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Abstract

Familial Hypertrophic Cardiomyopathy, FHC, is a clinically heterogeneous, autosomal-dominant
disease of the cardiac sarcomere leading to extensive remodeling at both the whole heart and
molecular levels. The remodeling patterns are mutation-specific, a finding that extends to the level
of single amino acid substitutions at the same peptide residue. Here we utilize two well-
characterized transgenic FHC mouse models carrying independent amino acid substitutions in the
TM-binding region of cardiac troponin T (cTnT) at residue 92. R92Q and R92L c¢TnT domains
have mutation-specific average peptide conformation and dynamics sufficient to alter thin filament
flexibility and cross-bridge formation and R92 mutant myocytes demonstrate mutation-specific
temporal molecular remodeling of Ca2* kinetics and impaired cardiac contractility and relaxation.
To determine if a greater economy of contraction at the crossbridge level would rescue the
mechanical defects caused by the R92 cTnT mutations, we replaced the endogenous murine a-
myosin heavy chain (MyHC) with the B-MyHC isoform. While B-MyHC replacement rescued the
systolic dysfunction in R92Q mice, it failed to rescue the defects in diastolic function common to
FHC-associated R92 mutations. Surprisingly, a significant component of the whole heart and
molecular contractile improvement in the R92Q mice was due to improvements in CaZ*
homeostasis including SR uptake, [Ca2+]i amplitude and phospholamban phosphorylation. Our
data demonstrate that while genetically altering the myosin composition of the heart bearing a thin
filament FHC mutation is sufficient to improve contractility, diastolic performance is refractory
despite improved Ca2* kinetics. These data reveal a previously unrecognized role for MyHC
isoforms with respect to Ca2* homeostasis in the setting of cardiomyopathic remodeling and
demonstrate the overall dominance of the thin filament mutation in determining the degree of
diastolic impairment at the myofilament level.
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Introduction

Hypertrophic cardiomyopathy is a disorder characterized by the presence of a non-dilated,
hypertrophied left ventricle (LV) and greater susceptibility to arrhythmias and sudden death.
A common clinical feature of these patients is abnormal diastolic function due to impaired
relaxation and reduced LV compliance despite preserved or even hyperdynamic LV systolic
function [1]. In a majority of patients, the disease is familial, inherited as an autosomal-
dominant, single-gene trait (Familial Hypertrophic Cardiomyopathy, FHC). Most of the
FHC mutations are found in proteins that comprise the cardiac sarcomere. A number of the
FHC-causing mutations in the thin filament protein cardiac Troponin T (¢cTnT) form a
distinct subset as they are associated with mild or no ventricular hypertrophy but a relatively
high frequency of sudden cardiac death [2,3]. cTnT residue 92, an arginine, is a mutational
FHC-associated hotspot leading to diverse clinical phenotypes [4]. Replacing the arginine
with glutamine (Arg92Glu, R92Q) leads to sudden death at an early age with little overt
hypertrophy while exchanging the arginine with leucine (Arg92Leu, R92L) usually leads to
significant hypertrophy with a lower frequency of sudden death. This diversity in phenotypic
expression complicates both diagnosis and treatment of patients with FHC. Understanding
how changes in the structure and function of the cTnT domain containing this mutational
hotspot leads to such diverse clinical phenotypes remains elusive.

cTnT plays a critical dynamic role in the regulation of the contractile cycle. Residue 92 is
found in the cTnT domain that binds to the tropomyosin (TM) head-to-tail overlap, affecting
the flexibility of the TM filament and stabilizing the multi-protein structure. This, in turn,
changes the affinity of the TM-TN complex for actin and hence the availability of myosin-
binding domains on actin for cross-bridge formation. Molecular dynamics studies of the
cTnT domain containing different FHC-associated missense mutations at R92 showed that
each mutation led to unique average conformations, flexibility and dynamics of the TM-
binding ¢cTnT domain [5,6]. Mouse models of cTnT bearing R92 missense mutations have
been developed and used to define the consequences of these dynamic changes within the
sarcomere on whole heart and myocyte function [5,7]. Each mutation leads to unique whole-
heart and cellular phenotypes [8]. R92 ¢TnT mutant hearts have also revealed mutation-
specific, temporal molecular remodeling of proteins in the sarcoplasmic reticulum (SR) and
subsequent alterations in the Ca2* transient [9]. Such information may eventually lead to
targeted therapeutic approaches to this currently untreatable disorder.

Temporal alterations in the myosin isoform composition of cardiac sarcomeres have long
been noted in pathogenic cardiac remodeling [10]. While obtaining absolute values for the
percentages of a-MyHC vs -MyHC in human cardiomyopathies is difficult, available
evidence suggests that the normal human left ventricle contains ~90-92% B-MyHC and that
during the development of heart failure, the loss of the remaining 8-10% a-MyHC is nearly
complete [11,12]. In cardiac ventricles of small vertebrate animals, however, the dominant
myosin isoform contains the a-myosin heavy chain (a-MyHC, >95% abundant in mouse
hearts). Despite high homology between these isoforms (93% amino acid identity), which
MyHC isoform is present determines the velocity of sarcomere contraction and the force of
contraction. The B-MyHC isoform, the so-called slow myosin isoform, has greater economy
of contraction [13]. To determine if a greater economy of contraction at the crossbridge level
would rescue the mechanical defects caused by the R92 cTnT mutations, we replaced the
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endogenous murine a-myosin heavy chain (MyHC) with the B-MyHC isoform in the hearts
of our transgenic mouse models using a genetic approach. In view of the recently identified
consequences of the remodeling of the sarcomere in R92 ¢TnT mutant hearts on Ca2*
homeostasis, we also define the consequences of replacing the MyHC isoform on
intracellular Ca2* transients, sarcoplasmic reticulum (SR) Ca2* load and SR Ca?* uptake,
and the composition of key SR proteins.

