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Abstract

Restrictive cardiomyopathy (RCM) is a debilitating disease characterized by impaired ventricular
filling, reduced ventricular volumes, and severe diastolic dysfunction. Hypertrophic cardiomyopathy
(HCM) is characterized by ventricular hypertrophy and heightened risk of premature sudden cardiac
death. These cardiomyopathies can result from mutations in the same gene that encodes for cardiac
troponin I (cTnl). Acute genetic engineering of adult rat cardiac myocytes was used to ascertain
whether primary physiologic outcomes could distinguish between RCM and HCM alleles at the
cellular level. Co-transduction of cardiac myocytes with wild-type (WT) cTnl and RCM/HCM linked
mutants in cTnl’s inhibitory region (IR) demonstrated that WT cTnl preferentially incorporates into
the sarcomere over IR mutants. The cTnl IR mutants exhibited minor effects in single, rodent,
myocyte Ca2*-activated tension assays yet prolonged relaxation and Ca2* decay. RCM cTnl mutants
in the helix-4/C-terminal region demonstrated a) hyper-sensitivity to Ca?* under loaded conditions,
b) slower myocyte mechanical relaxation and Ca?* transient decay, c) frequency-dependent Ca2*-
independent diastolic tone, d) heightened myofilament incorporation and e) irreversible cellular
contractile defects with acute diltiazem administration. For species comparison, a subset of cTnl
mutants were tested in isolated adult rabbit cardiac myocytes. Here, RCM and HCM mutant cTnls
exerted similar effects of slowed sarcomere length relaxation and Ca2* transient decay but did not
show variable phenotypes by cTnl region. This study highlights cellular contractile defects by
cardiomyopathy mutant cTnls that are allele and species dependent. The species dependent results
in particular raise important issues toward elucidating a unifying mechanistic pathway underling the
inherited cardiomyopathies.
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1. Introduction

Inherited cardiomyopathies are disorders of the myocardium that represent a significant cause
of morbidity and mortality [1]. Familial cardiomyopathies typically have an autosomal
dominant pattern of inheritance and have been classified into several distinct disease entities
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based on morphologic and functional criteria [1;2]. Hypertrophic cardiomyopathy (HCM) has
a prevalence of 1 in 500 in the general population and is characterized by unexplained left
ventricular hypertrophy, diastolic dysfunction, and a high incidence of sudden cardiac death
[2-6]. In comparison, restrictive cardiomyopathy (RCM) is a rare, highly malignant heart
muscle disease characterized by reduced compliance of the myocardium, impaired ventricular
filling, and heightened diastolic dysfunction in the absence of ventricular hypertrophy [1;2;7;
8]. The natural history of RCM can include early morbidity during childhood with the only
treatment in that case being transplantation [7]. Both HCM and RCM can result from mutations
in the same gene [9], TNNI3, which encodes for cardiac troponin | (cTnl). With the significant
advances in both molecular cardiology and disease diagnosis, clinically stratifying patients into
HCM or RCM categories has become challenging as the boundaries between these
cardiomyopathic phenotypes are no longer clearly defined [1]. Therefore, the primary
objectives of this study were two-fold: 1) to determine the direct physiologic effects of RCM
and HCM linked mutant cTnl alleles on adult myocyte physiology and 2) to determine if these
mutations can result in diverse cellular phenotypes akin to the clinically distinct organ level
outcomes.

Cardiac troponin | is the inhibitory subunit of the thin filament regulatory protein troponin.
Within the troponin complex, cTnl partners with troponin C (TnC), the CaZ* binding subunit,
and troponin T (TnT), the tropomyosin binding subunit, to regulate cardiac muscle contraction
in response to Ca2* [10;11]. Cardiac troponin | has been modeled as a Ca2*-dependent
molecular switch in the sarcomere. During diastole, cTnl interacts tightly with actin to block
strong cross-bridge binding. As Ca%* concentrations rise during systole, cTnl interacts with
TnC, and ensuing conformational changes in the thin filament become permissive for active
cross-bridge cycling [12]. High resolution atomic structures of troponin and detailed
biophysical data [11;13-15] have identified cTnl’s multi-domain secondary structure, which
consists of four helices interspersed with several flexible linkers giving rise to six functional
domains (Figure 1A). The identified RCM cTnl alleles [9] result in the following amino acid
substitutions: L145Q, R146W, A172T, K179E, D191G, and R193H (based on the rodentamino
acid sequence) that occupy several of cTnl’s critical functional domains [12]. These include
the inhibitory region (IR; residues 137-148), switch region (helices 3 and 4; residues 150-159
and 164-188), and C-terminus (residues 188-211, Figure 1A). Over 90% of identified HCM
linked alleles result in amino acid substitutions that cluster within these same functional
domains [16]. Thus, the mechanistic basis for how mutations in the same functional region of
cTnl can result in diverse organ level phenotypes has remained elusive.

Of the known HCM linked c¢Tnl mutants the R146G allele results in the greatest functional
deficits relative to other known HCM causing cTnl mutations in both genetic and biochemical
replacement models [17-20] and therefore R146G served as the archetype for HCM in this
study. By contrast the primary physiologic consequence of most of the RCM mutant alleles
remains poorly understood. While biochemical reconstitution models have shown that RCM
cTnl alleles over sensitize the myofilament to Ca2* in both tension and ATPase assays [17;
20;21], a recent study using acute gene transfer to adult rodent cardiac myocytes with RCM
R193H mutant allele demonstrated an increased efficiency of R193H mutant cTnl
incorporation into the sarcomere over wild-type (WT) cTnl and a primary and unique evolution
of a Ca2* independent diastolic tone and acute cellular remodeling in the absence of changes
in Ca2* handling, a result not seen with other Ca2* sensitizing molecules [22]. Given these
results, RCM mutants may alter the predicted dosage of mutant gene product and may affect
myocyte physiology differently under intact Ca2* cycling conditions, particularly given the
recent evidence that the interplay between Ca2* handling and cardiomyopathy mutant
sarcomeres is critical to the organ level outcome [23]. Thus, a key unanswered question is to
determine the primary effects of RCM and HCM mutant cTnl alleles on intact cardiac myocyte
physiology studied under physiologic Ca?* handling conditions. Using acute genetic
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engineering of in isolated adult rodent cardiac myocytes with intact SR function this
comparative study was performed to elucidate the primary mechanisms of HCM and RCM
mutant cTnl alleles. In addition, myocytes were isolated from a rabbit model in order to assess
the interactions between mutant cTnl alleles and Ca2* handling mechanisms that more closely
resembles human myocyte physiology [24].

