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Editorial on the Research Topic
Molecular and cellular mechanisms of heart failure: pathophysiology,
pathogenesis and therapeutics

Heart failure is the common endpoint of a diverse group of cardiac disorders including
inherited or acquired (or a combination of the two) cardiomyopathies, myocardial
ischemia and pressure/volume overload from valvular disease. Despite continuous
advances in therapeutics, heart failure remains a major burden on the health care system
with a high incidence of morbidity and mortality (up to 75% at 5 years) (1). Several
physiological processes contribute to the development of heart failure including impaired
contractility, alterations in energy metabolism, neurohormonal dysregulation, and
maladaptive remodeling of the myocardium (2). Within cardiomyocytes, aberrant calcium
handling and modulation of contractile proteins and ion channels caused by genetic
mutations or post-translational modification are key contributors to impaired contractility.
The collection of research papers in this issue highlights recent advances at the molecular
and cellular level that contribute to the pathophysiology of heart failure with a major
focus on cardiomyopathies, followed by insights gained from chronic multi-systemic
diseases. Collectively, the mechanistic insight revealed by the authors offer novel
therapeutic approaches and/or targets that are gaining traction towards translation in
patients.

Molecular studies in this issue provide valuable insights into the pathogenesis of
heart failure. Suppression of lusitropy is recognized as a contributor to impaired
relaxation and diastolic dysfunction, a key mechanism in cardiomyopathies (Marston
and Pinto). Marston and Pinto discuss how altered calcium handling by protein
kinase A (PKA) phosphorylation of troponin I and how phospholamban impacts
lusitropy. They identify therapeutic targets in conditions where diastolic dysfunction is
prevalent. Similarly, S-glutathionylation of sarcomere proteins has emerged as a
molecular modifier in contractile dysfunction and disease progression associated with
oxidative stress (Rosas and Solaro). In this study, Rosas and Solaro outline the
possibility of screening serum S-glutathionylated sarcomeric proteins as a clinical tool
for early diagnosis in patients at risk of heart failure, stratification and determination
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of progression, and even to identify the effectiveness of new

therapeutic approaches. Another way to investigate the

functional impact of specific phosphorylation sites is to
engineer amino acid substitutions that mimic phosphorylation,
known as phosphomimetics. This was accomplished by
Kazmierczak et al. who demonstrated the therapeutic potential
of myosin regulatory light chain phosphomimetics by showing
that they could rescue the contractile defects caused by
hypertrophic cardiomyopathy.

Besides  post-translational ~ modification,  dysfunctional
cytoskeletal and calcium cycling regulators have been implicated
in atrial and ventricular dysfunction and susceptibility to
arrhythmias (Grogan et al.) (3). Grogan et al. examined the
functional deletions of the Obscurin immunoglobulin 58/59
domains (Ig58/59) and demonstrated their essential role in
regulating cytoskeleton structure and Ca®* cycling in the atria.
This new knowledge provides a mechanistic explanation of the
previously characterized phenotype with an onset of atrial
enlargement and fibrillation in the ageing heart (4). Additionally,

Dewi et al. discovered a genetic susceptibility of peripartum

cardiomyopathy by linking the association of guanine
nucleotide-binding  protein 3  subunit (GNB3) C825T
polymorphism and insertion/deletion of the angiotensin-

converting enzyme (ACE) gene to the disease. Unravelling these
molecular mechanisms and their functional consequences opens
new avenues for therapeutic interventions aimed at restoring
normal cardiac function.

The next set of studies illustrate the cellular processes
that contributes to heart failure pathogenesis. Pun et al. provide
a comprehensive review of Connexin 43, an essential gap
junction protein localized to the intercalated discs which
connect adjacent cardiomyocytes. Phosphorylation of connexin
43 S368 by protein kinase C (PKC) has been identified as a key
regulator of cardiac function where both hypo- and hyper-
phosphorylation are associated with disease, impacting cell-cell
coupling and arrhythmogenesis (Pun et al.). Transcriptional
burst was an interesting concept first described by the Kraft
with
independent

group in hypertrophic cardiomyopathy patients
This

transcription of mutated and wild-type alleles giving rise to a

heterogenous mutations  (5). causes
mosaic expression in the ratio of mRNA between individual
cardiomyocytes. Burkart et al. demonstrated that sarcomeric
proteins also exhibited mosaic patterns and contributed to
highly variable Ca®"-dependent force generation between
individual cardiomyocytes. The contractile imbalance between
HCM-development

contributing to disease progression (Burkart et al.).

individual  cardiomyocytes  promotes

Three further articles in this issue consider the role of adverse
cardiac remodeling and fibrosis induced by myofibroblasts in Flinn
et al,, chronic kidney disease in Kishimoto et al,, and chronic

intermittent hypoxia in Xuan et al. These diverse pathological

pathways underpin the cardiac consequences of many
multi-systemic diseases.
Advancements in  understanding of heart failure

pathophysiology have paved the way for innovative therapeutic

approaches  targeting  specific molecular and cellular
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mechanisms. Novel tools such as affimers, extracellular vesicles
and long non-coding RNAs (IncRNAs) offer new possibilities
for diagnostic and therapeutic development. Parker et al
provide evidence that affimers, small engineered non-antibody
binding proteins, can target proteins in cardiomyocytes. This
proof-of-concept offers a novel tool that improves imaging of
heart tissue, aiding in diagnosis and monitoring of heart
failure (Parker et al.). New factors, such as the shedding of
extracellular vesicles by adaptive and innate immune cells
confirmed by Vilella-Figuerola et al, unveil previously
unrecognized contributors to heart failure pathophysiology.
Moreover, long non-coding RNAs (IncRNAs) have emerged as
an important epigenetic regulator of DNA, RNA and proteins
with diverse implications in heart failure pathogenesis (6).
Fan et al. conducted a comprehensive literature review of
IncRNAs’ involvement in heart failure that highlights their
potential as  diagnostic markers and epigenetic-based
therapeutic targets. These advances provide opportunities to
developing personalized therapeutic strategies beyond the now
standard therapeutic inhibitors and highlight the increasing
interaction between genetic pre-disposition and environment.
This topical issue represents some of the most recent
progress in our understanding of the complex cellular
mechanisms underlying heart failure. The suppression of
lusitropy, S-glutathionylation of sarcomere proteins, connexin
43 phosphorylation, alterations in cytoskeletal and calcium
cycling regulators, and transcriptional heterogeneity in
cardiomyocyte are some of the key molecular mechanisms
implicated in cardiomyopathies. Insights into cellular processes,
such as myofibroblast regulation, signaling pathways, and the
impact of chronic intermittent hypoxia provide valuable
information underpinning the more generalized progression
towards heart failure. Together, the research presented in this
issue opens new avenues for the development of targeted
diagnostics and design of novel treatment strategies that
improve cardiac function, prevent aberrant myocardial
remodeling, and reduce fibrosis. These measures could be
aimed at restoring normal cardiac function and ultimately