2. Materials and Methods

2.1. Transgenic mouse models

Four to six-month-old C57BI/6 mice bearing c-myc tagged murine cTnT with R92Q and
R92L mutations were generated as described (all animals at F8 or above) [5,7]. The R92Q
and R92L lines express 67% and 60% of total cTnT as the mutant form, respectively, and
were driven by —2,996 bp of a 5" upstream sequence derived from the rat a-MyHC promoter
[14]. B-MyHC expression was increased in the cardiac ventricles of these animals
genetically by crossing them with a transgenic line expressing 80% B-MyHC in the left
ventricle (LV) on the C57bl/6 background (provided by J. Robbins). This line expressed the
full-length B-MyHC mouse cDNA driven by the 5.3 kb mouse a-MyHC promoter. All
relevant genotypes were isolated and viable: wild type (WT) cTnT/a-MyHC (Non-Tg), WT
cTnT/80% B-MyHC (B-Tg), the R92 mutations/a-MyHC (a-R92Q and a-R92L) and the R92
mutations/80% B-MyHC (B-R92Q and B-R92L). The genotype of each animal was identified
via PCR. Histological analyses were performed as previously described [15].

The experimental protocols were approved by the Institute of Animal Studies at the Albert
Einstein College of Medicine and the Standing Committee on Animals of Harvard Medical
Avrea, and followed the recommendations of current NIH and APS guidelines.

2.2. Cardiac protein and Western blot analysis

Cardiac ventricular homogenates were used for protein isolation and subsequent SDS/PAGE
analysis as previously described [7]. Quantitation was performed using BCA Protein Assay
(PIERCE #23227). Separation of the cardiac MyHC isoforms was performed
electrophoretically as described [14,16]. Briefly, ventricles were homogenized in a high salt
buffer (mM) (500 NaCl, 10 KPO4 (pH 7.0), 2 MgCI2, 0.5 EDTA (pH 8.0), 2 DTT and 0.1
PMSF) and centrifuged. Protein (10 ug) in the supernatant was loaded onto 7.5% acrylamide
Bis-Tris 16x18cm gels in buffer (150 nM Tris pH 7.0, 4.5% SDS, 12% 2-mercaptoethanol,
30% glycerol, and 0.01% bromophenol blue). Gels were run at constant current of 60 mA
for approximately 3-4 hrs at 4°C. Ventricular homogenates from mice fed an iodine
deficient diet containing 0.15% propylthiouracil (Harlan Teklad Research Diets) for 8 weeks
served as a B-MyHC control. Coomassie stain was used to identify protein bands.

Quantitative immunoblotting of LV homogenates was carried out to assess the levels of
phospholamban (PLB), SERCA2a, Ser 16 phosphoryated PLB (P-PLB) as recently
described [9]. Briefly, hearts were homogenized and sonicated at 4°C in buffer containing
(mM) 10 imidazole pH 7.0, 300 sucrose, 10 NaF, 1 EDTA, 0.3 phenyl methylsulfonyl
fluoride, and 0.5 dithiothreitol and Protease Inhibitor Cocktail (Sigma, P8340). Preliminary
experiments were performed to obtain the correct linear ranges for quantitation in Western
blot analyses. The homogenate proteins were separated on 10-20% SDS-polyacrylamide
gels under reducing conditions. Separated proteins were transferred to nitrocellulose
membranes (Millipore) and incubated with appropriate primary antibodies (PLB, SERCAZ23;
Affinity Bioreagents; Ser-16 P-PLB: Upstate). The blots were subsequently incubated with
their respective peroxidase-labeled secondary antibodies (Pierce). Immunoreactivity was
visualized by incubation with Amersham ECL™ Western Blotting Detection Reagents and
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exposure to x-ray film (CL-XPosure™ Film, Pierce). Protein levels were quantified by
calibrated densitometry using NIH ImageJ analysis software (available at:
http://rsb.info.nih.gov/ij/).

2.3. Isolated perfused mouse heart preparation

Hearts were isolated and perfused in the Langendorff isovolumic mode (balloon-in-LV) as
described [17]. The coronary perfusate was phosphate-free Krebs-Henseleit buffer
containing (mM) 118 NaCl, 5.3 KCl, 2.0 CaCl,, 25 NaHCOg3, 1.2 MgSQy, 0.5 EDTA, 10
glucose and 0.5 pyruvate and equilibrated with 95% O5+5% CO5 to maintain a pH of 7.4. A
custom-made water-filled balloon inserted into the LV was connected to a pressure
transducer (Statham P23Db, Gould, Oxnard, CA) for recording of LV developed pressure
and heart rate. The balloon volume was adjusted to set LV end-diastolic pressure at ~8
mmHg, and then held constant. Heart rate was 420 (+ 9%) beats per min. Data for systolic
pressure and +dP/dt were collected on-line at a sampling rate of 200Hz using data
acquisition system (MacLab, AD Instruments).

2.4. Measurement of myocyte mechanics, intracellular Ca2* transients and SR Ca?* load

Myocytes were isolated for measurement of mechanics and Ca?* kinetics as described
[18,19]. Hearts were rapidly excised from anesthetized animals, cannulated via the aorta and
perfused with modified Krebs solution at a constant flow of 3 ml/min. Blendzyme 4 (Roche)
and trypsin (Sigma) was used to dissociate the ventricular myocytes from the extracellular
matrix. Sarcomeric edge detection algorithms were used to measure contraction kinetics in
real time with a video edge detector and specialized data acquisition software (SarcLen
Acquisition System and lonWizard, lonOptix Inc., Milton, MA). Cells were continuously
perfused at room temperature with 1.2 mM CaZ* Tyrode solution containing 500 uM
probenecid to prevent leakage of Fura-2 from the cells; cells were paced at 1 Hz and field
stimulated to just above threshold (10 V). Measures of contractile function and relaxation
were obtained from a minimum of six consecutive transients per cell using a minimum of
four animals for each experimental group.