2. Methods

2.1 Generation of recombinant adenovirus

As previously described, WT and WT cTnl tagged with C-terminal flag epitope
(DYKDDDDK, Sigma) was subcloned into a pGem3Z vector [25], which was then used to
engineer five RCM-linked cTnl mutations, L145Q, R146W, A172T, K179E, and D191G, into
the full-length rat cTnl cDNA using the Stratgene Quick Change site directed mutagenesis kit.
The following oligonucleotide primers were used for mutagenesis (IDT; Coralville, I1A):
L145Q Sense 5’-GGCAAGTTTAAGCGGCCCACTCAGCGAAGAGTGAGAATCTc-3’
Anti-sense 5’-GAGATTCTCAGTCTTCGCTGAGTGGGCCGCTTAAACTTGCC-3’;
R146W Sense 5’-GCGGCCCACTCTCTGGAGAGTGAGAATCTCAGC-3’ Anti-sense 5’-
GCTGAGATTCTCACTCTCCAGAGAGTGGGCCGC-3’; A172T Sense 5’-
CCTTGGACCTGAGGACCCACCTCAAGCA GG-3’ Anti-sense 5’-
CCTGCTTGAGGTGGGTCCT CAGGTCCAAGG-3’; K179E Sense 5’-CCTCAAGCAGGT
GAAGGAGGAGGACATTGAGAAGG-3’ Anti-sense 5°-
CCTTCTCAATGTCCTCCTCCTTCACCTGCTTGAGG-3’; D191G Sense 5’-
CCGGGAGGTGGGAGGCTGGCGCAAGAATATCG-3’ Anti-sense 5°-
CGATATTCTTGCGCCAGCCTCCCACCTCCCGG-3’. All cTnl mutants were confirmed
by sequencing using the following primer sets: T7, SP6 and 2 custom primers (upstream 5’-
GCCGGCGCCTGCTCCTGT-3’ and downstream 5’-CTTTCGGCCTTCCATTCCACTTAG
-3’). To generate recombinant viral vectors, the mutant cTnls were subcloned with and without
C-terminal flag epitope into the pDC315 AdMax shuttle vector (Microbix Biosystems Inc.).
Viral particle lysates were prepared for infection of a cell factory and plaque assays were used
for determining the viral titer [22]

2.2 Adult cardiac myocyte isolation and primary culture

Rat hearts were excised for retrograde perfusion from heparinized (1500 U/kg) and
anesthetized (Nembutal; 150 U/kg) adult female Sprague Dawley rats (200g, Harlan,
Indianapolis, IN). The care and use of the laboratory animals for this study were in agreement
with the guidelines set forth by the University of Michigan Committee on the Use and Care of
Animals. Veterinary care was provided by the University of Michigan Unit for Laboratory
Animal Medicine. Ventricular cardiac myocytes were isolated via collagenase-hyaluronidase
digestion as previously described [26]. The average yield from rat myocyte isolations was
1.8x106 cells with 77% viability.

In companion studies, rabbit hearts were excised from heparinized (400 U/kg) and anesthetized
(Nembutal; 65mg/kg) adult male New Zealand White rabbits (2.2—2.6kg, Harlan, Indianapolis,
IN). Ventricular cardiac myocytes were isolated via collagenase-hyaluronidase, protease
digestion as previously described [27]. Rabbit preparations resulted in an average yield of
5.9x106 cells with 50% viability.

Isolated myocytes were placed in serum-free DMEM and subsequently transduced with
adenovirus containing recombinant cTnls [26]. Adenoviral gene transfer to isolated myocytes
was performed at an experimentally predetermined optimal multiplicity of infection
(multiplicities of infection, MOI, 20) based on the stoichiometric cTnl replacement for each
vector and level of efficiency.

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Davis et al. Page 4

2.3 Protein expression and Western blot analysis

To assess the mutant cTnls expression and incorporation into the sarcomere, cultured
ventricular myocytes samples were prepared for gel electrophoresis and Western blot analysis
as previously described [25;28]. A flag epitope monoclonal antibody (MAB) (M2, 1:1000,
Sigma) and a cTnl specific polyclonal antibody (AB1627, 1:1000, Chemicon) were used for
immunodetection, and horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit
secondary antibodies were used for chemiluminescence detection (1:2000, Amersham).

2.4 Localization and incorporation of mutant cTnl by immuno-fluorescence and confocal
microscopy

Immunofluorescence techniques were performed as previously described [25;28]. Dual
labeling of myocytes used a primary monoclonal antibody directed against the flag epitope
(M2, 1:500, Sigma) detected by a Texas Red-conjugated mouse 1gG secondary antibody
(1:100, Molecular Probes) in addition to a second primary antibody directed against a-actinin
(EA53, 1:500, Sigma) and detected by Alexa 488-conjugated mouse IgG secondary antibody.
The MIAC Olympus FV500 confocal microscope (University of Michigan Diabetes Core)
provided high resolution visualization of myocyte immunofluorescence.

2.5 Steady-state calcium activated isometric force measurements

Ca?* activated isometric force measurements were performs on single, rod-shaped,
permeabilized cardiac myocytes as previously described [29]. Solution pH was adjusted to
7.00 (or 6.20 for acidic pH experiments) with KOH/HCI. Relaxing solution (RS) pCa (—log
[CaZ*]) was 9.0 and maximal activating solution (AS) pCa was 4.0. Initial sarcomere length
was set at 2.1 um and the isometric tension-pCa relationship was determined by measuring
isometric tension generation in response to various levels of Ca2* activation ranging from
nominal Ca2* (pCa=9.0) to maximal (pCa=4.0) Ca?* concentrations [29]. The Hill coefficient
(n) and pCasg were determined with a nonlinear least squares fitting algorithm. The catalytic
subunit of PKA was used for phosphorylation studies as previously described [30].