improve patient outcomes.
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Heart failure (HF) is a common cardiovascular disorder and a major cause
of mortality and morbidity in older people. The mechanisms underlying HF
are still not fully understood, restricting novel therapeutic target discovery
and drug development. Besides, few drugs have been shown to improve the
survival of HF patients. Increasing evidence suggests that long non-coding
RNAs (IncRNAs) serve as a critical regulator of cardiac physiological and
pathological processes, regarded as a new target of treatment for HF. IncRNAs
are versatile players in the pathogenesis of HF. They can interact with
chromatin, protein, RNA, or DNA, thereby modulating chromatin accessibility,
gene expressions, and signaling transduction. In this review, we summarized
the current knowledge on how IncRNAs involve in HF and categorized them
into four aspects based on their biological functions, namely, cardiomyocyte
contractility, cardiac hypertrophy, cardiac apoptosis, and myocardial fibrosis.
Along with the extensive laboratory data, RNA-based therapeutics achieved
great advances in recent years. These indicate that targeting IncRNAs in
the treatment of HF may provide new strategies and address the unmet
clinical needs.

KEYWORDS

heart failure, long non-coding RNA, pathogenesis, cardiac remodeling,
cardiac hypertrophy

Introduction

Heart failure (HF) is one of the most common cardiovascular disorders in the elderly,
caused by left (or global) ventricular dysfunction, which is manifested by fatigue and
dyspnea, often with signs of volume overload. Its prevalence and cost are still rising. In
the guidelines for the diagnosis and treatment of HF issued by the European Society of
Cardiology (ESC), HF is divided into three types according to the left ventricular ejection
fraction (EF), namely, HF with reduced ejection fraction (HFrEF, EF<40%), HF with
preserved ejection fraction (HFpEE, EF >50%), and the newly defined HF with mildly
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reduced ejection fraction (HFmrEF, 40-49%) (1). The American
College of Cardiology Foundation/American Heart Association
and Japanese Circulation Society/Japanese Heart Failure Society
guidelines introduced a category called “HF with improved EF
(HFIiEF),” which is defined as patients with previous LVEF <35%
and a follow-up measurement of LVEF >40% (2). Past decades
have seen great achievements made in the treatment of HFrEF.
However, seldom has been clinically demonstrated to improve
the survival. New insights in the pathogenesis and treatment of
HF are warranted (3).

Our understanding regarding the pathogenesis of HF has
changed over decades. In the past, HF has been viewed
as a hemodynamic disorder. Gradually, evidence unravels
that activation of the renin-angiotensin-aldosterone system
(RAAS) is independent of the hemodynamics and further
gives birth to the neurohormonal hypothesis (4). Now, the
prevailing view is that HF is a multisystemic disorder,
which involves various organ pathologies, such as renal,
pulmonary, and skeletal muscle diseases, as well as obesity (5).
Besides, different types of HF share similarities in proposed
cellular and molecular mechanisms, such as mitochondrial
dysfunction, oxidative stress, cardiomyocyte and extracellular
matrix-based stiffening, reduced NO bioavailability, impaired
cation channel homeostasis, inflammation, and endoplasmic
reticulum stress (6, 7). In the last decades, increasing
evidence suggests that long non-coding RNAs (IncRNAs)
serve as a critical regulator of cardiac physiological and
pathological processes, regarded as a new target of treatment
for heart failure. Long non-coding RNAs are transcripts
exceeding 200 nucleotides in length without functional protein-
coding potential.

In this study, we summarized the current advances made
using the involvement of IncRNA in the pathogenesis of
HE as well as its possible clinical applications in diagnosis
and treatments.

Molecular and biological functions
of IncRNAs

The Human Genome Project prevailed that the human
genome compromises about 3.1 billion base pairs with only
about 22,300 protein-coding genes, whereas the remaining
was considered “junk DNA” (8). Consistent with this, RNA
sequencing technology in recent years revealed only 2% of
transcribed genomes eventually translated into proteins (9, 10).
Apart from protein-coding messenger RNAs (mRNAs), transfer
RNA (tRNAs), and ribosomal RNAs (rRNAs), non-coding RNAs
(ncRNAs) are classified into long non-coding RNAs (IncRNAs),
circular RNAs (circRNAs), small non-coding RNAs (sncRNAs),
and PIWI-interacting RNAs (piRNAs) based on their structural
features (11, 12).
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Among these, IncRNAs are longer than ~200 nucleotides
(nt), and their biogenesis is similar to mRNAs. IncRNAs are
transcribed by RNA polymerase IT (RNAPII) from intergenic,
exonic, or distal protein-coding regions of the genome, and
they often undergo 3/-polyadenylating, 5/-methyl-guanosine
capping, and splicing (13). IncRNAs are versatile gene expression
regulators at different levels, and their functions largely depend
on interacting partners.

LncRNAs regulate chromatin structure
and accessibility

In the nucleus, IncRNAs with negative charge bind
to positively charged histone tails resulting in chromatin
de-compaction, which may function as a rapid switch
of gene expression (14). In addition, IncRNAs directly
bind to DNA forming a hybrid structure, termed triple
triplexes or R-loops, which influence chromatin accessibility
and DNA repair (15, 16). Recently, it was reported that
NEATI is responsible for the assembly of paraspeckles, a
form of nuclear condensates, through liquid-liquid phase
separation (17).

