Identified
Protein
Lipoamide acyltransferase component of
branched-chain alpha-keto acid dehydrogenase
complex, mitochondrial
Sarcoplasmic/endoplasmic reticulum calcium
ATPase 2
2-oxoisovalerate dehydrogenase subunit alpha,
mitochondrial
Isocitrate dehydrogenase [NADP], mitochondrial
2-oxoisovalerate dehydrogenase subunit beta,
mitochondrial
Dihydrolipoyllysine-residue acetyltransferase
component of pyruvate dehydrogenase complex,
mitochondrial
Prohibitin-2
Actin, aortic smooth muscle
Acyl-CoA dehydrogenase family member 10
ATP synthase subunit alpha, mitochondrial
Delta-aminolevulinic acid dehydratase
AFG3-like protein 2
Myosin-6
Voltage-dependent anion-selective channel protein
1
40S ribosomal protein S3a
60S ribosomal protein L6
ATP synthase subunit gamma, mitochondrial
Cardiac phospholamban
Histone H2A type 1-F
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Accession
Number

# Peptides
FGF13 IP

# Peptides
IgG IP

ODB2_MOUSE

30

0

AT2A2_MOUSE

21

4

ODBA_MOUSE
IDHP_MOUSE

13
13

0
3

ODBB_MOUSE

12

0

ODP2_MOUSE
PHB2_MOUSE
ACTA_MOUSE
ACD10_MOUSE
ATPA_MOUSE
HEM2_MOUSE
AFG32_MOUSE
MYH6_MOUSE

10
9
6
6
6
5
4
4

2
0
3
0
3
0
0
0

VDAC1_MOUSE
RS3A_MOUSE
RL6_MOUSE
ATPG_MOUSE
PPLA_MOUSE
H2A1F_MOUSE

4
3
3
3
3
3

1
0
0
0
0
1

Long-chain specific acyl-CoA dehydrogenase,
mitochondrial
NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 9, mitochondrial
Pyruvate dehydrogenase E1 component subunit
alpha, somatic form, mitochondrial
40S ribosomal protein S14
60S acidic ribosomal protein P0
Carnitine O-palmitoyltransferase 1, muscle isoform
Muscle-related coiled-coil protein

ACADL_MOUSE

3

2

NDUA9_MOUSE

3

0

ODPA_MOUSE
RS14_MOUSE
RLA0_MOUSE
CPT1B_MOUSE
MURC_MOUSE

3
2
2
2
2

1
1
0
1
0

2.2.3 Validation of interactions with JPH2 and SERCA2
The bioinformatics analyses also identified intracellular Ca2+ handling proteins with
clinical relevance to cardiac disease. In particular, (1) the dyadic adaptor protein
junctophlin-2 (JPH2), (2) the sarcoplasmic reticulum (SR) membrane Ca2+ ATPase
SERCA2 and (3) its inhibitor phospholamban (PLN); and (4) troponin T each showed
abundant peptide coverage in the FGF13 immunoprecipitation but no peptides in the
control IgG immunoprecipitation (Table 2.1 and Table 2.2). Mutations in the genes
encoding junctophilin-2, phospholamban, and troponin T have been associated with
hypertrophic cardiomyopathy (56–58), and decreased SERCA2 activity leading to
increased diastolic Ca2+ levels has been implicated in the pathogenesis of heart failure
(59). We hypothesized that FGF13 is a component of the macromolecular complexes
anchored by these proteins, and thereby modulates their localization or function to affect
intracellular Ca2+ handling.
We first validated these interactions through co-immunoprecipitations from
cardiomyocyte tissue lysate. We focused initially on junctophilin-2, a structural protein in
the junctional membrane complex that keeps the T-tubule and SR membranes in close
proximity (60), functionally coupling CaV1.2 with the ryanodine receptor (RyR2) for
organized Ca2+-induced Ca2+ release (61) (Figure 2.5A). In ventricular lysate, we
successfully co-preciptated FGF13 and JPH2, and further co-precipitated JPH2 and
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CaV1.2 (Figure 2.5B). These data support a model in which FGF13 is in complex with
JPH2 and CaV1.2 at the cardiac dyad (Figure 2.5C), and provide a potential mechanism
for how FGF13 regulates dyadic Ca2+ channel function (44). We previously demonstrated
that Fgf13 knockdown in adult rodent ventricular cardiomyocytes decreased CaV1.2
current density, perturbed CaV1.2 localization at the dyad, and thereby affected Ca2+induced Ca2+ release (44). Interestingly, Fgf13 knockdown did not affect JPH2 localization
(data not shown) but increased total JPH2 protein (to be discussed in Chapter 3; Figure
3.13). Whether increased JPH2 protein contributes to the mislocalization of CaV1.2 after
Fgf13 knockdown remains to be investigated.

Figure 2.5: Validation of FGF13 interaction with JPH2 and SERCA2. (A) Schematic of JPH2
indicating the putative protein motifs and the locations of the unique peptides identified by mass
spectrometry (in red). Membrane occupation and recognition nexus (MORN) motifs are indicated
in yellow. JPH2 is found in the dyad in which CaV1.2 is juxtaposed to ryanodine receptor 2 (RyR2).
(B) Representative Western blots showing co-precipitation of CaV1.2 and JPH2 (top); FGF13 and
JPH2 (middle); and FGF13 and SERCA2 (bottom). (C) Model of FGF13 in complex with JPH2 and
CaV1.2 at a dyadic junction, and FGF13 in complex with SERCA2 at the sarcoplasmic reticulum
(SR) membrane.
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We performed further biochemical experiments to map the domains of interaction
between FGF13 and JPH2. We co-expressed truncations of JPH2 in HEK293T cells along
with full-length FGF13. A truncated JPH2 missing the transmembrane domain (which
tethers the C-terminal end of JPH2 to the sarcoplasmic reticulum membrane) was able to
co-precipitate FGF13. Similarly, a truncated JPH2 missing the MORN domain (which
anchors the N-terminal end of JPH2 to the inner sarcolemmal membrane) was also able
to co-precipitate FGF13. These results indicate that FGF13 interacts with JPH2 through
the alpha helical domain or divergent region of JPH2.

Figure 2.6: Mapping domains of interaction between FGF13 and JPH2. Top: Domains of fulllength JPH2 (left), MAD truncation (middle), and ADT truncation (right). TMD=Transmembrane
Domain. Adapted from reference (61). Bottom: Hemagglutinin (HA)-tagged JPH2 MAD and ADT
truncations co-preciptated with Cav1.2 and FGF13 in HEK-293T cells, suggesting that interactions
occur through the alpha helix or divergent domains of JPH2. A negative control without JPH2
transfected demonstrated specificity of the HA antibody for JPH2.
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We next validated the interaction between FGF13 and SERCA2 by coimmunoprecipitation from ventricular tissue lysate (Figure 2.5B). Interestingly, SERCA2
was also identified in complex with FGF14 in mouse cerebellum (55). Whether FHFs
regulate SERCA2 function in cardiomyocytes or neurons has not been investigated.
Although Fgf13 knockdown in cultured cardiomyocytes did not affect SR Ca2+ stores (44),
and inducible Fgf13 knockout in adult mouse cardiomyocytes did not affect calcium
transient amplitude (to be discussed in Chapter 3; Figure 3.5), detailed analysis of the
kinetics of Ca2+ reuptake after Fgf13 ablation have not yet been performed. Moreover, it
remains to be investigated whether FGF13 interacts directly with SERCA2, indirectly via
the SERCA2 inhibitor phospholamban (which was identified in a previous FGF13 screen
in heart), or through other intermediary proteins.

2.2.4 Interaction with the cavin family of caveolae adaptor proteins
In addition to the proteins identified and validated above, mass spectrometry
analysis revealed multiple peptides corresponding to a complex of cavin proteins (cavin
1, cavin 2, and cavin 4), strongly suggesting that FGF13 associates with these caveolae
regulators in cardiomyocytes. This discovery provides the foundation for the central study
in this thesis. In the next chapter, we demonstrate a novel role for FGF13 as a regulator
of cardiomyocyte caveolae density, and caveolae-mediated hypertrophic signaling and
mechanoprotection.
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2.3 Methods
2.3.1 Affinity purification and mass spectrometry analysis
A previously described rabbit polyclonal anti-FGF13 antibody (42) was used to
perform immunoprecipitation from adult mouse ventricular heart lysate. To avoid coelution of antibody fragments, antibodies were first crosslinked to protein A/G agarose
beads (Santa Cruz). 20 µg of FGF13 antibody or control rabbit IgG was coupled to 40 µl
of protein A/G agarose beads in 1 ml PBS. After rocking overnight at 4 °C, beads were
washed 3 times with 1 ml of 0.2 M sodium borate (pH 9). Dimethyl pimelimidate (DMP)
crosslinking reagent (Thermo Scientific) was dissolved in 0.2 M sodium borate (pH 9) to
make 20 mM DMP solution, which was added to the coupled beads. After rocking at room
temperature for 40 minutes, the sample was spun down and supernatant removed. The
crosslinking reaction was quenched with 0.2 M ethanolamine (pH 8) and the antibody
cross-linked beads were aliquoted. Fresh lysate from 5 adult mouse ventricles was
prepared by homogenizing tissue on ice in lysis buffer containing 150 mM NaCl, 50mM
Tris, 1% Triton X, and protease inhibitor cocktail (Roche). The crude heart lysate was
centrifuged at 3500 rpm for 15 minutes and the supernatant retained. Protein
concentration was determined using a BCA assay. Tissue lysate (~23 mg total protein)
was added to cross-linked beads, and rocked overnight at 4 °C. Beads were washed 3
times with lysis buffer and eluted in 400 µl of 0.2% Rapigest SF Surfactant (Waters) in 50
mM ammonium bicarbonate. Samples were heated at 70 °C for 10 min, centrifuged, and
the supernatant was subjected to an in-solution tryptic digestion. Peptide identifications
were

determined

by

the

Duke

Proteomics

Core

Facility

using

liquid

chromatography/tandem mass spectrometry. Following data acquisition, all spectra were
searched against the SwissProt database with the mouse taxonomy selected.
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2.3.2 Bioinformatics
The Gene Ontology framework was used to classify candidate proteins based on
biochemical function and subcellular localization (53). Visualization of interactions and
associations between candidate proteins was performed using STRING database of
known and predicted protein-protein interactions (52).

2.3.3 Co-immunoprecipitations
Adult mouse ventricular tissue was homogenized in buffer containing 1% Triton,
150 mM NaCl, and 50 mM Tris-HCl (pH 7.5) with protease inhibitor mixture (Roche) using
a 26G needle (25 strokes). Lysates were centrifuged at 17,000g for 10 min at 4 °C, and
precleared with 20 μL of protein A/G-agarose beads (Santa Cruz) for 30 min.
Immunoprecipitation was performed with anti-junctophilin2 (Santa Cruz), anti-SERCA2
(Abcam), anti-CaV1.2 (Pitt lab), or anti-FGF13 (Pitt lab) antibodies added to 500 μg of
precleared lysates. Samples were rocked overnight, and subsequently incubated with 25
μL of protein A/G beads for 3 hours, washed with lysis buffer three times, and protein was
eluted from the beads by heating in LDS sample buffer (Invitrogen) at 70°C for 20 min.
Co-immunoprecipitation was verified by SDS-PAGE and Western blot.
HEK293T cells were plated to 60% confluency and transfected using
Lipofectamine 2000 (Invitrogen) with (1) His-tagged FGF13VY (in pIRES-GFP; Pitt lab);
(2) hemagglutinin (HA)-tagged JPH2 MAD or ADT truncations (in pcDNA3.1; from Dr.
Xander Wehrens, Baylor); and (3) CaV1.2 α1c, β2b, and α2δ subunits (in pcDNA; Pitt lab).
48 hours post-transfection, cells were lysed in buffer containing 1% Triton, 150 mM NaCl,
50 mM Tris-HCl (pH 7.5), with protease inhibitor mixture (Roche) using a 26G needle (25
strokes). Immunoprecipitation was performed with anti-FGF13, anti-HA (Sigma), or antiCaV1.2 antibodies as described above.
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3 Inducible Fgf13 ablation enhances caveolae-mediated
mechanoprotection during cardiac pressure overload