2.6 Intact cardiac myocyte contractility and calcium transients

Sarcomere length measurements and intracellular Ca2* transients were measured
simultaneously at 37°C using the lonoptix system (lonoptix Co., Milton, MA) as previously
described [22;31]. Myocytes were electrically paced at 40 volts with a frequency of 0.2 Hz.
Ca?* transient measurements were accomplished using the Ca2* indicator, Fura-2 AM (5 uM
[Fura-2], Molecular Probes by Invitrogen). Some experiments utilized pairwise comparisons
of myocytes + 10uM Diltiazem (Sigma). For stimulation-frequency experiments, pacing
frequency was varied from 0.2, 0.5, 1.0 to 2.0 Hz for rat and 0.5, 0.75, 1.0 to 2.0 Hz for rabbit
myocytes. At each frequency a minimum of 12 contractions was used for the myocyte to
achieve a steady state, and the average of 8 subsequent contractions was used for analysis
[22;31].

2.7 Statistical Analysis

Data are reported as mean = SEM and statistical analyses were performed using Prism4 (Graph
Pad, San Diego, CA). ANOVA and Newman Keuls post hoc analysis was used for statistical
comparisons for multiple experimental groups. T-test was used for pairwise analysis of
diltiazem’s effects on myocyte function.
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3. Results

3.1 Targeted stoichiometric replacement and sarcomeric incorporation of RCM and HCM
mutant cTnls in adult cardiac myocytes

Virally transduced HEK (human embryonic kidney) 293 cells, which are devoid of endogenous
cTnl, were collected for Western blot analysis and probed with a cTnl specific antibody ~48
hours post gene transfer. Transduction with identical viral concentrations resulted in equivalent
protein expression of each mutant cTnl (Figure 1B) when normalized to silver stain as a loading
control. Isolated adult rat cardiac myocytes, transduced with adenoviral vectors carrying
mutant cTnl constructs, were examined for cTnl expression over time in culture from days two
through four after gene transfer. All mutant and WT cTnl constructs were engineered with a
C-terminal flag epitope tag in order to distinguish recombinant from native cTnl by molecular
weight. In this and previous studies, the epitope tagged cTnl had no detected effects on myocyte
structure and function [22;25;32], and there were no significant functional differences between
flag and non-flag mutant cTnl (t-test, P>0.05). Western blot analysis with a cTnl specific
antibody showed a time dependent increase in flag tagged mutant cTnls and concomitant
decrease in native cTnl expression in the absence of changes in other myofilament proteins
(Figure 1B). This result was quantified by densitometry over multiple preparations (Figure 1C
and D). The average percent replacement varied at each time point and between mutants where
mutations in the helix 4 domain (H4, Figure 1A and C) had the highest level of replacement
at each time point (Figure 1D). Myocyte function was primarily examined four days post gene
transfer when the average replacement of mutant cTnls in the H4 region was 67+£6% and those
in the inhibitory region (IR) was 33+£2% (Figure 1A and D). The D191G mutant attained 45
+5% replacement, which closely paralleled the temporal replacement of flag tagged WT cTnl
(Figure 1D). This experiment demonstrated that cTnl stoichiometry is tightly maintained
despite an overexpression of cTnl message. This provides further evidence that this gene
transfer model is one of replacement as previously described [22;25;28]. To further support
this result the relative replacement mutant cTnl was compared between intact (1) and membrane
permeabilized (P) myocyte preparations (Figure 1E). Cardiac Tnl content and the percent
replacement of native cTnl between intact and permeabilized myocytes were not significantly
different (Figure 1E) indicating that epitope tagged mutant cTnls are stoichiometrically
replacing the native cTnl and not accumulating in the cytosol.

The comparatively low level of stoichiometric replacement achieved with the IR mutant cTnls
(RCM L145Q, R146W, and HCM R146G) raised the possibility that IR domain mutant cTnls
are at a disadvantage when competing for sites on the myofilaments relative to WT cTnl. To
test this hypothesis, thin filament competition assays were performed in cardiac myocytes to
determine if adenoviral vector-mediated WT cTnl (non-flagged) would effectively out-
compete the IR mutant cTnls for sites on the sarcomere (Figure 1E). Adult rat cardiac myocytes
were co-transduced with increasing titers of WT cTnl (0 — 500 MOI) and either epitope tagged
RCM-linked L145Q or R146W cTnl held at a fixed titer (20 MOI) and collected for Western
blot four days post gene transfer. At a titer of 50 MOI, WT cTnl had already limited the
incorporation of L145Q and R146W into the sarcomere, and at 500 MOI of WT cTnl both
L145Q and R146W had minimal replacement (Figure 1E) similar to previous reports from
competition assays performed with the HCM linked mutant R146G [25]. These competition
assays demonstrate that the IR mutant cTnls are at a disadvantage relative to WT ¢Tnl when
incorporating into the sarcomere. This is in contrast to the recent report that RCM R193H cTnl
significantly out-competed WT cTnl and preferentially incorporated into the intact sarcomere
[22].

Incorporation and localization of the mutant cTnls into the cardiac sarcomere was also assessed

by immunohistochemistry and confocal imaging at four days post gene transfer. Scoring of
rod-shaped myocytes positive for flag epitope labeling indicated that >95% of the myocytes
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incorporated mutant cTnls, underscoring the high efficiency of this approach. Dual labeling
with monoclonal antibodies directed against a-actinin and the flag epitope tag established that
mutant cTnls, as represented here by A172T and D191G mutant myocytes, incorporated and
localized appropriately into the sarcomere (Figure 1F). Single labeling with a polyclonal cTnl
antibody showed a striated pattern similar to that obtained with flag epitope labeling, indirect
evidence that the mutant cTnls were localizing to the sarcomere and cTnl stoichiometry was
maintained (data not shown).