LncRNAs modulate transcriptional
activity

IncRNA can recruit or guide chromatin modifiers, thus
affecting the transcriptional activity, such as epigenetic
regulatory enzymes (18). A widely known example is that
HOX antisense intergenic RNA (HOTAIR) regulates chromatin
dynamics and induces gene silencing via acting as a guide of
histone methylase (PRC2) and histone demethylase (LSD1) to
the correct genomic loci (19).

Besides, IncRNA can serve as a scaffold or platform at a
specific genomic locus for other regulators. For instance, SPRY4-
intronic transcript 1 (SPRY4-IT1) scaffolds enhancer of zeste
homolog 2 (EZH2) along with LSD1 or DNA methyltransferase
1 (DNMT1) induces downstream gene silencing (20). In
addition, IncRNAs compete for binding sites and prevent gene-
modifying proteins from acting on the loci of interest, known
as decoys.

LncRNAs involve in translational process

In the cytoplasm, IncRNAs can alter mRNA splicing
by interacting with ribosomes, competing with endogenous
RNAs (CeRNA), and directly bind or sponge microRNAs
(21). IncRNA, the antisense transcript of the gene ZNFXI1
(ZFAS1), can interact with 40S subunit of ribosome. It
is involved in ribosome production and assembly (22).
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Regarding CeRNA, the antisense transcript for beta-secretase-
1 (BACE1-AS) competes with miR-485-5p for binding within
the same region in the open reading frame of the BACEIL
mRNA (23).

In addition to these functions, IncRNAs can interact with
IncRNAs
by mitochondrial DNA and are specifically located in

mitochondria and exosomes. can be encoded
mitochondria affecting mitochondrial functions and the
crosstalk of mitochondria with nuclei (24, 25). A previous
study found that in gene imprinting, IncRNA directly acts
as a signal molecule without translation to protein, which
enables a prompt response to stimulation (26). IncRNAs
can also be packed into exosomes and delivered to recipient
cells (27).

Roles of LncRNAs in the
pathogenesis of HF

LncRNAs modulating cardiomyocyte
contractility

A critical way for cardiomyocytes to overcome insufficient
blood output is to increase their contractility. From another
perspective, pathological insults impairing the cardiac
contractility are considered a reason for HF.

Rhythmically, heart pumping largely relies on cellular Ca?*
homeostasis and excitation-contraction coupling (28). Under
pathological conditions, cardiomyocytes expand contractility by
elevating Ca®T release from the sarcoplasmic reticulum (SR),
a convoluted membrane structure serving as an iron critical
storage site, into the cytoplasm (29). Cellular Ca*t dynamics
is controlled by two major regulators. One is the ryanodine
receptors (RyRs), mediating the calcium release from the SR.
The other is sarcoplasmic/endoplasmic reticulum Ca>* ATPase
2a (SERCA2a), responsible for Ca?™ retrieval back into SR (30).

Several lines of data have revealed that IncRNAs interact
with these key Ca?T regulators, such as zinc finger antisense
1 (ZFAS1), myocardial infarction (MI) associated transcript
(Miat), and zinc finger protein 593 antisense RNA (ZNF593-AS).
Mechanistically, myocardial infarction induces the expression of
ZFAS1, which is controlled by the nuclear factor of activated
T-cells C2 (NFATc2). ZFAS1 binds SERCA2a and restricts its
activity, thus leading to intracellular Ca** overload, abnormal
Ca?t transient in cardiomyocytes, and finally impaired
contractile function (31). Besides, it has been identified that
Miat jeopardizes cardiomyocyte calcium handling by interfering
pan-RNA splicing, reducing the levels of two important calcium
releasing and intaking proteins, namely, SERCA2a and RyR2,
thereby contributing to contractility damage (32). Contrary to
the mentioned IncRNAs, ZNF593-AS enhances the stability of
RYR2 mRNA by recruiting HNRNPC (heterogeneous nuclear

ribonucleoprotein C [C1/C2]) to the poly-U tracts of RYR2
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mRNA, thereby contributing to the improvement of cardiac
Ca?t handling and contractile function (33). In addition,
SR is physically and functionally linked with mitochondria.
It controls ATP production by Ca®t transferring and drives
mitochondrial dynamics (34). IncRNA cardiomyocyte-enriched
non-coding transcript (Caren) preserves cardiac function
during pressure overload by suppressing the ataxia telangiectasia
mutated (ATM)/DNA damage response (DDR) pathway,
thus maintaining mitochondrial biogenesis and function (35).
LncHrt modulates the deacetylase activity of sirtuin 2,
which enhances the oxidative phosphorylation (OXPHOS)
capacity of mitochondria, thereby preserving cardiac metabolic
homeostasis and function (36).

In addition, potassium channels are key regulators in
maintaining action potential prolongation and cardiac rhythm
(37). Abnormal potassium channel expression results in aberrant
cardiac currents and even sudden cardiac death (38). One
of the major outward currents responsible for potential
repolarization is the delayed rectifier potassium current (Ig)
and is dominated by Kvl.2, a subunit of the voltage-gated
shaker channel family (39). An antisense RNA of Kvl.2,
known as Kcna2 AS, has been shown to be elevated in
cardiomyocyte hypertrophy. This IncRNA is complementary
to Kcna2 mRNA, thus repressing its expression and thereby
leading to malignant ventricular arrhythmias and HF (40)
(Table 1).

LncRNAs regulating cardiac hypertrophy

Cardiomyocytes are terminally differentiated cells, and
therefore they cannot expand stroke work by cell division.
When the contractility cannot counteract loading conditions,
the cardiomyocytes synthesize excessive contractile proteins
and increase in size to serve as a compensatory alternation
to maintain wall stress and oxygen consumption, termed as
cardiac hypertrophy (41). However, this structural change
can lead to impaired subcellular organelles for efficient
Ca2t signaling, contraction/relaxation, and energy metabolism,
and it collectively results in cardiomyocyte apoptosis, which
further triggers inflammation, fibrosis, and extracellular matrix
protein aggregation.

