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Abstract

Obscurin comprises a family of giant modular proteins that play key structural and regulatory
roles in striated muscles. Immunoglobulin domains 58/59 (1g58/59) of obscurin mediate binding
to essential modulators of muscle structure and function, including canonical titin, a smaller splice
variant of titin, termed novex-3, and phospholamban (PLN). Importantly, missense mutations
localized within the obscurin-1g58/59 region that affect binding to titins and/or PLN have

been linked to the development of myopathy in humans. To elucidate the pathophysiological

role of this region, we generated a constitutive deletion mouse model, Obscr-Alg58/59, that
expresses obscurin lacking 19g58/59, and determined the consequences of this manipulation on
cardiac morphology and function under conditions of acute stress and through the physiological
process of aging. Our studies show that young Obscr-Alg58/59 mice are susceptible to acute B-
adrenergic stress. Moreover, sedentary Obscr-Alg58/59 mice develop left ventricular hypertrophy
that progresses to dilation, contractile impairment, atrial enlargement, and arrhythmia as a function
of aging with males being more affected than females. Experiments in ventricular cardiomyocytes
revealed altered Ca2* cycling associated with changes in the expression and/or phosphorylation
levels of major Ca2* cycling proteins, including PLN, SERCA2, and RyR2. Taken together, our
work demonstrates that obscurin-1g58/59 is an essential regulatory module in the heart and its
deletion leads to age- and sex-dependent cardiac remodeling, ventricular dilation, and arrhythmia
due to deregulated Ca2* cycling.
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Introduction

Obscurins, expressed from the single OBSCN gene, are a family of giant modular

proteins (720-870 kDa) surrounding sarcomeric M-bands and Z-disks where they play

key structural and regulatory roles [25, 47]. The two canonical isoforms, obscurin A and

B, differ in their COOH-termini where obscurin A contains ankyrin-binding sites and
obscurin B carries two active serine/threonine kinase domains belonging to the myosin
lightchain kinase subfamily [17, 42]. Their modular nature and unique positioning at

the periphery of myofibrils allow obscurins to provide binding sites for diverse proteins
localized to different subcellular compartments [25, 47]. Consistently, obscurins have been
implicated in several cellular processes ranging from myofibril assembly to the integration
of the sarcomeric cytoskeleton with the sarcoplasmic reticulum (SR), cell adhesion, the
maintenance of the subsarcolemmal microtubule network, and Ca2* signaling [21, 25, 47].
Their pathophysiological significance has been further substantiated by the identification of
> 15 missense, splicing, and frameshift mutations in OBSCN that have been linked to the
development of hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and
left ventricular non-compaction (LVNC) in humans [19].

Among the multiple binding partners of obscurins, titin and novex-3 were the first to be
identified with obscurin immunoglobulin domains 58/59 (1g58/59) supporting binding to
both titin 1g9/10 and a unique 198-amino acid-long sequence of novex-3 [4, 49]. Titin

(3-4 MDa) forms a continuous filament from Z-disks to M-bands and functions as a
molecular scaffold during myofibrillogenesis, a spring that generates passive tension, and

a mechanosensor that mediates stretch-initiated signaling pathways [18, 25, 30, 31, 47].
Novex-3 (~ 700 kDa), a titin splice variant, extends from Z-disks to I-bands and likely
participates in stress-induced cardiac remodeling [24]. More recently, obscurin 1g58/59 was
also shown to moderately bind phospholamban (PLN, ~ 5 kDa) [21], a transmembrane
protein of the SR that modulates Ca2* cycling by acting as a negative regulator of the
sarcoendoplasmic reticulum Ca?* ATPase (SERCA). Importantly, missense mutations within
obscurin 1g58/59 that affect binding to titins and/or PLN have been associated with the
development of myopathy in humans, suggesting essential roles for these protein complexes
in striated muscle pathophysiology [3, 21, 41].

To elucidate the significance of the obscurin 1g58/59 module, we generated a constitutive
deletion mouse model, ObscrAlg58/59, that expresses obscurin lacking 1g58/59. Our
studies show that young (3- to 4-month-old) homozygous Obscr-Alg58/59 mice, which
do not show signs of cardiac dysfunction under sedentary conditions, are susceptible to
workload-induced arrhythmia. Moreover, sedentary male Obscn-Alg58/59 mice develop
compensatory left ventricular (LV) hypertrophy by 6 months of age that progresses to
maladaptive ventricular dilation, contractile impairment, atrial enlargement, and severe
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arrhythmia by 12 months. Interestingly, female Obscn-Alg58/59 mice do not undergo
cardiac remodeling and dysfunction to the same extent as males, indicating the presence

of sex dimorphism in the Obscn-Alg58/59 model. Evaluation of LV cardiomyocytes from
male Obscr-Alg58/59 mice revealed abnormal Ca2* transients, reduced contractility, and
alterations in the expression and/or phosphorylation levels of PLN, SERCAZ2, and ryanodine
receptor 2 (RyR2). Taken together, our findings demonstrate key regulatory roles for
obscurin in the heart, specifically highlighting 1g58/59 as an essential module impacting
Ca%* homeostasis.

Materials and methods

Gene targeting and generation of Obscn-Alg58/59 constitutive deletion mice

The Obscr-Alg58/59 deletion model was produced in parallel with the Obscn-R4344Q
knock-in model as described previously (GenOway, Lyon, France) [21]. The gene-
targeting construct contained isogenic genomic DNA spanning partial intron 59,

in which a loxP-FRT-neomycin-FRT cassette was inserted, to partial intron 65, in

which a distal loxP site was inserted, to flox exons 60-61 containing 1g58/59. To

remove the neomycin resistance cassette along with exons 60-61, animals containing

the recombined OBSCN allele were bred with Cre recombinase-expressing mice
(GenOway). The genotypes of the animals were confirmed by polymerase chain

reaction (PCR) utilizing a primer set complimentary to sequences in intron 59 to

amplify the wild-type allele (Sense 5" ATC ATAGAGCAGGACTGGACCGTAGCC3';
Anti-sense 5" GACCGATGACCTCCCAAGTTCATACC3’) and another set

complimentary to intron 59 and exon 62 to amplify the

deletion allele (Sense 5" TGTCATCATAGAGCAGGACTGGACCG3’; Anti-sense
5'CAGGATAGGGTCACAGAATGGTCACTACG3’). F1 mice were backcrossed seven
generations into the C57BL/6J mouse line before experimentation. All experiments were
performed with homozygous male and female animals. Euthanasia was performed by
inhalation anesthesia of 4.5-5% isoflurane until lack of respiration was noted for a minimum
of 60 s followed by a secondary physical method (i.e., cervical dislocation or thoracotomy).

All animal care and procedures were conducted under protocols approved by the
Institutional Animal Care and Use Committee at the University of Maryland, School of
Medicine (UMSOM), and were in accordance with the NIH guidelines (Guide for the Care
and Use of Laboratory Animals).

Transthoracic echocardiography

Transthoracic echocardiography was performed on sedentary animals at 3, 6, 9, and 12
months of age at the Physiological Phenotyping Core of UMSOM as previously described
[21]. Briefly, mice shaved in the chest area were initially anesthetized with 3% isoflurane
in oxygen in an induction chamber and then maintained under 1.5% isoflurane in oxygen
via nose cone on a warming pad through the duration of the recording. Two-dimensional
cineloops and guided M-mode frames were taken from the parasternal short axis view and
mitral valve Doppler measurements were recorded in the apical four chamber view using
a 40-MHz probe connected to the Vevo 2100 System (VisualSonics, Toronto, Canada).
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Absolute wall thickness was calculated as AWTd + PWTd, where AWTd is diastolic anterior
wall thickness and PWTd is diastolic posterior wall thickness. Relative wall thickness was
calculated as (AWTd + PWTd)/EDD, where EDD is end-diastolic diameter. End-diastolic
volume (EDV) and end-systolic volume (ESV) were calculated as 1.047 x EDDS and 1.047
x ESD3, respectively, where ESD represents end-systolic diameter. Ejection Fraction was
calculated as (EDV-ESV)/EDV x 100 and Fractional Shortening as (EDD-ESV)/EDD.