3.2 RCM linked C-terminus mutant cTnls further sensitize the myofilaments to Ca2* relative
to other mutants

Four days post gene transfer steady-state Ca2* activated isometric tension was measured in
single membrane permeabilized rodent myocytes. Representative isometric tension curves
from WT and RCM mutant A172T myocytes (Figure 2A) illustrate the developed tension in
response to low and maximal activating [Ca2*] conditions. Under basal conditions, maximal
tension generation was not different between groups (data not shown). The C-terminal RCM
mutant cTnls, A172T, K179E, and D191G, had higher pCasg values (Figure 2B), indicating
these mutants cause a significant increase in myofilament Ca?* sensitivity of tension. HCM
and RCM mutations in cTnl’s IR domain had little effect on myofilament Ca2* sensitivity of
tension with 35% replacement (Figure 2B). Ca2* activated tension generation was also
measured under acidic conditions (Figure 2C, pH 6.2). Only the RCM A172T mutant myocytes
retained an increased Ca?* sensitivity of tension relative to WT with a drop in pH (Figure 2C,
pH 6.2). The PKA catalytic subunit caused a similar rightward shift in the tension-pCa
relationship in both WT (Figure 2D) and RCM mutants as represented by K179E mutant
myocytes (Figure 2E). A small survey of WT and several RCM mutant myofilaments
demonstrated that the magnitude of PKA-mediated desensitization was similar among all
groups (Figure 2F). These data show that RCM mutant cTnl retain the ability to be desensitized
by PKA mediated serine phosphorylation in order to facilitate faster relaxation.

3.3 RCM linked mutations in cTnl's Helix-4/C-terminal domain slow relaxation and Ca2*
transient decay rate

For all unloaded functional assays, non-transduced myocytes and myocytes adenovirally
transduced with WT cTnl and flag epitope tagged cTnl were combined into one group (labeled
control) because their functional outcomes for all mechanical measurements were not
statistically different (ANOVA, P>0.05). Contractile function and Ca?* transients were
simultaneously measured in intact adult rat cardiac myocytes at physiologic temperature (37°
C). A summary of contractility and Ca2* transient parameters is presented in Table 1. Figure
3 shows representative sarcomere shortening (Figure 3A, left panel) and Ca2* transients (Figure
3A, right panel) normalized to the peak shortening or Ca2* amplitude. Figure 3A demonstrates
the marked slowing of sarcomere length relaxation and Ca2* transient decay in RCM linked
helix-4/C-terminal domain mutant myocytes (represented by A172T) relative to myocytes with
cTnl mutations in the IR domain (represented by R146G). IR domain mutant myocytes only
displayed a slowing of relaxation/ fluorescence decay in the later phase of relaxation. Figure
3B summarizes the time from peak shortening/ fluorescence to 90% relaxation/decay for all
of the cTnl mutations described. All of the helix-4/C-terminal domain RCM cTnl mutants
caused a significant slowing at 50, 75, and 90% relaxation (Table 1). The RCM linked IR
mutant myocytes were significantly slower to relax but not to the same extent as C-terminus
mutants (Table 1). The HCM linked R146G mutant had a significant slowing of relaxation
time relative to control only late in relaxation (Table 1, Figure 3B). To determine whether the
variation between mutant relaxation times was due to different levels of replacement, the
relationship between time to 90% relaxation and magnitude of cTnl replacement was measured
in both A172T and R146G myocytes (Figure 3C). Even at lower levels of replacement similar
to that in R146G myocytes, A172T mutant myocytes had slower relaxation times relative to
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R146G mutant myocytes (Figure 3C,left panel, A172T, R2=0.99, y=0.0015X+0.171, R146G,
R2=0.71, y=0.0014X+0.116). The cTnl flag myocytes had no change in relaxation time with
increasing incorporation of cTnl flag (Figure 3C, left panel, R2=0.12, y=5.0E—05X+0.128).
Figure 3C (right panel) demonstrates that at similar or reduced levels of replacement A172T
(10% replacement) significantly slows relaxation time relative to R146G (20% replacement)
mutant myocytes. Together these data indicate that at similar low levels of replacement the
helix-4/C-terminal RCM mutant, A172T, still has a greater effect to slow relaxation than IR
domain mutants.

The magnitude of change in relaxation time varied within the RCM group as well as between
RCM and HCM myocytes (Table 1, Figure 3B). Overall, the helix-4/C-terminal domain mutant
cTnl myocytes were slower to relax than those containing IR domain mutant cTnls independent
of RCM/HCM linkage. This slowing of sarcomere relaxation is most likely due to the
significant increase in myofilament Ca2* sensitivity caused by helix-4/C-terminal domain
mutant cTnls. Post hoc analysis between IR mutants, with similar levels of replacement,
showed that the RCM mutant myocytes are significantly slower to relax compared to HCM
R146G mutant myocytes at 50 and 75% relaxation time but not at 90% (Table 1) where they
were all equally slow. Previous studies demonstrated the restitution of Ca?* handling protein
expression, hemodynamic function, and abrogation of the hypertrophic response in a mouse
model of HCM after chronic administration of the Ca2* channel blocker, diltiazem [23;33].
We therefore tested the hypothesis that diltiazem would correct slowed relaxation kinetics
evident in HCM and RCM myocytes. Diltiazem significantly blunted sarcomere shortening
and Ca2* transient amplitudes in all groups (Supplement Figure 1) and slowed relaxation in
control and HCM myocytes but not in the already slow A172T myocytes (Supplement Figure
1). These data suggest that, unlike control and HCM R146G myocytes, RCM A172T cTnl
increases the myofilament’s Ca?* sensitivity to such a high level that diltiazem does not elicit
an additive response.

Overall, HCM and RCM mutant myocytes did not significantly affect sarcomere shortening
or peak systolic Ca?* amplitudes with the exception of RCM K179E myocytes that had larger
shortening amplitudes (Figure 3C). Unique to the RCM K179E was a significantly blunted
Ca?* transient amplitude (Figure 3D), suggesting that this mutation causes a gain in
contractility not seen in any of the other tested mutants. Resting sarcomere length in all of the
experimental groups was significantly shorter than control myocytes (Figure 3D, left panel) in
the absence of changes in diastolic Ca?* (Figure 3D, right panel), suggesting a relative
heightened level of basal actin-myosin interaction under resting/diastolic conditions.