In order to also measure the [Ca%*]; transients, separate aliquots of freshly dissociated
ventricular myocytes were incubated in 1.2 mM Ca2* Tyrode solution containing 1 uM of
membrane-permeant Fura-2 AM for 15 min at room temperature. Fura-2-loaded myocytes
were alternately excited with a xenon lamp at wavelengths of 340 and 380 nm. The emission
fluorescence was collected by the objective and reflected through barrier filter (510/40 nm)
to a photomultiplier tube (IlonOptix Corp, Milton, MA). [Ca%*]; transients were generated
via measurement of the emission as a function of excitation wavelength. The peak excitation
wavelength in the presence of Ca2* is 340 nm while the peak excitation wavelength in the
absence of Ca?* is 380 nm. [CaZ*]; transients were reported as Fura-2 ratios after
background fluorescence was subtracted. [Ca2*]; measurements were reported as
fluorescence ratios. Indices of the [Ca2*]; transient were measured from a minimum of six
consecutive Ca?*; transients per cell.

For measurement of SR Ca2* load, fura-2-loaded cells were stimulated at least 20 times at 1
Hz in 1.22 mM Ca?* normal Tyrode containing probenecid to bring the cellular Ca2*
content to steady state (25 °C). Caffeine was supplied as described [20]. As increasing
frequency of contraction in murine cells caused little or no change in SR Ca?* content and
field stimulation at high frequencies often damages the cells, 1 Hz was used as the baseline
frequency. Stimulation was paused and following a 1-sec rest, the perfusate was rapidly
switched to Tyrode containing probenecid and 20 mM caffeine. Caffeine was administered
without field stimulation and resulted in a [Ca2*]; transient that corresponds to total Ca2*
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release from the SR. The difference between the basal and peak total cytosolic [Ca2*]; in the
presence of caffeine corresponds to available SR Ca?*.

2.5. Measurement of SR Ca2* uptake

Oxalate-supported SR Ca2* uptake was determined as recently described [19]. Briefly,
ventricular tissue from euthanized animals was homogenized in buffer containing (mM) 50
KH,PO,4, 10 NaF, 1 EDTA, 300 sucrose, 0.3 PMSF, 0.5 DTT at pH of 7.0. Ca2* uptake was
measured over a range of pCa values (pCa 8 to 5). Procaine (1.13 mg/ml) and ruthenium red
(1.18 mg/ml) were included in the uptake buffer to inhibit Ca?* release from the SR. After a
two min pre-incubation of the reaction containing 150 pCi/ml 4°Ca2* at 37 °C, 75 pl of
ventricular homogenate was added. After 2 mins of constant stirring, the reaction was
stopped by filtration through a 25 mm 0.45 micron filter. The filter was washed with cold
buffer (20 Tris pH 7.0 and 2 EGTA, pH 7 and placed in a scintillation counter calibrated

for 4°Ca. Calcium uptake (nmol x min-1xmg~1) was calculated for each pCa point and
plotted as sigmoidal dose-response curve with variable slope. pCasg and Vpax Values were
then determined. Each pCa assay was performed in triplicate.

2.6. Statistical analysis

Values are presented as means = SEM. Statistical analyses were performed using One-way
ANOVA followed by Bonferroni’s multiple comparison test . A level of p< 0.05 was
considered significant throughout.

3. Results

3.1. Genetically driven B-MyHC expression in cardiac ventricles of adult a-R92Q and a-
R92L cTnT mice

B-MyHC expression in mouse hearts bearing R92 ¢cTnT mutations was increased using a
genetic approach [21,22]. Our well-characterized a-R92Q and a-R92L transgenic mice were
crossed with a transgenic line expressing 80% B-MyHC (B-Tg) [23] (Figure 1A). The
breeding scheme yielded all relevant genotypes in the expected Mendelian ratios: a-R92Q
and p-R92Q, a-R92L and B-R92L as well as Non-Tg and -Tg. Both double transgenics
expressed the same MyHC isoform content, namely 80% B-MyHC and 20% a-MyHC (Fig.
1B). The percentage of cTnT transgene of the total cTnT present for each line (a-R92Q-67%
and a-R92L-60%) was not altered by changing the MyHC isoform composition (Fig. 1B).
Thus, mutant cTnT and B-MyHC expression resulted in replacement of endogenous cTnT
and a-MyHC proteins and not over-expression, consistent with inherent regulation of
contractile protein stoichiometry in murine cardiac transgenic models [15,24]

3.2. Increased B-MyHC expression in intact hearts bearing R92 cTnT mutations has no
effect on morphology, histopathology or sarcomere lengths

A characteristic of many mouse hearts bearing cTnT-related FHC mutations is the lack of
overt left ventricular hypertrophy, recapitulating the human FHC phenotypes [7,15,25,26].
This is the case for the hearts studied here. LV weights for a-R92Q and a-R92L cTnT hearts
were not different from Non-Tg hearts, and LV/BW were only slightly lower than for Non-
Tg hearts (9 and 15%, respectively, Table 1). Increasing B-MyHC in the ventricles of WT-
cTnT C57BI/6 mice caused no change in cardiac mass, LV/BW or LV/tibia lengths (not
shown). Increasing B-MyHC in the ventricles of both B-R92Q and B-R92L c¢TnT transgenic
mice, however, led to smaller LVs; hence LV/BW (Table 1) and LV/tibia lengths (not
shown) were lower compared to both Non-Tg and B-Tg hearts. Thus increasing the
proportion of B-MyHC in the ventricles of WT-cTnT C57BI/6 mice did not alter the gross
morphologic phenotype of Non-Tg hearts, Moreover, increasing the proportion of g-MyHC
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in the ventricles of R92 cTnT mutant hearts did not lead to cardiac hypertrophy; instead, the
hearts were smaller.

Our previous studies of a-R92Q and o-R92L ¢TnT transgenic mouse hearts demonstrated
ventricular myocyte disarray and degeneration, with mild fibrosis observed for a-R92Q
mouse hearts [5,7]. This was also observed for the R92 mutant mice studied here (Fig. 1C).
B-Tg ventricles were free of fibrosis and disarray, showing that replacing a-MyHC with f3-
MyHC in a non-cardiomyopathic heart did not result in abnormal histology. Histopathology
of B-R92Q and B-R92L c¢TnT ventricular sections was similar to their respective a-R92Q
and o-R92L littermates, showing that replacing a-MyHC with B-MyHC neither rescued nor
worsened the abnormal histopathology of cTnT mutant hearts. A small region of localized
fibrosis within the ventricular base was observed for both B-R92Q and p-R92L c¢TnT hearts.