Surface electrocardiography

Surface electrocardiography (ECG) was performed on sedentary animals at 6 and 12 months
of age as described previously [21]. Briefly, mice were placed on a warming pad in a

supine position and maintained under anesthesia with 1.5% isoflurane in oxygen via nose
cone. Three-lead ECG probes were inserted subcutaneously in which the positive, negative,
and ground electrodes were placed in the left hindlimb, right forelimb, and left forelimb,
respectively. The electrodes were linked to a biopotential amplifier (BIOPAC MEC100C)
connected to a computer interfaced BIOPAC MP150 system (BIOPAC Systems Inc., Goleta,
CA) to measure and record electrical signals. Traces for each animal were recorded
continuously for 30 min. Heart rate measurements and R-R intervals were calculated using
Acgknowledge software.

Isoproterenol challenge

Young (3- to 4-month-old) mice were anesthetized by intraperitoneal (IP) injection of
Avertin (1.25% 2-2-2 tribromoethanol, 2.5% 2-methl-2-butanol) at 0.014 ml/g and baseline
heart rate was recorded for 5 min by ECG as described above. Isoproterenol was
subsequently injected intraperitoneally at a dose of 0.44 pg/kg and cardiac electrical activity
was recorded by ECG for another 30 min. The change in heart rate (Aheart rate) was
calculated for each mouse as the difference in heart rate before and after isoproterenol
treatment.

Lysate preparation and western blotting

Flash-frozen LV tissue was ground to powder in a glass homogenizer while immersed

in liquid nitrogen. The ground tissue was incubated at — 20 °C for 20 min and then
solubilized in urea—thiourea lysis buffer (8 mol/L urea, 2 mol/L thiourea, 3% SDS,

0.05 mol/L tris—-HCI, 0.03% bromophenol blue, 0.075 mol/L dithiothreitol, pH 6.8) and
50% glycerol supplemented with protease and phosphatase inhibitors (Halt Protease and
Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific, Rockford, IL) in a 60 °C

water bath. Following centrifugation, lysates were aliquoted and flash frozen in liquid
nitrogen. Equal amounts of protein lysates were thawed at 55 °C for 5 min and separated
by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, and
probed with the desired primary antibodies. Immunoreactive bands were visualized with
chemiluminescent reagents (NovaBright, Thermo Fisher Scientific, Bedford, MA) after
incubation with alkaline phosphatase-conjugated secondary antibodies (goat anti-mouse
IgG A3688, 1:3000, Sigma-Aldrich, St. Louis, MO and goat anti-rabbit 1gG AB_2337947,
1:3000, Jackson Immunoresearch, West Grove, PA). The number of different biological
samples (i.e., hearts) and experimental replicates is included in the respective figure legends.
Densitometry was performed with ImageJ and normalized to either GAPDH or Hsp90
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as a loading control. To validate the use of GAPDH and Hsp90 as loading controls,

we normalized GAPDH and Hsp90 expression to total protein using the corresponding
Ponceau stained blots; of note, no statistically significant differences were observed in the
expression of GAPDH or Hsp90 between wild-type and Obscr-Alg58/59 lysates (Fig. Sla—
c). Figures contain a representative biological replicate for each protein and loading control.
Occasional digital adjustment was uniformly applied to representative immunaoblots for ease
of visualization.

Primary antibodies

The following primary antibodies were used for western blotting (WB) and
immunofluorescence (IF) staining: mouse monoclonal antibodies to PLN (WB: 1:5000,

IF: 1:200; ab2865, Abcam, Cambridge, MA), SERCA2 (WB: 1:1000, IF: 1:00; MA3-919,
Thermo Fisher Scientific, Rockford, IL), RyR2 (WB: 1:1000, IF: 1:300; MA3-925, Thermo
Fisher Scientific), GAPDH (WB: 1:15,000; G8795, Millipore, Temecula, CA), PP2A
catalytic subunit (WB: 1:1000; 05-421, Millipore), PP2Ce (WB: 1:500; MAB6914, R&D
Systems, Minneapolis, MN), a-actinin (IF: 1:100; A7811, Sigma), myosin (WB: 1:10;
MF20, Developmental Studies Hybridoma Bank, lowa City, lowa), actin (WB: 1:1000;
A2172, Millipore), and troponin | (WB: 1 pg/mL; ab10231, Abcam), rabbit monoclonal
antibodies to Hsp90 (WB: 1:1000; 4877, Cell Signaling Technologies, Danvers, MA),

and rabbit polyclonal antibodies to titin-Z (IF: 3 pg/mL) [26], novex-3 (WB: 1:1000, a
generous gift from Dr. Henk Granzier) [4], PLN-pSer16 (WB: 1:1000; 07-052, Millipore),
PLN-pThrl7 (WB: 1:2000; A010-13AP, Badrilla, Leeds, UK), sAnk1 (WB: 1 pg/mL) [28],
RyR2-pSer2808 (WB: 1:2000; ab59225, Abcam), RyR2-pSer2814 (WB: 1:500; A010-31AP,
Badrilla), CaMKII6 (WB: 1:1000; PA5-22168, Thermo Fisher Scientific), CaMKII-pThr287
(WB: 1:1000; PA5-37833, Thermo Fisher Scientific), PP1a (WB: 1:1000; 2582S, Cell
Signaling Technologies), PP2A B56a (WB: 1:1000; PA5-90634, Thermo Fisher Scientific),
tropomyosin (WB: 1 ug/mL; ab55915, Abcam), obscurin 19g58/59 (WB: 1 ug/mL) [45], and
obscurin 1g67 (WB: 1 ug/mL, IF: 3 pg/mL). Antibodies to obscurin 1g67 were generated
via immunizing rabbits with mouse GST-1g67 fusion protein (amino acids 6994—7099,
accession number: NP_954603, produced in pGEX-4T-1 vector) and affinity purified from
rabbit antiserum using GST and GST-1g67 columns.

Electrophoresis and coomassie blue staining for titin

LV lysates prepared as described above were loaded onto 16 x 18 cm gels composed of

1% agarose in 1x running buffer (50 mM tris, 0.384 mol/L glycine, 0.1% SDS) and 30%
glycerol. Proteins were separated using the Hoefer SE600 unit system at 4 °C for 3 h. Gels
were stained with Coomassie Blue, and the expression levels of giant titins were quantified
using ImageJ and normalized to myosin heavy chain (MHC) which was used as loading
control. The number of different biological samples (i.e., hearts) and experimental replicates
is included in the respective figure legends. Figures contain a representative biological
replicate depicting titin and MHC expression levels. Occasional digital adjustment was
uniformly applied to representative gels for ease of visualization.

Basic Res Cardiol. Author manuscript; available in PMC 2022 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grogan et al.

Page 6

Preparation of paraffin embedded cardiac sections and Masson'’s trichrome staining

Paraffin sections were produced and stained using Masson’s Trichrome Kit (Thermo Fisher
Scientific) at the Research Histology, Pathology and Imaging Core at the University of
Texas M.D. Anderson Cancer Center. Briefly, hearts were fixed in formalin for 24-48 h and
sequentially dehydrated in 70, 80, 95, and 100% ethanol. Following xylene washes, samples
were embedded in paraffin wax and sectioned at 4 pm. Sections were deparaffinized,
hydrated in deionized water, and then placed in Bouin’s fluid at 56 °C for 1 h. Sections
were stained with Weigert’s iron hematoxylin stain for 10 min, Biebrich scarlet-acid fuchsin
solution for 5-10 min, phosphotungstic—phosphomolybdic acid solution for 5 min, aniline
blue stain solution for 5-10 min, and rinsed with deionized water between each staining
step. Sections were placed in 1% acetic acid solution for 1 min and rinsed once more with
deionized water before mounting.