3.1 Introduction
Previous studies in our lab examining the cardiac functions of FGF13 relied on
shRNA knockdown in cultured cardiomyocytes (41, 42, 44). Due to the inherent limitations
of studying dissociated cells in culture, however, the integrated in vivo effects of FGF13
on cardiac rhythm and contractility have not yet been fully elucidated. Moreover, the
contrasting effects of FHFs on neuronal Na+ channels in slice versus cultured cerebellar
preparations (37) suggest compensatory mechanisms in certain model systems. Whether
compensatory changes occur in vivo after cardiac-specific knockout of Fgf13 is not known.
Therefore, we recently generated an inducible, cardiac-specific Fgf13 knockout mouse
and characterized the consequences of Fgf13 ablation on cardiac electrical activity [Wang
et al., submitted]. Consistent with our previous findings, Fgf13 knockout in adult mouse
heart reduced NaV1.5 current and increased susceptibility to flecainide-induced ventricular
arrhythmias [Wang et al., submitted]. By contrast, CaV1.2 current density was unaffected,
suggesting compensatory changes in vivo not apparent after acute knockdown.
Based on our findings confirming Na+ channel dysfunction after inducible Fgf13
ablation in adult heart [Wang et al., submitted] and the established connection between
dilated cardiomyopathy and loss-of-function mutations in the cardiac Na+ channel SCN5A
(62, 63), we initially hypothesized that Fgf13 knockout mice would exhibit impaired cardiac
function and pathological cardiac hypertrophy under stress. In this study, we investigated
the role of FGF13 in cardiac hypertrophy using a model of pressure overload induced by
transverse aortic constriction (TAC). Unexpectedly, we found that, despite developing a
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hypertrophic response, Fgf13 knockout hearts maintained preserved cardiac function
associated with reduced fibrosis and upregulation of adaptive hypertrophic signaling
pathways. We hypothesized that FGF13’s interaction with cavins, caveolae structural
proteins identified from the FGF13 proteomic screen (Chapter 2), could provide the
molecular mechanism for this unexpected phenotype. Indeed, extensive analyses
revealed a novel FGF13 function as a negative regulator of cardiomyocyte caveolae
density. As discussed in Chapter 1, caveolae play important roles in cardiac hypertrophy
and mechanoprotection by serving as membrane reservoirs to buffer increases in
membrane tension (9, 20). Using biochemical, electron microscopy, and functional
assays, we demonstrate that Fgf13 knockout in adult hearts not only increased caveolae
density, but also enhanced mechanoprotection of cardiomyocytes in the setting of
increased ventricular loading. Importantly, our results establish FGF13 as a novel
regulator of cardiac hypertrophy and suggest a cardioprotective benefit to inhibition of
FHFs in the adult heart in the setting of maladaptive hypertrophy.
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3.2 Results
3.2.1 Generation and validation of cardiac-specific Fgf13 knockout mouse
Conditional Fgf13fl/fl mice harboring a floxed exon 3 (Figure 3.1A) were a generous
gift from Dr. Chuan Wang and Dr. Hailin Zhang at Hebei Medical University [Wang et al.,
submitted]. To generate inducible cardiac-specific Fgf13 knockout mice, we crossed
Fgf13fl/fl mice to Myh6-MerCreMer (MCM) mice (64), which have an alpha-myosin heavy
chain (Myh6) promoter directing expression of a tamoxifen-inducible Cre recombinase.
Because MCM mice have been reported to exhibit transient Cre-mediated depression of
cardiac function following high-dose tamoxifen administration (65, 66), we carefully
optimized the tamoxifen dosage and allowed sufficient time for the animals to recover
before experimentation (Figure 3.1, B and C). Male hemizygous (Fgf13-/Y) or female
homozygous (Fgf13-/-) knockout (KO) mice and MCM controls (8-12 weeks old) were
induced with 40 mg/kg tamoxifen for 3 days and allowed three weeks to recover. Western
blot revealed elimination or reduction of the 29 kDa FGF13 signal only in the hearts of
Fgf13–/–, Fgf13-/Y, or Fgf13+/– mice, indicating efficient ablation of Fgf13 from
cardiomyocytes (Figure 3.1D).
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Figure 3.1: Generation of inducible cardiac-specific Fgf13 knockout mouse. (A) Top:
Structure of mouse Fgf13 genomic locus after homologous recombination of targeting vector
carrying a floxed exon 3 and a neomycin selection cassette (neo). Middle: Crossing with a Flp
deleter mouse yielded a conditional allele. Bottom: subsequent cross with Myh6-MerCreMer (MCM)
and tamoxifen induction of MCM(+) offspring yielded cardiac-specific Fgf13 knockout mice. (B)
Optimization of tamoxifen (TM) dosage to minimize transient cardiotoxicity in tamoxifen-induced
MCM(+) mice. Ventricular cardiomyocytes were acutely isolated at different time-points postinduction from mice administered varying doses of tamoxifen. Cardiotoxicity was assessed by
abnormal changes in cell morphology. (C) Weekly echocardiographic measurements of %
fractional shortening (FS) after 3 days of 50 mg/kg tamoxifen injections. After transient decline,
cardiac function recovered 2-3 weeks after induction. (D) Representative immunoblots of FGF13
protein in ventricular myocytes isolated from no-floxed MCM controls and hemizygous or
heterozygous Fgf13 KO mice.
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3.2.2 Fgf13 knockout hearts develop hypertrophy but maintain cardiac
function in response to chronic pressure overload.
Because the Fgf13 gene is on the X chromosome, we first assessed whether
gender contributed to baseline functional differences. Echocardiography showed no
differences in fractional shortening in Fgf13-/Y compared to Fgf13-/- mice (Figure 3.2B,
Figure 3.3A). Moreover, compared to tamoxifen-treated MCM, KO hearts showed no
significant differences in fractional shortening or left ventricular wall thickness at baseline
(Figure 3.2, B-D; Table 3.1), indicating the lack of an obvious baseline functional
phenotype after Fgf13 ablation.
We next tested whether Fgf13 knockout altered the response to stress by
performing transverse aortic constriction (TAC) (67) three weeks after tamoxifen induction
(Figure 3.2A). Serial echocardiographic measurements of left ventricular wall thicknesses
revealed that Fgf13 KO and MCM mice developed similar thickening of interventricular
septum (IVS) and posterior wall (PW) in response to pressure overload (Figure 3.2D;
Table 3.1). As anticipated, MCM mice demonstrated a progressive decline in fractional
shortening and chamber enlargement after 8 weeks of TAC (Figure 3.2, B-F), consistent
with decompensated hypertrophy. Unexpectedly, Fgf13 KO mice exhibited preserved
contractile function and attenuation of cardiac dilation at 12 weeks post-TAC (Figure 3.2,
B-F). This protective response was present in both Fgf13-/Y and Fgf13-/- mice subjected to
the same range of systolic pressure gradients as MCM controls (Figure 3.3B; Table 3.1);
we therefore combined Fgf13-/Y and Fgf13-/- mice for further analyses.
Since Fgf13 ablation was cardioprotective, we considered whether the stressed
myocardium downregulates Fgf13 as a compensatory mechanism in an attempt to
preserve cardiac function. We assessed FGF13 protein and transcript levels in MCM after
12 weeks of TAC. Western blot and qPCR revealed significant downregulation of Fgf13
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expression in response to TAC (Figure 3.4, A and B). Observing this trend, we obtained
pilot data looking for a consistent effect in cardiac-specific heterozygous knockout mice
(Fgf13+/-). While the Fgf13+/- mice had reduced FGF13 protein levels at baseline consistent
with their haploinsufficient state, FGF13 protein was further reduced in Fgf13+/- mice
subjected to TAC (Figure 3.4A). These results are in agreement with a meta-analysis
demonstrating consistent downregulation of FGF13 across multiple microarray studies of
human heart failure and animal models (mouse, rat, and dog) of LV dysfunction (68). Thus,
in response to pathological stimuli such as pressure overload, the heart may downregulate
Fgf13 in an attempt to preserve function.
We next tested whether Fgf13 KO affected Ca2+ cycling since perturbations in Ca2+
handling can activate hypertrophic signaling (69) and we previously observed that Fgf13
knockdown in cultured ventricular cardiomyocytes decreased intracellular Ca2+ transients
due to diminished Ca2+ influx through CaV1.2 (44). Measuring electrically-evoked Ca2+
transients in isolated myocytes, we observed no significant differences in Ca2+ transient
amplitudes in Fgf13 KO myocytes compared to MCM myocytes at baseline or after TAC
(Figure 3.5, A and B). This lack of a difference in transient amplitudes is consistent with
our observation that Ca2+ channel current density (ICa) was unaffected in Fgf13 KO mice
(Figure 3.6; Table 3.2), likely due to compensatory changes in vivo not manifest during
acute knockdown in culture. Furthermore, these results suggest that the preservation of
cardiac function after Fgf13 KO is not mediated directly by alterations in Ca2+ handling.
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Figure 3.2: Fgf13 knockout hearts develop hypertrophy but maintain cardiac function in
response to chronic pressure overload. (A) Experimental design timeline for tamoxifen
induction, TAC surgery, and serial echocardiograms. (B) Representative M-mode
echocardiograms from tamoxifen-induced Myh6-MerCreMer (MCM), female homozygous KO
(Fgf13-/-), and male hemizygous KO (Fgf13-/Y) mice pre-TAC (left panel), 2 weeks post-TAC (middle
panel), and 12 weeks post-TAC (right panel). (C)-(F) Summarized echocardiographic
measurements of (C) fractional shortening; (D) diastolic wall thickness [interventricular septum
(IVS) + posterior wall (PW)]; (E) end-systolic dimension (ESD); and (F) end-diastolic dimension
(EDD) from pre-TAC to 12 weeks post-TAC. Plots show means and standard error of mean. Twoway repeated measures ANOVA was used to assess effects of genotype, time, and genotype x
time interaction. Comparisons between genotypes at each time point were made using HolmSidak’s test for multiple comparisons; *p<0.05, **p<0.01 for MCM TAC vs Fgf13 KO TAC at each
time point. See Table 3.1 for complete echocardiographic measurements.
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Table 3.1: Echocardiographic, hemodynamic, and organ morphometry measurements
MCM
ECHO parameters

pre-TAC

TAC 2w

TAC 8w

TAC 12w

LVDd (mm)

2.92 ± 0.07

2.94 ± 0.17

2.98 ± 0.14

2.99 ± 0.15

LVDs (mm)

1.35 ± 0.09

1.49 ± 0.23

1.70 ± 0.20

1.70 ± 0.20

IVSW (mm)

1.12 ± 0.03

1.40 ± 0.04

1.49 ± 0.04

1.56 ± 0.04

PW (mm)

1.04 ± 0.03

1.33 ± 0.07

1.41 ± 0.06

1.49 ± 0.06

HR (bpm)

647 ± 21

640 ± 23

663 ± 17

688 ± 12

FS (%)

54.3 ± 2.1

52.8 ± 4.1

45.4 ± 3.9

45.1 ± 3.8

n

18

18

18

17

Fgf13 KO
ECHO parameters

pre-TAC

TAC 2w

TAC 8w

TAC 12w

LVDd (mm)

2.84 ± 0.05

2.68 ± 0.05

2.57 ± 0.10

2.65 ± 0.15
A

1.10 ± 0.20A

LVDs (mm)

1.14 ± 0.07

1.16 ± 0.07

1.08 ± 0.13

IVSW (mm)

1.14 ± 0.03

1.38 ± 0.04

1.49 ± 0.04

1.57 ± 0.06

PW (mm)

1.03 ± 0.03

1.32 ± 0.05

1.40 ± 0.06

1.46 ± 0.05

HR (bpm)

700 ± 11

679 ± 17

701 ± 10

713 ± 11

FS (%)

60.0 ± 2.0

56.8 ± 2.4

59.1 ± 3.1

n

16

16

16

A

60.6 ± 3.8B
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LVDd, left ventricular dimension at diastole; LVDs, left ventricular dimension at systole; IVSW, interventricular
septal wall thickness; PW, posterior wall thickness; HR, heart rate; FS, fractional shortening. Values are
expressed as mean ± SEM. Ap<0.05, Bp<0.01 versus MCM at corresponding time point after TAC.
Comparisons were made using two-way repeated measures ANOVA with Holm-Sidak’s test for multiple
comparisons.
Hemodynamics

MCM TAC 12w

KO TAC 12w

SP (proximal, mmHg)

165 ± 18

174 ± 16

SP (distal, mmHg)

119 ± 16

129 ± 11

SP gradient (mm Hg)

45.4 ± 5.4

44.5 ± 8.8

n

7

6

SP, systolic pressure.
MCM

Fgf13 KO

Organ morphometry

Sham 12w

TAC 12w

Sham 12w

TAC 12w

BW (g)

27.9 ± 0.8

27.8 ± 1.0

25.2 ± 1.2

25.2 ± 0.7

182 ± 8

239 ± 12A

A

HW (mg)

218 ± 6

298 ± 18

HW/BW (mg/g)

7.9 ± 0.3

10.9 ± 0.7A

7.3 ± 0.3

9.4 ± 0.4A

n

17

11

15

14

BW, body weight; HW, heart weight. Ap<0.05 versus sham mice of same genotype.
Comparisons were made using two-way ANOVA with Sidak’s test for multiple comparisons.
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Figure 3.3: Effect of gender on fractional shortening. (A) Fractional shortening at baseline (preTAC) in male hemizygous knockout (Fgf13-/Y) vs. female homozygous knockout (Fgf13-/-) mice, 3
weeks after tamoxifen induction. Unpaired Student’s t-test showed no significant effect of gender
on baseline cardiac function in Fgf13 KO mice. (B) Fractional shortening at 2, 8, and 12 weeks
post-TAC in male Fgf13-/Y vs female Fgf13-/- mice. (C) Fractional shortening at 2, 8, and 12 weeks
post-TAC in male MCM vs female MCM mice. Two-way ANOVA showed no significant effect of
gender on the response to TAC (gender x time interaction) in Fgf13 KO or MCM.
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Figure 3.4: Fgf13 is downregulated in response to pressure overload. (A) Representative
Western blots for FGF13 in left ventricular whole-cell lysates from MCM and Fgf13 KO (Fgf13-/- or
Fgf13-/Y) (left panel), and Fgf13+/- (right panel) mice 12 weeks post-TAC or sham. (B) Left:
densitometry of FGF13 protein from blots in left panel of A. Right: gene expression of Fgf13.*p<0.01
vs MCM sham, two-way ANOVA with Sidak’s multiple comparison test.
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Figure 3.5: Fgf13 knockout has no effect on intracellular Ca2+ transient amplitudes.
(A) Representative Ca2+ transients from myocytes isolated from MCM and Fgf13 KO hearts after
12 weeks of TAC or sham surgery. (B) Summarized data for Ca2+ transient amplitudes. Plots show
mean ± SEM; points represent myocytes isolated from two mice per genotype and surgery. Twoway ANOVA showed no significant main effects of genotype or surgery, and no significant genotype
x surgery interaction.
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Figure 3.6: Fgf13 knockout does not affect Ca2+ current density in cardiomyocytes.
(A) Exemplar Ca+ current (ICa) traces elicited by 300-ms depolarizing pulses to test potentials
between -60 mV and 40 mV from a holding potential of -80 mV at 10-mV increments. Inset shows
schematic of the voltage clamp protocol. (B) Summarized ICa current-voltage relationship for MCM
and Fgf13 KO mice. (C) Peak ICa densities at +10mV are 4.0±0.4 pA/pF (n=13 cells) for MCM and
3.9±0.5 pA/pF (n=9 cells) for Fgf13 KO from three mice per genotype; plots show mean ± SEM.

Table 3.2: Summary of ICa patch clamp data
Parameter

MCM

Fgf13 KO

ICa-peak density (pA/pF)

-4.0 ± 0.4 (13)

- 3.9 ± 0.5 (9)

V1/2 of activation (mV)

-4.2 ± 1.4 (13)

-3.3 ± 1.6 (8)

k of activation (mV)
V1/2 of inactivation (mV)
k of inactivation (mV)

6.0 ± 0.2 (13)

6.6 ± 0.2 (8)

-23.1 ± 1.3 (7)

-24.3 ± 1.3 (8)

3.8 ± 0.2 (7)

3.9 ± 0.2 (8)

The number of cells analyzed for each parameter is provided in parentheses.
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3.2.3 Fgf13 knockout attenuates cardiac dilation, reduces fibrosis, and
promotes adaptive hypertrophic signaling in response to pressure
overload.
Preservation of cardiac function despite increased cardiac stress is a hallmark of
adaptive hypertrophy (23). We therefore performed histological analysis to examine
whether KO hearts showed evidence of adaptive growth in response to pressure overload.
Consistent with the echocardiographic measurements, MCM TAC hearts were markedly
enlarged compared to sham hearts by gross inspection, hematoxylin and eosin staining,
and measurements of heart weight to body weight ratio and myocyte cross-sectional area
(Figure 3.8, A-C). By contrast, while Fgf13 KO heart mass increased after TAC, the degree
of hypertrophic growth was more modest, as reflected by an attenuated increase in
myocyte cross-sectional area (Figure 3.8, A-C). Furthermore, Sirius red staining revealed
noticeably less interstitial and perivascular fibrosis in KO TAC compared to MCM TAC
hearts (Figure 3.8A).
Consistent with the development of fibrosis in MCM mice after TAC, EKGs
recorded from MCM mice after 12 weeks of TAC showed evidence of pathological
electrical remodeling – notably, ST-segment depression with entirely negative and
inseparable J and T waves (70) (Figure 3.7A). In contrast, EKGs from Fgf13 KO TAC mice
showed normal J-T wave transition (Figure 3.7A). Although pressure overload caused QT
prolongation without affecting PR and QRS intervals, no arrhythmic events were detected
in either MCM or Fgf13 KO mice after TAC (Figure 3.7, B-D). The normal ECGs in the
Fgf13 KO mice at baseline and after TAC are consistent with our independent analysis of
ECGs in a separate set of Fgf13 KO mice [Wang et al., submitted]. However, the absence
of observed arrhythmias after TAC in Fgf13 KO mice was unexpected since we had
observed flecainide-induced ventricular arrhythmias in Fgf13 KO mice [Wang et al.,
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submitted] – consistent with FGF13's well-characterized role as a positive Na+ channel
regulator in heart (41, 42). We interpreted these findings, together with the functional
preservation observed by echocardiography, to indicate that Fgf13 KO protects against
TAC-induced structural remodeling through a novel mechanism independent of NaV1.5
channel regulation.