In agreement with our previous reports, sarcomere lengths (um) for both a-R92Q and o-
R92L myocytes are shorter than for Non-Tg myocytes (1.56 for a-R92Q, 1.60 for a-R92L
vs. 1.74 for Non-Tg, p<0.001, Fig. 2A). Increasing B-MyHC expression in the presence of
wild type cTnT (B-Tg) did not alter sarcomere length (1.72 for Non-Tg vs. 1.73 for 3-Tg).
Sarcomere lengths for both double transgenic mouse hearts were similar to their a-MyHC
littermates. Shortened sarcomere length, a direct consequence of the cTnT mutations, was
therefore refractory to increased -MyHC expression.

3.3. Systolic performance, but not diastolic performance, is rescued in cTnT R92 mutant
hearts with increased B-MyHC expression

In order to test whether increasing B-MyHC expression rescues the whole-heart physiology
of either 0-R92L or a-R92Q cTnT mutant hearts, hearts from Non-Tg, single Tg and double
Tg mice were isolated and perfused in the isovolumic mode (Table 2). Replacing a-MyHC
with B-MyHC in hearts with wild type cTnT did not alter the indices of isovolumic systolic
performance (SP, +dP/dt, +dP/dt normalized to peak developed pressure (not shown), the
ratio of +dP/dt to —dP/dt (not shown)) or diastolic performance (—dP/dt). Thus replacing a-
MyHC with B-MyHC in wild type cTnT C57BI/6 mice was neither a negative or positive
modulator of either systolic or diastolic contractile performance. In contrast, the physiologic
phenotype of a-R92Q and a-R92L cTnT mutant hearts differed. a-R92Q hearts
demonstrated both systolic and diastolic dysfunction while functional indices tended to be
lower for a-R92L hearts. Replacing a-MyHC with f-MyHC in R92Q c¢TnT mutant hearts
improved indices of systolic performance; values for —dP/dt, which were 30% lower than
for Non-Tg mouse hearts, however, did not improve. Replacing a-MyHC with 3-MyHC in
R92L cTnT mutant hearts had little effect. Compared to Non-Tg hearts, indices of systolic
performance for -R92L hearts were unchanged; —dP/dt, which was 14% lower ina-R92L
hearts was now 20% lower in B-R92Lhearts. Increasing B-MyHC expression, therefore,
rescued systolic performance in the R92Q but did not correct the significant diastolic
dysfunction characteristic of both R92Q and R92L hearts.

3.4. Improved contraction in myocytes isolated from B-MyHC double transgenics

To further test whether replacing a-MyHC with B-MyHC rescues systolic but not diastolic
performance of R92 mutant hearts, we measured contractile properties of ventricular
myocytes isolated from single and double transgenic and Non-Tg hearts (Fig. 2).
Representative contraction/relaxation tracings are shown in the inset. The peak rate of
contraction (um/s) (Fig. 2B) was severely impaired in a-R92Q (0.86 for a-R92Q vs. 2.14 for
Non-Tg, P<0.001). The peak rate of contraction of B-R92Q myocytes was similar to that for
Non-Tg myocytes, demonstrating that replacing o-MyHC with B-MyHC enhanced
contractility in R92Q myocytes. In contrast, peak rate of contraction for a-R92L myocytes
was not different from Non-Tg myocytes and was unchanged for p-R92L myocytes. The
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peak rate of relaxation (um/s) was impaired in both a-R92Q and a-R92L myocytes (0.447
for 0-R92Q, 1.16 for a-R92L vs. 3.31 for Non-Tg, P<0.05) (Fig. 2C). In contrast to the
effect of increasing B-MyHC expression on peak rate of contraction for R92Q myocytes, the
peak rates of relaxation in isolated B-R92Q and B-R92L myocytes did not improve. Percent
sarcomere shortening was impaired only for a-R92Q myocytes (4.8% for a-R92Q vs. 7.5%
for Non-Tg, p<0.05) (Fig. 2D). Similar to the results for peak rate of contraction, percent
shortening was restored to Non-Tg levels in B-R92Q myocytes; percent shortening for a-
R92L and B-R92L were not different from Non-Tg myocytes. Thus the results from both
myocytes and intact heart experiments show that replacing a-MyHC with B-MyHC rescues
the systolic performance of R92Q while diastolic dysfunction characteristic of both R92
cTnT mutant hearts is refractory to this maneuver.

3.5. Enhanced CaZ* kinetics in myocytes isolated from B-MyHC double transgenics

We recently showed that a-R92 cTnT mutant hearts demonstrated mutation-specific
differences in Ca2* kinetics and regulation of Ca2* homeostasis [9]. Here, we compare these
properties for myocytes isolated from a- and B-R92Q and a- and B-R92L hearts (Fig. 3).
Representative Ca2* transients are shown in the inset. Baseline Ca2* levels (expressed as
Fura ratios) were lower for both 0-R92Q and a-R92L myocytes (Fig. 3A). Increasing f-
MyHC expression significantly improved baseline Ca?* levels in p-R92Q myocytes (1.74
for a-R92Q vs. 2.35 for B-R92Q and 2.39 for Non-Tg) but not for B-R92L myocytes. The
peak amplitude (A Fura ratio) for R92L myocytes was not different from Non-Tg myocytes,
but was impaired in a-R92Q myocytes (0.616 vs. 1.24 for Non-Tg, p<0.05); in B-R92Q
myocytes peak amplitude was restored to Non-Tg levels (Fig. 3B). The peak rates of Ca2*
rise and decline, lower in both types of mutant myocytes, increased only for B-R92Q
myocytes (Fig. 3C and 3D). Neither the rates of peak Ca?* rise nor peak Ca? decline
improved for p R92L myocytes. The SR Ca2* load (A Fura ratio), as determined by rapid
caffeine administration, was reduced for both a-R92Q and a-R92L myocytes (2.33 for o-
R92Q and 1.89 for a-R92L vs. 3.69 for Non-Tg, p<0.05) (Fig. 3E). Increased B-MyHC
expression enhanced SR loading in myocytes isolated from both double transgenics (3.97 for
B-R92Q and 2.97 for B-R92L vs. 3.69 for Non-Tg). Thus, exchanging a-MyHC with f3-
MyHC enhanced Ca?* kinetics as well as contractility in R92Q myocytes but not for R92L
myocytes. Elevated expression of B-MyHC increased the amplitude of the caffeine-induced
transient and the SR Ca2* load in both types of cTnT cardiomyopathic myocytes.