Hydroxyproline assay

Hydroxyproline content was measured in flash-frozen LV samples isolated from sedentary
6- and 12-month-old mice as described previously [21]. Approximately, 15-20 mg of
tissue was boiled overnight in 0.2 ml of 6 mol/L HCl at 110 °C. The hydrolyzed tissue

was added to isopropanol (1:16) and mixed with chloramine-T solution in acetate citrate
buffer (final concentration: 0.448% chloramine-T, 0.178 mol/L sodium acetate, 44.5 uM
citric acid, 11.14 uM NaOH, and 9.856% isopropanol) for 5 min. Reactions were diluted
1:4 with isopropanol-Ehrlich solution (1.531 mol/L p-dimethylaminobenzaldehyde, 76.1%
ethanol, 0.945 mol/L sulfuric acid, and 23.1% isopropanol) and incubated at 55 °C for 1

h. Absorbance values were measured at 558 nm and fibrotic content was calculated using a
standard curve and normalized to initial sample mass. At least three experimental replicates
were obtained per heart.

Preparation of frozen cardiac sections, immunostaining and confocal microscopy

Frozen LV sections were prepared as described previously [21]., hearts perfused in 2%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) were embedded in 7.5% gelatin
and 15% sucrose in PBS and frozen with 2-methylbutane. Samples were sectioned at a
thickness of 12 pm, permeabilized with 0.1% Triton X-100 in PBS and incubated in
blocking buffer (1 mg/mL BSA, 1 mM sodium azide in PBS) for 1 h. Sections were
incubated with the desired primary antibodies prepared in blocking buffer overnight at 4
°C. Samples were then washed with blocking buffer, incubated with Alexa Fluor 488 goat
anti-rabbit or Alexa Fluor 568 goat anti-mouse secondary antibodies (1:200; Thermo Fisher
Scientific) for 2-3 h, washed again with blocking buffer, mounted with VECTASHIELD
mounting medium (Vector Laboratories, Burlingame, CA), and analyzed under a Nikon
Spinning Disc confocal microscope (UMSOM Confocal Microscopy Facility).

Electron microscopy

LV tissues were isolated from 12-month-old animals and fixed in 2% paraformaldehyde,
2.5% glutaraldehyde, and 0.1 mol/L PIPES buffer (pH 7.4), washed with 0.1 mol/L PIPES
buffer, and post-fixed with 1% osmium tetroxide/1.5% potassium ferrocyanide in 0.1 mol/L
PIPES buffer for 1 h at 4 °C. Samples were treated with 1% tannic acid in H 0 for 15
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min, followed by en bloc staining with 1% (w/v) uranyl acetate, and dehydration using 30,
50, 70, 90 and 100% ethanol in series. Following dehydration, samples were infiltrated and
embedded in Araldite-Epoxy resin (Araldite, EMbed 812; Electron Microscopy Sciences,
PA), according to the manufacturer’s recommendations. Ultrathin sections at ~ 70 nm
thickness were cut on a Leica UC6 ultramicrotome (Leica Microsystems, Inc., Bannockburn,
IL), and examined under a Tecnai T12 transmission electron microscope (Thermo Fisher
Scientific, Hillsboro, Oregon) operated at 80 kV. Images were acquired with an AMT
bottom mount CCD camera and AMT600 software (Advanced Microscopy Techniques,
Woburn, MA). All samples were prepared and imaged at the Electron Microscopy Core
Imaging Facility of the University of Maryland School of Dentistry.

Cardiomyocyte isolation

Ventricular cardiomyocytes were isolated from 6- and 12-month-old mice using a modified
Langendorff perfusion protocol [44]. Mice were heparinized and then anesthetized using
3% isoflurane. Whole hearts were excised, placed in ice cold cell isolation buffer (CIB)
[130 mM NacCl, 5.4 mM KCI, 0.5 mM M gCl,-6H,0, 0.33 mM NaH,PQO,4, 10 mM glucose,
25 mM HEPES, 10 mM taurine] containing 0.2 mM EGTA (CIB-EGTA), and cannulated
through the aorta. Hearts were perfused in retrograde fashion with CIB-EGTA for 3 min and
then for 4 min in CIB supplemented with enzymes [1 mg/mL collagenase (Worthington),
0.06 mg/mL trypsin (Sigma), and 0.06 mg/mL protease type X1V (Sigma P5147)] at 37 °C.
Ventricular tissue was minced and subjected to additional digestion in CIB supplemented
with enzymes for 4 min at 37 °C. Myocytes were transferred to normal Tyrode’s solution
(NT) [130 mM NaCl, 5.4 mM KCI, 0.5 mM MgCl,-6H,0, 0.33 mM NaH,POg4, 5 mM
glucose, 5 mM HEPES], dispersed by trituration with a Pasteur pipette, and ultimately
brought to physiological Ca%* to a final concentration of 1.8 mM CaCl, in NT. Myocytes
included in this study were Ca?* tolerant and responsive to electrical stimulation following
isolation. Any cells with round edges or other visible membrane damage were excluded.

Ca?* transients and contractility measurements

Experiments were performed in custom fabricated chambers (4-h Day foundation,

Towson MD) mounted on an Olympus Ix70 Microscope with a 40x Water 1.15 NA
objective. Sarcomere length was monitored with a high-speed camera system (Aurora)

and was calculated with Fast Fourier Transform analysis. Ca?* transients were evaluated
simultaneously after loading 2 uM Fluo-4-AM (15 min incubation) followed by de-
esterification (10 min). Cells were excited with 475 nm light from a xenon arc lamp and
paced at 1 Hz (2 ms, square pulses, 40 V) for 30 s recording with a dual PMT fluorescence
system (lonoptix, Westwood, MA). All contractions were averaged for each cell and data
were analyzed using an inhome MATLAB script.

Statistical analysis

Statistical significance between age- and gender-matched wild-type and homozygous Obscr-
Alg58/59 groups was determined by two-tailed Student’s ¢test; genotypes were compared
within, but not between, different time points and genders. Error bars represent average
values = SEM. Sample sizes are noted in the corresponding figure legends.
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Results

Generation and characterization of the Obscn-Alg58/59 model

To assess the pathophysiological significance of the obscurin 1g58/59 module, we generated
a constitutive deletion mouse model, Obscr-Alg58/59, that expresses obscurin lacking
1g58/59 (Fig. S2a, b). Homozygous Obscn-Alg58/59 mice are viable and exhibit normal
growth rates (Fig. S2¢). Hearts isolated from young adult (3-month-old) wild-type

and Obscr-Alg58/59 mice were comparable in size and gross morphology (Fig. la—

a’). Morphometric and echocardiography analyses did not reveal alterations in cardiac
morphology or function at this stage in Obscn-Alg58/59 male animals (Fig. 1b—b’; Table
S1). However, a moderate increase in absolute LV mass and stroke volume was observed
in Obscn-Alg58/59 female animals compared to gender-matched wild type (Table S2),
suggesting a mild adaptive response that was not accompanied by major alterations in LV
dimensions or function.