3.4 Pacing causes an uncoupling between mechanics and Ca2* handling in RCM but not HCM

myocytes

Based on baseline mechanical measurements (Table 1 and Figure 3B), A172T and R146G
mutant myocytes were selected as representative of RCM and HCM respectively for frequency-
response experiments. Pacing frequency was gradually increased every 15 contractions over
the following frequencies: 0.2 (basal), 0.5, 1.0, and 2.0 Hz as shown in the representative
normalized raw sarcomere length traces in Figure 4A. Frequency-response experiments
highlighted a significant frequency-dependent diastolic dysfunction in A172T mutant
myocytes, which is illustrated in the representative mechanical transients shown as a function
of frequency in Figure 4A (right panel). The dashed red lines in Figure 4A (right panel)
represent the average diastolic sarcomere length at each frequency once steady state is
achieved. The corresponding diastolic Ca2* transients were also measured. A172T mutant
sarcomeres were significantly shorter during relaxation throughout a train of pulses relative to
controls. This effect became more pronounced as the frequency was increased, suggesting that
these mutant myofilaments only partially relax as pacing escalates. To quantify this effect, the
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average diastolic sarcomere lengths and fluorescence ratios were measured at each frequency
>0.2 Hz. These values were subtracted from the diastolic sarcomere length/fluorescence ratio
measured at 0.2 (Figure 4B). Unlike the A172T mutants, control and R146G mechanical
transients remained tightly coupled to the Ca2* transient. Control myocytes were able to fully
relax and cycle CaZ* despite increasing frequency (Figure 4A and B), but R146G myocytes
yielded a frequency-dependent increase in diastolic Ca* (Figure 4B, right panel) and
corresponding shortening of diastolic sarcomere length (Figure 4B, left panel). Ca2* cycling
occurs normally in the hyper Ca2* sensitized A172T myocyte (Figure 4B), but with escalations
in pacing frequency the A172T mutant myocytes developed a mechanical tone that was
independent of [Ca2*] during diastole (Figure 4B), a result similar to that reported in RCM
R193H myocytes [22].

Additionally, frequency-response experiments demonstrated that both A172T and R146G
myocytes (Figure 4C,D) behaved similarly and showed a typical negative staircase effect
[34] as found for WT myocytes (Control, Figure 4C,D). Escalations in pacing frequency also
accelerated sarcomere length relaxation and Ca2* transient decay time (data not shown) in both
A172T and R146G myocytes similar to controls.

3.6 RCM and HCM mutant cTnls slow relaxation and Ca2* decay to similar magnitudes in
rabbit cardiac myocytes

In order to elucidate the physiologic effects of RCM and HCM mutant cTnl on myocyte
function in a cellular system with Ca2* handling properties resembling that of human adult
cardiac myocytes [24], adult rabbit cardiac myocytes were acutely isolated for primary culture
and adenovirally transduced with a subset of cTnl mutations including A172T (RCM archetype
based on rodent measurements), R146G (HCM archetype), or flag tagged WT cTnl. To
compliment our previously published work on adult rat cardiac myocytes acutely engineered
with RCM mutant R193H cTnl [22], adult rabbit myocytes transduced with R193H cTnl are
also included in this comparative analysis. Similar to rat, targeted stoichiometric replacement
of the native cTnl for recombinant mutant cTnl in rabbit cardiac myocytes was measured by
Western blot (Figure 6A) in which a time dependent increase in endogenous cTnl replacement
was observed (Figure 6A). In the rabbit system, the IR mutant R146G replacement was 67%
by day four in culture (Figure 6A, right panel), which is elevated relative to the replacement
of this mutant obtained in the rat (Figure 1B). In comparison, A172T and R193H cTnl
replacement approached 80% at the same time point (Figure 6A, right panel), a replacement
similar to that obtained in rat myocytes (Figure 1B). Functional testing on isolated rabbit
myocytes was performed on day four in culture when the levels of replacement were not
statistically different between experimental groups (P=0.092, ANOVA).

Contractile function and Ca2* transients were simultaneously measured in unloaded intact adult
rabbit cardiac myocytes at physiologic temperatures (37°C). Resting sarcomere length was
significantly shorter in the absence of elevated diastolic Ca* in R193H and A172T myocytes
relative to control and R146G (Figure 6B). Similar to previously published data in the rat
[22], the R193H had a greater effect to shorten resting sarcomere length when compared to
other mutant cTnl alleles in the rabbit. All of the mutant cTnl myocytes had a significant
decrease in Ca?* transient amplitude (Figure 6C, right panel) in the absence of significant
changes in shortening amplitude relative to control rabbit myocytes (Figure 6C, left panel).
These data suggest that HCM and RCM mutant cTnl alleles have distinct effects on contractility
in rabbit versus rat cardiac myocytes. In rat myocytes neither mutation affected shortening or
Ca?* transient amplitude (Figure 3C, [22]). Both A172T and R146G slowed rabbit myocyte
relaxation to the same extent when compared to control myocytes (Figure 6D, left panel). The
R193H mutant allele, however, significantly slowed rabbit myocyte relaxation beyond that of
A172T and R146G (Figure 6D, left panel). In rabbit myocytes, the R193H cTnl allele exerted
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dominant effects on mechanical relaxation as previously described in rat myocytes [22]. A172T
and R146G mutants had a similar influence on rabbit myocyte relaxation which differs from
the greater effect of A172T over R146G obtained in rat myocytes (Figure 3B). All three mutant
cTnl alleles slowed the Ca2* transient decay to a similar extent relative to control in rabbit
cardiac myocytes (Figure 6D, right panel). This is in contrast to results obtained in the rat in
which both R193H [22] and A172T (Figure 3B, right panel) have dominant effects to slow
Ca®* decay. These differences between mutant myocytes from rat versus rabbit could be due
to the increased replacement of R146G obtained in rabbit myocytes or species related
differences in Ca* handling.