3.6. Impaired SR Ca?* uptake in a-R92Q myocytes is restored by elevated B-MyHC

expression

In order to determine if increased B-MyHC expression in cTnT models of FHC altered SR-
mediated Ca2* flux, oxalate-supported SR Ca2* uptake was measured using homogenates
from single and double Tg and Non-Tg ventricles (Fig. 4). Replacing a-MyHC with (-
MyHC did not change SERCA2a-mediated SR Ca?* uptake (Fig 4A). a-R92Q homogenates
exhibited substantial impairment in SERCA2a-mediated SR Ca?* uptake compared to Non-
Tg homogenates (Fig. 4A and B). The maximal velocity of uptake was reduced by ~30% in
a-R92Q as compared to Non-Tg (476 for a-R92Q vs 661 for Non-Tg, p<0.001) (Fig. 4D).
The magnitude of this reduced SR Ca2* uptake would likely result in impaired relaxation
and is consistent with the impaired relaxation observed here for both at whole heart and
myocyte levels. SERCA2a Ca2* uptake in hearts from p-R92Q mice was higher than for
Non-TG hearts (693 for B-R92Q vs 661 for Non-Tg) (Fig. 4B). This observation was
unexpected since there is no known direct link between g-MyHC isoform content and
SERCA2a-mediated SR Ca?* uptake. This improved SR Ca?* uptake would be expected to
improve diastolic performance in hearts bearing the R92Q mutation; however, contrary to
this hypothesis, diastolic performance was enhanced only minimally if at all in the B-R92Q
double transgenic hearts or myocytes. In contrast to results for R92Q mutant hearts, Ca2*
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uptake values and Vmax (603 for B-R92L vs. 687 for a-R92L, p<0.001) for B-R92L
homogenates were slightly lower than values obtained from Non-Tg and a-R92L
homogenates (Fig. 4A, C and D). These results suggest a mutation-specific effect on Ca2*
uptake with increased B-MyHC expression: while SERCA2a-mediated Ca2* uptake was
enhanced in B-R92Q, it was slightly decreased in -R92L hearts.

3.7 Increased B-MyHC expression leads to changes in the phosphorylation of PLB

To identify potential mechanisms for the observed mutation-specific responses to changes in
MyHC isoform composition in the cTnT FHC mouse hearts, semi-quantitative Western blot
analysis was performed to determine the levels of known Ca?* homeostasis proteins.
Analysis was performed using ventricular homogenates for SERCA2a; the endogenous
inhibitor of SERCAZ2a, PLB; and Ser-16 phosphorylated-PLB (P-PLB), which functions to
relieve PLB inhibition of SERCA2a (Fig. 5). Figure 5A and 5E show representative
semiquantitative Western blots of SERCAZ2a and PLB and Ser-16 PLB phosphorylation
status performed on ventricular homogenates of 4- to 6-month-old Non-Tg, B-Tg, a-R92Q,
a-R92L, B-R92Q, and B-R92L mice. No significant differences between Non-Tg and B-Tg
hearts were found for the expression levels of SERCA2a, PLB or P-PLB. SERCAZ2a levels
in all genotypes studied were similar to Non-Tg (Fig. 5B). PLB protein levels, on the other
hand, were significantly increased in a-R92Q and a-R92L ventricles (1.4 fold and 1.8,
respectively, vs. Non-Tg, P<0.05) (Fig. 5C), leading to decreased SERCA2a/PLB (Fig. 5D).
Ser16 P-PLB for a-R92Q was lower than for Non-Tg hearts; however, for a-R92L, it was
within the range of Non-Tg P-PLB levels (Fig. 5F).

SERCAZ2a/PLB did not change for the B-MyHC expressing transgenics compared to their a-
MyHC expressing littermates (Fig. 5D). Importantly, compared to their a-MyHC expressing
littermate hearts, P-PLB increased for p-R92Q while it decreased for B-R92L (Fig. 5F).

4. Discussion

Transgenic mouse models expressing FHC-associated mutations in both thick and thin
filament proteins have recapitulated many of the diverse clinical phenotypes observed in
patients with this complex disorder. The R92 hotspot in the TM-binding region of cTnT
exemplifies this scenario, with independent amino acid replacements leading to mutation-
specific phenotypes manifest at all levels, ranging from peptides to intact hearts. The R92Q
and R92L cTnT mutant hearts are representative of this diversity. The R92L mutation in the
TM-binding region of cTnT leads to a phenotype that is overall more benign than the R92Q
cTnT mutation. While both mutant cTnT hearts display some myocyte disarray, shorter
sarcomere lengths and diastolic dysfunction, indices for whole heart and myocyte systolic
performance for R92L hearts are indistinguishable from Non-Tg hearts. In contrast, R92Q
hearts contain regions of fibrosis and demonstrate systolic dysfunction at both the whole
heart and myocyte levels. Here, using these mouse models of FHC, we test a novel
hypothesis: Replacing the endogenous fast (o) myosin in the thick filament of murine
cardiac sarcomeres with a more efficient () myosin will rescue the mechanical defects
characteristic of the R92 cTnT mutant phenotypes. While the a to  myosin replacement
rescued the systolic dysfunction characteristic of the R92Q mutant heart, in part, due to a
significant improvement in Ca?* homeostasis, it failed to rescue the defects in diastolic
function common to these FHC-associated R92 missense mutations, showing that this
strategy cannot overcome the changes in thin filament structure and function leading to
slowed sarcomere relaxation.