Evaluation of protein expression utilizing antibodies to obscurin 1g58/59 confirmed the
deletion of 1g58/59 in Obscn-Alg58/59 lysates prepared from 3-month-old male LV, while
antibodies against 1g67 demonstrated that total protein levels were unaltered; notably,
prolonged exposure of obscurin 1g67 immunablots revealed an up-regulation of obscurin

B levels, while short exposure indicated a moderate, not statistically significant, decrease in
obscurin A levels in Obscn-Alg58/59 lysates compared to wild type (Fig. 1c—c’). Of note,
obscurin B is minimally expressed in normal mouse heart tissue [1, 22]. In agreement with
our findings, earlier studies have reported up-regulation of small and large obscurin-kinase
transcripts/proteins in hypertrophic mouse myocardia following aortic constriction [8] and in
a mouse model carrying the HCM-linked R4344Q obscurin mutation in response to pressure
overload [21]. It is, therefore, possible that up-regulation of obscurin-kinase isoforms could
reflect a compensatory response or an early manifestation of cardiac disease in young adult
Obscn-Alg58/59 animals.

Young adult Obscn-Alg58/59 mice exposed to acute B-adrenergic stress develop
tachycardia and severe arrhythmia

Given the absence of an obvious cardiac pathology in young adult Obscr+Alg58/59 mice, we
next evaluated their susceptibility to acute cardiac workload in the form of p-adrenergic
stimulation. Baseline heart rate (HR) was not different in young (3- to 4-month-old)
wild-type and Obscn-Alg58/59 male (Fig. 1d) or female (Fig. S3a) mice. In contrast,

an acute challenge with a low dose of isoproterenol (0.44 ug/kg) significantly increased

HR in both male and female Obscn-Alg58/59 mice compared to their gender-matched
wild-type counterparts (Fig. 1d—d’; Fig. S3a—a’). Evaluation of cardiac electrical activity

by electrocardiography (ECG) post-isoproterenol revealed normal sinus rhythm in 100%

of wild-type female (Fig. S3b and c) and the majority (80%) of wild-type male (Fig. 1e

and f) mice, with the remaining 20% of wild-type male mice occasionally showing minor
variations in sinus rhythm (Fig. 1f; Fig. S4a). In contrast, ~ 57% of male (Fig. 1e’—f) and
10% of female (Fig. S3b’ and c) Obscn-Alg58/59 mice deviated from sinus rhythm with
prominent and frequent HR fluctuations, while an additional 10% of female Obscn-Alg58/59
mice exhibited episodes of junctional escape (Fig. S3b”—c).
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Taken together, young Obscn-Alg58/59 mice show no apparent pathological phenotype
under sedentary conditions, yet manifest with workload-induced arrhythmia following
relatively mild B-adrenergic stimulation, with a larger proportion of male Obscr-A1g58/59
mice being affected compared to female.

Sedentary male Obscn-Alg58/59 mice undergo ventricular remodeling and dysfunction as
a function of aging

We next evaluated cardiac morphology and function in sedentary wild-type and Obscn-
Alg58/59 mice in response to aging. Examination of the gross morphology of the heart did
not reveal any differences in size or mass at 6 months in either gender (Fig. 2a-a’; Fig. S5a—
a’ and Table S1-2). However, echocardiography showed the presence of LV hypertrophy in
6-month-old male Obscr-Alg58/59 mice evidenced by significantly decreased systolic LV
internal diameter and end-systolic volume, and increased LV posterior and absolute wall
thickness compared to gender- and age-matched wild-type mice (Fig. 2b—b’; Table S1). This
remodeling was accompanied by increased LV ejection fraction and fractional shortening,
demonstrating enhanced cardiac function in male ObscrA1g58/59 mice at 6 months (Table
S1). Interestingly, echocardiographic assessment of female Obscn-Alg58/59 mice showed
neither morphological nor functional alterations, but only a moderate increase in absolute
LV mass (Table S2), indicating that compensatory LV hypertrophy manifests in the male
gender only.

At 9 months of age, male Obscn-Alg58/59 mice no longer showed significant differences

in cardiac morphology or function compared to wild type (Table S1), indicating that they
were progressing towards cardiac de-compensation. In contrast, female Obscr-A/g58/59
mice exhibited increased atrial, LV, and whole heart mass normalized to body weight (Table
S2). Given that these changes were not accompanied by any functional echocardiographic
alterations, this is considered a mild cardiac remodeling with age.

At 12 months of age, the hearts of the male Obscn-Alg58/59 mice exhibited a dramatic
enlargement of the LV and atria compared to wild type (Fig. 2a”-a’”; Table S1).
Echocardiography further demonstrated LV dilation with significantly increased diastolic
and systolic LV internal diameter and end-systolic and -diastolic volumes and decreased
relative wall thickness compared to gender- and age-matched wild-type mice (Fig. 2b”-
b”’; Table S1). Consistent with a dilated cardiac pathology, male Obscn-Alg58/59 mice
exhibited reduced LV ejection fraction and fractional shortening compared to controls
(Table S1), signifying the progression from a compensatory hypertrophic phenotype at 6
months to cardiac de-compensation, maladaptive remodeling and dysfunction by 12 months.
Interestingly, female Obscr-Alg58/59 mice did not show any significant alterations in
cardiac morphology or function by morphometry or echocardiography at 12 months (Table
S2 and Fig. S5a”-a”’). The early increase in LV mass that failed to progress with age in
females reinforces the presence of sex dimorphism in the Obscn-A/g58/59 model.

Given that fibrosis is a common feature of HCM and DCM and a predictor of cardiac
conduction issues and arrhythmia [12, 32], we evaluated LV sections using Masson’s
Trichrome staining. We observed the presence of peripheral and/or interstitial fibrosis
in 12-month-old male and female Obscn-Alg58/59 mice, which was not the case in
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age-matched controls and 6-month-old animals of either genotype or gender (Fig. 2c—

¢’”; Fig. S5b-b’”). Further quantification of collagen content by hydroxyproline assay
demonstrated significantly increased fibrosis in both male and female Obscrn-Alg58/59 L.V
at 12 months compared to gender-matched wild-type mice (Fig. 2d; Fig. S5c). Although
female Obscn-Alg58/59 mice did not undergo ventricular hypertrophy or dilation, the
presence of significant fibrosis at 12 months suggests mild ventricular remodeling.

Given the age-dependent morphological changes present in Obscr-Alg58/59 LV, we
evaluated the expression of giant obscurins in wild type and Obscr-Alg58/59 LV at 6 and

12 months of age. Similar to 3-month-old animals, male and female Obscr-Alg58/59 mice
did not show alterations in the overall expression of obscurins but revealed a consistent
up-regulation of obscurin B at both 6 and 12 months (Fig. 2e—e’; Fig. S5d-d”). To test
whether the 1g58/59 deletion impacts the distribution of obscurins, we immunostained LV
sections prepared from 12-month-old male wild-type and ObscrAlg58/59 hearts. Obscurins
assumed their proper localization primarily at M-bands (arrowhead) and to a lesser extent

at Z-disks (arrow) in both genotypes, as indicated by co-staining with the Z-disk protein a.-
actinin (Fig. 2f-h"). Furthermore, ultrastructural analysis of 12-month-old male LV sections
did not reveal any obvious abnormalities in sarcomere organization in ObscrA1g58/59 mice
(Fig. S6a—a’"). Consistent with this, no changes were observed in the expression levels of
myosin, actin, tropomyosin, or troponin | in 12-month-old Obscn-Alg58/59 LV (Fig. S6b—
b”), suggesting that sarcomeric proteins are not affected by the 1g58/59 deletion.