Figure 3.7: Fgf13 knockout mice are protected from adverse electrical remodeling after TAC.
(A) Representative lead I EKG traces from MCM and Fgf13 KO mice after 12 weeks of sham or
TAC surgery. MCM TAC EKGs showed entirely negative and inseparable J and T waves below the
iso-electric line (dotted red line) indicating pathological electrical remodeling. Fgf13 KO TAC EKGs
showed normal J-T wave transition. (B)-(D) Summarized data for PR interval (B), QRS interval (C),
and QTc interval (D). Two-way ANOVA showed a main effect of surgery on QTc, but no significant
genotype x surgery interaction for all EKG parameters.
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The attenuation of cardiac enlargement and fibrosis in Fgf13 KO hearts after TAC
suggested that signaling associated with physiologic growth and cardioprotection was
upregulated by Fgf13 ablation whereas maladaptive hypertrophic signaling was
diminished. Hallmarks of physiological cardiac hypertrophy include increases in insulinlike growth factor-1 signaling through the phosphoinositide 3-kinase (PI3K) and Akt
pathway (22), so we first examined whether PI3K activity was affected in Fgf13 KO mice
subjected to TAC. We measured phosphorylation of the PI3K p85 regulatory subunit at
Tyr458, which indicates activation of the kinase (71, 72). Whereas MCM TAC hearts
showed decreased phospho-Tyr458, Fgf13 KO TAC hearts showed no decrease in PI3K
phosphorylation compared to sham hearts (Figure 3.8D). This suggests preservation of
PI3K activity in Fgf13 KO mice during pressure overload. Moreover, consistent with
enhanced signaling through the downstream PI3K target Akt, Fgf13 KO TAC hearts
showed a significantly higher ratio of phospho-Akt (Ser473) to total Akt compared to sham
hearts (Figure 3.8D). In contrast, MCM TAC hearts showed no increase in Akt
phosphorylation compared to sham. We also assessed the calcineurin-NFAT signaling
pathway and activation of the fetal gene program. Since physiological remodeling is
associated with suppression of calcineurin-NFAT activity and downregulation of the fetal
gene program (25), we hypothesized that signaling through this maladaptive pathway
would be diminished in Fgf13 KO mice after TAC. We first assessed calcineurin activity
by measuring the expression of Regulator of calcineurin 1 (Rcan1), a gene target of
calcineurin (73). Fgf13 KO significantly attenuated the TAC-induced increase in Rcan1
expression observed in MCM mice (Figure 3.8E). In addition, induction of the fetal gene
program in Fgf13 KO TAC hearts in response to the pathological stimulus of chronic
pressure overload was significantly diminished compared to levels observed in MCM TAC
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hearts (Figure 3.8F). Together, these data suggest that the protective effects of Fgf13
ablation include enhanced PI3K/Akt signaling and concomitant attenuation of pathological
cardiac remodeling.
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Figure 3.8: Fgf13 knockout attenuates cardiac dilation, reduces fibrosis, and promotes
adaptive hypertrophic signaling in response to pressure overload. (A) Whole mount of
representative hearts from sham and TAC MCM and Fgf13 KO mice 12 weeks post-TAC (top
panel). Histological sections were stained with hematoxylin/eosin, Sirius red, and wheat-germ
agglutinin (WGA). (B) Heart weight/body weight ratios and (C) myocyte cross-sectional area (CSA)
for sham and TAC MCM and Fgf13 KO 12 weeks post-TAC. (D) Representative Western blots for
phosphorylated (p) and total (t) proteins for PI3K p85 and Akt from 12 week post-TAC hearts. Plots
show summarized data for p/t-PI3K and p/t-Akt. (E) Gene expression of regulator of calcineurin
(Rcan1) normalized to Gapdh and MCM sham. (F) Gene expression of atrial natriuretic peptide
(Nppa), beta-myosin heavy chain (Myh7), and alpha-myosin heavy chain (Myh6) normalized to
Gapdh and MCM sham. Note fold change on y-axis is plotted on a log2 scale. Two-way ANOVA
with Sidak’s test for multiple comparisons was used to assess effects of genotype, surgery, and
genotype x surgery interaction. *p<0.05 vs sham for respective genotype; §p<0.05 vs MCM TAC.
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3.2.4 FGF13 forms a complex with cavin proteins in adult ventricular
cardiomyocytes
We looked for novel regulatory roles for FGF13 in the heart through which Fgf13
ablation would be beneficial since the cardioprotection conferred by Fgf13 ablation was
unexpected in the context of reduced NaV1.5 function observed in Fgf13 KO mice [Wang
et al., submitted]. Rationale for looking beyond NaV1.5 channel regulation stemmed
additionally from recent analyses of the consequences of FHF knockout in brain that
suggested roles for FHFs beyond ion channel regulation, such as regulation of synaptic
vesicle release (46) and stabilization of microtubules (47). To discover additional roles, we
re-examined the list of novel co-immunoprecipitated proteins identified in the FGF13
proteomic screen in heart (Chapter 2). Among the candidate interacting partners were
three cavin proteins present in cardiac muscle (11) – cavin 1 (also known as PTRF); cavin
2 (SDRP); and cavin 4 (MURC); (Figure 3.9A and Table 3.3), suggesting that FGF13
associates with a complex of cavin proteins in cardiomyocytes. We speculated that cavins
were of particular relevance because they regulate the formation and morphology of
caveolae, membrane invaginations that serve as organizers for adaptive hypertrophic
signaling effectors (e.g. PI3K) (16) and provide a membrane reservoir for
mechanoprotection (9). Based on the proteomic screen results, we hypothesized that
FGF13 interactions with cavins affect caveolae organization to enhance adaptive
hypertrophic

signaling

and

increase

the

membrane

reservoir

that

provides

mechanoprotection, thereby providing a mechanistic basis for the adaptive response to
pressure overload in the Fgf13 knockout mice.
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Figure 3.9: FGF13 associates with cavin protein complexes in caveolin-rich lipid rafts of
cardiomyocytes. (A) Schematic of the cavin-caveolin complex at a sarcolemmal caveola. Cavin
complexes are assembled in the cytoplasm before being recruited to caveolae. Mass spectrometry
analysis of immunoprecipitated FGF13 complex identified 17 unique peptides across cavin 1, cavin
2, and cavin 4 (detailed peptide information in Table 3.3). (B) Western blots of sucrose density
fractions from adult ventricular myocytes showed FGF13 co-fractionating with cavin 1, caveolin 3,
sodium channel (NaV), and junctophilin-2 (JPH2) in lipid raft fractions (3-5). (C) FGF13 densitometry
normalized to protein concentration emphasizes its lipid raft enrichment.
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Table 3.3: Peptides of cavin 1, cavin 2, and cavin 4 identified by mass spectrometry.
Numbers in parentheses following peptide sequences indicate the amino acid positions.
Accession numbers from SwissProt 2011 database.
Protein/Accession No.
Cavin 1/PTRF_MOUSE

FGF13 IP Peptide Sequences
ATEEPSGTGSDELIK (33-47)
SDQVNGVLVLSLLDK (48-62)
IIGAVDQIQLTQAQLEER (63-80)
KLEVNEAELLRR (139-150)
LKTKENLEK (259-267)
KSFTPDHVVYAR (301-312)
EGEVEVLK (332-339)

IgG IP Peptide Sequences
KLEVNEAELLR (139-149)

Cavin 2/SDPR_MOUSE

YQASTSNTVSK (103-113)
RLENNHAQLLR (141-151)
VLIFQEESEIPASVFVK (157-173)
EPVPSAAEGKEELADENK (174-191)
VSPLSFGR (292-299)

None detected

Cavin 4/MURC_MOUSE

LSSVTEDEDQDAALTIVTVLDR (18-39)
VASVVDSVQASQKR (40-53)
VVIFQEDIPCPASLSVVKDR (132-151)
SGKEHIDHIKK (189-199)
VEDDESLLLELK (348-359)

None detected
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3.2.5 A subset of FGF13 co-fractionates with cavins in caveolin-rich lipid
rafts in cardiomyocytes
Cavins regulate caveolae biogenesis and morphology in concert with caveolins,
integral membrane proteins that bind cholesterol and form oligomers to stabilize caveolae
(9). Whereas caveolin 1 is essential for caveolae formation in non-muscle tissue (10),
caveolin 3 (Cav3) is the major isoform in smooth, skeletal, and cardiac muscle. Because
of its interaction with the cavin complex, we tested whether FGF13 co-fractionates with
cavins in Cav3-rich lipid rafts. Using detergent-free sucrose density centrifugation, we
isolated lipid rafts from acutely dissociated adult ventricular cardiomyocytes and probed
for FGF13. As anticipated, Western blots (Figure 3.9B) revealed the greatest Cav3
enrichment in low density lipid raft fractions (fractions 3-5) while markers for cytoplasmic
and nuclear proteins (tubulin and histone H3) appeared almost exclusively in heavy nonraft fractions (fractions 8-11). We detected a subset of FGF13 and cavin 1 in the Cav3rich fractions, along with subpopulations of sodium channels (NaV), and junctophilin-2
(JPH2) – proteins that localize to Cav3-rich membranes (7, 74). FGF13 was also present
in higher density, non-lipid raft fractions (8-11), consistent with its role in regulating
voltage-gated ion channels in extracaveolar domains (42, 44). Because protein content in
caveolin-rich lipid rafts accounts for <10% of total protein, normalization of FGF13
densitometry by protein concentration emphasized its relative enrichment in the lipid rafts
(Figure 3.9C) and suggested previously unexplored roles for FGF13 in heart.
One such role suggested by the co-fractionation of FGF13 with Cav3 and its
interaction with the cavin complex is that FGF13 is a member of the Cav3 macromolecular
complex in ventricular myocytes. However, no Cav3 peptides were detected by mass
spectrometry in the FGF13 immunoprecipitation. The converse immunoprecipitation using
a Cav3 antibody from myocyte lysate also showed no interaction between Cav3 and
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FGF13 (Figure 3.10). These results indicate that FGF13’s interaction with the cavin
complex and co-fractionation in lipid rafts are not dependent on Cav3. Because cavins
regulate caveolae formation through indirect interactions with caveolins (75, 76), we
hypothesized that FGF13 also mediates caveolae organization independently of a direct
Cav3 interaction.

Figure 3.10: FGF13 and caveolin 3 do not co-immunoprecipitate from ventricular
cardiomyocyte lysate. FGF13 and caveolin 3 did not co-immunoprecipitate from myocyte lysate
using rabbit anti-FGF13 or mouse anti-Cav3 antibodies. 70 µg protein lysate was loaded as input;
500 µg lysate was used for immunoprecipitation.

53

3.2.6 FGF13 regulates the lipid raft partitioning of caveolar proteins
Multimeric cavin complexes in the cytosol are recruited to the cytoplasmic surface
of caveolae where they stabilize caveolins after caveolins have trafficked to the plasma
membrane (11, 77). Disruption of cavin-caveolin complexes can alter caveolae abundance
and contribute to multisystemic disease, including cardiac arrhythmias and hypertrophy,
lipodystrophy, and muscular dystrophy (18, 19, 78, 79). Among the cavins, cavin 1 is most
critical for stabilization of caveolins and caveolae biogenesis (75, 76, 80), whereas cavin
2 and cavin 4 primarily affect caveolae morphology (81, 82). Moreover, caveolae
morphology and the size of cavin hetero-oligomeric complexes (as measured by their
fractionation behavior on sucrose density gradients) are regulated in a tissue-specific
manner by the relative levels of individual cavins (83). For example, a higher ratio of cavin
2 to cavin 1 in lung compared to heart leads to enrichment of the cavin complex within
more buoyant (lower density) fractions (83). This fractionation behavior varies
considerably across different tissues, so association of non-cavin proteins is thought to
influence formation of the complex and confer tissue-specific functions (83). We
hypothesized that FGF13 is a candidate for a non-cavin protein in heart that regulates
caveolae by influencing the partitioning of cavins between membrane and cytosol.
Because of the central role of cavin 1 in stabilization of caveolins and caveolae formation,
we first examined whether loss of FGF13 altered the subcellular fractionation of cavin 1
between the cytosol and membrane. We observed that the relative ratio of cavin 1 in the
membrane to cytosol was significantly increased in Fgf13 KO mice compared to MCM
controls (Figure 3.11, A and B). This increase was not associated with changes in total
cavin 1 protein or gene expression after Fgf13 knockout (Figure 3.12, A and B), suggesting
that FGF13 loss leads to redistribution of cavin 1 from the cytosol to the membrane. In
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addition, consistent with increased cavin 1 at the membrane, we observed a trend toward
greater cavin 1 and cavin 2 in sucrose density lipid raft fractions after Fgf13 KO (Figure
3.12, C-E).
We next tested the consequence of cavin 1 redistribution to the membrane in Fgf13
KO by examining sucrose density fractionation of Cav3. We first observed that the total
amount of Cav3 in whole cell lysate was increased in Fgf13 KO by 67±20% relative to
MCM control (p<0.05, one-sample t-test; Figure 3.11, C and E), consistent with
stabilization of caveolins in the presence of increased membrane-associated cavin 1 (75).
Moreover, this increase in Cav3 was concentrated within sucrose fractions 3-5 (62±13%,
p<0.05, one-sample t-test; Figure 3.11, C-E), indicating a selective enrichment of Cav3
within lipid rafts. As caveolins bind cholesterol (84), we tested for a correlative
redistribution of cholesterol to more buoyant fractions as an independent indicator of Cav3
enrichment within lipid rafts. Total cholesterol was unchanged but lipid rafts in Fgf13 KO
hearts were indeed marked by significantly higher cholesterol content (Figure 3.11, D and
E). Together, these data support a model in which loss of FGF13 promotes redistribution
of cavin 1 from the cytosol to the membrane; the increased availability of cavin 1 at the
membrane thereby stabilizes caveolins (75), increasing total Cav3 protein and partitioning
within lipid rafts (Figure 3.11F).
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Figure 3.11: Fgf13 knockout in adult cardiomyocytes redistributes cavin 1 from cytosol to
membrane and increases the lipid raft partitioning of caveolin 3. (A) Left: Schematic of
subcellular fractionation workflow (WCL = whole-cell lysate; PNS = post-nuclear supernatant).
Equal concentrations of lysate were used as input. Right: Western blots for cavin 1 and FGF13
from cytosolic and membrane fractions prepared from MCM and Fgf13 KO ventricular tissue;
tubulin serves as marker for cytosolic proteins. (B) Quantification of membrane: cytosol relative
ratio for cavin 1. (C) Western blots of sucrose density fractions from acutely-isolated MCM and
Fgf13 KO myocytes. Equal total protein (~2 mg) was loaded onto each sucrose column; blots from
both genotypes were exposed simultaneously. (D) Top panel: densitometry of caveolin 3 Western
blots as in C (data normalized to peak signal). Bottom panel: cholesterol content per fraction
(normalized to total input protein). (E) Left panel: quantification of caveolin 3 protein in WCL and
lipid raft (fractions 3-5); WCL values were normalized to GAPDH and MCM. Right panel:
quantification of total and lipid raft cholesterol content. Plots in B, D, and E show means ± SEM
from 3-5 mice/genotype; *p<0.05, unpaired t-test or one-sample t-test comparing KO to 100%
MCM. (F) Model for FGF13 regulation of cavin 1 distribution between cytosol and membrane.
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Figure 3.12: Cavin protein, gene expression, and lipid raft partitioning in Fgf13 KO compared
to MCM mice. (A) Representative Western blots for cavin 1 in left ventricular whole-cell lysates
from MCM and Fgf13 KO hearts 12 weeks post-TAC or sham. (B) Left: densitometry of cavin 1
protein from blots in A. Right: gene expression of cavin 1 (Ptrf). *p<0.05 vs KO sham, two-way
ANOVA with Sidak’s multiple comparison test. (C) Western blots of sucrose density fractions from
acutely-isolated control (MCM) and Fgf13 knockout (KO) myocytes 3 weeks post-tamoxifen
induction. Equal total protein (~2 mg) was loaded onto each sucrose column; blots from both
genotypes were exposed simultaneously. (D) Densitometry of cavin 1 (top) and cavin 2 (bottom)
Western blots as in C (data normalized to peak signal). (E) Quantification of cavin 1 (top) and cavin
2 (bottom) protein in whole-cell lysate (WCL) and lipid raft (fractions 3-5); WCL values were
normalized to GAPDH (not shown) and MCM.
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3.2.7 Fgf13 knockdown increases Cav3 lipid raft partitioning
To determine whether the changes in Cav3 distribution after Fgf13 ablation
resulted from remodeling in vivo in the absence of FGF13 or whether such changes reflect
acute loss of FGF13, we used a validated adenoviral-mediated shRNA approach to knock
down Fgf13 acutely in cultured adult rat cardiomyocytes (42). Similar to the consequences
of Fgf13 KO, Fgf13 knockdown in isolated cardiomyocytes increased the distribution of
Cav3 as well as other caveolar constituents (NaV, CaV1.2, JPH2) to lipid raft fractions
(Figure 3.13). These acute changes in culture indicate that the effects of Fgf13 deletion
are not a consequence of compensatory mechanisms in vivo.