Switching the MyHC composition in wild type C57BI/6 mouse hearts from 95/5% o/p-
MyHC to 20/80% o/B—MyHC had no significant effect on any measured parameter. Neither
measures of cardiac structure nor contractile function at either the whole heart or isolated
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myocyte levels differed. Similarly, none of the measures of myocyte Ca?* levels, kinetics or
SR loading or composition differed. Thus, for this mouse strain at baseline, the myosin
isoform composition is neither a positive nor negative modulator of contractile performance
or Ca?* homeostasis. This conclusion may differ depending on genetic background, as a
study of a similar MyHC switch in hearts of F\VB/N mice showed a decrease in the rate of
relaxation with unchanged systolic performance [27]. As we have done here, matching
genetic background is a necessary requirement for the studies described here. The absence
of any consequences of the myosin switch in wild type hearts also means that changes
caused by switching myosin isoforms in hearts with mutant thin filaments can be ascribed to
differences in thick-thin filament interaction due to the mutation in cTnT and to any
downstream consequences of this interaction.

Measures of myocellular Ca2* kinetics reveal changes that can explain some, but not all, of
the mutant-specific changes in contractile performance. Indices of Ca2* homeostasis for
R92L myocytes are either the same as for Non-Tg myocytes (peak amplitude, SR mediated
Ca?* uptake) or quantitatively less severely depressed than observed for R92Q myocytes.
Baseline Ca2* levels were lower in both mutant hearts, possibly due to changes in the Ca?*-
buffering capacity of cTnT R92 mutant cardiac myocytes, though the precise mechanism
remains unclear [19,28]. Lower SERCA2a/PLB ratios were observed in both mutant hearts
due to higher PLB levels, not to changes in SERCAZ2a, and are concordant with alterations
in SR Ca?* uptake activity. Thus, while the lower SERCA2a/PLB ratio is consistent with the
impaired SERCA2a SR Ca2* uptake rates for a-R92Q, the decrease in SERCA2a/PLB for a-
R92L myocytes does not correlate with our observation of normal SR Ca2* uptake rate for
a-R92L myocytes. Other mechanisms must contribute.

Altered SR uptake capacity can also be mediated by the phosphorylation state of PLB.
Phosphorylation of Ser 16 in PLB relieves inhibition of SERCAZ2a levels and promotes Ca?*
uptake by the SR. Ser16 P-PLB was near normal for a-R92L myocytes but lower for a-
R92Q myocytes. Based on these findings, we suggest that decreased SERCA2a-mediated
Ca?* uptake in the a-R92L myocytes may be compensated for by normal levels of Ser-16
PLB phosphorylation. In contrast, P-PLB levels in a-R92Q myocytes were decreased
compared to Non-Tg myocytes, resulting in no functional compensation. Importantly, none
of these changes in Ca2™ homeostasis are sufficient to compensate for the structural changes
in the thin filament that lead to impaired relaxation in R92 mutant myocytes. Thus, analysis
of Ca2* kinetics revealed unexpected mutation-specific salutary effects of changing myosin
isoform composition, suggesting that changes in Ca2* homeostasis contribute to rescuing
systolic but not diastolic dysfunction in these FHC mutant hearts. These results demonstrate
a previously unrecognized modulatory role for MyHC isoforms with respect to Ca2*
homeostasis in the setting of cardiomyopathic remodeling.

Unlike the benign consequences of switching MyHC composition in hearts with normal thin
filament structure and function, switching MyHC composition in mouse hearts bearing the
R92 cTnT mutations in the thin filament led to mutation-specific changes in cardiac
performance and Ca%* homeostasis. Switching MyHC composition in mouse hearts bearing
the R92L mutation in cTnT changed the amplitude of caffeine-induced transient and the
extent of Ser 16 P-PLB. The switch did not alter systolic or diastolic performance or other
measures of Ca2* homeostasis. What was normal remained normal and what was
dysfunctional remained abnormal. In contrast, for the more severe phenotype of the R92Q
cTnT mutant heart, switching to B-MyHC had significant but selective salutary
consequences. At both the whole heart and myocyte levels, systolic performance improved
while diastolic performance remained refractory. Baseline Ca2* levels and peak rates of
Ca?* rise and decline all improved, as did the amplitude of caffeine-induced Ca2* transient
and Vmax for SERCA2a-mediated SR Ca2* uptake. PLB remained high but Ser 16 P-PLB
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also improved. These results suggest that the observed increase in SR Ca?*-mediated uptake
for B-R92Q compared to a-R92Q results, at least in part, from a compensatory
phosphorylation of PLB at Ser-16 that was not observed in B-R92L hearts. The opposite
consequences of the MyHC switch on Ser 16 P-PLB for the R92Q and R92L hearts is
unexpected and shows that remodeling of the SR is influenced not only by the type of
MyHC present in the mutant sarcomere but also the structure and function of the thin
filament.

A change in the binding of Ca%* to cTnC subunit of cTn was found for the developing rabbit
heart undergoing a similar change in MyHC composition as generated in the current study,
suggesting that cTnC Ca2* binding affinity can be altered by a switch in myosin isoform
composition in the myofibril [29]. It is possible that this also occurred in the $-R92Q hearts
in the current study, explaining the improvement in Ca2* kinetics and the increase in Ser 16
P-PLB. However, as these improvements were not observed for -Tg or B-R92L hearts, this
mechanism is unlikely to represent a general effect of the change in myosin background.
Other mutation-specific sarcomere-driven mechanisms must be dominant in determining the
end phenotype.

Differences in cross-bridge cycling rates and ATPase activities for the different myosin
isoforms studied in cell-free systems are well established, but still debated is whether
changing myosin isoform composition in hypertrophied or failing myocardium in man has
any functional consequences. In the failing human myocardium, the small amount of a-
MyHC present in the ventricles is lost, and the relative amount of B-MyHC at the protein
level increases from ~92% to near 100% [12,30]. In view of the results presented here
showing that no changes could be attributed solely to a change in myosin isoform
composition when the relative composition of 3-MyHC increased over 10-fold from 5 to
80% in wild type hearts, it seems unlikely that the small change in MyHC composition in
human heart with normal thin filament composition has a functional correlate. Our results
for the R92 ¢cTnT mutant hearts suggest, however, that it does matter in the setting of an
underlying cardiomyopathy. As noted in Rundell, et al., it has long been speculated that the
a-MyHC to B-MyHC switch in human heart failure represents an early compensatory change
[31]. It is possible that one unexpected salutary effect on contractility may be an initial
improvement in Ca* homeostasis as observed here.