Sedentary Obscn-Alg5859 mice develop arrhythmia

The presence of cardiac remodeling at 6 and 12 months of age, albeit different phenotypic
manifestation and extent, prompted us to investigate global cardiac electrical activity

by ECG. While the average HR was comparable between male wild-type and Obscr-
Alg58/59 mice at 6 months (Fig. 3a), Poincare plots depicted increased R—-R variability

in Obscn-Alg58/59 males (Fig. 3b—b”). Waveform analysis showed no repeated episodes
of arrhythmia in wild-type animals (Fig. 3c, d). In contrast, ~ 38% and ~ 13% of 6-month-
old male Obscn-Alg58/59 mice displayed frequent episodes of junctional escape and/or
atrial fibrillation (AF; Fig. 3c and d’) and the presence of premature atrial contractions
(PACs; Fig. 3c and d”), respectively. At 6 months, female Obscn-Alg58/59 mice exhibited
significant bradycardia compared to gender-matched wild type, perhaps in association with
the moderately increased LV mass observed at this stage (Fig. S7a). Similar to male mice,
increased R—R variability was also evident in 6-month-old female Obscn-Alg58/59 mice
(Fig. S7b-b’). While wild-type females did not develop arrhythmia (Fig. S7c, d), ~ 33% of
6-month-old female Obscr-Alg58/59 mice experienced episodes of junctional escape and/or
AF and occasionally developed PACs (Fig. S7c and d’), while ~ 11% also experienced
episodes of sinus rhythm variation associated with AF (Fig. S7c and d”).

At 12 months of age, male Obscn-Alg58/59 mice showed significant bradycardia (Fig.

4a) and increased R-R variability (Fig. 4b—b’) compared to controls. In contrast to male
wild-type mice, in which 90% showed normal sinus rhythm (Fig. 4c, d) and only 10%
developed mild HR fluctuations (Fig. 4c; Fig. S4a’), ~ 50% of male Obscr+Alg58/59 mice
experienced frequent episodes of sinus rhythm variation (Fig. 4c and d’). In addition, ~ 83%
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of male Obscr-Alg58/59 mice developed junctional escape and/or paroxysmal AF (Fig. 4c
and d”). In the most severe cases, 12-month-old male Obscr+Alg58/59 mice experienced
extreme sinus rhythm fluctuations coincident with sustained AF (Fig. 4d’”"). While the mean
HR was not different between female Obscr-Alg58/59 and wild-type mice at this age (Fig.
S7a), increased R-R variability was still apparent in Obscn-Alg58/59 mice (Fig. S7Tb”-b’”).
Moreover, while ~ 83% of aged female wild-type mice showed no signs of arrhythmia (Fig.
S7c and e) and only ~ 17% exhibited minor fluctuations in HR (Fig. S7c and S4a”), ~ 38%
and ~ 13% of female Obscn-Alg58/59 mice experienced sinus rhythm variation (Fig. S7c
and e’—e”) and junctional escape (Fig. S7c and e”), respectively.

Taken together, our data show a comparable arrhythmia burden in 6-month-old male and
female Obscn-Alg58/59 mice. However, the aging of Obscr-Alg58/59 mice to 12 months
uncovers prominent sex dimorphism with arrhythmia frequency elevated and severity
enhanced in male mice.

Ventricular cardiomyocytes isolated from male Obscn-Alg58/59 mice exhibit altered
contractility and Ca?* cycling

Given the prominent arrhythmia, ventricular remodeling, and contractile dysfunction
observed in ObscrAlg58/59 mice in vivo, we next assessed Ca2* cycling and contractility
kinetics in isolated ventricular cardiomyocytes. Due to the presence of more severe
pathologies in male Obscn-Alg58/59 mice, we focused our in vitro studies on males. Isolated
ventricular cardiomyocytes obtained from male Obscr-Alg58/59 hearts were significantly
enlarged compared to age-matched controls at 6 and 12 months of age (Fig. 5a-a”),

which is consistent with the ventricular remodeling revealed by echocardiography. To
investigate Ca2* cycling and contractility in single cardiomyocytes, Ca2* transients and

cell shortening kinetics were measured simultaneously after pacing to steady state under
unloaded conditions. Ca2* transients and contractility kinetics were unaltered in ventricular
cardiomyocytes from 6-month-old Obscn-Alg58/59 hearts compared to controls (Fig. 5b,
c—c’”, d, and e—e”), suggesting that the observed arrhythmia may originate in atrial or
nodal cells. This notion is supported by our findings indicating that 6-month-old male
Obscn-Alg58/59 mice primarily experience junctional escape rhythms, AF, or PACs.

In contrast, ventricular cardiomyocytes from 12-month-old male Obscn-Alg58/59 hearts
exhibited increased peak sarcomere length (SL), reduced fractional shortening, decreased
contraction and prolonged relaxation times compared to age-matched wild-type cells (Fig.
5b’—c’”); of note, baseline SL and the peak velocities of contraction and relaxation remained
unaltered at both 6 and 12 months (Fig. S8a—a”). Moreover, assessment of CaZ* transients
revealed elevated baseline Ca2* levels, decreased Ca2* release time, and prolonged Ca%*
decay in Obscr-Alg58/59 cells at 12 months (Fig. 5d’—e”), while peak Ca2* and amplitude
were unaffected (Fig. S8b-b’).

Together these findings indicate that deletion of 1g58/59 leads to abnormalities in Ca2*
cycling in aged male Obscn-Alg58/59 cells, which likely underlie the arrhythmia and
contractile deficits identified in vivo.
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The expression and phosphorylation levels of Ca2* cycling proteins are altered in Obscn-

Alg58/59 LV

To gain mechanistic insights underlying the cardiac defects present in Obscr-Alg58/59
mice, we next examined the protein expression levels and phosphorylation status of the
Ig58/59 binding partners as well as select Ca* cycling proteins in male wild-type and
Obscr-Alg58/59 LV as a function of aging. No significant changes were observed in the
expression or subcellular distribution of giant titins or novex-3 in Obscr-Alg58/59 lysates
at 3, 6, or 12 months of age (Fig. 6a, b; Fig. S9a—b’), suggesting that disruption of these
complexes does not largely impact these proteins.

At 3 months of age, the expression levels of pentameric and monomeric PLN were unaltered
(Fig. 6b—b’). Similarly, the absolute and normalized levels of phosphorylated PLN at Ser16
and Thrl7 were also unchanged (Fig. 6b—b’). No significant alterations were observed

in the expression or phosphorylation profile of additional Ca2* cycling proteins such as
SERCAZ2, small ankyrin 1 (sAnk1), or RyR2 in Obscn-Alg58/59 lysates compared to
controls at this stage (Fig. 6b—b’; Fig. S9a), consistent with the lack of any apparent cardiac
(mal)adaptations.

By 6 months of age, when male Obscr+A1g58/59 mice undergo compensatory LV
hypertrophy, the expression levels of both pentameric and monomeric PLN were
significantly increased in Obscn-Alg58/59 LV (Fig. 6b—b’). Although the normalized levels
of phosphorylated pentameric and monomeric PLN at Ser16 were unchanged in Obscr-
Alg58/59 LV, the normalized levels of phosphorylated monomeric PLN at Thrl7 were
decreased by ~ 45% (Fig. 6b—b’), suggesting that the excess monomeric PLN present in
Obscr-Alg58/59 LV is un-phosphorylated at Thrl7. Elevated levels of monomeric PLN

in the un-phosphorylated state would perhaps lead to over-inhibition of SERCAZ2 in Obscr-
Alg58/59 LV that could impair Ca2* removal and decrease contractile kinetics. However,
this elevation in PLN was accompanied by a 25% increase in SERCA2 expression in Obscr-
Alg58/59 lysates (Fig. 6b—b’), which together align with the observed cardiac compensation
in male Obscn-Alg58/59 LV. Analysis of additional Ca2* cycling proteins demonstrated that
the expression of sAnk1 (Fig. 6b and Fig. S9a) and the total or phosphorylated levels of
RyR2 (Fig. 6b—b”) were unaffected in 6-month-old Obscn-Alg58/59 LV.