Figure 3.13: Fgf13 knockdown increases the lipid raft partitioning of caveolae-associated
proteins. (A) Sucrose density fractions from cultured rat myocytes infected with Fgf13 shRNA (KD)
or scrambled shRNA (SCR); cells were lysed 48 hours after culture and equal total protein was
loaded onto each sucrose column. Fgf13 KD increased the abundance of Cav3, CaV1.2, and JPH2
within lipid raft fractions, and increased Cav3 and JPH2 protein levels in whole cell lysate (WCL).
(B) & (C) Densitometry analysis of 4 independent experiments. Lipid raft levels represent the sum
of fractions 3-5; WCL values were normalized to GAPDH (not shown) and to SCR. *p<0.05, onesample t-test comparing KD to 100% SCR.
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3.2.8 Knockout of Fgf13 increases sarcolemmal caveolae density in cardiac
myocytes
Changes in the biochemical composition of cavin-caveolin complexes affect
caveolae abundance (83) and increased caveolae density is cardioprotective (20). We
therefore hypothesized that the increased Cav3 in KO lipid rafts augmented the formation
of caveolae and provided the mechanism for the observed cardioprotection after TAC.
Indeed, quantification of caveolae density along the lateral sarcolemma in electron
micrographs (by two experimenters blinded to genotype) revealed a significant increase
in the number of caveolae normalized to membrane length in KO vs MCM hearts (Figure
3.14, A and B). Further, KO myocytes also exhibited changes in the lateral sarcolemma
ultrastructure that were previously observed in models of increased caveolae density (20).
Whereas MCM myocytes had a relatively straight sarcolemma, KO myocytes displayed a
more convoluted surface, with caveolae clustering within outcroppings of membrane
(Figure 5C). We quantified the degree of membrane contour by defining a “convolution
index” (L/Lo-1) in which the length of the membrane contour (L) was normalized to the
length of a straight path connecting the end points of the membrane segment (Lo)
(exemplar in Figure 3.14C). KO myocytes showed a significantly greater membrane
convolution index compared to MCM myocytes (Figure 3.14D).
Since individual cavins also regulate caveolar morphology (9), we performed
quantification of caveolae circumference, area, and overall morphology by approximating
individual caveola as an ellipse (Figure 3.15A). There was no change in circumference or
area between caveolae from KO and MCM myocytes (Figure 3.15, B and C). Although
there was a mild reduction in ellipticity of KO caveolae (Figure 3.15D), the magnitudes of
the changes are minimal. Thus, FGF13 functions as a potent negative regulator of
caveolae density in heart without significantly affecting caveolar morphology.
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Figure 3.14: Fgf13 knockout increases caveolae density and membrane convolution at the
lateral sarcolemma. (A) Representative composite electron micrographs showing the lateral
sarcolemmal membranes of adjacent cardiomyocytes from MCM and Fgf13 KO hearts (scale bars,
500 nm) (B) Quantification of caveolae density, normalized to membrane length. Mean densities
were 1.20 ± 0.07 and 0.76 ± 0.04 caveolae/µm in KO and MCM, respectively; n=46-49 micrographs
from three mice/genotype. (C) Representative electron micrographs showing increased membrane
convolutions in Fgf13 KO; L = length of membrane contour; Lo=shortest length connecting end
points of membrane segment. (D) Quantification of membrane convolution index (L/Lo-1). Mean
indices were 0.15 ± 0.02 vs. 0.06 ± 0.01 in KO and MCM, respectively; n=45 micrographs from
three mice/genotype. Box plots show medians with interquartile range; whiskers represent 10-90
percentile; each point represents one micrograph. *p<0.0001, Mann-Whitney U-test.
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Figure 3.15: Quantification of caveolae circumference, area, and ellipticity. (A) Electron
micrograph close-ups of MCM myocyte caveolae (scale bar, 100nm). Each caveola cross-section
was approximated by an ellipse, whose semi-major axis, a, and semi-minor axis, b, were used to
estimate (B) circumference; (C) area; and (D) ellipticity from the respective formulas. Box plots
show medians ± interquartile range; whiskers represent 10-90 percentile; each point represents
one caveola; MCM n=221, KO n=331 from three mice/genotype. p-values from Mann-Whitney Utest.
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3.2.9 Fgf13 knockout attenuates TAC-induced loss of caveolae and
preserves caveolar signaling complexes in response to pressure
overload
Because Fgf13 KO mice have increased Cav3 (Figure 3.11, C and E) and
increased caveolae (Figure 3.14, A and B), we hypothesized that Fgf13 KO would
phenocopy Cav3 overexpression, which was shown to mitigate TAC-induced pathological
remodeling in part by preventing disruption of caveolae-associated macromolecular
signaling complexes (85). We first determined if the increase in Cav3 protein persisted
after TAC. Indeed, 12 weeks after TAC, KO mice retained significantly elevated Cav3
protein in whole-cell lysate compared to MCM (Figure 3.16, A and B). The increase in
Cav3 protein in Fgf13 KO mice, at baseline or after TAC, was not associated with
upregulation of Cav3 expression (Figure 3.16B), suggesting that Fgf13 ablation enhanced
the stability of Cav3. Further, using sucrose density fractionation of MCM TAC hearts, we
observed a redistribution of Cav3 from lipid raft fractions to non-raft fractions (Figure
3.16C), consistent with studies showing loss of caveolae in wild type mice subjected to
TAC (85). By contrast, and reminiscent of Cav3 overexpression, Fgf13 KO attenuated the
TAC-induced shift in Cav3, preserving Cav3 in lipid raft fractions (Figure 3.16C).
Moreover, cavin 1 redistributed from lipid raft to non-raft fractions in MCM hearts after TAC
(Figure 3.16C) – consistent with reports that mechanical stretch causes rapid disassembly
of caveolae and dissociation of cavins from the plasma membrane (13, 86) – yet Fgf13
KO similarly attenuated the TAC-induced redistribution of cavin 1. These data suggest
that retention of cavin 1 within lipid rafts stabilizes Cav3 and preserves caveolae integrity
in Fgf13 KO hearts subjected to pressure overload.
Consistent with decreased Cav3 and its redistribution to non-raft fractions after
TAC, electron micrographs of MCM TAC hearts confirmed a significant reduction in
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sarcolemmal caveolae density relative to levels in sham hearts (Figure 3.16, D and E). In
contrast, Fgf13 KO TAC hearts maintained higher caveolae density and membrane
convolution index compared to MCM TAC hearts (Figure 3.16, D-F). Additionally, whereas
MCM TAC hearts exhibited ultrastructural features consistent with pathological
remodeling – including myofibrillar disarray, ruptured mitochondria, and increased
interstitial collagen deposition (Figure 3.16D), KO TAC hearts showed intact sarcomeres
and mitochondria, reflecting the protective structural and functional phenotypes observed
by histology and echocardiography.
Since Fgf13 KO phenocopied Cav3 overexpression and preserved caveolae
integrity after TAC, we hypothesized that cardioprotective signaling effectors remained
compartmentalized within caveolae of Fgf13 KO TAC hearts and thereby conferred
adaptation to pressure overload. We thus examined whether Fgf13 KO affected Akt
distribution within lipid rafts in response to TAC, because caveolin 3 interacts with PI3K
and facilitates recruitment and activation of Akt (16, 87). Consistent with loss of Cav3 from
lipid rafts after TAC, Akt was abolished from lipid raft fractions 4-5 in MCM TAC hearts; in
contrast, Akt signal was retained in Fgf13 KO TAC lipid rafts (Figure 3.17). Together with
our previous observation of enhanced PI3K/Akt signaling in Fgf13 KO mice after TAC
(Figure 3.8D), these results indicate that Fgf13 KO facilitates caveolae-mediated
activation of PI3K/Akt signaling in response to pressure overload.
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Figure 3.16: Fgf13 knockout attenuates TAC-induced loss of caveolae. (A) Representative
Western blots for caveolin 3 in left ventricular whole-cell lysates from MCM and Fgf13 KO hearts
12 weeks post-TAC or sham. (B) Densitometry of caveolin 3 protein (CAV3) from blots in A (left);
gene expression of caveolin 3 (Cav3) (right). p-values from two-way ANOVA with Sidak’s multiple
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comparison test. *p<0.0001 vs MCM sham; §p<0.0001 vs MCM TAC. (C) Western blots and
densitometry showing caveolin 3 and cavin 1 distribution in sucrose density fractions from MCM
and Fgf13 KO hearts 12 weeks post-TAC or sham. (D) Representative electron micrographs from
MCM and Fgf13 KO hearts 12 weeks post-TAC. (scale bars, 500 nm) (E) Quantification of caveolae
density, normalized to membrane length. (F) Quantification of membrane convolution index.
Baseline (sham) caveolae densities from Figure 3.14B are replotted for comparison with TAC
groups. Box plots show medians with interquartile range; whiskers represent 10-90 percentile; each
point represents one micrograph. n=37-49 micrographs from three mice/genotype. p-values from
Kruskal-Wallis test with Dunn’s multiple comparison test.

Figure 3.17: Fgf13 knockout preserves Akt compartmentalization within lipid rafts during
pressure overload. Representative immunoblots for Akt and FGF13 in sucrose density fractions
4 and 5 prepared from MCM and Fgf13 KO hearts 12 weeks post-TAC or sham surgery. Equal total
protein (~2 mg) was loaded onto each sucrose column; after fractionation, equal volumes were
loaded from each fraction.
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3.2.10 Knockout of Fgf13 enhances mechanoprotection in response to
ventricular pressure overload and hypo-osmotic stress
Recent studies in skeletal muscle and endothelial cells highlighted that caveolae
serve as mechanoprotective membrane reservoirs that buffer increases in membrane
tension to prevent membrane rupture (14, 15). Because pressure overload-induced
mechanical stretch (TAC) decreased caveolar reserve in MCM hearts, we hypothesized
that isolated MCM TAC myocytes in the setting of an acute stressor would display
compromised membrane integrity compared to Fgf13 KO myocytes. We employed a hypoosmotic stress assay, which was previously shown to induce membrane rupture when
caveolae were depleted (14). We observed that myocytes isolated from MCM and Fgf13
KO sham operated mice displayed a similar degree of membrane blebbing (areas of
rounded membrane protrusion) (Figure 3.18, A and B). However, in myocytes isolated
from TAC hearts, those with Fgf13 KO displayed significantly less blebbing than MCM
myocytes (Figure 3.18, A and C). Thus, by increasing caveolae density and consequently
the reservoir of membrane available to buffer membrane tension, Fgf13 KO preserved
sarcolemmal integrity and enhanced mechanoprotection from membrane rupture.
Together with the biochemical data demonstrating that FGF13 regulates the distribution
of cavin 1 between cytosol and membrane, these data support a model in which loss of
FGF13 increases cavin 1 at the membrane to stabilize Cav3, thereby increasing caveolae
density, enhancing mechanoprotection, and promoting adaptive hypertrophic signaling
(Figure 3.18D).
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Figure 3.18: Fgf13 knockout protects against membrane rupture in response to pressure
overload and acute hypo-osmotic stress. (A) Representative bright-field images of nonoperated and TAC MCM and KO myocytes 30 min after switch from iso-osmotic to hypo-osmotic
media (50% water). The frequency of membrane rupture was quantified by counting cells
containing one or more blebs (membrane protrusions indicated by arrowheads; magnified in inset)
and normalizing by the total cells per field of view (excluding lysed cells). Scale bar, 50 µm. (B) &
(C) Summarized data for hypo-osmotic stress assay conducted across four media conditions (0%,
40%, 50%, 60% water) on (B) non-operated myocytes and (C) TAC myocytes. Two-way ANOVA
showed significant surgery x genotype interaction, p<0.05. Comparisons between genotypes at
each solution were made using Holm-Sidak’s test for multiple comparisons, *p<0.05. Plots show
means ± SEM; n=9 wells of cells from three mice per genotype and surgery condition; cell counts
from 6 fields of view were summed per well. mOsm/L=milliosmole/liter. (D) Model showing FGF13
regulation of cavin 1 distribution between cytosolic and membrane fractions. Fgf13 KO increases
cavin 1 at the membrane, stabilizing caveolin 3 and thereby increasing caveolae density to enhance
mechanoprotection and adaptive hypertrophic signaling.

67

3.2.11 Fgf13 knockdown increases β2-adrenergic receptor potentiation of
CaV1.2 current
In addition to coordinating cardioprotective signaling effectors (e.g. PI3K),
caveolae also compartmentalize G-protein coupled receptors implicated in prosurvival
signaling (88). For instance, β2-adrenergic receptors (β2AR) are preferentially localized
within caveolae (89), where they couple to both Gi and Gs heterotrimeric G-proteins to
mediate PI3K-dependent anti-apoptotic signaling (90, 91). Because Fgf13 knockdown
increased the abundance of caveolar constituents within lipid rafts (Figure 3.13), we
hypothesized that FGF13 also regulates β2AR localization and signaling within caveolae.
Taking advantage of the fact that CaV1.2 L-type Ca2+ channels housed within caveolae
are selectively stimulated by β2AR activation (6), we examined β2AR potentiation of ICa as
a measure of β2AR activity. We observed a greater potentiation of peak ICa in response to
β2AR activation in adult rat ventricular cardiomyocytes transduced with Fgf13 shRNA (KD)
compared to myocytes transduced with scrambled shRNA (SCR) (33 ± 3% vs. 20 ± 3%,
p<0.01, unpaired t-test; Figure 3.19). These results suggest that Fgf13 knockdown confers
an additional cardioprotective advantage through enhancement of β2AR-mediated
signaling.
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Figure 3.19: Fgf13 knockdown increases localized β2-adrenergic potentiation of CaV1.2
currents. (A)-(D), Representative peak ICa traces and diary plots (normalized to baseline) during
β2AR stimulation [10 µM salbutamol (Sal) + 10 µM atenolol (Aten)] from a SCR (A/C) or KD (B/D)
myocyte. (E) Summarized data shows Fgf13 KD increases β2AR potentiation of ICa (n=10 and 8
cells for SCR and KD, respectively). *p<0.01 vs SCR, unpaired Student’s t-test.
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3.2.12 Fgf13 knockdown increased the rate of NFAT nuclear translocation
Caveolae-localized CaV1.2 have been shown to selectively activate NFAT nuclear
translocation (8). We therefore examined whether the increase in caveolar CaV1.2 after
Fgf13 knockdown (Figure 3.13) would augment localized Ca2+ influx through caveolar
CaV1.2 and enhance NFAT-mediated signaling. We infected cardiomyocytes with
adenoviruses encoding NFATc3-GFP alone or NFATc3-GFP and Fgf13 shRNA. We then
paced cardiomyocytes at 1 Hz for 70 minutes and quantified NFAT nuclear translocation
by normalizing nuclear GFP fluorescence by cytoplasmic values (Figure 3.20A and B).
Fgf13 knockdown myocytes showed a greater rate of NFAT translocation compared to
control cardiomyocytes (3.1 ± 0.1 vs 1.8 ± 0.2 x10-2 nuclear/cytoplasmic fluorescence/min,
p<0.01; Figure 3.20C), consistent with enhanced NFAT signaling due to increased Ca2+
influx through caveolar CaV1.2.
This increased rate of NFAT nuclear translocation in Fgf13 knockdown myocytes
is at odds with the attenuation of NFAT-mediated fetal gene expression in Fgf13 KO mice
subjected to TAC surgery (Figure 3.8). Because caveolae coordinate multiple signaling
effectors and ion channels that mediate divergent hypertrophic signaling pathways, it is
likely that multiple nodal signaling pathways are activated by loss of FGF13 and the
consequent upregulation of caveolin 3. Moreover, these pathways may be differentially
activated by Fgf13 knockdown in culture vs Fgf13 knockout in vivo such that the integrated
response in vivo favors a net cardioprotective phenotype (see discussion).
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Figure 3.20: Fgf13 knockdown enhanced the rate of NFAT nuclear translocation. (A)
Representative time-lapse images of myocytes infected with AdNFATc3-GFP or AdNFATc3-GFP
& Fgf13 shRNA adenoviruses during 70 min of 1 Hz pacing. (B) Quantification of NFAT nuclear to
cytoplasmic GFP ratio, normalized to initial value, from 4 experiments. (C) Summarized data for
rate of NFAT translocation, calculated from the slope of the linear fit through the fluorescence data
in (B). N=4; n=50-60 cells/experiment; *p<0.01 vs control, unpaired t-test.
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3.2.13 Embryonic heart-specific Fgf13-/-, Fgf13-/Y, and Fgf13+/- mice developed
worsening cardiac function in response to pressure overload
To examine whether Fgf13 knockout in the developing heart recapitulates the
cardioprotective phenotypes of Fgf13 ablation in adult heart, we performed a pilot study
crossing Fgf13fl/fl mice to Myh6-Cre mice (92), which have an alpha-myosin heavy chain
(Myh6) promoter directing expression of Cre recombinase starting at 7.5 days post coitum
(93). Homozygous Fgf13-/- and hemizygous Fgf13-/Y mice (collectively denoted KO) and
heterozygous Fgf13+/- mice (HET) were viable and survived to adulthood without any
discernable developmental or functional impairment compared to Fgf13 floxed, transgenenegative littermate controls (FLOX). Western blots demonstrated complete elimination of
FGF13 protein from the heart of an 8 week old Fgf13-/Y mouse, but no obvious change in
the level of caveolin 3 protein in whole-cell lysate (Figure 3.21A). Echocardiography
showed no significant differences in baseline cardiac function or left ventricular wall
thickness between FLOX, KO, and HET mice (Figure 3.21, C-F). We therefore performed
TAC surgery and monitored cardiac function by serial echocardiography at 4, 8, and 12
weeks post-TAC (Figure 3.21B). In contrast to the cardioprotective effects seen in mice
with Fgf13 knocked out in adulthood, KO and HET mice developed worsening cardiac
function after TAC compared to FLOX controls (Figure 3.21C). In addition, KO and HET
mice appeared to mount a blunted hypertrophic response to TAC surgery compared to
FLOX controls, as demonstrated by a smaller increase in LV wall thickness (Figure 3.21D).
Moreover, measurements of end-diastolic and end-systolic dimensions (Figure 3.21, E
and F) showed a trend toward greater chamber dilation in KO and HET compared to FLOX
hearts. Interestingly, in all these parameters, HET mice appeared to perform more poorly
compared to KO mice.
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Figure 3.21: Embryonic heart-specific Fgf13 knockout mice do not display cardioprotective
response to TAC surgery. (A) Representative immunoblots for FGF13, Cav3, and GAPDH from
Fgf13fl/Y;Myh6+/- (KO) and Fgf13fl/Y;Myh6-/- (FLOX) mice heart at 8 weeks of age. (B) Experimental
design timeline for TAC surgery and serial echocardiograph. Summarized echocardiographic
measurements for (C) fractional shortening; (D) diastolic wall thickness [interventricular septum
(IVS) + posterior wall (PW)]; (E) end-systolic dimension (ESD); and (F) end-diastolic dimension
(EDD) from pre-TAC to 12 weeks post-TAC. Plots show mean and standard error of mean. Twoway repeated measures ANOVA was used to assess effects of genotype, time, and genotype x
time interaction.
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3.3 Discussion
Since their initial identification in the retina two decades ago (35), FHFs have been
most extensively studied as modulators of voltage-gated Na+ channels through a direct
interaction with the C-terminal domain of Na+ channels. Nevertheless, there have been
persistent suggestions that FHFs have broader roles, such as regulation of limb (48) and
craniofacial development (49), neural differentiation (50), presynaptic neurotransmitter
vesicle number (46), and hair growth (51). While we recently confirmed the role of FGF13
as a regulator of cardiac Na+ channels in vivo [Wang et al., submitted], the complete
consequences of Fgf13 ablation on cardiac function have not been investigated. Here,
motivated by an unexpected cardioprotective phenotype in Fgf13 KO mice after TAC, we
re-evaluated our proteomic screen for novel FGF13 interactors in heart. We discovered
that FGF13 associates with the cavin complex and functions as a negative regulator of
cardiomyocyte caveolae. We further established the mechanistic basis for the
cardioprotection in Fgf13 KO mice by demonstrating that the increase in sarcolemmal
caveolae density enhanced mechanoprotection and adaptive hypertrophic signaling
during pressure overload. Importantly, our results further extend the repertoire of known
FHF modulatory effects beyond ion channel regulation and suggest that inhibition of
cardiac FHFs may confer cardioprotective benefits during increased cardiac stress.