Importantly, the current studies show that the type of myosin present in the thick filament
determines the degree of contractile dysfunction and integrity of Ca2* homeostasis for hearts
with FHC-associated mutations in a thin filament protein. It may also be important for FHC-
associated mutations in myosin that also affect actin-myosin binding. A recent in vitro study
compared the ATPase activity of myosin bearing the R403Q mutation in the a-MyHC vs.
the B-MyHC-backbones [32]. This mutation is found in the actin-binding domain of myosin
and, like the R92 cTnT mutations studied here, affects thick and thin filament binding.
Whereas ATPase activity was 30% higher when the mutation was located in the a-MyHC, it
was 10% lower for the mutant was in the p-MyHC backbone. Whether this applies to other
myosin mutations located in other domains of this large molecule is altered remain to be
determined, however, it is an intriguing observation. Taken together, the salutary
consequences of substituting a fast myosin with a slow myosin support the notion that at
least some FHC-associated mutations may be better tolerated in hearts containing
predominantly B-MyHC in the sarcomeres.

It is important to emphasize that the improvements in Ca?* homeostasis caused by changing
MyHC isoform composition from fast to a slow myosin did not rescue the diastolic
dysfunction that is characteristic of the two FHC-associated mutations representing
divergent physiological and clinical phenotypes studied here. These results suggest that the
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differences in thin filament flexibility caused by the discrete R92 cTnT mutants are
responsible for persistent diastolic dysfunction, even when the thick filament contains a
more economical myosin. In contrast, the systolic dysfunction caused by the R92Q mutation
in cTnT can be compensated for by replacing the fast myosin with a more economical
myosin isoform, and that this improvement in part may be driven by an improvement in
myocellular Ca2* kinetics via a yet unknown mechanism. Our results are consistent with the
growing literature that suggests that while the contractile state of the sarcomere in FHC is
intricately linked with Ca?* handling (and may eventually lead to mutation-specific, Ca2*
targeted interventions), the oft-noted and clinically challenging diastolic dysfunction in FHC
will likely require more sophisticated, sarcomere-targeted therapeutics.
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Figure 1. B-R92Q and g-R92L double transgenic mouse heart models

A. Breeding scheme B. Protein expression levels Both R92Q and R92L mutant proteins
were myc tagged at their amino termini and identified by anti-myc Western blot analysis of
ventricular homogenates. Anti-Troponin T (cTnT) identified two bands, the upper band
corresponding to mutant R92Q or R92L c¢TnT and a lower band representing endogenous
cTnT. Percent expression of mutant cTnT was 67% in both 0-R92Q and $-R92Q and 50% in
both a-R92L andB-R92L. Myosin heavy chain (MyHC) isoform composition was
determined by glycerol containing SDS-PAGE followed by Coomassie staining. The upper
band is a-MyHC while the lower band is p-MyHC. B-Tg, p-R92Q and p-R92L ventricular
homogenates exhibited the same 80% B-MyHC/20% a-MyHC composition. C. Histology of
Non-Tg and transgenic left ventricular sections. Hematoxylin and Eosin prepared sections
are shown in upper panels and Masson’s trichrome sections are shown in lower panels.
Panels A and B: Non-Tg ventricles demonstrate normal histology. Panels C and D: §-Tg
ventricles also exhibited normal histology, and were free of fibrosis. Panels E and F: a-
R92Q ventricles displayed myocyte disarray and mild fibrosis. Panels G and H: B-R92Q
ventricles had similar histopathology to a-R92Q ventricles. Panels | and J: a-R92L
ventricular sections showed myocyte disarray, but were free of fibrosis. Panels K and L: -
R92L ventricles showed similar histopathology to a-R92L ventricles. A small region of
fibrosis localized to the ventricular base was observed for both -R92Q and -R92L hearts.
Magnification = 400X for all sections.
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Figure 2. Cardiac ventricular myocyte contraction and relaxation patterns

Representative contraction/relaxation tracings are shown in the inset. A. a-R92Q and o-
R92L mutations resulted in shorter sarcomere lengths (um) (1.56 for a-R92Q, 1.60 for a-
R92L vs. 1.74 for Non-Tg, p<0.001); double transgenic sarcomere lengths remained
statistically similar to their respective MyHC littermates. B. The peak rate of contraction
(um/s) was impaired in a-R92Q (0.86 for a-R92Q vs. 1.14 for Non-Tg) and rescued in -
R92Q: peak rate of contraction was normal in the R92L myocytes. C. The peak rate of
relaxation in isolated a-R92Q and a-R92L myocytes was severely impaired and did not
improve with increased B-MyHC expression. D. Percent sarcomeric shortening was
impaired only for a-R92Q myocytes (4.8% for a-R92Q vs. 7.5% for Non-Tg, p<0.05);
percent shortening for B-MyHC myocytes was not different from Non-Tg. An n of 4-6
animals were used for each group with at least 50 cells analyzed. Data are presented as
means = SEM. * p<0.05 vs Non-Tg.
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Figure 3. Ventricular myocyte Ca?* kinetics

Representative Ca2* transients are shown in the inset. A. Baseline Ca2* levels (Fura ratio)
were lower for both 0-R92Q and a-R92L isolated myocytes. Baseline Ca?* levels were
higher in B-R92Q myocytes (1.74 for a-R92Q vs. 2.35 for f-R92Q and 2.39 for Non-Tg) but
baseline CaZ* levels in B-R92L remained similar to «-R92L. B. Peak amplitude (A Fura
ratio) was impaired in a-R92Q myocytes (0.616 vs. 1.24 for Non-Tg) and rescued in B-
R92Q. Peak amplitude for R92L myocytes did not differ from controls. C and D. The peak
rate of Ca2 rise and decline, both impaired in both a-R92Q and a-R92L myocytes,
increased to Non-Tg levels in B-R92Q myocytes but not in B-R92L myocytes. E. The SR
Ca®* load (A Fura ratio) was reduced for a-R92Q and a-R92L myocytes (2.33 for a-R92Q
and 1.89 for a-R92L vs. 3.69 for Non-Tg). Increased B-MyHC restored SR loading in
isolated myocytes from both double transgenics (3.97 for B-R92Q and 2.97 for B-R92L vs.
3.69 for Non-Tg). For Ca2* transients, an n of 4-6 animals were used for each group with at
least 50 cells analyzed. For caffeine-induced measurement of SR Ca2* load, an n of 4-5
were animals used for each group with at least 10 cells analyzed. Data are presented as mean
+ SEM. * p<0.05 vs Non-Tg and as indicated.
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Figure 4. SERCA2a-mediated ca?* uptake by the sarcoplasmic reticulum (SR) in ventricular
homogenates