Cardiac hypertrophy has been observed in various heart
diseases, such as hypertension, myocardial infarction, and
valvular disease. Besides, enlarged cardiomyocytes result in
ventricular hypertrophy, which increases the risk of heart failure
and malignant arrhythmia. Two different types of cardiac
hypertrophy have been reported. One is concentric hypertrophy,
characterized by lateral growth of individual cardiomyocytes
and parallel addition of sarcomeres, and the other is eccentric
hypertrophy, characterized by longitudinal cellular growth and
addition of sarcomeres in series (42). Mechanisms involved in
pathological hypertrophy have been recognized as metabolic
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TABLE 1 IncRNAs modulating cardiomyocyte contractility.

Mechanism

ZFAS1 is an endogenous SERCA2a inhibitor, impairs the

10.3389/fcvm.2022.950284

References

Zhang et al. (31)

contractility of cardiac muscles.

It interferes with Ca?t transport proteins, SERCA2a, and RyR2,

Yang et al. (32)

thereby impairing Ca?* homeostasis.

It recruits HNRNPC to RYR2 which stabilizes RYR2 mRNA,

Fan et al. (33)

improving cardiac Ca?t handling and contractile function.

It suppresses Hintl, which activates ATM-DDR pathway and

Sato et al. (35)

reduces oxidative phosphorylation in cardiomyocytes.

It interacts with sirtuin2 to preserve sirtuin2 deacetylase activity

Liu et al. (36)

thereby ameliorating mitochondrial dysfunction.

IncRNA Published Role in the
year pathogenesis
of HF

ZFAS1 2018 Promote

Miat 2021 Promote
ZNF593-AS 2021 Inhibit

Caren 2021 Inhibit

IncHrt 2021 Inhibit

Kcna2 AS 2017 Promote

It downregulates Kcna2 and attributes to arrhythmia.

Long et al. (40)

Caren, IncRNA cardiomyocyte-enriched non-coding transcript; Hintl, histidine triad nucleotide-binding protein 1; HNRNPC, heterogeneous nuclear ribonucleoprotein C [C1/C2]);

Kcna2, potassium voltage-gated channel subfamily A member 2; Miat, IncRNA myocardial infarction associated transcript; RYR2, ryanodine receptor type 2; SERCA2a,

sarcoplasmic/endoplasmic reticulum Ca?+ ATPase 2a; ZFAS], zinc finger antisense 1; ZNF593-AS, zinc finger protein 593 antisense RNA.

reprogramming, mitochondrial dysfunction, fetal gene program,
and impaired Ca>t homeostasis (43).

IncRNA H19 is becoming a hotspot in recent decades, due
to its important role in both early postnatal development and
various diseases (44, 45). H19 is a highly conserved IncRNA,
transcripted from H19-insulin growth factor 2 (IGF2) locus,
and rich in muscle (46). In the heart, it is mainly expressed
in endothelial cells and is located in both the nucleus and
the cytoplasm. Previous studies revealed its important role in
various cardiovascular diseases such as ischemic myocardial
injuries (47), diabetic cardiomyopathy (48), and calcific aortic
valve disease (49). In heart failure, H19 is reported to be
upregulated in a transverse aortic constriction model, and
it inhibits cardiomyocyte hypertrophy by encoding miR-675,
which targets CaMKII§ (50). Contrary to that, another line
of data finds a low expression of H19 in heart failure mice
(51). Mechanistically, suppression of H19 disembarrasses the
polycomb repressive complex 2 (PRC2). Then, PRC2 increases
H3K27 tri-methylation of Tescalcin, followed by GSK activation
and calcineurin inhibition, which finally leads to the expression
and activation of NFAT, a well-known hypotrophic-promoting
factor (51). Similarly, another epigenetic regulatory IncRNA,
cardiac-hypertrophy-associated epigenetic regulator (Chaer),
directly binds with PRC2, thereby repressing its genomic
targeting ability and reducing H3K27me3 levels at the promoter
regions of genes involved in cardiac hypertrophy (52). IncRNA
antihypertrophic interrelated transcript (Ahit) also represses
the H3K27me3 level of a critical hypertrophy-inducer, myocyte
enhancer factor 2a (MEF2A). It acts as a scaffold to guide
the suppressor of zeste 12 protein homolog (SUZI2) to
the promotor of MEF2A, thereby mitigating hypertrophic
modifications (53).
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In addition to functions within nucleus, several IncRNAs
have been shown to serve as the sponge of miRNA in
the cytoplasm in HF. It is reported that IncRNA cardiac
hypertrophy-related factor (CHRF) acts as an endogenous
sponge, thus downregulating miR-489 and thereby elevating
the level of myeloid differentiation primary response gene
88 (Myd88) in cardiomyocytes, and finally it contributes to
cardiac hypertrophy (54). Plscr4 negatively regulates cardiac
hypertrophy by sponging miR-214, which suppresses the
expression of Mitofusin 2 (Mfn2) (55) (Table 2).

LncRNAs involving in cardiac apoptosis

Apoptosis is an evolutionarily conserved programmed
cell death that participates in embryonic development, tissue
homeostasis, and pathological remodeling (56). Cardiac
myocytes sustain apoptosis in response to various insults,
such as hypoxia, acidosis, oxidative stress, metabolic crisis,
B1l-adrenergic agonists, and angiotensin II (57, 58). Cardiac
myocyte apoptotic is one of the major pathological processes
during heart failure. Analyses from postmortem samples
reveal a small portion (<1%) of apoptotic cells in failed hearts,
which is 10-to 100-fold higher than that of functional healthy
control (59, 60). Apoptotic myocyte has also been shown
to present in different heart failure animal models, such as
ascending aortic constriction and left coronary ligation (61-63).
Besides, conditionally activated procaspase-8 resulting in
0.023% of apoptotic myocardial cells generated a lethal dilated
cardiomyopathy (64). Therefore, it is believed that low level,
but persistent loss, of the cardiac myocyte apoptosis leads to
functional limitation and finally decompensated heart failure.
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TABLE 2 IncRNAs regulating cardiac hypertrophy.