4. Discussion

The identification of cTnl mutations causal for RCM or HCM immediately posed the problem
of delineating whether primary structural and/or functional outcomes could generate the
clinically distinct patient phenotypes associated with various forms of inherited
cardiomyopathy [1;9]. This study reports the primary functional outcome of a gain in
myofilament CaZ* sensitivity and concomitant cellular diastolic dysfunction and Ca?* transient
remodeling due to the incorporation of inherited cardiomyopathy cTnl alleles in rodent and
rabbit cardiac myocytes. Our main finding is that significant alterations in isolated myocyte
function are (A) species-dependent and (B) allele-specific rather than segregating into
distinguishing RCM versus HCM cellular phenotypes (Table 2). In rodent myocytes, RCM
helix-4 mutant cTnl alleles had dominant effects when compared to HCM and RCM alleles in
the IR domain of cTnl (Table 2). The modest effects on myofilament Ca2* sensitivity and
mechanical function of both RCM and HCM linked mutations in cTnl’s IR domain is partially
attributed to the finding that RCM mutations in the IR domain are disadvantaged when
competing against WT cTnl for positions within the rodent cardiac sarcomere (Figure 1F). The
mechanism by which IR mutant cTnl incorporation is hindered in the rodent myocyte is
currently unresolved. Despite their poor incorporation, the IR cTnl mutants (R146W and
L145Q cTnl) are acting as dominant-negatives as a relatively small percent replacement of the
native cTnl for IR mutant cTnl caused a significant slowing of sarcomere relaxation both in
the rat and rabbit acute gene transfer model (Table 1 and 2). HEK studies (Figure 1B) indicate
that the mutant protein is translated and stable similar to control cTnl, and therefore poor
incorporation of the L145Q and R146W mutants appears more related to structural alterations
inthe IR domain. These results suggest, in contrast to the ~50:50 ratio of WT to diseased protein
content reported in hearts for other inherited cardiomyopathy alleles [35;36], individuals with
one R146W or L145Q allele may be predicted to have relatively small amounts of mutant cTnl
protein content in the sarcomere. By contrast, transduced rabbit myocytes, a model system in
which IR and C-terminal domain mutants have equal capacity for replacement, demonstrated
that both RCM linked A172T and HCM linked R146G myocytes slow relaxation to similar
extents (Table 2). The RCM linked R193H cTnl allele [22], however, still exerted a dominant
effect relative to other cardiomyopathy mutants to slow relaxation and elevate diastolic tone
independent of species (Table 2). Collectively, these findings support a model where
phenotypic outcome is both allele-specific and species-dependent indicating that the primary
effects of cardiomyopathy linked cTnl alleles in our model system are not readily segregated
into distinct inherited cardiomyopathy subtypes as suggested by the newly broadened
contemporary definition of inherited cardiomyopathies [1].

The acute genetic engineering models used here enabled direct comparisons between cTnl
mutant alleles at the intact myocyte level. The RCM linked R193H allele caused significant
slowing of mechanical relaxation and elevated diastolic tone in rabbit myocytes (Figure 6)
relative to A172T (RCM) and R146G (HCM) similar to the previous reports of rat cardiac
myocytes acutely engineered with this mutation [22]. These results suggest that the R193H
mutation stands apart as having its own distinguishing mechanical phenotype in both species.
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With that exception, the rabbit model also highlighted the new finding that, unlike in rat
myocytes, HCM and RCM cTnl mutants, directly slowed relaxation and Ca2* transient decay
time to the same extent when incorporated at similar high levels of replacement (Table 2).
R146G served as the archetype for HCM in this study as it has the greatest functional deficits
relative to other HCM mutations when R146G replacement is relatively high [16;20;21;25].
Previous reports from R146G transgenic mouse and rabbit models show that low levels of
R146G replacement produce a mild phenotype and have a small effect on myofilament Ca2*
sensitivity of tension similar to reports here in rodent myocytes [18;37]. In both R146G
transgenic mouse and rabbit models high levels of replacement are lethal suggesting a low
tolerance for this mutant cTnl allele at the organismal level [18;37]. Interestingly, myocytes
isolated from the R146G transgenic rabbit had normal relaxation with faster Ca2* transient
decay [37], opposite the results reported here for acutely engineered R146G rabbit myocytes.
The differences between models are likely due to adaptive changes in NCX function that
compensate for the altered myofilament CaZ* sensitivity in the R146G transgenic rabbit [37].
Furthermore, while heightened R146G replacement could account for the effects on relaxation
in intact rabbit but not rat myocytes measured here, studies in rat myocytes indicated, that even
at similar replacement, A172T still had a greater effect on myocyte relaxation (Figure 3C).
Previous experiments utilizing permeabilized reconstitution preparations found that RCM
mutants in general had a greater effect to increase myofilament Ca2* sensitivity relative to
HCM mutants including R146G corroborating the dominant effect of A172T over R146G,
[20;21]. Taken together these results suggest that species differences rather than gene dosage
alone are directly influencing the primary functional outcome in intact cardiac myocytes.

A fundamental difference between rodent and rabbit myocytes is the inherent Ca?* removal
mechanism. In rodent cardiac myocytes, Ca2* removal from the cytosol is almost exclusively
driven by the SR’s Ca2* ATPase pump (SERCA, 92%); whereas, in rabbit and other larger
mammals including humans, the Na*-Ca2* exchanger (NCX) has a greater contribution to
Ca?* extrusion from the cytosol (NCX, ~30%; SERCA, ~70%) [24]. Notably, the magnitude
of delay in Ca?* decay time was the same for all of the mutant myocytes such that R193H =
Al172T =R146G > WT (Figure 6D, right panel) despite the dominant effect of the R193H cTnl
allele to slow rabbit myocyte relaxation beyond that of the mechanically slow A172T and
R146G myocytes. This is in contrast to the rat in which the hierarchy of slowing both
mechanical relaxation and Ca2* decay time was as follows: R193H > A172T > R146G = WT
(Table 1, [22]). Thus, we postulate that the enhanced contribution to cytosolic Ca2* removal
by NCX in rabbit myocytes [24] may be enough to equalize the effects of R193H, A172T, and
HCM R146G myofilaments on Ca2* handling (Figure 6D) but also critically influences the
primary cellular phenotype. Recent evidence from a HCM transgenic mouse model [23]
supports this hypothesis as altered Ca* handling played a role in cardiomyopathy disease
pathogenesis. Additionally, myosin heavy chain (MHC) isoform could be contributing to the
species-dependent functional outcomes as rat is «MHC dominant (fast motor) while rabbit is
BMHC (slow motor) dominant [38;39]. The BMHC backbone of the rabbit myocytes slows
cross-bridge cycling independent of Ca2* [27], which may interact with the mutant cTnl alleles
to further slow relaxation. The rabbit model in the present study further underscores the
importance of understanding the primary effects of cardiomyopathy mutant alleles in larger
mammals with Ca2* handling mechanisms and myosin isoform profile that is comparable to
humans.