3.3.1 Regulation of caveolae
Although caveolae were initially observed by electron microscopy more than 60
years ago (94, 95), the molecular components regulating their formation and function are
still incompletely understood. To date, two families of structural proteins – caveolins and
cavins – have been shown to regulate caveolae biogenesis and morphology (9). However,
the precise mechanisms by which cavins assemble with caveolins, especially in cardiac
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muscle, remain unclear. Moreover, the differing molecular composition of cavin complexes
across cell types [e.g. cardiomyocytes express all cavin isoforms except for cavin 3 (11,
12)] suggests that additional proteins contribute to caveolae formation and confer tissuespecific functions (83). For instance, EHD2, a member of the EHD family of endosomal
recycling proteins (96) recently reported to regulate cardiac membrane protein targeting
(97, 98), has been shown to interact with cavin 1 and control the stability and turnover of
caveolae (99).
Here, employing proteomic, subcellular fractionation, electron microscopy, and
functional assays, we establish FGF13 as a novel component of the cavin complex in
cardiomyocytes that regulates sarcolemmal caveolae density independently of direct
association with caveolin 3. Specifically, we demonstrated that a subset of FGF13 coimmunoprecipitates

and

co-fractionates

with

endogenous

cavin

complexes

in

cardiomyocytes. Loss of interaction between FGF13 and the cavin complex after Fgf13
ablation triggers redistribution of cavin 1 from the cytosol to the membrane. The
consequent increase in lipid raft partitioning of Cav3, and hence caveolae density, is
consistent with an enhanced ability of cavins to interact with and stabilize caveolins (75).
Thus, our data provide mechanistic support to the concept that cavins exist in dynamic
equilibrium between cytosolic and membrane-associated states (100). We propose that
FGF13 normally functions as an upstream regulator of cavin transport, tuning the balance
of cavins between cytosolic and membrane fractions to control caveolae abundance and
function.

3.3.2 Mechanoprotection
Recent studies of caveolae in diverse cell types support a model in which caveolae
act as membrane convolutions that can flatten in response to increased membrane
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tension, thereby serving as a buffer to prevent membrane rupture (13). For instance,
caveolae have been shown to protect against sarcolemmal damage in skeletal muscle
during vigorous activity (14), and to mitigate endothelial cell membrane rupture during
increased cardiac output (15). In cardiomyocytes, mechanical stretch was shown to
increase cell membrane capacitance by recruiting subsarcolemmal caveolae to the
plasma membrane (101). However, whether incorporation of caveolae into the
sarcolemmal membrane confers protection against membrane stress has not been tested.
To the best of our knowledge, our study is the first to examine the mechanoprotective
function of cardiomyocyte caveolae in the setting of in vivo ventricular loading and acute
hypo-osmotic stress. Consistent with previous reports showing increased susceptibility to
acute membrane damage in the absence of caveolae (14, 15), we showed that pressure
overload-induced loss of caveolae compromises cardiomyocyte membrane integrity.
Reminiscent of the effects seen with cardiac-specific Cav3 overexpression in mice (20),
Fgf13 KO increased sarcolemmal caveolae density and membrane convolutions, thereby
enhancing the reservoir of membrane available for mechanoprotection.

3.3.3 Caveolae-mediated signaling
In addition to the enhanced mechanoprotection after inducible Fgf13 ablation, our
results suggest that the resulting increase in caveolae density conferred additional
cardioprotection through enhanced caveolae-mediated signaling. An elaborate network of
nodal signaling integrators are activated in response to cardiac stress to promote cardiac
hypertrophy as a compensatory response to maintain cardiac output. Through
manipulation of components within signaling pathways and analysis of the resulting
response, specific pathways have been generally characterized as either maladaptive or
cardioprotective.

The

signaling

pathways
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associated

with

caveolae,

which

compartmentalize receptors, ion channels, and signaling effectors (16, 102), have
generally been characterized as cardioprotective. The link between caveolae and cardiac
hypertrophy was first established in Cav3 KO mice, which display significant hypertrophy,
dilation, and reduced fractional shortening associated with hyperactivation of the
maladaptive p42/44 MAPK pathway (19). In contrast, adenoviral-mediated overexpression
of Cav3 in isolated cardiomyocytes conferred protection from phenylephrine-induced
hypertrophy (103), and transgenic mice with cardiomyocyte-specific overexpression of
Cav3 demonstrated attenuation of cardiac hypertrophy and preservation of function
following TAC (20). Multiple lines of evidence suggest that the cardioprotective effects of
caveolin 3 overexpression are mediated primarily by enhanced PI3K/Akt signaling. The
PI3K/Akt signaling effectors are nodal integrators that play a fundamental role in regulation
of cell growth, survival, and adaptation to physiologic stimuli such as exercise (22). Cav3
interacts with and promotes activation of PI3K and Akt, and altered Cav3 expression can
impair myocyte survival by inhibiting PI3K/Akt signaling (87). In mice overexpressing Cav3
in heart, attenuation of TAC-induced hypertrophy was attributed to increased natriuretic
peptide expression and increased phosphorylation of Akt as a result of augmented
caveolae abundance (20). In addition, another activated node, NFAT nuclear
translocation, was attenuated by Cav3 overexpression (20, 85). Thus, the net response to
certain stimuli or genetic manipulations capable of influencing multiple signaling pathways
reflects the integrated effects of the individual signaling pathways, some of which have
been associated with cardioprotection or maladaptive signaling, respectively.
Similar to the protective effects of Cav3 overexpression, Fgf13 KO – which mimics
Cav3 overexpression by increasing Cav3 protein and caveolae density – preserved Akt
within lipid rafts (Figure 3.17) and facilitated activation of Akt signaling during TAC (Figure
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3.8D). Moreover, consistent with reports that Cav3 overexpression and adaptive
remodeling can suppress NFAT activity (20, 25, 85), Fgf13 KO attenuated maladaptive
calcineurin/NFAT-mediated fetal gene expression (Figure 3.8F) induced by pathologic
chronic pressure overload (104). Additionally, we observed that Fgf13 knockdown
increased caveolae-dependent β2AR activation (Figure 3.19), which may confer additional
prosurvival benefits (90). Thus, the cardioprotective phenotype in Fgf13 KO mice after
TAC (i.e. preserved function, diminished fibrosis, and attenuation of cardiac dilation) likely
reflects an integrated response between multiple nodal regulators. In addition, the
increase in caveolae associated with Fgf13 ablation may confer further benefit in the
context of recent data suggesting that caveolins serve as mechanosensors that transduce
biomechanical stretch into activation of integrin-associated signaling complexes such as
PI3K/Akt, focal adhesion kinase (FAK), and ERK (105). In summary, our data suggest that
by tuning the density of sarcolemmal caveolae, FGF13 acts as a critical regulator of
caveolae-mediated cardioprotective signaling and mechanoprotection.

3.3.4 Dynamic regulation of FGF13 during cardiac disease
These resulting beneficial effects of the elimination of FGF13 in the setting of
pressure overload may underlie our observation that FGF13 protein and mRNA were both
reduced in MCM control mice after 12 weeks of TAC (Figure 3.4). Together with microarray
data showing consistent downregulation of FGF13 in human end-stage heart failure and
in animal models of LV dysfunction (68), these data also suggest that FGF13 is
dynamically regulated in disease states such as pathological hypertrophy and heart
failure. Whether other insults such as ischemia also alter FHF expression is unknown. The
upstream signaling mechanisms regulating FHF abundance are not known, but are a ripe
area for future investigation as a potential means to exploit our findings and develop
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therapeutic strategies to prevent maladaptive cardiac hypertrophy. One consideration is
post-translational modification, such as phosphorylation. For example, inhibition of
glycogen synthase kinase 3 (GSK3) has been shown to affect FGF14 interaction with the
neuronal NaV1.2 Na+ channels (106). Perhaps FGF13 in heart is also a target of dynamic
phosphorylation, which in turn may regulate its interaction with its targets and its overall
abundance through change in protein stability.

3.3.5 Ion channels in caveolae
Although our results point to a novel role for FGF13 in organizing sarcolemmal
microdomains, it is possible that FGF13’s regulation of caveolae and its previously
characterized effects on ion channel trafficking are not mutually exclusive. While the
majority of cardiac voltage-gated sodium and calcium channels are extra-caveolar,
subpopulations of the channels are also compartmentalized in caveolae, where they are
locally stimulated by β-adrenergic receptor activation and participate in specialized
signaling pathways (6–8). Whereas we previously observed mislocalization of dyadic
CaV1.2 after two days of Fgf13 knockdown in cultured myocytes (44), here we observed
that Fgf13 knockdown increased the abundance of CaV1.2 in lipid raft fractions without
affecting total CaV1.2 protein in whole cell lysate (Figure 3.13). Thus, the increased
partitioning of CaV1.2 channels to lipid rafts after Fgf13 knockdown may reflect a
redistribution of channels from non-caveolar (e.g. T-tubular) to caveolae-enriched
membrane domains. Consistent with an increase in the pool of functional CaV1.2 in
caveolae, ICa measured from Fgf13 knockdown myocytes showed greater potentiation in
response to β2AR stimulation compared to ICa measured from scrambled shRNA myocytes
(Figure 3.19).

79

Our data not only indicate that FGF13 regulates the amount of CaV1.2 in caveolae,
but also demonstrate that FGF13 mediates hypertrophic signaling downstream of caveolar
CaV1.2. Makarewich et al. showed that blockade of caveolae-localized CaV1.2 inhibited
NFAT nuclear translocation without affecting cardiomyocyte contractility (8), suggesting
that Ca2+ influx through caveolae-targeted CaV1.2 selectively activates hypertrophic
signaling independently of the background Ca2+ oscillations that mediate excitationcontraction coupling. Here we observed an increased rate of NFAT nuclear translocation
in Fgf13 knockdown compared to control myocytes, consistent with increased Ca2+ influx
through caveolar CaV1.2 (Figure 3.20). This increased rate of NFAT translocation in Fgf13
knockdown myocytes seemingly contradicts the attenuation of NFAT-mediated fetal gene
expression in Fgf13 KO mice after TAC. However, it has been shown that increased Akt
signaling can repress NFAT-mediated fetal gene expression (24). Here we observed that
Fgf13 KO upregulated Akt signaling in response to pressure overload. Thus, we
hypothesize that by augmenting caveolin 3 expression, Fgf13 ablation in vivo activates
cardioprotective PI3K/Akt signaling that counteracts NFAT-mediated signaling due to
increased Ca2+ influx through caveolar CaV1.2. It is possible that the integrated response
from activation of these pathways differs between Fgf13 knockdown in culture vs Fgf13
knockout in vivo such that the “net output” in vivo favors a cardioprotective phenotype.

3.3.6 Differences between model systems
Our studies showed substantial differences between Fgf13 knockdown in cultured
myocytes vs Fgf13 knockout in vivo. Whereas Fgf13 knockdown decreased ICa, caused
CaV1.2 mislocalization at the dyad, and decreased calcium-induced calcium release,
Fgf13 knockout did not affect ICa or calcium transients. These differences may arise from
compensatory changes in vivo that do not occur during acute knockdown in culture. In
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addition, isolated cardiomyocytes undergo de-differentiation in culture; thus, the effects on
CaV1.2 localization and function may reflect an interaction between effects of culture and
Fgf13 knockdown.
The spatial and temporal expression of the Cre driver that mediates Fgf13 ablation
also profoundly influences the cardioprotective phenotype. While we demonstrated
preservation of function and attenuation of chamber dilation after TAC in Fgf13 KO mice
tamoxifen-induced in adulthood, this cardioprotection was absent when Fgf13 was
eliminated in the heart during embryonic development (Figure 3.21). Although agematched non-inducible Myh6 mice would better control for Cre-mediated effects than
floxed littermates, our results nevertheless showed clear functional impairment after TAC
in “embryonic” (Myh6-driven) compared to “adult” (MCM-driven) Fgf13 knockout mice. The
lack of an increase in caveolin 3 protein in the “embryonic” KO (Figure 3.21A) suggests a
potential key difference between the two models. Perhaps Fgf13 ablation during cardiac
development impairs rather than enhances caveolae formation. Indeed, loss of caveolae
would be predicted to worsen maladaptive cardiac hypertrophy in response to pressureoverload (19). Further biochemical and electron microscopy experiments will be necessary
to test whether Fgf13 ablation during cardiac development affects caveolae structure,
function, and signaling. Electrophysiological studies will also be needed to test whether
embryonic Fgf13 ablation additionally impairs ion channel function to cause
cardiomyopathy and maladaptive remodeling during cardiac stress.
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3.4 Methods
3.4.1 Animals
Animals were handled according to NIH Guide for the Care and Use of Laboratory
Animals. The study was approved by Duke University Animal Care and Welfare
Committee (protocol #A292-13-11). All genetically modified mice were maintained on a
C57BL/6J (#000664, Jackson Laboratory) genetic background and backcrossed for at
least 10 generations. Fgf13fl/fl mice, generated by flanking exon 3 of the mouse Fgf13 gene
with loxP sites, were obtained from Hebei Medical University [Wang et al., submitted]. To
generate cardiac-specific, inducible knockout mice, Fgf13fl/fl mice were crossed with Myh6MCM (MerCreMer; #005657, Jackson Laboratory) mice, which have an alpha-myosin
heavy chain (Myh6) promoter directing expression of a tamoxifen-inducible Cre
recombinase. 8-12 week-old male hemizygous Fgf13fl/Y; Myh6-MCM+/- or female
homozygous Fgf13fl/fl; Myh6-MCM+/- knockout mice (KO) and no floxed Myh6-MCM
controls (MCM) were injected with 40mg/kg tamoxifen (Sigma) intraperitoneally for 3
consecutive days to induce Fgf13 deletion. Mice were used for experimentation at least 3
weeks after recovery from tamoxifen induction. A subset of experiments was performed in
heart-specific embryonic Fgf13 knockout mice generated by crossing Fgf13fl/fl mice with
non-inducible Myh6-Cre (#011038, Jackson Laboratory). For culture experiments,
ventricular myocytes were isolated from 6-8 week old wild type male Sprague Dawley rats
(Charles River Laboratories).