10.3389/fcvm.2022.950284

IncRNA Published Role in the Mechanism References
year pathogenesis of
HF pathogenesis
of HF
H19 2016 Inhibit H19 sponges miR-675 to target CaMKII3 as a negative regulator Liu et al. (50)
of cardiac hypertrophy.
H19 2020 Promote H19 suppresses H3K27m3 of the anti-hypertrophic Tescalcin Viereck et al. (51)
locus which further halts NFAT expression.
Chaer 2016 Promote Chaer directly interacts with PRC2 targeting to genomic loci, Wang et al,, (52)
thereby inhibiting H3L27m1 at the promoter regions of genes
involved in cardiac hypertrophy.
Ahit 2020 Inhibit Ahit serves as a scaffold to guide the SUZ12 to the promoter of Yuetal. (53)
MEF2A (a critical inducer of cardiac hypertrophy), leading to
repressive H3K27me3 and decline in MEF2A expression.
CHRF 2014 Promote CHREF sponges miR-489 and regulates Myd88 expression and Wang et al. (54)
hypertrophy.
Plscr4 2018 Inhibit Plscr4 sponges miR-214 that targets Mfn2 thereby interfering Lvetal. (55)

with mitochondrial dynamics.

Ahit, IncRNA antihypertrophic interrelated transcript; Chaer, cardiac-hypertrophy-associated epigenetic regulator; CHRE IncRNA cardiac hypertrophy-related factor; MEF2A, myocyte

enhancer factor 2a; Mfn2, Mitofusin 2; PRC2, polycomb repressive complex 2; SUZ12, suppressor of zeste 12 protein homolog.

TABLE 3 IncRNAs involving in cardiac apoptosis.

IncRNA Published Role in the Mechanism References
year pathogenesis of
HF

CAIF 2018 Inhibit It inhibits p53-dependent expression of myocardin and Liu et al. (65)
autophagy induced cell death and cardiac dysfunction.

MHRT 2019 Inhibit Unknown Zhang et al. (66)

MIAT 2017 Promote MIAT sponges miR-22-3p thus counteracting the inhibitory effect Zhou et al., (67)
of miR-22-3p on DAPK2 and promoting cardiac apoptosis.

SOX2-0T 2020 Promote SOX2-OT sponges miR-455-3p which targets TRAF6 therefore Gu et al. (68)
enhances inflammation and apoptosis.

H19 2019 Inhibit H19 sponges miR-877-3p thereby represses the Bcl-2 induced Lietal. (69)
apoptosis.

Snhgl 2021 Inhibit Snhg] elicits cardiomyocyte proliferation by sustaining PI3K/Akt Li. (70)
signaling activation.

CMDL-1 2021 Inhibit CMDL-1 suppresses DOX-induced cardiotoxicity by regulating Aungetal. (71)

Drp1 phosphorylation and mitochondrial dynamics.

CAIE IncRNA cardiac autophagy inhibitory factor; CMDL-1, cardiomyocyte mitochondrial dynamic-related IncRNA 1; Drp1, dynamin-related protein 1; DAPK2, death-associated protein

kinase 2; Miat, IncRNA myocardial infarction-associated transcript; MHRT, IncRNA myosin heavy-chain-associated RNA transcripts; Snhgl, IncRNA small nucleolar RNA host gene 1;

SOX2-OT, sex-determining region Y-box 2 overlapping transcript; TRAF6, TNF receptor-associated factor 6.

IncRNA cardiac autophagy inhibitory factor (CAIF)
directly binds to p53 protein and hence inhibits the activation
and expression of myocardin, which suppresses autophagic
apoptosis and cardiac dysfunction (65). Another protective
IncRNA, myosin heavy-chain-associated RNA  transcripts
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(MHRT), has been shown to inhibit ROS-induced apoptosis and
can be used as a prognostic factor of survival in patients with
heart failure (66). In diabetic cardiomyopathy, high glucose
induces the expression of myocardial infarction-associated
transcript (MIAT) and upregulates the death-associated protein
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TABLE 4 IncRNAs participating in cardiac fibrosis.

Mechanism

It enhances the expression of Sfrp2 and stabilizes Sfrp2 mRNA by

10.3389/fcvm.2022.950284

References

Hao et al. (74)

forming a Safe-Sfrp2-HuR complex.

It binds TIA1-related protein facilitating the expression of a

Micheletti et al. (75)

profibrotic form of lysyl hydroxylase 2, which leads to enhanced

matrix deposition and fibrosis.

It competitively inhibits the COTL1 interaction with TRAPI,

Zhang et al. (76)

which boosts TGF-p signaling by enhancing SMAD2/SMAD4

complex formation.

IncRNA Published Role in the
year pathogenesis of
HF
IncRNA-Safe 2019 Promote
Wisp2 2017 Promote
Cfast 2021 Promote
MEG3 2017 Promote

It regulates the binding of p53 to the promotor region of Mmp-2.

Piccoli et al. (77)

Cfast, IncRNA cardiac fibroblast-associated transcript; COTLI, coactosin-like 1; HuR, human antigen R; MEG3, IncRNA maternally expressed gene 3; Sfrp2, secreted frizzled-related
protein 2; TIA1, T-cell intracellular antigen 1; TRAP1, transforming growth factor- receptor-associated protein 1; Wisp2, Wisp2 super-enhancer-associated RNA.

kinase 2 (DAPK2) expression by sponging miR-22-3p, which
consequently leads to cardiomyocyte apoptosis (67). It is
reported that ischemia induces the elevation of sex-determining
region Y-box 2 (SOX2) overlapping transcript (SOX2-OT), and
hence a IncRNA sponging miR-455-3p exacerbates apoptosis
rate, cell oxidative damage, and inflammatory response (68).
Another ischemic-related IncRNA is H19, which has been
shown to bind miR-877-3p thereby inhibiting mitochondrial
apoptosis (69). Besides, IncRNA small nucleolar RNA host
gene 1 (Snhgl) exerts anti-apoptotic effects on cardiomyocyte
and myocardial infarction (MI) heart, by activating the
PI3K/AKT/c-Myc pathway, which in turn enhances the
expression of Snhgl, thus forming a positive feedback
loop (70). Apart from these, cardiomyocyte mitochondrial
dynamic-related IncRNA 1 (CMDL-1) has been shown to
interact with dynamin-related protein 1, thereby regulating
mitochondrial fission and apoptosis in cardiomyocytes (71)
(Table 3).