At 12 months of age, when male Obscr-Alg58/59 mice experience LV dilation, contractile
dysfunction, and Ca?* transient abnormalities, the increase in total PLN expression was

a strong trend in Obscr-Alg58/59 lysates (Fig. 6b—b’). Although the absolute levels of
phosphorylated PLN at Ser16 were increased in Obscn-Alg58/59 lysates, normalization to
total PLN expression revealed no difference between genotypes (Fig. 6b—b’), suggesting that
the excess PLN in Obscr-Alg58/59 LV is fully phosphorylated on Serl6 at 12 months.

In contrast, there was a significant decrease in the absolute levels of phosphorylated
pentameric and monomeric PLN at Thrl7 in Obscn-Alg58/59 lysates, calculated to be ~
68% and ~ 77% following normalization to total PLN levels (Fig. 6b—b’). Contrary to
6-month-old Obscn-Alg58/59 hearts, SERCAZ2 expression was unaltered at 12 months (Fig.
6b-b’). Given that un-phosphorylated PLN is an inhibitor of SERCAZ2 activity, and that the
increased SERCAZ2 expression was no longer observed at 12 months, these findings provide
a plausible mechanism for the prolonged Ca2* decay seen in the 12-month Obscn-Alg58/59
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LV cardiomyocytes. Examination of additional Ca2* cycling proteins showed no changes

in the expression of sAnk1 (Fig. 6b and Fig. S9a), and the total or phosphorylated levels

of RyR2 at Ser2808 (Fig. 6b—b’). However, the levels of phosphorylated RyR2 at Ser2814
were significantly decreased (~ 20%) in Obscn-Alg58/59 lysates compared to wild type
(Fig. 6b—b’). Given that RyR2 phosphorylation enhances its open probability and, therefore,
Ca?* release [13], the reduced phosphorylation at Ser2814 would predict decreased RyR2
open probability and the observed reduction in Ca2* release time found in the 12-month
Obscr-Alg58/59 ventricular cells.

Notably, the distribution of PLN, SERCA2 and RyR2 was indistinguishable between wild-
type and Obscr-Alg58/59 hearts (Fig. S9c—e’); therefore, the differences in their expression
and/or phosphorylation levels do not appear to result from improper targeting to their normal
location at the SR membrane.

We proceeded in assessing the expression and/or phosphorylation levels of several candidate
kinases and phosphatases to determine the molecular basis for the reduced phosphorylation
of PLN and RyR2 in 12-month-old Obscn-Alg58/59 LV. Importantly, PLN Thrl7 and

RyR2 Ser2814 are both phosphorylated by Ca2*/calmodulin-dependent protein kinase 11
(CaMKII) [46, 48]. Examination of CAMKII expression or phosphorylation at Thr287, an
autophosphorylation site that serves as a marker of its activity [15, 43], did not reveal any
significant alterations (Fig. S10a—a’). Given that the phosphorylation levels of PLN and
RyR?2 are also regulated by protein phosphatase type 1 (PP1) and protein phosphatase type
2A (PP2A), two major ser/thr phosphatases in the heart, we then evaluated their expression
profile [23, 33]. We found no significant alterations in the levels of the catalytic subunit

of PP1a, the catalytic subunit of PP2A, or the regulatory subunit of PP2A (B56a.) in
Obscr-Alg58/59 LV (Fig. S10a-a’). Lastly, we quantified the levels of protein phosphatase
type 2Ce (PP2Ce), which specifically de-phosphorylates PLN Thrl7 in the heart [2], but its
expression was also unaltered (Fig. S10a—-a’). Given these findings, it appears that alterations
in the expression of these key enzymes are not responsible for the deregulated PLN or RyR2
phosphorylation in Obscn-Alg58/59 LV, suggesting novel and/or more complex regulatory
mechanisms.

Discussion

Earlier studies interrogating the role of obscurin in striated muscles found that it is essential
for the organization and cytoskeletal alignment of the SR membranes [27, 29, 40], indirectly
implicating it in the regulation of Ca2* homeostasis. Recent evidence however has indicated
that obscurin may be directly involved in Ca2* cycling, primarily through binding to PLN
[21]. Consistent with this, a mouse model carrying the HCM-linked R4344Q mutation
localized to obscurin 1958, Obscn-R4344Q, exhibited a “gain-of-function” phenotype in
which increased binding between mutant 1958 and PLN led to increased SERCA activity,
which enhanced Ca?* transients and contractility and predisposed to mild arrhythmia [21].
Our present work utilizing the Obscn-Alg58/59 model represents the reciprocal study in
which disrupted binding between obscurin 1g58/59 and PLN leads to a “loss-of-function”
phenotype characterized by depressed Ca?* cycling and contractility, extensive ventricular
remodeling, and severe arrhythmia in the form of sinus rhythm variation and atrial
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fibrillation. Evaluation of the Obscr R4344Q and Obscn-Alg58/59 models indicated that
the latter develops a more severe cardiac pathology under sedentary conditions, which

is sex dependent and progresses with age. Moreover, our biochemical findings revealed
novel mechanistic ramifications in the Obscn-Alg58/59 myocardium involving deregulated
phosphorylation of major Ca2* cycling proteins that were not observed in the Obscr-
R4344Q myocardium. Thus, our current work further highlights the role of obscurin in

Ca?* cycling in the heart and provides new insights on the pathophysiological importance of
the 1g58/59 module.

Although the 1g58/59 deletion is present from birth, young adult (3-month-old) Obscr-
Alg58/59 mice did not show prominent cardiac defects under sedentary conditions.
Evaluation of protein expression in Obscr-Alg58/59 ventricular lysates did not reveal any
alterations in the levels of total obscurin, the binding partners of 1g58/59, or major Ca2*
cycling proteins. However, the increase in the levels of obscurin B seen in Obscr-Alg58/59
lysates as early as 3 months provides evidence of subtle molecular changes and signaling
alterations that could contribute to disease development and/or stress susceptibility of the
Obscr-Alg58/59 mice. Consistent with this notion, young adult Obscn-Alg58/59 mice
developed tachycardia and severe arrhythmia following acute treatment with a low dose

of isoproterenol, with a larger proportion of males displaying more prominent episodes than
females. Given that previous studies reported isoproterenol dosing of 0.25-3 mg/kg IP for
acute cardiac stress in mice [10, 16, 50], our findings with a 0.44 pg/kg dosing paradigm
(i.e., ~ 3 orders of magnitude lower) emphasize that young Obscr-Alg58/59 mice are highly
sensitive to relatively mild forms of pharmacological stress.

In addition to increased susceptibility to pharmacological stress, our studies revealed

the presence of cardiac remodeling, contractile dysfunction, abnormal Ca2* cycling

and arrhythmia in sedentary Obscr-Alg58/59 mice with severity increasing with aging.
Coinciding with this progressive pathology were age-related alterations in the expression
and/or phosphorylation levels of SERCA2, PLN, and RyR2. Importantly, these molecular
changes are in line with the observed effects on Ca?* transient kinetics at each age and

serve as a mechanistic explanation for the progression from compensated to de-compensated
cardiomyopathy. Moreover, these molecular alterations align with the progressively
enhanced arrhythmic severity through aging, where the observed depression in Ca2*
transient Kinetics at 12 months correlates with the most severe arrhythmic manifestation.