3.4.2 Antibodies
Rabbit anti-phospho-PI3K p85 (Tyr458)/p55(Tyr199), anti-PI3K p85, and anti-panAkt antibodies were purchased from Cell Signaling Technology (Danvers, MA). Mouse
anti-phospho-Akt1/2/3(Ser473), mouse anti-caveolin 3, goat anti-junctophilin2, and goat
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anti-histone H3 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse anti-panNaV and mouse anti-tubulin antibodies were purchased from SigmaAldrich Co. (St. Louis, MO). Rabbit anti-PTRF/Cavin 1 and rabbit anti-SDPR/Cavin 2
antibodies were purchased from Proteintech Group, Inc (Rosemon, IL). Mouse antiGAPDH antibody was purchased from Thermo Fisher Scientific (Waltham, MA). Rabbit
anti-FGF13 antibody was generated as previously described (42).

3.4.3 Transverse aortic constriction and echocardiography
Pressure overload was produced by constricting the transverse aorta as previously
described (67). Surgery was performed on MCM and KO mice at least 3 weeks after
tamoxifen induction. Mice were anesthetized with a mixture of ketamine (100 mg/kg) and
xylazine (2.5 mg/kg). The transverse aorta was isolated between the carotid arteries, and
aortic constriction was performed by tying a 7-0 silk suture ligature against a 27 gauge
needle to yield a constriction of 0.4 mm in diameter. This degree of constriction allows for
an adequate stimulus for hypertrophy without producing heart failure or cardiac arrest. At
termination of the study, the efficacy of the pressure overload was tested by measuring
the arterial pressures in the right carotid artery (proximal to the suture) and the left axillary
artery (distal to the suture); mean pressure gradients were 45.4 ± 5.4 mmHg and 44.5 ±
8.8 mmHg for MCM TAC and Fgf13 KO TAC mice, respectively (p>0.05, n=6-7
mice/genotype; see Table 3.1).
Serial echocardiography was performed on conscious mice by a technician blinded
to animal genotype using a VEVO 2000 high-resolution imaging system (VisualSonics).
Transthoracic two-dimensional M-mode and power Doppler images were used for data
analysis. Heart rate, interventricular septal wall (IVS) and posterior wall (PW) thicknesses,
left-ventricular end diastolic diameter (LVEDD), and left-ventricular end systolic diameter
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(LVESD) were measured from at least three consecutive cardiac cycles by two
experimenters blinded to genotype. Fractional shortening (FS) was calculated with the
formula: FS = (LVEDD-LVESD)/LVEDD.

3.4.4 Electrocardiograms
Subcutaneous two lead EKG recordings were captured from mice anesthetized
with 2.5% Avertin [tribromoethanol (Sigma-Aldrich) dissolved 1:1 (w/v) in tert-amyl alcohol,
then 1:40 (v/v) in PBS]. Signals were amplified and recorded with an Octal Bio Amp
amplifier connected to a Powerlab 16/30 DAQ system (ADInstruments). Heart rate, RR,
and QT intervals were analyzed using LabChart v8.0 software (ADInstruments). Rate
corrected QT intervals (QTc) were calculated using the formula by Mitchell et al. (107):
=

⁄

/100

3.4.5 Histology
Excised hearts were rinsed in PBS, fixed in 4% paraformaldehyde for 16h at 4°C
and dehydrated in a series of ethanol washes. Samples were subsequently cleared in
xylene and mounted in paraffin. Sections of 10 µM in thickness were cut and stained with
hematoxylin and eosin to analyze tissue morphology, Sirius red to analyze collagen
content and fibrosis, and Wheat Germ Agglutinin [WGA, Alexa Fluor 488 conjugate
(ThermoFisher Scientific)] to measure myocyte size. Images were captured with a Leica
DMIL inverted fluorescence microscope and cardiomyocyte cross-sectional area (CSA)
was quantified with 150-250 cells/heart using ImageJ (NIH). Histological analyses were
performed by an experimenter blinded to genotype.
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3.4.6 Cardiomyocyte isolation, culture, and adenoviral infection
Animals were anesthetized with 2.5% tribromoethanol and anti-coagulated with
heparin. The heart was excised and the aorta was retrogradely perfused using a
Langendorff system for 15 min with solution containing (all Sigma, in mM): NaCl 112, KCl
5.4, NaH2PO4-H2O 1.7, NaHCO3 4.3, MgCl2-6H2O 1.63, HEPES 20, glucose 5.4, taurine
30, L-carnitine 2, creatine 2.3, 2,3-butanedione monoxime (BDM) 10, and 150 u/ml
collagenase type II (Worthington). Next, the heart was minced and triturated in
collagenase solution until all cell clumps were broken. Calcium tolerance was performed
by gradually adding CaCl2 to a final concentration of 1mM. Cells were plated in culture
media containing MEM with Earle’s Salts and L-glutamine, bovine serum albumin 0.5
mg/ml, BDM 10 mM, 1X insulin-selenium-transferrin supplement (Life Technologies),
creatine 5 mM, taurine 5 mM, L-carnitine 2 mM, and 1% penicillin/streptomycin. For
adenoviral infection, viruses were resuspended in culture media and incubated with cells
for 36-48 hours. The adenoviruses expressing Fgf13 shRNA and scrambled shRNA were
previously described (44). The adenovirus expressing NFATc3-GFP (AdNFATc3-GFP)
was generously provided by Dr. Steven Houser, Temple University, and used at a MOI of
100. For co-infection with AdNFATc3-GFP, a variant of the FGF13 shRNA adenovirus
lacking GFP was used.

3.4.7 Intracellular Ca2+ imaging
Isolated cardiomyocytes were plated on laminin-coated Mattek plates. Cells were
loaded with 0.5 µM Fura-2 AM for 15 minutes and allowed to de-esterify for 30 minutes.
The Mattek plate was placed on a Nikon Eclipse Ti inverted microscope and imaged
through a 40x oil objective. Cells were field stimulated at 1 Hz with a 50 V unipolar pulse
for at least one minute prior to recording to allow them to reach steady state. Fluorescence
85

measurements were recorded with a dual-excitation single-emission fluorescence
photomultiplier system (IonOptix). Calcium transients were measured by excitation of
Fura-2 with alternating 340 nm and 380 nm wavelengths of light (cycle time 4 ms);
fluorescence emissions were detected between 480-520 nm by a photomultiplier tube.
Following acquisition, cells were moved out of the field of view and background
fluorescence was measured. Background subtracted Ca2+ transient amplitudes were
calculated as the difference between peak and baseline fluorescence intensity ratios
(∆F340/F380) using IonWizard software (IonOptix).

3.4.8 Electrophysiology
Ca2+ currents (ICa) were recorded from acutely isolated MCM or Fgf13 KO
cardiomyocytes using the whole-cell voltage-clamp technique at 22-24°C. Patch pipettes
(1-2 MΩ) contained (in mM, from Sigma): CsOH•H2O 70, aspartic acid 80, CsCl 40, NaCl
10, MgCl2 2, HEPES 10, EGTA 10, MgATP 5,Na2GTP 0.2, Na2-phosphocreatine 4, pH 7.3
adjusted with CsOH. Cells were initially bathed in Tyrode solution containing (in mM, from
Sigma): NaCl 140, KCl 5.4, CaCl2 1, MgCl2 1, HEPES 5, glucose 10, pH 7.3 adjusted with
NaOH. Once the cell was ruptured, solution was quickly changed to recording solution
containing (in mM, from Sigma): Tetraethylammonium chloride 140, HEPES 5, KCl 5.4,
CaCl21, MgCl2 1, 4-aminopyridine 2, D-glucose 10, adjusted to pH 7.4. To measure current
density and voltage-dependence of steady state activation, cells were held from a holding
potential of -80 mV and stepped from -60 mV to +40 mV for 300ms in 10 mV increments.
Steady state inactivation was performed using a standard two-pulse protocol: from a
holding potential of -80mV, Vm was stepped for 1 s to a preconditioning potential (-80 to
+30 mV), followed by a 100ms test pulse to 0 mV.
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β2-adrenergic receptor (β2AR) potentiation of ICa was recorded from cultured adult
rat ventricular myocytes 36-48 hours after adenoviral-mediated transduction with Fgf13
shRNA or scrambled shRNA. Given previous reports showing that caveolar Gi can block
β2AR effects on ICa (6), myocytes were pretreated with pertussis toxin (0.5 µg/ml, Sigma)
overnight at 37 °C to inactivate Gi. Peak ICa was elicited from a holding potential of -80 mV
by a 50 ms depolarization to -40mV (to inactivate INa), followed by a 300 ms step to 0 mV
(every 20 seconds). To isolate β2AR-specific stimulation of ICa, the β2 agonist salbutamol
(10µM) and β1 antagonist atenolol (10µM) was administered via fast perfusion. All
recordings were recorded using an Axopatch 200B amplifier (Axon Instruments); data
were sampled at 25 kHz and filtered at 5 kHz. Data analysis was performed using Clampfit
10.3 software (Axon Instruments) and Origin 8 (Originlab Corporation). β2AR potentiation
was quantified as the % increase in the peak ICa during β2AR stimulation compared to the
baseline peak ICa.

3.4.9 NFAT Translocation and Image Analysis
Adult rat ventricular myocytes, cultured on MatTek glass bottom dishes, were
infected with AdNFATc3-GFP or AdNFATc3-GFP and FGF13 shRNA (without GFP) at a
MOI of 100 for 36-48 hours. For NFAT-GFP fluorescence imaging, the culture chamber
was mounted on a Nikon TE2000 inverted microscope equipped with a 40X S Plan (NA
1.3) objective oil lens and a Photometrics CoolSnap camera. To stimulate NFAT
translocation, field stimulation was delivered via a pair of platinum electrodes lining the
perfusion trough (Warner Instruments) using 1 ms current pulses at 1 Hz for 70 min. Cells
were continually perfused in 1mM Ca2+ Tyrode solution at room temperature. Images were
acquired every 1-2 min from different fields of view using Metafluor/Metamorph software
(Molecular Devices). The background-subtracted average fluorescence of pixels for
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nucleus and cytoplasm were quantified using ImageJ (NIH). NFAT translocation was
expressed as the nuclear to cytoplasmic fluorescence ratio normalized to the starting
value. Data were binned into 10 min intervals and the average of each interval was plotted.
The rate of change in fluorescence was calculated from the slope of the linear fit through
the normalized fluorescence data.

3.4.10 Quantitative real-time polymerase chain reaction
During heart isolation, left ventricular tissue was snap-frozen in liquid nitrogen and
stored at -80°C. mRNA was prepared using the RNeasy Plus Mini Kit (Qiagen) according
to the manufacturer’s instructions. Reverse transcription was performed using iScript
cDNA synthesis kit (Bio-Rad). Real-time polymerase chain reaction was performed in
triplicate for each sample with a Bio-Rad CFX96 machine using SYBR Green or Taqman
based detection chemistries (ThermoFisher Scientific). Relative quantification was
performed using the comparative threshold (CT) method (∆∆CT) after determining the CT
values for the reference (GAPDH) and target genes. See Table 3.4 below for list of
primers.
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Table 3.4: Primers for real-time quantitative PCR assays
Species/Gene (SYBR Green primers) Sequences
5’-CAGCCGACAAGGCTACCAC-3’ (forward)
Mouse Fgf13
Mouse Ptrf
Mouse Cav3
Mouse Nppa
Mouse Myh6
Mouse Myh7
Mouse Gapdh

5’-GTTCCGAGGTGTACAAGTATCC-3’ (reverse)
5’-CAGCGTCAACGTGAAGACC-3’ (forward)
5’-CCTCCGACTCTTTCAGCGAC-3’ (reverse)
5’-CAGTCTGGAGACCCTAAGCT-3’ (forward)
5’-AAATCTACCTTCACAATGTCCTCA-3’ (reverse)
5’-GCTTCCAGGCCATATTGGAG-3’ (forward)
5’-GGGGGCATGACCTCATCTT-3’ (reverse)
5’-GCCCAGTACCTCCGAAAGTC-3’ (forward)
5’-GCCTTAACATACTCCTCCTTGTC-3’ (reverse)
5’-ACTGTCAACACTAAGAGGGTCA-3’ (forward)
5’-TTGGATGATTTGATCTTCCAGGG-3’ (reverse)
5’-TGTCAGCAATGCATCCTGCA-3’ (forward)
5’-CCGTTCAGCTCTGGGATGAC-3’ (reverse)

Species/Gene (TaqMan primers)
Mouse Rcan1

Accession No.
Mm01213406_m1

Mouse Gapdh

Mm99999915_m1

3.4.11 Caveolin 3 immunoprecipitation
Isolated ventricular myocytes were lysed in buffer containing 1% Triton, 150 mM
NaCl, and 50 mM Tris-HCl (pH 7.5) with protease inhibitor mixture (Roche) using a 26G
needle (25 strokes). Lysates were centrifuged at 17,000g for 10 min at 4 °C, and
precleared with 20 μL of protein A/G-agarose beads (Santa Cruz) for 30 min.
Immunoprecipitation was performed with anti-Cav3 (2 μg) or anti-FGF13 (2 μg) antibodies
added to 500 μg of precleared lysates. Samples were rocked overnight, and subsequently
incubated with 25 μL of protein A/G beads for 3 hours, washed with lysis buffer three
times, and protein was eluted from the beads by heating in LDS sample buffer (Invitrogen)
at 70°C for 20 min. Samples were subjected to SDS-PAGE and co-immunoprecipitation
was verified by Western blot.
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3.4.12 Isolation and purification of caveolin-rich lipid rafts
Caveolin-rich fractions from ventricular myocytes were prepared using a nondetergent method (108). Freshly isolated or cultured myocytes were washed twice with
PBS and scraped into 0.5 M sodium carbonate (pH 11). Cells were homogenized by a
Dounce homogenizer (20 strokes), followed by sonication (6 x 10 sec bursts; 50% power)
using a Fisher Scientific Model 120 Sonic Dismembrator. Protein concentration was
determined using a BCA assay. Equivalent amounts of protein from each homogenate (~2
mg total protein in 2 ml lysis buffer) were adjusted to 45% sucrose by mixing with 2 ml of
90% sucrose in MBS (25 mM 2-(N-morpholino)ethanesulfonic acid, 150 mM NaCl, pH 6)
and loaded to the bottom of an ultracentrifuge tube (Thermo Scientific #03699). A 5%35% discontinuous sucrose gradient in MBS containing 250 mM Na2CO3 was formed
above. The tube was centrifuged for 18 hours at 39,000 rpm, 4oC in a TH-641 rotor
(Sorvall/Thermo Scientific). After centrifugation, 1 ml fractions were collected from the top
down to yield 11 fractions, and proteins were precipitated using 1 ml of 20% wt/vol
trichloroacetic acid. Samples were resuspended in 50 µl of 1x LDS sample buffer
(Invitrogen) and subjected to SDS/PAGE and Western blot analysis. Immunoblots of the
same protein from different genotypes were exposed together. Densitometry was
performed using ImageJ (NIH). To quantify lipid raft protein content, the band intensities
from fractions 3-5 were combined. Cholesterol levels from each fraction were measured
using the Amplex Red Cholesterol Kit (Invitrogen) according to the manufacturer’s
protocol. Protein concentration in each fraction was measured by microBCA assay
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
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3.4.13 Cytosolic vs membrane subcellular fractionation
Excised left ventricle tissue was weighed and lysis buffer (25mM Tris pH 7.4, 5mM
EDTA, protease inhibitor cocktail [Roche]) was added to achieve a concentration of 100
mg tissue/1 ml buffer. Lysates were homogenized using a douce homogenizer (40
strokes) and incubated on ice for 15 min. 500 µl of homogenized lysate was centrifuged
at 3,000 x g for 5 min. The post-nuclear supernatant was then spun at 17,000 x g for 25
min. This second supernatant was saved as the cytosolic fraction while the pellet was
resuspended in 100 µl 1X LDS sample buffer (Invitrogen) and saved as the membrane
fraction. 25 µl from cytosol and membrane fractions were loaded on SDS-PAGE gels for
Western blot analysis.