LncRNAs participating in cardiac fibrosis

Consistent detrimental stimuli contribute to cardiomyocyte
cell death and hypertrophic changes, which in turn prompts
an inflammatory circumstance, and excessive accumulation
of collagen stiffens the ventricles, which further damages
the contraction and relaxation activity of the myocardium.
This adverse structural remodeling is termed as cardiac
fibrosis and is characterized by collagen type I deposition,
as well as cardiac fibroblast activation and differentiation
into myofibroblasts.

Several types of myocardial fibrosis have been reported based
on etiology and pathological features: (1) reactive interstitial
fibrosis, (2) replacement fibrosis, (3) infiltrative interstitial
fibrosis, and (4) endomyocardial fibrosis (72, 73).
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It has been well established that IncRNAs play an important
role in myocardial infarction (MI)-induced cardiac fibrosis and
HE such as IncRNA-Safe (74), LncHrt (36), Wisp2 super-
enhancer-associated RNA (Wisper) (75), and cardiac fibroblast-
associated transcript (Cfast) (76). All of them are enriched
in fibroblasts.

IncRNA-Safe elevates in both MI and TGF-B-induced
cardiac fibrosis. It acts in cis by controlling the expression of
neighboring gene, secreted frizzled related protein 2 (Sfrp2)
(74). Wisper enhances the proliferation and survival of fibroblast
and extracellular matrix synthesis, by interacting with T-cell
intracellular antigen 1 (TIAl)-related protein to regulate the
expression of lysyl hydroxylase 2 (75). Cfast competitively
suppresses the coactosin-like 1 (COTLI) interaction with
TRAP1 (transforming growth factor-f receptor-associated
protein 1) and further transdifferentiation of myofibroblasts into
cardiac fibroblasts (76).

However, less is known about how pressure overload-
associated IncRNAs involve in the pathogenesis of cardiac
fibrosis. A recent study revealed that a chromatin-associated
IncRNA, IncRNA maternally expressed gene 3 (MEG3),
regulates the transcriptional activity of p53 by direct interaction,
which further enhances the expression of Mmp-2 and cardiac
remodeling (77) (Table 4).

LncRNAs mediating inflammation in HF

In addition, the inflammatory response has been shown to
play a vital role in the pathogenesis of ventricular remodeling
after MI. Piles of data from both laboratory and clinical aspects
identify an inflammatory state, in the circulation and the heart
tissue during MI with or without established HF, and have
been well reviewed elsewhere (78-80). The CANTOS trial
proved anti-cytokine therapy to be a promising approach toward
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an improved clinical outcome regarding cardiac function in
patients with MI (81). However, the details of how IncRNAs
mediate cardiac dysfunction remain largely unknown. One
recent study revealed that SOX2-OT drives the onset of HF
by sponging miR-455-3p, thereby augmenting the level of TNF
receptor-associated factor 6 (TRAF6) and the activation of NF-
kb signaling (68).

Therapeutic potential of LncRNAs in
heart failure

With the expansion of our understanding in IncRNAs and
other non-coding RNAs, and their roles in the pathogenesis
of cardiac remodeling and heart failure (Figure 1), efforts are
taken to focus on their therapeutic potential. Along with the
extensive preclinical data, RNA-based therapeutic development
has achieved enormous advances in recent years rapidly in the
field of biotherapeutics. RNA therapy is termed as an approach
using RNA-based molecules to modulate specific proteins and
biological pathways to treat diseases (82). It bears several
advantages over traditional drugs. It can target every disease-
relevant protein or gene theoretically and can be produced
much faster than protein and small molecule drugs at lower
costs (83). The first RNA aptamer, Pegaptanib, which is an anti-
VEGF agent for the treatment of retinal diseases is licensed
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by the FDA in 2004 (84). After two decades of development,
more antisense oligonucleotide drugs have been approved by the
FDA for clinical use, such as fomivirsen, eteplirsen, nusinersen,
defibrotide, inotersen, mipomersen, golodirsen, and casimersen.
Another example of RNA-based therapeutic is the successful use
of two mRNA vaccines, namely, tozinameran and elasomeran,
which translate to a modified spike protein from COVID-19,
thus facilitating a specific immune response in recipients (85).
Although great achievements in RNA therapeutics have been
made, the drugs to directly modulate IncRNAs" expression are
still in infancy. The challenges are that several drawbacks halt
the clinical translation of RNA-based therapeutics, including
adverse effects, off-target activity, and aspecific delivery (12).

The future endeavor would pay on a deeper understanding
of IncRNA pathology in heart failure, optimizing specificity and
efficiency of the delivery system, and reducing adverse events, so
as to fuel the clinical transformation of IncRNAs.

Concluding remarks

Given the versatility of RNA properties, IncRNAs extensively
participate in the cardiac physiology and pathological
remodeling (Figure 1). Unraveling the details of their regulatory
activities will incontestably help seek more potential therapeutic
targets to supplement traditional Treatments. In addition,
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recent years have seen the sprouting up of innovative RNA-
based technologies. The successful application of RNA-based
therapeutics in the treatment of HF requires interdisciplinary
collaboration, which includes chemistry, molecular biology,
immunology, and pharmacology. Although challenging,
with the development of the state-of-the-art technology,
these laboratory efforts will pave the way for the translation
of transformative therapies and to achieve accessible and

personalized healthcare.
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Transcriptional bursts and
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cardiomyocytes in hypertrophic
cardiomyopathy
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Transcriptional bursting is a common expression mode for most genes
where independent transcription of alleles leads to different ratios of allelic
MRNA from cell to cell. Here we investigated burst-like transcription and
its consequences in cardiac tissue from Hypertrophic Cardiomyopathy
(HCM) patients with heterozygous mutations in the sarcomeric proteins
cardiac myosin binding protein C (cMyBP-C, MYBPC3) and cardiac troponin
| (cTnl, TNNI3). Using fluorescence in situ hybridization (RNA-FISH) we
found that both, MYBPC3 and TNNI3 are transcribed burst-like. Along
with that, we show unequal allelic ratios of TNNIZ-mRNA among single
cardiomyocytes and unequally distributed wildtype cMyBP-C protein across
tissue sections from heterozygous HCM-patients. The mutations led to
opposing functional alterations, namely increasing (cMyBP-C. g27_oa~g) or
decreasing (cTnlgy45y) calcium sensitivity. Regardless, all patients revealed
highly variable calcium-dependent force generation between individual
cardiomyocytes, indicating contractile imbalance, which appears widespread
in HCM-patients. Altogether, we provide strong evidence that burst-like
transcription of sarcomeric genes can lead to an allelic mosaic among
neighboring cardiomyocytes at mRNA and protein level. In HCM-patients,
this presumably induces the observed contractile imbalance among individual
cardiomyocytes and promotes HCM-development.