Analysis of protein expression and phosphorylation levels demonstrated a significant
reduction in the phosphorylation of the CaMKII-regulated phosphorylation sites on PLN
(Thrl7) and RyR2 (Ser2814) in aged male Obscr-Alg58/59 LV. Aligned with our
findings are reports linking decreased CAMKII expression/activity and CaMKII-mediated
phosphorylation of PLN and/or RyR2 in a heart failure canine model [34] and a myocardial
infarction rat model [36]. Conversely, the expression of the PP1 and PP2A phosphatases,
which also regulate the phosphorylation levels of PLN and RyR2, is increased in human
patients with end-stage heart failure [11, 37]. Consistent with these observations, a

recent study evaluating the crosstalk between these enzymes demonstrated that altered
kinase/phosphatase balance leads to disrupted ventricular Ca2* cycling [14]. Given our
immunoblotting data evaluating the levels of these enzymes, along with PP2Ce that
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specifically targets Thrl7 on PLN, we were not able to attribute the reduced phosphorylation
of PLN or RyR2 to changes in their expression. It is, therefore, possible that these key
enzymes are not responsible for the deregulated PLN or RyR2 phosphorylation in Obscr-
Alg58/59 LV, or that the underlying mechanisms are more complex than changes in overall
protein levels or single phosphorylation events. The existence of multiple CaMKIIS splice
variants undergoing extensive post-translational modifications [5], and the presence of >
200 regulatory subunits associating with PP1 and four families of regulatory subunits,
including multiple isoforms and splice variants, associating with PP2A that affect their
enzymatic activities and/or targeting, corroborates with the latter [20]. Conversely, given
the consistent up-regulation of obscurin B in Obscr-Alg58/59 LV, which occurs prior

to and throughout progressive ventricular remodeling, the deregulated phosphorylation

of PLN and RyR2 could reflect the disruption of a novel signaling pathway linked to
obscurin kinases. In support of this notion, a recent study demonstrated that UNC-89, the
nematode obscurin homolog, interacts directly with PP2A targeting it to the M-band [38],
while both kinase domains of UNC-89 bind a novel phosphatase, termed small C-terminal
domain phosphatase-like 1 (SCPL-1) [39]. Thus, it is possible that enzymes associated with
signaling pathways regulated by the obscurin kinases could be driving the pathological
mechanisms in Obscn-Alg58/59 myocardia, which represents an intriguing area to pursue in
future studies.

In addition to binding PLN, obscurin 1g58/59 also interacts with canonical titin as well

as its smaller splice variant, novex-3, at the Z-disk [4, 49]. Titin is well established

as a major structural component of the myofibril, acting as molecular scaffold during
myofibrillogenesis, regulating passive tension and elasticity, supporting the stabilization
of the thick filament, and functioning as mechanosensor [18, 25, 30, 31, 47]. Novex-3

is less well studied, but has been implicated in stress-induced cardiac remodeling [24].
Given that the expression and localization of canonical titin and novex-3 were unchanged
in Obscn-Alg58/59 LV, and the ultrastructure of sarcomeres was undisturbed, we conclude
that the obscurin/titin complex does not significantly contribute to the observed cardiac
pathology.

A consistent finding throughout our studies was the presence of sex dimorphism in

the Obscn-Alg58/59 model. In our experiments with young animals exposed to acute
pharmacological stress as well as sedentary aging animals, males were consistently more
severely affected. Many studies have reported sex differences in rodent models of cardiac
disease in which males are more likely than females to develop LV dilation and heart failure
[6]. This is reflective of the progression of heart disease in humans since a lower incidence
of cardiovascular disease is reported in premenopausal women compared to age-matched
men [6, 35]. Accordingly, estrogen is proposed to serve cardioprotective roles in the female
heart [6, 35]. Although it is currently unknown what compensatory or cardioprotective
mechanisms might be taking place in female Obscr-Alg58/59 hearts, the differences in
phenotypic severity between genders recapitulate the sex dimorphism in human cardiac
disease and reinforce the idea that biological sex is a strong regulator of cardiac disease
progression.
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Our findings utilizing the Obscr-Alg58/59 model are especially intriguing given that the
deletion of only two Ig domains within a protein containing > 60 Ig domains leads to
prominent cardiomyopathy and arrhythmia. This suggests an overall lack of redundancy
among the obscurin Ig domains where 1g58/59 assumes a specialized physiological role in
Ca?* cycling and its deletion cannot be compensated for by neighboring Ig domains. The
severity of the Obscr-Alg58/59 pathology is surprising given the relatively mild phenotype
previously observed in Obscr”~ mice which completely lack giant obscurin expression [29].
These early studies reported that obscurin knock-out leads to reduced expression of sAnk1
in the heart, but no indication of cardiomyopathy [29]. It was subsequently suggested that
homologous proteins sharing functional redundancy with obscurin, such as obscurin-like 1,
can compensate for the loss of obscurin in Obscr”~ mice [7, 29]. Placing our current results
in the context of the Obscr”~ model, it is likely that the 1g58/59 deletion acts in a dominant
negative fashion. Thus, it is possible that the expression of a truncated obscurin protein in
Obscr-Alg58/59 hearts does not trigger the same compensatory mechanisms as the complete
lack of the protein in Obscr”~ muscles, thereby leading to more severe remodeling and
dysfunction in Obscn-Alg58/59 myocardia.

Moreover, contrary to Obscri”~ muscles, Obscn-Alg58/59 muscles do not exhibit altered
levels or distribution of sAnk1. Given that the direct interaction between the extreme non-
modular COOH-terminus of obscurin-A and sAnk1 has been implicated in the assembly,
sarcomeric alignment and maintenance of the SR [9, 27-29], the lack of any obvious
alterations in the expression profile of sAnk1 along with our biochemical studies suggest
regulatory rather than structural deficits of the SR membranes.

Taken together, our work demonstrates that deletion of obscurin 1g58/59 leads to

cardiac remodeling and dysfunction in response to acute pharmacological stress and the
physiological process of aging that manifests to different extents between males and
females, and results in pathological alterations in the expression and phosphorylation of
major CaZ* cycling proteins. Given that mutations within 1g58/59 have been linked to the
development of different forms of myopathy in humans, our findings provide important
insights on the consequences of such mutations and implicate obscurin 1g58/59 as an
essential regulatory module for Ca2* cycling in the heart.
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Fig. 1.

Young male Obscn-Alg5859 mice exposed to acute B-adrenergic stress develop tachycardia
and severe arrhythmia. a—a’ Sedentary 3-month-old male wild-type (a) and Obscr-
Alg5859 () hearts demonstrated comparable gross morphologies; scale bar: 3 mm. b-

b’ Echocardiograms obtained from sedentary 3-month-old male wild-type (b) and Obscr-
Alg5859 (b’) mice did not show changes in LV morphology or function; scale bar: 1 mm
(vertical axis), 50 ms (horizontal axis). c—¢” Immunoblotting (c) and relative expression
(c’) of giant obscurins in lysates prepared from sedentary 3-month-old male wild-type

and Obscr-Alg5859 LV. Antibodies to obscurin 1958/59 confirmed the deletion, whereas
antibodies to obscurin 1g67 showed that total obscurin levels are unaltered; ztest, p=

0.69. Prolonged exposure of 1g67 immunoblots (top blot) revealed an increase in the levels
of obscurin B in Obscn-Alg5859 lysates, which was associated with a moderate, but not
significant, decrease in obscurin A levels (bottom blot); #test, p=0.12; n = 3 animals
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per group; data points represent technical replicas of three different biological samples;
Hsp90 served as loading control. d—d’ Young adult (3—4-month-old) male wild-type and
Obscn-Alg5859 mice did not show differences in baseline HR, but Obscn-Alg5859 mice
developed significantly elevated HR compared to wild type following acute isoproterenol
treatment (d). Calculation of AHR demonstrated that Obscr-Alg5859 mice experienced a
larger increase in HR in response to acute isoproterenol stress (d’); ftest, *p < 0.05,