Additionally, both acutely engineered HCM and RCM mutant rat (figure 3B) and rabbit (figure
5D) myocytes had significantly slowed Ca?* transient decay time in addition to the direct effect
of these alleles to slow myocyte relaxation. This altered Ca2* transient decay could be directly
related to the increased myofilament Ca?* sensitivity of HCM and RCM mutant sarcomeres
(figure 2). By directly increasing myofilament Ca2* sensitivity with the acute expression of
mutant cTnl alleles, we speculate that the myofilament’s cytosolic Ca2* buffering capacity, in
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turn, is increased causing cytosolic Ca* removal to slow, similar to reports from HCM mutant
cardiac troponin T alleles [40]. Heightened myofilament Ca2* buffering could have severe
down-stream consequences by augmenting Ca2* cycling and becoming a potential substrate
for arrhythmias [40], all of which have been associated with HCM in human patients [4;23].

This study demonstrates both in the rodent and more so in the rabbit isolated myocyte model
that the primary effects of mutant cTnl alleles on cardiac myocyte physiology do not readily
segregate into distinct phenotypes of HCM or RCM, but instead are allele and species specific.
Overall, the differential cellular effects of cardiomyopathy-linked cTnl mutations are
confounded by several variables at the cellular-level alone that include sarcomeric replacement,
location of the mutation within cTnl’s secondary structure, and species dependent differences
in CaZ* handling mechanisms. Inherited HCM and RCM are also both progressive diseases,
so at the organismal-level, human disease phenotypes are further influenced by complex
compensatory adaptations, environmental factors, and genetic modifiers [41;42]. A recent
study of over a thousand patients from 16 families diagnosed with HCM found ~1.5% of these
individuals had mutations in TNNI3 or MYH7 and functionally presented with restrictive
cardiomyopathy underscoring the role of secondary factors in determining clinical outcomes
[43]. Furthermore, within a cardiomyopathy classification like RCM there is a range of disease
severity [9], which adds to the difficulty of clinically stratifying patients and further
complicates understanding the pathogenesis from the cellular manifestations of a diseased
allele to the clinical presentation. The evidence of phenotypic variability within kindreds and
among patients with the same genotype [9;43;44], in addition to patients presenting with mixed
RCM/HCM phenotypes [9] further support the notion that readily distinguishing between
HCM and RCM is challenging and that RCM may fall under the broad clinical spectrum of
HCM [1;43]. Together the data presented here show the inability to draw distinct physiologic
lines between RCM and HCM cTnl alleles at the cell/molecular level. These complexities arise
from species-dependent, genetic, and environmental interactions with specific cTnl alleles at
the myocyte-level, and at the organ-level they likely combine to underlie the clinical
manifestations of inherited cardiomyopathy reported in humans.
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Figure 1. Targeted stoichiometric replacement and localization of mutant cTnls in adult rat cardiac
myocytes

(A) Schematic representation of cTnl’s secondary structure and corresponding functional
domains (H1, helix 1; H2, helix 2; IR, inhibitory region; H3, helix 3, H4, helix 4; and the C-
terminal domain) and the corresponding amino acid sequence showing the location of RCM
and HCM linked cTnl mutations. Beneath the structural schematic is an illustration of the
regions of Tnl that interact with other thin filament proteins critical to the regulation of cross-
bridge cycling. (B) Representative Western blot showing the adenoviral mediated expression
of mutant cTnls and cTnl flag in HEK cells. Each group represents 2 lanes loaded with 5 and
1 pl of sample respectively and control represents non-transduced HEK cells. M = protein

Merged
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standard marker (Biorad) (C) Representative Western blot showing the targeted stoichiometric
replacement of native cTnl with epitope tagged mutant cTnl over 3 days starting at 2 days post
gene transfer. Tropomyosin («Tm) was used as a loading control. There was no significant
difference in myofilament stoichiometry across time as determined by cTnl/oTm ratios. (D)
Summary of cTnl replacement with recombinant mutant cTnl as a function of time (IR mutants
= the average replacement by L145Q, R146G, and R146W, open square; H4 mutants = the
average replacement by A172T and K179E, closed diamond). (E) Summary of the average
replacement attained for each individual mutant from membrane intact (I, white bar) and
detergent permeabilized (P, black bar) at 4 days post gene transfer when functional
measurements were made. Within a group there was no significant difference in percent
replacement between intact and permeabilized myocytes, further evidence of mutant cTnl
stoichiometric replacement (mean + SEM, t-test, n=5). The inset is a representative Western
blot of membrane permeabilized control and mutant cTnl myocytes from 4 days post gene
transfer. Lane C represents control myocytes and lanes 1-6 represent L145Q, R146W, A172T,
K179E, D191G, and R146G mutants respectively. (F) Competition assay. Myocytes were co-
transduced with flag epitope tagged L145Q or R146W (held at a constant titer, 20 MOI) and
increasing viral titers of non-tagged WT cTnl (represented by the wedge, 0-500 MOI). WT
cTnl out-competed the IR mutant cTnl for spots on the sarcomere around 100 MOI of WT
cTnl. (G) Representative confocal projection images of isolated adult cardiac myocytes using
dual labeling with anti-a-actinin antibody conjugated to Alexa 488 and anti-flag antibody
conjugated to Texas Red. Images are shown for myocytes treated with adenovirus containing
flag epitope tagged A172T and D191G mutant cTnl. The striated pattern labeling seen in the
inset of merged image represents appropriate incorporation of the mutant cTnl. This striated
labeling is representative of all the tested mutants. Bar = 20pum.
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Figure 2. Ca?* activated tension in single permeabilized RCM and HCM mutant cardiac myocytes
(A) Representative tension-pCa relationships for a wildtype (WT, open circle) and a RCM
A172T (filled circle) myocyte. (B) Summary of myofilament Ca2* sensitivity of tension
generation (pCasp) in adult WT, RCM, and HCM cardiac myocytes under basal conditions.
Maximum tension generation (Pp, KN/m?2) was not significantly different between mutants
(mean Pg = SEM, control 20.6+2.1, cTnl Flag 18.0£2.10, L145Q 25.0+£3.7, R146W 21.5+4.8,
R146G 14.9+1.5, A172T 20.6+2.6, K179E 17.6+2.2, D191G 17.0£1.7 kN/m?2). (C) Summary
of the change in myofilament Ca2* sensitivity of tension generation (pCasg) relative to control
at pH 7.0 and 6.2. cTnl represents WT cTnl treated myocytes. (D) Representative tension-pCa
relationships for a WT myocyte under basal (—PKA, filled square) and PKA activating
conditions (+PKA, open square). (E) Representative tension-pCa relationships for an RCM
K1793 myocyte under basal (—PKA, filled circle) and PKA activating conditions (+PKA, open
circle). Data represents mean + SEM, ANOVA and Newman Keuls post hoc analysis was used
for statistical comparisons, * P<0.001 or * P<0.05 relative to control, n=7-8. (F) Summary of
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the change in myofilament Ca2* sensitivity of tension generation (pCasg) between untreated
and PKA stimulated conditions for mutant and control myocytes.
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Figure 3. Intact single myocyte sarcomere length shortening and Ca2* transients