A. SR uptake for B-Tg was not different from Non-Tg. B and C. a-R92Q displayed
substantial impairment in SERCA2a-mediated SR Ca2* uptake, which was rescued in p-
R92Q. In contrast, SR uptake for a-R92L was not different from Non-Tg and was not
altered for B-R92L. D. Vmax for a-R92Q displayed substantial impairment in SERCA2a-
mediated SR Ca?* uptake and was rescued in p-R92Q. Vmax for a-R92L and b-R92L was
not different from Non-Tg or b-Tg. E. pCa50 values were indistinguishable among all
groups. An n of 4-6 animals were used per experimental group, each performed in triplicate.
Data are presented as mean £ SEM. * p<0.05 vs Non-Tg and as indicated.
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Figure 5. Quantitation of SERCA2a/PLB and PKA-mediated PLB phosphorylation

A. Representative semiquantitative Western blots of SERCAZ2a and PLB performed on
ventricular homogenates of 4- to 6-month-old Non-Tg, B-Tg, a-R92Q, a-R92L, B-R92Q,
and B-R92L mice. B. Sarcoplasmic reticulum ATPase (SERCAZ2a) levels were
indistinguishable among the groups. C and D. Phospholamban (PLB) levels were increased
in all transgenic genotypes leading to a decrease in SERCA2a/PLB for all transgenic
genotypes. E. Representative Western blots of Ser16 phosphorylation status of PLB, total
PLB, and calsequestrin control, performed on ventricular homogenates of 4- to 6-month-old
Non-Tg, B-Tg, a-R92Q, a-R92L, B-R92Q, and B-R92L mice. F. Ser16 phosphorylated PLB
(P-PLB) for 0-R92Q was lower than for Non-Tg and increased for B-R92Q. In contrast, P-
PLB for a-R92L was not different from Non-Tg and decreased for B-R92L. An n of 4-5
animals were used per experimental group. Data are presented as mean = SEM. * p<0.05 vs
Non-Tg and as indicated.
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Table 1
Cardiac Mass
Genotype n BW (g) LV (mg) LV/BW (mg/g)
Non-Tg 22 239%07 76.6 +2.7 3.21+0.07
B-Tg 22 248%06 83.1+24 3.37+£0.07
a-R92Q 12 255+18 737101 293+ 0.21%
B-R92Q 12 239+07 5gqio3VHEt 2474006 T
aR92L 11 255%09 69.6+23 275 + 0 08
B-RO2L 11 234%07  g3g404™# 2734009 HH
*
P<0.05,

*

#P<0.05,

##P<0.01 vs B-Tg;

*P<0.05 vs 4-R92Q

=3
P<0.01 vs Non-Tg;

Page 19

Body weight (BW), left ventricular weight (LV) and LV/BW for non-transgenic mice (Non-Tg), for mice with cardiac a-MyHC replaced with -
MyHC (B-Tg) and mice bearing either the R92L or R92Q mutation in cTnT with either predominately a- or B-MyHC. Replacing a-MyHC with -
MyHC in hearts with normal cTnT did not change these morphologic parameters. L\V/BW were lower for mouse hearts bearing the R92Q and
R92L cTnT mutations with normal o-MyHC; both LV and LV/BW were lower when a-MyHC was replaced with B-MyHC. The same results are
obtained when the LV weights are normalized to tibia lengths (not shown). Means + SEM.
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Table 2

Contractile and Relaxation Performance

Genotype n  LVSP (mmHg) +dp/dt (mmHg/sec) —dp/dt (mmHg/sec)

Non-Tg 18 109 + 4 3237 + 163 2751+ 61
B-Tg 16 109+ 3 3867 + 245 2506 + 81
a-R92Q 12 92+ 47# 2857 + 1427## 1932 + 165 ##
p-RO2Q 12 108+ 4% 3845+ 136 2261 + 128"
a-RO2L 8 99+ 3 3594 + 178 2368 + 91
B-R92L 10 103%5 3777 + 148 2246 + 169"
P<0.05,

*:

=3

P<0.01 vs Non-Tg;
#P<0.05,
##P<0.01 vs B-Tg;

TP<0.05 vs 0-R92Q

Peak systolic pressure (SP), rate of tension development (+dP/dt) and rate of relaxation (—dP/dt) measured in hearts perfused in the isovolumic
mode isolated from Non-Tg mice, 8-Tg mice and mice bearing either the R92L or R92Q cTnT mutation with either a—MyHC- or p-MyHC.
Replacing a-MyHC with B-MyHC in hearts with normal cTnT had no effect on these indices of cardiac performance; SP normalized to LV weight
(calculated from Table 1) and +dP/dt normalized to peak developed pressure were also unchanged (not shown). Replacing R92 cTnT with R92L
cTnT in hearts with a-MyHC did not change indices of systolic performance but the rate of relaxation tended to be lower. In contrast, replacing
R92 c¢TnT with R92Q cTnT slowed both the rate of tension development and the rate of relaxation. Comparing a-R92L and B-R92L hearts, SP and
+dP/dt were the same but —dP/dt remained low. Replacing a-MyHC with B-MyHC in hearts with R92Q cTnT improved +dP/dt and +dP/dt/(SP) but
not —dP/dt. Thus, replacing a-MyHC with B-MyHC in hearts bearing these R92 ¢cTnT mutations corrected systolic but not diastolic dysfunction.
Means + SEM.
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