3.4.14 Electron microscopy and image analysis
Acutely dissected left ventricles from MCM or FGF13 KO mice hearts were washed
in PBS and fixed in 4% glutaraldehyde with 0.1 M phosphate buffer (pH 7.4) overnight at
4° C. Tissue for electron microscopic examination were post-fixed for 1 h in 2% osmium
tetroxide in 0.1 M phosphate buffer, dehydrated through successive acetones, and
embedded in Epon (EM bed 812; Electron Microscopy Sciences) and polymerized at 70°
C overnight. Ultrathin (70 nm) sections were cut from tissue blocks with a Riechert-Jung
Ultracut E Ultramicrotome and collected on copper 200-mesh grids. Grids were
counterstained with uranyl acetate and lead citrate and examined in a Philips CM-12
transmission electron microscope (FEI, Hillsboro, OR) equipped with an AMT XR-60
digital camera with AMT V600 image acquisition software (AMT Imaging, Inc.). For
quantification of membrane caveolae density, images were acquired at 19,500x from the
lateral sarcolemma of cardiomyocytes sectioned in the longitudinal axis (showing striated
sarcomeric units). 20-30 images were captured from each preparation; at least three mice
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hearts were used for each genotype. All images were acquired by a technician blinded to
genotype. Following EM image acquisition, images were imported into ImageJ (NIH) in
TIFF format, and caveolae density, morphology, and membrane curvature were measured
by two independent experimenters blinded to genotype. Caveolae were identified by their
characteristic morphology at or near the plasma membrane; a threshold size for caveolae
was set between 50-150 nm. Caveolae density was calculated from each image by
counting the number of caveolae and normalizing to the membrane length. Individual
caveolae were traced as ellipses, and caveolae cross-sectional circumference, area, and
ellipticity were estimated from the semi-major axis (a) and semi-minor axis (b) from the
following equations: circumference = π[3(a+b)-[(3a+b)(a+3b)]1/2]; area = π*a*b; ellipticity =
(a-b)/a. To quantify the degree of membrane convolution, we defined a membrane
convolution index = (L/Lo-1), where L = length of membrane contour, and Lo = length of a
straight path connecting the end points of the membrane segment.

3.4.15 Hypo-osmotic stress assay
Following acute isolation, myocytes from one mouse heart were plated in a 12-well
culture plate and incubated in iso-osmotic culture media (Minimum Essential Medium
[Sigma M4655] with 5% FBS, 1% penicillin/streptomycin, 300 mOsm/L) or culture media
diluted with 40%, 50%, or 60% water (corresponding to osmolarities of 180, 150, and 120
mOsm/L). Each hypo-osmotic solution was added to three wells of cells. 30 min after
incubation, images from 6 fields of view were acquired per well using a Leica DMIL LED
Inverted Fluorescence Microscope equipped with a HI PLAN 20X 0.3 NA objective. The
frequency of membrane rupture was calculated by dividing the number of cells with one
or more blebs by the total number of cells in the 6 fields of view. Lysed cells were excluded
from analysis.
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3.4.16 Statistical analyses
Data are presented as mean ± standard error of mean (SEM). Statistical
significance of differences between two groups was assessed using a two-tailed unpaired
Student’s t-test. In cases in which Fgf13 KO values were normalized to control, a onesample t-test was used to assess whether KO values were significantly different from
100% control. For experiments involving two factors (e.g. genotype, TAC surgery), twoway ANOVA followed by Sidak’s multiple comparison test was used to assess main
effects,

interactions,

and

simple

main

effects.

For

serial

echocardiographic

measurements, two-way repeated measures ANOVA was used to test for main effects
and interactions of genotype x time. Comparisons between genotypes at each time point
were made using Holm-Sidak’s multiple comparison test. If the data distribution fails
normality testing (by the Shapiro-Wilk test), data are presented as box plots showing
medians with interquartile range and whiskers representing 10-90 percentile, and nonparametric Mann-Whitney U test or Kruskal-Wallis test with Dunn’s multiple comparison
test was used in place of Student’s t-test or ANOVA, respectively. For all tests, statistical
significance was set at p<0.05. Analyses were conducted with Graphpad Prism 6 or
OriginLab OriginPro 8.
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4 Characterization of Timothy Syndrome mouse models
and computational modeling of novel Long QT
Syndrome mutations in CACNA1C

4.1 Introduction
Timothy Syndrome (TS; also known as Long QT Syndrome Type 8) is a rare
multisystem disorder characterized by life-threatening ventricular arrhythmias and
congenital heart defects, as well as extra-cardiac features, such as dysmorphic facial
features, syndactyly, and neurodevelopmental abnormalities (109, 110). The underlying
genetic defect was first identified as a de novo missense mutation, p.G406R, in the
alternatively spliced exon 8A of CACNA1C, which encodes the pore-forming alpha subunit
of CaV1.2 L-type Ca2+ channels (Figure 4.1). The biophysical consequence of this mutation
is a nearly complete loss of voltage-dependent inactivation (VDI) (109), a negative
feedback mechanism by which the channel halts conduction during depolarization. This
impairment in VDI leads to excess Ca2+ entry during cardiac repolarization, prolonging the
action potential duration (APD) and the QT interval on EKG, and generating
afterdepolarizations that can trigger ventricular arrhythmias (Figure 4.1). A variant of
Timothy Syndrome, known as atypical Timothy Syndrome or formerly Timothy Syndrome
Type 2 (TS2), was reported in two patients with mutations at p.G406R or p.G402S in exon
8 of CACNA1C (110). Of note, exon 8 represents the predominant splice variant in human
heart (77% vs 23% of cardiac CaV1.2 for exon 8 and 8A, respectively) and brain (109),
consistent with the severe cardiac and cognitive defects reported in TS2 patients (110).
TS patients have a markedly prolonged QT interval (QTc > 650 ms) and are at
high risk for ventricular tachyarrhythmias. However, the precise mechanism by which
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abnormal Ca2+ influx triggers arrhythmias is incompletely understood due to limitations of
current experimental models. For instance, although studies in cultured cardiomyocytes
suggest that the TS proarrhythmic phenotype depends on activation of Ca2+ and
calmodulin dependent kinase II (CaMKII) (111), there is conflicting evidence whether
phosphorylation by CaMKII affects mutant channels expressed in heterologous systems
(112, 113). Furthermore, while mouse models for TS have been generated, most are
transgenic models that over-express the mutant channel under a non-endogenous
promoter (114). As such, the background presence of endogenous CaV1.2 channels and
variations in the promoter expression level and pattern can confound results.
In the first study of this chapter, we generated two new mouse models of TS that
overcome these limitations. The first is a transgenic, cardiac-restricted model of classic
TS that permits pharmacological silencing of endogenous CaV1.2 to isolate the effects of
the mutant channel. The second is a knock-in model of atypical TS (TS2) generated by
CRISPR/Cas9 genome editing of the endogenous CACNA1C exon 8. Here, we performed
initial phenotypic characterization of these models, setting the stage for in-depth
investigations of mechanisms underlying TS-dependent arrhythmias.
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Figure 4.1: Mechanisms of arrhythmogenesis in Timothy Syndrome (TS). Top: Schematic of
the CaV1.2 L-type calcium channel pore-forming alpha subunit. It contains four homologous
domains, each made up of six transmembrane segments (S1-S6) that assemble into a tetrameric
structure. Labeled in red are mutations associated with classic TS (p.G406R in exon 8A) and
atypical TS (p.G406R or p.G402S in exon 8). Labeled in blue and green are two novel CaV1.2
mutations associated with Long QT Syndrome but only a subset of the TS-associated extra-cardiac
phenotypes. Bottom: Mechanism by which the p.G406R mutation leads to increased propensity for
ventricular arrhythmias.
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4.2 Results and Discussion
4.2.1 Characterization of a classic TS transgenic mouse
A transgenic mouse model of classic TS was generated by the lab of Dr. Ricardo
Dolmetsch. Two mutations were introduced in the CaV1.2 allele downstream of a floxed
stop codon: (1) the classic TS mutation p.G406R in exon 8A; and (2) a p.T1036Y mutation
that rendered the channel insensitive to dihydropyridines such as the L-type Ca2+ channel
blocker nifedipine, thereby preserving conduction through mutant channels while silencing
endogenous channels when nifedipine is added (Figure 4.2). This transgene was targeted
to the ROSA26 locus; subsequent cross with Myh6-MerCreMer mice (64) generated
tamoxifen-inducible, cardiac-specific G406R/T1036Y mice (TS) (Figure 4.2). Mice with the
T1036Y mutation but lacking the G406R mutation (CON) were generated in a similar
fashion to control for CaV1.2 overexpression. Wildtype mice without the transgene (WT)
were also used for baseline comparison. Mice were tamoxifen induced at adulthood (~8
weeks of age) and allowed at least two weeks to recover before experimentation.

Figure 4.2: Generation of classic TS transgenic mice.
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We first performed baseline EKGs to determine whether the TS mice recapitulated
the QT prolongation observed in TS patients. As expected, tamoxifen-induced TS mice
exhibited significantly prolonged QT intervals compared to WT, CON, and un-induced TS
mice (Figure 4.4, A and B). Interestingly, overexpression of CaV1.2 in CON mice did not
prolong the QT interval, compared to WT mice. Furthermore, total levels of CaV1.2 protein,
determined by Western blot (Figure 4.3), were similar between WT, CON, and TS hearts.
These results are consistent with previous reports suggesting that in response to
exogenous CaV1.2 channel expression, myocytes downregulate endogenous channels in
order to maintain a constant level of total channels (115).

Figure 4.3: Total CaV1.2 protein was similar in WT, CON, and TS hearts. Representative
Western blot showing total CaV1.2 and GAPDH protein in ventricular cardiomyocytes isolated from
WT, CON, and TS hearts.

Having established that TS mice have prolonged QT intervals at baseline, we next
tested whether they are more susceptible to ventricular arrhythmias. Because of the small
size of their hearts, mice do not typically develop spontaneous arrhythmias even with
prolonged QT intervals (70). In order to induce arrhythmias, we therefore performed
programmed electrical stimulation by implanting a catheter into the right ventricle and
stimulating the ventricle with a train of pulses followed by a premature beat (Figure 4.4C).
CON mice recovered sinus rhythm following the premature beat. By contrast, TS mice
exhibited short bursts of polymorphic ventricular tachycardia (PVT) (Figure 4.4C)
reminiscent of PVT observed in TS patients (109), thus confirming the arrhythmogenic
phenotype in our mouse model.
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Figure 4.4: TS mice exhibited prolonged QT intervals at baseline and polymorphic
ventricular tachycardia induced by programmed electrical stimulation. (A) Representative
lead I EKG tracings from anesthetized WT, CON, and TS mice before tamoxifen (TSTM-) and after
tamoxifen (TSTM+). (B) Top: Plot of rate-corrected QT interval (QTc); data represent mean ± SEM
from 4-5 mice/genotype. Bottom: Summarized data for heart rate (HR), QT, and QTc. QT intervals
were significantly prolonged in tamoxifen-induced TS mice (TSTM+) compared to all three controls
(p<0.001, one-way ANOVA with Fisher’s PLSD post-hoc test). QTc was calculated from averaged
⁄
=
/100, where RR=interval between successive R
waveforms using the formula:
waves (107). (C) Representative EKGs recorded from anesthetized mice undergoing a period of
programmed stimulation with a premature beat (S1-S2 protocol) using an electrode inserted into
the right ventricle. Top: CON mice recovered from the premature beat. Bottom: TS mice exhibited
non-sustained polymorphic ventricular tachycardia.
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To confirm the loss of VDI in TS channels and to determine the relative expression
of mutant versus endogenous channels, we next recorded CaV1.2 currents from TS and
WT myocytes by whole-cell patch clamp. To eliminate Ca2+-dependent inactivation and
focus on VDI, we recorded CaV1.2 currents in 5 mM BaCl2 external solution. As shown in
the representative current traces and current-voltage relationship in Figure 4.5, A and B,
peak IBa was greater in TS vs WT myocytes (red vs black traces, respectively) because
the TS current represented the combination of exogenous and endogenous CaV1.2. To
isolate current from mutant channels only, we applied 5 µM nifedipine, which effectively
inhibited endogenous CaV1.2 in WT myocytes. After nifedipine treatment, TS myocytes
displayed a residual current with markedly slower inactivation kinetics (blue trace),
consistent with a loss of VDI due to the TS mutation (see overlay of peak current traces in
Figure 4.5C). This residual current resulted from Ba2+ influx through Ca2+ channels
because it was completely eliminated after application of the Ca2+ channel blocker Cd2+.
These data suggest that mutant channels are expressed at a level similar to endogenous
CaV1.2 channels in TS myocytes.
Because previous studies showed that overexpression of the TS channel in
myocytes augmented intracellular Ca2+ transients (111, 114), we hypothesized that Ca2+
cycling would be similarly affected in our TS myocytes. Indeed, Ca2+ imaging recordings
from isolated WT, CON, and TS myocytes showed a significant increase in Ca2+ transient
amplitudes in TS compared to WT and CON myocytes (Figure 4.6, A and B). We speculate
that this increase in transient amplitude results from elevated sarcoplasmic reticulum (SR)
Ca2+ content. Computational models predict that intracellular Ca2+ overload may lead to
spontaneous SR Ca2+ release and elicit delayed afterdepolarizations capable of triggering
arrhythmias such as PVT (109, 110). Our TS mouse model provides a unique platform to
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test these hypotheses through additional mechanistic studies at both the cellular and
whole-heart levels.

Figure 4.5: Voltage-dependent inactivation is reduced in TS IBa currents. (A) Representative
IBa traces recorded from WT and TS myocytes in response to voltage pulses applied in 10mV
increments from -60 to +40mV, from a holding potential of -80mV (voltage protocol shown in inset).
Top: current traces in 5 mM BaCl2 external solution. Middle: after application of nifedipine to silence
endogenous channels. Bottom: after addition of Cd2+ to block all Ca2+ channels. (B) IBa currentvoltage relationship for representative traces in A. (C) Overlay of normalized peak current traces
to highlight loss of VDI in TS channels.
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Figure 4.6: TS cardiomyocytes have increased Ca2+ transient amplitudes. (A) Representative
Ca2+ transients from WT, CON, and TS myocytes. (B) Summarized Ca2+ transient data
demonstrate that TS myocytes have significantly increased Ca2+ transient amplitudes. *p<0.05,
one-way ANOVA with Fisher’s PLSD post-hoc test. Plots show mean ± SEM from 5-7
cells/genotype.

4.2.2 Characterization of an atypical TS knock-in mouse
In addition to the cardiac-restricted, classic TS mouse model, we recently
generated an atypical TS mouse model (p.G406R in exon 8; denoted TS2) using
CRISPR/Cas9 genome editing of the endogenous CACNA1C allele. This mouse model is
suitable for exploration of cardiac and extra-cardiac phenotypes. Because exon 8
represents the predominant splice variant in heart, these mice are predicted to have a
strong cardiac phenotype.
Homozygous TS2 mutations are embryonically lethal, so we performed preliminary
assessment of cardiac function in adult heterozygous mice. Echocardiography revealed
concentric hypertrophy (data not shown), consistent with a previous report of cardiac
hypertrophy in a transgenic model of TS (114). In EKG recordings from anesthetized
mice, TS2 but not WT mice exhibited episodes of non-sustained PVT after isoproterenol
stimulation (data not shown). Unexpectedly, QT intervals were not significantly affected at
baseline in TS2 heterozygous mice compared to WT controls. We therefore performed
whole-cell patch clamp recording to confirm expression of the mutant channel. As shown
in Figure 4.7, A and B, TS2 ICa and IBa currents displayed the same loss of VDI as was
102

observed in the transgenic TS model after treatment with nifedipine (Figure 4.5). Thus, it
is still unclear why QT intervals were not prolonged in the TS2 mice. Action potentials
recordings will be required to test whether APD is affected in TS2 myocytes.

Figure 4.7: ICa and IBa recordings from WT and TS2 myocytes. (A) Representative current
tracings from WT and TS2 myocytes recorded in 1.8 mM CaCl2 or 5 mM BaCl2 external solutions.
(B) Overlay of normalized traces in A confirmed loss of VDI in TS2 myocytes.