(A) Representative raw sarcomere shortening (left panel) and the corresponding Ca2* transients
(right panel) from WT, R146G, and A172T transduced myocytes. Traces were normalized to
peak shortening or the peak height of the Ca%* transient to emphasize the mutant cTnl
dependent slowing of relaxation and remodeling of the Ca2* transient. (B) Summary of 90%
sarcomere relaxation time (left panel) and the corresponding time to 90% Ca2"* transient decay
(right panel). Relaxation and decay times were determined by calculating the difference from
the time of peak shortening/fluorescence to 90% relaxation/decay. (C) Left panel: linear
regression analysis of 90% relaxation time as a function of percent native cTnl replacement
(A172T, R2=0.99, y=0.0015X+0.171; R146G, R?=0.71, y=0.0014X+0.116; cTnl flag,
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R2=0.12, y=5.0E-05X+0.128). Differing doses of cTnl replacement were obtained by studying
myocytes a different time points. Right panel: a summary of 90% relaxation time for flag,
R146G and A172T mutant myocytes at low levels of replacement (10-25%). At 10%
replacement, A172T mutant myocytes are significantly slower to relax relative to R146G and
flag myocytes. (D) Summary of sarcomere length shortening amplitude (left panel) and Ca2*
transientamplitude normalized to baseline fluorescence (right panel). (E) Summary of baseline
sarcomere lengths (left panel) and resting Ca2* for all of the experimental groups (right panel).
All mechanical and Ca%* transient values are expressed as mean + SEM, ANOVA and Newman
Keuls post hoc analysis was used for statistical comparisons, * different from control and flag
or between A172T and K179E as noted in (C) right panel, 1 different from all IR mutants, 2
different from A172T mutants, P<0.05, n>35.
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Figure 4. Frequency-dependent escalation in mechanical tone of A172T myocytes

(A) Representative stimulation-frequency traces of sarcomere shortening normalized to
shortening amplitude measured at 0.2Hz for R193H mutant (left panel) and control (right panel)
myocytes. Dashed red lines represent the change in diastolic sarcomere length delineated by
frequency relative to prestimulation resting sarcomere lengths. (B) Summary of the average
change in dynamic diastolic sarcomere length and the corresponding Ca2* level at each
frequency. Values (0.5-2.0 Hz) represent the change in sarcomere lengths from the dashed line
to prestimulation resting sarcomere lengths at each frequency. (C) Summary of sarcomere
shortening and (D) Ca?* transient amplitude as a function of frequency. Values are expressed
as mean + SEM, ANOVA per each frequency and Newman Keuls post hoc analysis was used
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for statistical comparisons.* different from O (t-test), + different from control, # different from
A172T (ANOVA per each frequency), P<0.05, n=25-30.
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Figure 5. Targeted stoichiometric replacement of mutant cTnls and functional outcome in adult
rabbit cardiac myocytes
(A) Representative Western blots showing the targeted stoichiometric replacement of native
cTnl with epitope tagged mutant A172T, R193H, R146G, and wild-type Flag cTnl at days two
through three (top blot) and four days (bottom blot) post gene transfer as detected by a cardiac
specific Tnl antibody (left panel) and a summary of cTnl replacement with recombinant mutant
cTnl as a function of time (right panel). Tropomyosin («Tm) was used as a loading control.
There was no significant difference in myofilament stoichiometry across time as determined
by cTnl/oTm ratios. (B) Summary of baseline sarcomere lengths (left panel) and resting
Ca?* for all of the experimental groups (right panel). (C) Summary of sarcomere length
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shortening amplitude (left panel) and Ca2* transient amplitude (right panel). (D) Summary of
90% sarcomere relaxation time (left panel) and the corresponding time to 90% Ca2* transient
decay (right panel). Relaxation and decay times were determined by calculating the difference
from the time of peak shortening/fluorescence to 90% relaxation/decay. All mechanical and
Ca?* transient values are expressed as mean + SEM, ANOVA and Newman Keuls post hoc
analysis was used for statistical comparisons, Post hoc tests: * different from control, + different
from R146G, ++ different from A172T, P<0.05, n>25.
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Table 2
Comparison of the primary effects of RCM and HCM mutant cTnl alleles in rodent and rabbit cardiac myocytes
A summary of the primary effects of RCM and HCM mutant cTnl alleles on cardiac myocyte structure and function.
The quantity of + signs represents the relative magnitude of change in function or replacement. A — sign represents no
change relative to WT/control myocytes.

Stoichiometric Replacement Slow Relaxation Diastolic Tone
Rodent
HCM + + +
RCM IR / Helix-4 ++++ ++++ +++
Rabbit
HCM +++ + _
RCM +++ ++ ++
Rodent/Rabbit
R193H" it P P

*
indicates previously reported data from rat myocytes acutely engineered with RCM mutant R193H cTnl [22].
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