KEYWORDS

hypertrophic cardiomyopathy, burst-like transcription, cell-to-cell allelic imbalance,
contractile imbalance, cardiomyocyte heterogeneity
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Introduction

Burst-like transcription and cell-to-cell allelic imbalance
has been described for a variety of genes in global mRNA-
transcriptome analyses (1, 2). Bursts originate from stochastic
binding and unbinding of the transcription initiation complex
to the promotor of a respective gene and depend on biochemical
attachment and detachment rates (3). This stochastic process
leads to pulses of transcription (4). Most likely, for each allele
of a gene binding and unbinding occurs independently. This can
be concluded from different fractions of mRNA from each allele
that were detected among different cells and in basal variability
in mRNA and protein expression among cells from the same
population (5, 6). If both alleles encode for the identical protein,
heterogeneity of allelic transcription from cell to cell is most
likely negligible. However, in heterozygous patients, where one
allele encodes for a disease causing mutation, allelic imbalance
may exacerbate disease phenotype (7).

A severe disease that is caused by heterozygous mutations in
genes encoding for sarcomeric proteins in almost all mutation-
positive patients is Hypertrophic Cardiomyopathy (HCM) (8, 9).
HCM is characterized by asymmetric hypertrophy of the left
ventricle, the interventricular septum, or both. The myocardium
of HCM-patients often shows a marked cardiomyocyte and
myofibrillar disarray and increased fibrosis (10). Approximately
80% of mutation-positive HCM-cases carry a mutation in one
of two sarcomeric proteins, B-myosin heavy chain (B-MyHC,
MYH?7) and cardiac myosin-binding protein C (cMyBP-C,
MYBPC3). Mutations in cardiac troponin T (¢TnT, TNNT2) and
cardiac troponin I (cTnl, TNNI3) account for another 10% of
mutation-positive HCM-cases (11). Notably, HCM-mutations
alter sarcomeric function and thereby affect force generation of
cardiomyocytes. Most mutations in B-MyHC, ¢Tnl and ¢TnT
are missense mutations. Amino acid substitutions affect e.g.,
ATPase function of B-MyHC, acto-myosin binding kinetics,
stiffness of myosin heads, or activation of the thin filament (12).
Most mutations in cMyBP-C are truncation mutations, where
premature termination codons lead to nonsense-mediated decay
of mutated mRNA (13). This leads to haploinsufficiency, a
reduction in functional cMyBP-C protein, which also affects
force generation (14). Yet, it remains unclear how mutations
in different genes with different primary effects on force
generation, e.g.,, calcium-sensitization (hypercontractility) or
calcium-desensitization (hypocontractility), can lead to the
same HCM-phenotype.

We hypothesized that burst-like transcription of sarcomeric
genes in HCM-patients with heterozygous mutations could
induce imbalanced expression of mutated and wildtype (WT)
alleles at mRNA and protein level among neighboring
cardiomyocytes. In patients with missense mutations, this
would lead to cardiomyocytes with variable fractions of
mutant protein. Since mutations directly affect mechanical
function of cardiomyocytes, such heterogeneity is expected to
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have functional consequences for the myocardial syncytium.
Cardiomyocytes with a larger proportion of mutated protein
may show more severely altered contraction as compared to
cells with lower fractions. In patients with truncation mutations,
cells would contain divergent amounts of WT-protein and may
thereby show differently altered force generation. Thus, burst-
like transcription of HCM-genes may well cause contractile
imbalance from cell to cell independent of the primary mutation
effect and could thereby provide an important mechanism that
promotes disease development in HCM. The resulting mosaic-
like, variable force generation within the myocardium over time
could disrupt the cardiac syncytium and lead to cardiomyocyte
disarray and other HCM characteristics (15-17).

To test our hypothesis we analyzed single cardiomyocytes
from patients with cMyBP-C truncation mutations which show
calcium sensitization (18) and from patients with a missense
mutation in c¢Tnl which leads to calcium desensitization
(19). We show that both genes are transcribed in bursts
alongside a large variability in mutant vs. WT c¢Tnl-mRNA
and in WT-cMyBP-C-protein from cell to cell. The mosaic-
like distribution of WT or WT/mutant protein from cell to
cell most likely underlies the variable force generation among
individual cardiomyocytes that we observed for patients with
both kinds of mutations. Together with previous observations
on HCM-related missense mutations in B-MyHC (15-17),
our finding of transcriptional and functional heterogeneity
among cardiomyocytes from patients with mutations that cause
different primary effects suggests a common pathomechanism in
heterozygous HCM-patients.

Methods

An expanded methods section is available in the

Supplementary material.

Patients and donors

The ethics committee of Hannover Medical School approved
the study on anonymized human tissue and experiments were
carried out in accordance with the given recommendations
(No. 2276-2014). Written informed consent according to the
Declaration of Helsinki (20) was given by all subjects. Left
ventricular septum tissue from HCM-patients was obtained
either during myectomy surgery, or after heart transplantation.
All patients were diagnosed with hypertrophic obstructive
cardiomyopathy (HOCM) as evident from increased septal
thickness (>13 mm). Myocardial samples of non-transplanted
donor hearts without any known cardiovascular condition
were obtained from the Sydney Heart Bank (21). Detailed
information on mutations and clinical characteristics are given
in Supplementary Table 1.
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Visualization of aTS by smRNA-FISH

Cryosections (10-14 pm) from frozen left ventricular heart
tissue were hybridized with fluorescently labeled sets of 20-
mer oligonucleotides for intronic or exonic sequences of RNA.
Custom designed (Stellaris® Probe Designer) intronic pre-
mRNA probe sets labeled with fluorophore Quasar 670 (LGC
Biosearch Technologies) and exonic mRNA probe sets with
fluorophore Quasar 570 (LGC Biosearch Technologies) were
used (Supplementary Table 2). After hybridization, aTS were
counted as spots with co-localization of both Quasar 570 and
Quasar 670 fluorescence in cardiomyocyte nuclei.