The contrasting effects on QT interval between the two models – a profound
prolongation in transgenic TS vs a normal interval in TS2 – highlight important differences
that may arise from chronicity of mutant channel expression and transgenic
overexpression vs endogenous promoter usage. Since the TS2 mutant channels are
expressed during development and adult hearts show evidence of hypertrophic
remodeling by echocardiography, it is possible that aberrant Ca2+ signaling may lead to
compensatory changes in the expression of other ion channels [e.g. an increase in K+
channel-mediated “repolarization reserve” (2)], thereby counterbalancing the APDprolonging effects of excess Ca2+ influx. Recordings of repolarizing currents (e.g. Ito, IKs,
IKr) will help to clarify whether such compensation occurs. Future studies combining and
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comparing results from both TS models will offer additional insights into mechanisms
underlying CaV1.2-dependent arrhythmogenesis.

4.2.3 Computer modeling of a spectrum of arrhythmia-associated
CACNA1C mutations that prolong cardiac action potential duration
Since the initial description of Timothy Syndrome (109), several novel mutations in
CACNA1C have been reported that cause long QT syndrome but only a subset of the TSassociated extracardiac phenotypes. For instance, Boczek et al. identified a heterozygous
p.P857R mutation (see location in Figure 4.1) that did not affect VDI, but markedly
increased current density by promoting CaV1.2 surface expression (116). In addition, our
lab recently characterized a p.G1911R mutation in CaV1.2 (see Figure 4.1) that decreased
VDI to a lesser extent than caused by the TS p.G406R mutation (Figure 4.8, D and E).
We also observed that p.G1911R negatively shifted the V1/2 of activation and positively
shifted the V1/2 of steady-state inactivation (Figure 4.8C), thereby increasing ICa window
current – features not associated with p.G406R. Because the mutant channels were
expressed in heterologous systems, however, their effects on APD and the mechanisms
of arrhythmogenesis could not be determined. In this study, we use computer modeling to
predict how these newly identified mutations compare with TS p.G406R to prolong the
APD and provide a substrate for arrhythmias.
Because the decrease in VDI due to the p.G1911R mutation was only a fraction of
the near-complete loss of VDI caused by the TS-associated p.G406R mutation, we first
investigated the mechanism by which this novel mutation could be a substrate for
arrhythmias. Using a modified Luo-Rudy dynamic model (see methods) that incorporated
the increased ICa window current and increased ICa current density observed in
experimental recordings, we simulated the effects of a heterozygous G1911R mutation
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(50% mutant channels) on APD (experimental data in Figure 4.8, A-C; simulated data in
Figure 4.9, A and B). Compared to WT CaV1.2, the G1911R mutation prolonged APD by
15.0% (Figure 4.9C).
To provide a context for this increase in APD, we compared the p.G1911R
mutation to models of two other mutations: (1) the heterozygous classic TS p.G406R
mutation, which occurs in the alternatively spliced exon 8A and contributes ~11.5% of
CaV1.2 channels in heart; and (2) the recently reported arrhythmia-associated
heterozygous p.P857R mutation (50% mutant channels). The p.G406R mutation was
simulated by assuming that 11.5% of CaV1.2 channels had no VDI (a voltage-independent,
horizontal steady-state inactivation curve), which represents a “worst-case scenario”. The
p.P857R mutation does not affect VDI, activation, or inactivation, but increases current
density by 113% in a heterologous expression system (116). This heterozygous mutation
(50% of channels) was simulated by increasing CaV1.2 current density by 56%. Our
simulations predicted a 21.0% and 9.2% increase in APD compared to WT due to the
p.G406R and p.P857R mutations, respectively (Figure 4.9C).
In conclusion, our simulations demonstrate how various CACNA1C mutations can
differentially affect channel properties to prolong APD and generate an arrhythmia. Our
results suggest that the combined effects of the p.G1911R mutation to diminish VDI of ICa
and increase window current lead to a significant increase in APD, comparable in severity
to the classic TS p.G406R mutation. Additionally, these data show the consequent effects
of a mutation that causes an increase in current density only (p.P857R). Illustrating the
power of functional studies combined with computational modeling, this study broadens
our understanding of the mechanisms by which a gain of function of ICa can contribute to
QT prolongation and arrhythmogenesis.
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Figure 4.8: G1911R affects CaV1.2 availability and VDI. (A)-(B) Current-voltage relationship and
representative IBa current traces showing an increase in current density at more negative potentials.
(C) Voltage-dependence of activation and steady-state inactivation curves showing a
hyperpolarizing and depolarizing shift, respectively, leading to increased availability and window
current. (D) G1911R decreases voltage-dependent inactivation as measured by fitting a single
exponential (at 0mV test potential) and comparing the tau value, summarized in (E). *p<0.05,
unpaired t-test. Figure adapted for comparison to computational model from: Hennessey JA et al.
A CACNA1C Variant Associated with Reduced Voltage-Dependent Inactivation, Increased CaV1.2
Channel Window Current, and Arrhythmogenesis. PLoS One. 2014.
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Figure 4.9: G1911R prolongs simulated action potentials. (A) Simulated steady state voltagedependent activation and inactivation curves (WT, black line; G1911R, red line) were derived by
computationally replicating activation and inactivation experiments to best fit experimental data
(WT, black squares; G1911R, red circles). (B) Simulated current-voltage relationships reflect the
increase in current density seen experimentally in G1911R mutant channels. (C) Simulated action
potentials (AP) and ICa for a heterozygous G1911R mutation (50% mutant channel, red); the
Timothy Syndrome G406R mutation (11.5% mutant channels, green); and a heterozygous P857R
mutation (50% mutant channels, blue) show increases in APD of 15.0%, 21.0%, and 9.2%,
respectively, compared to WT CaV1.2 (black). See Table 4.1 for APD80 values.
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Table 4.1: Action potential duration at 80% repolarization (APD80) values.
Case

APD80 (msec)

% Control

Wild-type

122.83

100%

50% G1911R

141.35

115.0%

11.5% G406R

148.67

121.0%

50% P857R

134.16

109.2%
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4.3 Methods
4.3.1 Electrocardiograms and programmed electrical stimulation
Subcutaneous two lead EKG recordings were captured from mice anesthetized
with 2.5% Avertin [tribromoethanol (Sigma-Aldrich) dissolved 1:1 (w/v) in tert-amyl alcohol,
then 1:40 (v/v) in PBS]. Signals were amplified and recorded with an Octal Bio Amp
amplifier (ADInstruments) connected to a Powerlab 16/30 DAQ system (ADInstruments).
Heart rate, RR, and QT intervals were analyzed using LabChart v8.0 software
(ADInstruments). Rate corrected QT intervals (QTc) were calculated using the formula by
Mitchell et al. (107):

=

⁄

/100, where RR=interval between successive R

waves. Programmed electrical simulation was performed in anesthetized mice by
implanting a catheter through the jugular vein and into the right ventricle. The ventricle
was stimulated with a train of pulses followed by a premature beat (S1-S2 protocol). EKGs
were recorded during and after stimulation.

4.3.2 Electrophysiology and Ca2+ imaging
Whole-cell patch clamp recordings of ICa from isolated cardiomyocytes were
performed as described in section 3.4.8 except for the following changes and additions.
To eliminate Ca2+-dependent inactivation, CaCl2 was replaced with BaCl2 in external
recording solution (in mM, from Sigma): Tetraethylammonium chloride 140, HEPES 5, KCl
5.4, BaCl2 5, MgCl2 1, 4-aminopyridine 2, D-glucose 10, adjusted to pH 7.4. Ca2+ channel
blockers nifedipine (5 µM) and Cd2+ (500 µM) were dissolved in external solution and
sequentially applied to cells via fast perfusion. Intracellular Ca2+ imaging was performed
as previously described in section 3.4.7.
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4.3.3 Computational modeling of cardiac action potentials
The Luo-Rudy dynamic model of mammalian ventricular myocytes (117) was used
to simulate the effect of CaV1.2 mutations on APD in ventricular myocytes. The L-type
calcium channel from this model was first isolated to simulate a HEK293T cell transfected
with only this channel. The CaV1.2 steady state activation curve (after leak-subtraction)
and steady state inactivation curve, recorded experimentally using barium as the charge
carrier, were used to define the model’s steady state activation (d) and voltage-dependent
inactivation gate (f) values. Because experimental recordings were made with barium as
the charge carrier, calcium-dependent inactivation was blocked in this isolated channel
model. The original d∞ and f∞ gate equations were modified to make the constants into free
parameters.
=

)

=

+

For a set of parameters (a-h), the activation and inactivation experiments were
repeated computationally and the activation and inactivation curves were plotted. An error
function was defined as the sum of the square errors between the computationally
generated activation/inactivation curves and the experimental data, at each trial voltage
(-50mV to 30mV, by 10mV for activation; -80mV to 20mV, by 10mV for inactivation). A
differential evolution algorithm [Storn et al., Journal of Global Optimization. 11: 341-349.
1997] was used to find the set of parameters that minimized the error. This process was
performed independently for wild-type and homozygous G1911R mutant experimental
data. The membrane permeability to Ca2+, which is directly related to the ion channel
current density, was altered to give a wild-type current density similar in magnitude to
experimental recordings. The best fit activation and inactivation curves are shown below.
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Inactivation time constants were also measured in wild-type channels and a bestfit definition, in the form of the function in the Luo-Rudy model, was formulated for use in
the computational model in all simulations.
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The resulting best-fit definitions of d∞ and f∞ from the isolated L-type calcium
channel model were then substituted into the whole-cell cardiomyocyte model (Luo-Rudy
1994). The G1911R mutation was simulated with 50% wild-type channels and 50%
G1911R mutant channels. We also compared the G1911R mutation to two other
mutations: (1) the Timothy syndrome G406R mutation and (2) a P857R mutation. To
simulate complete loss of voltage-dependent effects on channel inactivation in 11.5% of
CaV1.2 due to the TS mutation, we set the equation for
equal to a voltage-independent horizontal line (

of the mutant channels to be

= 0.97). To model a heterozygous

P857R mutation that increased current density only without affecting channel gating or
VDI, we increased the membrane permeability to Ca2+ by 56% to represent 50% mutant
channels that have a 113% increase in ICa current density.
Action potentials were simulated in the model cardiac cell using a stimulation
frequency of 1Hz. AP waveforms and ICa were computed after 100 stimulations. Action
potential duration at 80% repolarization (APD80) was used to quantify the extent of APD
prolongation.
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5 Conclusions and Future Directions

5.1 Unexplored roles for FHFs in the heart
Although FHFs were initially discovered to regulate voltage-gated ion channels in
the brain and the heart, recent studies in a variety of cell types and experimental models
have hinted at additional roles beyond ion channel regulation. Starting with a proteomic
screen for novel FGF13 interactors in the heart, we discovered multiple proteins that
mediate intracellular Ca2+ handling (e.g. junctophilin-2, SERCA2), and identified a
remarkable abundance of ribosomal subunits, mitochondrial proteins, and RNA and DNA
binding proteins not known to interact with FHFs or ion channels. While the functional
relevance of these interactions remain to be determined, these findings suggest that FHFs
may serve multiple physiological roles in addition to regulating ion channel function.

5.2 FGF13 is a negative regulator of cardiomyocyte caveolae density
One such role is regulation of caveolae, as suggested by interactions between
FGF13 and the cavin family of caveolae scaffolding proteins. This interaction provided the
molecular basis for an unexpected cardioprotective phenotype in Fgf13 knockout mice
subjected to chronic pressure overload. Specifically, we demonstrated that Fgf13
knockout in adult mice redistributed cavin 1 from the cytoplasm to the membrane, thereby
stabilizing caveolin 3 and increasing caveolae density. This increased caveolar reserve
provided protection against membrane rupture and prevented maladaptive remodeling
due to pressure overload. These results not only establish FGF13 as a novel regulator of
caveolae density, but also identify a new molecular player in the adaptation to cardiac
stress. Moreover, these data support previous studies showing that upregulation of
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caveolin 3 in heart confers therapeutic benefit in the stressed myocardium (20, 85, 118).
As such, inhibition of cardiac FHFs may provide another avenue for manipulating caveolae
density and function.

5.3 Unexplored questions and future directions
Our findings raise many new and interesting questions for future exploration.

5.3.1 How does FGF13 interact with the cavin complex?
Our data show that FGF13 can co-precipitate a complex containing all three cavin
members in cardiomyocytes, independently of association with caveolin 3. However, it is
not clear whether FGF13 interacts with individual cavin members in isolation. We have
attempted co-immunoprecipitation of individual cavin isoforms co-expressed with FGF13
in HEK293T cells, but have not observed strong interactions between cavin 1 and FGF13
or cavin 2 and FGF13 (data not shown). Similarly, recombinant expression and copurification of cavin 1 and FGF13 to test for a direct interaction have yielded equivocal
results due to the tendency of recombinant cavin 1 to form large oligomers and undergo
degradation. I hypothesize that FGF13 interactions with individual cavin proteins may be
low affinity or transient, and that FGF13 association requires all three cavin members to
be in a complex. Furthermore, the interaction may depend on the high cholesterol content
and lipid order of intact caveolae, as has been demonstrated for the cavin 1 binding partner
EHD2 (99). Future biochemical and imaging studies using simplified cell systems that
endogenously express cavins and are amenable to genetic manipulation (e.g. 3T3
fibroblasts or differentiated adipocytes) will help to answer these questions.
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5.3.2 Does FGF13 affect cavin 4/MURC regulation of cardiac hypertrophy?
The present study focused on cavin 1 subcellular distribution because cavin 1
plays a central role in stabilizing caveolins and caveolae. However, cavin 4 (also known
as muscle restricted coiled-coil protein, MURC), while not required for caveolae formation,
has been implicated in cardiac hypertrophy by serving as a scaffolding molecule for ERK
recruitment (82). Because cavin 4 knockout attenuated cardiac hypertrophy, the recruiting
function of cavin 4 appears to be necessary to elicit activation of the α1-adrenergic
receptor-ERK signaling cascade in concentric cardiac hypotrophy (82). Whether Fgf13 KO
affects cavin 4 protein level or subcellular distribution remains to be investigated.
Interestingly, FGF13 has been shown to bind to the MAPK scaffold protein islet brain 2
(IB2; also known as MAPK8IP2) in adult brain, facilitating recruitment of the MAPK p38
and serving as a potential kinase substrate for p38 (119). While IB2 is not expressed in
heart, perhaps FGF13 interacts with cavin 4 in an analogous fashion, aiding its recruitment
of ERK to facilitate hypertrophic signaling. In this context, loss of FGF13 may hinder the
ability of cavin 4 to recruit ERK, thereby providing an alternative pathway for attenuation
of cardiac hypertrophy.

5.3.3 Is Fgf13 ablation after TAC surgery still cardioprotective?
Our inducible cardiac-specific Fgf13 knockout model allows us to test whether
Fgf13 ablation after the initiation of cardiac stress (by TAC surgery) can prevent or reverse
maladaptive cardiac remodeling. If so, these results would suggest that inhibition of FHFs
may have clinical benefit in the treatment of heart failure. However, whether the results in
rodent heart translate to human heart remains to be investigated. Whereas FGF13 is the
predominant FHF in rodent heart, both FGF13 and FGF12 are expressed in human heart
(41, 42). Because loss-of-functions mutations that disrupt FGF12-NaV1.5 interaction are
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arrhythmogenic (41, 43), it is conceivable that FGF12 and FGF13 have distinct functions
in human heart with FGF12 serving an ion channel modulatory role while FGF13
participates in caveolae regulation. FGF13 and FGF14 have been shown to exhibit nonoverlapping subcellular distributions and biological roles in hippocampal neurons (120). If
such “division of labor” exists between FHF isoforms in human cardiomyocytes, therapies
that selectively target individual FHF isoforms (or selectively disrupt FHF interaction with
cavins without affecting binding to NaV1.5) may be able to achieve cardioprotection without
the adverse consequences of ion channel dysfunction. Future experiments examining
FGF12 and FGF13 transcript and protein levels in human failing vs non-failing hearts will
also help to elucidate whether FHFs are differentially regulated in human cardiac disease.

5.4 Implications for caveolae-mediated physiology outside the heart
While our studies demonstrate that FGF13 functions as a potent regulator of
cardiomyocyte caveolae, it is likely that this role is not restricted to the heart. Caveolae
are abundant in numerous other cell types, including endothelial cells, adipocytes, and
skeletal muscle, where loss of caveolae have been linked to pulmonary hypertension,
lipodystrophy, metabolic disorder, and skeletal myopathies (18, 78, 79, 121). Our lab is
currently generating global and other tissue-specific Fgf13 knockout mice to explore these
caveolae-associated phenotypes.
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