**p< 0.01; n=10 (wild type), n=7 (Obscr-Alg5859); data points represent individual
animals. e—e”” Representative ECG traces showed normal sinus rhythm in wild-type mice
(e) whereas Obscn-Alg5859 animals displayed severe sinus rhythm variation following acute
isoproterenol stress (e’—e””). f The number and percentage of animals in each group that
experienced arrhythmia following acute isoproterenol treatment is shown; of note, one wild-
type animal also experienced minor junctional escape rhythm in response to isoproterenol.
WT, wild type; Alg5859, Obscn-Alg5859, Obscn, obscurin; 1so, isoproterenol
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Fig. 2.
Male Obscn-Alg5859 mice develop compensatory LV hypertrophy at 6 months of age that

progresses to maladaptive dilation at 12 months. a—a’”” Gross morphology of sedentary

6- and 12-month-old male wild-type and Obscn-Alg5859 hearts demonstrated atrial
enlargement and increased heart size in 12-month-old Obscr-Alg5859 mice (a’”’) compared
to age-matched controls (a”), whereas 6-month-old wild-type and Obscn-Alg5859 hearts
were comparable in size (a—a’); scale bar: 3 mm. b—b’”” Echocardiograms obtained from
sedentary 6- and 12-month-old male wild-type and Obscr-Alg5859 animals demonstrated
LV hypertrophy in 6-month-old Obscr-A/g5859 animals (b’) and LV dilation in 12-month-
old Obscr+Alg5859 mice (b’”) compared to age-matched controls (b and b™); scale bar:

1 mm (vertical axis), 50 ms (horizontal axis). c—¢’”” Masson’s Trichrome staining revealed
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the presence of peripheral fibrosis (black arrows) in 12-month-old male Obscrn-Alg5859

LV (c’”); scale bar: 200 um. d Quantitative assessment of fibrosis demonstrated increased
hydroxyproline content in male Obscr-Alg5859 LV compared to wild type at 12 months;
ttest: *p < 0.05; n=7 (6-month-old wild type), n= 4 (6-month-old Obscr+-Alg5859), n

= 8 (12-month-old wild type), n= 7 (12-month-old Obscr+Alg5859); data points represent
biological replicates. e-e’ Immunoblotting (e) and relative expression (e’) of giant obscurins
in lysates prepared from 6- and 12-month-old wild-type and Obscr-Alg5859 LV. Antibodies
to obscurin 1g58/59 confirmed the deletion, whereas antibodies to obscurin Ig67 showed that
total obscurin expression is unaltered; ttest, p= 0.42 (6 months), p = 0.33 (12 months).
Prolonged exposures of 1g67 immunoblots (top blot) revealed an increase in the obscurin B
levels in Obscn-Alg5859 lysates, which was associated with a moderate, but not significant,
decrease in obscurin A levels (bottom blot); #test, p=0.50 (6 months), p=0.16 (12
months); 7= 3 animals per group; data points represent technical replicas of three different
biological samples; Hsp90 served as loading control. f-h’ Immunostained LV sections from
12-month-old male wild-type and Obscn-Alg5859 mice labeled with antibodies to obscurin
1967 (f—f) and a-actinin as a Z-disk marker (g—g’) demonstrated proper localization of
obscurins to both M-bands (arrowhead) and Z-disks (arrow); scale bar: 10 um
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Fig. 3.

Se%entary male Obscn-Alg5859 mice exhibit atrial arrhythmia at 6 months of age. a
Sedentary 6-month-old male wild-type and Obscn-Alg5859 mice did not show differences
in HR; ftest, p=0.61; n= 8 (wild type), n= 8 (Obscr-Alg5859); data points represent
individual animals. b—b’ Poincaré plots demonstrated increased R-R interval variability
in Obscn-Alg5859 mice (b”) compared to wild type (b) at 6 months. ¢ The number and
percentage of sedentary 6-month-old male wild-type and ObscrAlg5859 animals that
experienced each type of arrhythmia is shown; of note, one wild-type male experienced
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a single episode of junctional escape and sinus rhythm variation which was not considered to
be severe. d—d”” Representative ECG traces of sedentary 6-month-old male wild-type (d) and
Obscn-Alg5859 (d’—d”) mice indicated the presence of junctional escape rhythm (d’) and
repeated PACs (d”) in the Obscn-Alg5859 model
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Sedentary male Obscr-Alg5859 mice develop bradycardia and severe arrhythmia at

12 months of age. a Sedentary 12-month-old male Obscr+A/g5859 mice demonstrated
significant bradycardia compared to wild type; ftest, *p < 0.05; n=10 (wild type),

n=6 (Obscn-Alg5859); data points represent individual animals. b—b’ Poincaré plots
demonstrated increased R-R interval variability in Obscn-A/g5859 mice (b’) compared to
wild type (b) at 12 months. ¢ The number and percentage of 12-month-old male wild-type
and Obscr-Alg5859 animals that experienced each type of arrhythmia under sedentary
conditions is shown. d—d” Representative ECG traces of sedentary 12-month-old male
wild-type (d) and Obscn-Alg5859 (d’-d’””) mice revealed the presence of sinus rhythm
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variation (d’) and junctional escape (d”) in the Obscn-Alg5859 model, with more severe
cases presenting both arrhythmic phenotypes simultaneously (d’””)
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Fig. 5.
Ventricular cardiomyocytes isolated from Obscr+Alg5859 hearts exhibit altered Ca2* cycling

and contractility kinetics. a—a” Isolated cardiomyocytes from ObscrAlg5859 ventricles
were enlarged at 6 and 12 months of age compared to age-matched wild type; scale

bar: 20 pm; ftest, *p < 0.05, **p < 0.01; 7= 2 animals per group, 150-160 cells per
group; data points represent individual cells. b—c’”” Ventricular cardiomyocytes obtained
from 6-month-old male wild-type and Obscr-A1g5859 mice did not show differences

in contractility (b and c—c’”’), whereas 12-month-old male Obscr-A1g5859 cells showed
increased peak SL, reduced fractional shortening (FS), and altered contractility kinetics (b’
and c—c’””) compared to age-matched wild type. d—e” Ventricular cardiomyocytes isolated
from 6-month-old male wild-type and Obscr-Alg5859 mice did not show differences in
Ca?" transients (d and e-e”), whereas 12-month-old male Obscr-Alg5859 mice exhibited
elevated baseline Ca?*, reduced Ca2* release time, and prolonged Ca2* decay time (d’ and
e—e”) compared to age-matched wild type; ftest, *p < 0.05, ***p < 0.001; 7= 4 animals per
group, 50-70 cells per group; data points represent individual cells
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Fig. 6.

Aﬁ[ered expression and phosphorylation levels of CaZ* cycling proteins in Obscn-A1g5859
LV. a Coomassie stained agarose gels did not show alterations in the expression of titins

in lysates prepared from 3-, 6- and 12-month-old male LV; 7= 3 animals per group;
myosin heavy chain (MHC) served as loading control. b—b” Immunoblotting (b) and
relative expression (b’) of lysates prepared from 3-, 6- and 12-month-old male LV with
antibodies against the binding partners of 1g58/59 and select Ca%* cycling proteins revealed
age-dependent alterations in the expression of PLN and its phosphorylation at Ser16 and
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Thrl7, the expression of SERCAZ2, and the phosphorylation of RyR2 at Ser2814. No
significant changes were observed in the levels of novex-3, sAnk1, or the expression of
RyR2 and its phosphorylation at Ser2808; ftest, *p < 0.05, **p < 0.01, ***p < 0.001; n

= 3 animals per group; data points represent technical replicas of three different biological
samples; GAPDH served as loading control; quantification of phosphorylation levels is
presented as absolute phosphorylation levels and normalized to total PLN or RyR2 levels.
Pent pentamer, Mono monomer, 7ot total
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