Absolute quantification of TNNI3- and
MYBPC3-mRNA in single cardiomyocytes

Cardiomyocytes were isolated from left ventricular
cryosections (5pum) by laser-microdissection (LMD) with
a LMD6 setup (Leica). Cardiomyocytes were identified by
striation pattern and staining of intercalated discs with an
anti-cadherin antibody. Cells were cut by laser and captured
in PCR-tubes. Successful capture of cardiomyocytes was
verified microscopically within the Leica LMD6. After reverse
transcription of TNNI3 or MYBPC3-mRNA, cDNA from single
cells and from in vitro transcribed TNNI3 or MYBPC3-mRNA
in serial dilutions was pre-amplified and quantified by real-
time PCR, using a QuantStudio™ 6 Flex System (Thermo
Fisher). RNA copies per cell were calculated from serially
diluted standard-RNA.

Relative quantification of mutant to WT
TNNI3-mRNA in single cardiomyocytes

TNNI3-mRNA from LMD-isolated cardiomyocytes was
reverse transcribed on a custom-made micro-mixer. Nested
PCR was performed after splitting the whole sample as technical
replicate. Reconditioned PCR-products were subjected to allele-
specific restriction analyses with Mwol for TNNI3. 433c~T and
Bbsl for donor TNNI3gNp (single nucleotide polymorphism
rs3729841). Allele-specific band patterns on agarose gels were
quantified densitometrically and relative allelic fractions were
calculated from band intensities.

Identification of cMyBP-C truncation
fragments and cMyBP-C protein
quantification

Tissue samples from donors and HCM-patients were ground
in a cryo-mortar and re-suspended in sample buffer. Proteins
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were separated by polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane by western blotting.
cMyBP-C and a-actinin were detected by incubation with
antibodies against the N-terminus of cMyBP-C or against a-
actinin, respectively.

Immunofluorescence protein staining in
cryosections

Cryosections (5pum) from cMyBP-Cirunc patient and
donor tissue were fixed in 4% paraformaldehyde and
immunofluorescently co-stained against cMyBP-C, a-actinin
and N-cadherin. As secondary antibodies, Alexa Fluor 488,
Alexa Fluor 555 and Alexa Fluor 680 were used simultaneously.
DAPI was used to stain nuclei. Cryosections were analyzed by
epifluorescent microscopy (H84) or confocal microscopy (H36,
H45 and H89).

Force measurements

Cardiomyocyte force generation and cross-bridge kinetics
were characterized after mechanical isolation of single
cardiomyocytes from flash frozen myocardial tissue as
previously described (15, 17). Briefly, isolated and permeabilized
cardiomyocytes were attached to a cantilever and a force
transducer and treated with protein phosphatase 1-a (PP1-a)
and protein kinase A (PKA) to adjust phosphorylation levels.
Force was measured at different calcium concentrations (pCa-
values) from relaxing (pCa 9.0) to maximal activating (pCa
4.18) calcium concentrations.

Immunofluorescence protein staining in
individual cardiomyocytes

Individual cardiomyocytes from cMyBP-Cyrunc patient and
donor were co-stained after functional measurements for
cMyBP-C and a-actinin by specific antibodies and respective
secondary antibodies in relaxing solution. Fluorescence was
determined by confocal microscopy in the center of the cell.

Quantification of hypertrophy and
fibrosis marker expression by real-time
PCR

RNA was extracted from donor and patient cardiac tissue
and reverse transcribed using random decamers in three
independent experiments. Fibrosis and hypertrophy marker
gene expression was analyzed in duplicates by real-time
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PCR relative to four reference genes. Primers are given in
Supplementary Table 3.

Mathematical model of
TNNI3 -expression

The previously published (17) mathematical simulation of
gene expression in individual cardiomyocytes was adapted for
TNNI3 and compared to results from smRNA-FISH, qPCR
and functional measurements in donor and TNNI3 433C~T-
patients.

Statistical analysis

Values are presented as mean =+ SD unless otherwise
indicated. Groups were compared using Mann-Whitney U
test and group variances were compared using Levene’s test.
In multi-group comparisons one-way analysis of variance
(ANOVA) and appropriate post-hoc tests were applied.
Significance for all tests was accepted when p < 0.05. Statistical
analysis and linear correlation test (Pearson correlation
coeflicient) was performed using GraphPad Prism and R.

Results

Burst-like transcription of TNNI3 and
MYBPC3

Single cardiomyocytes from donors (H89, H108 and
H113, cf. Supplementary Table 1) and HCM-patients with a
missense mutation in ¢Tnl (H146 and H147 TNNI3 433C~T>
cTnlrigsw) (19) or truncation mutations in cMyBP-C
(H84, MYBPC3c927-2A>Gs H45 ~ MYBPC3:1458—6G>A;
H36, MYBPC3_ 1864 2865delcTs 2ll denominated as cMyBP-
Ctrunc) were analyzed. To test whether TNNI3 and MYBPC3
are transcribed continuous or burst-like, we used single
molecule RNA fluorescence in situ hybridization (smRNA-
FISH) analysis as previously described (17). Burst-like vs.
continuous transcription can be tested by visualization of
actively transcribed alleles. A continuously expressed gene
would show two active alleles (or the maximal number of alleles
in polyploid cells), determined as active transcription sites (aTS)
in all cells. Stochastic, burst-like and independent expression
of the alleles would appear as cells without aTS and cells with
different numbers of aTS in the same tissue. Active transcription
sites (aTS) in nuclei contain pre-mRNA - consisting of intronic
and exonic sequences — and spliced mRNA - consisting only
of exonic sequences. Fluorescently labeled probe sets for
intronic (Quasar 670) and exonic (Quasar 570) RNA were
hybridized to cryosections from heart tissue. Co-localization
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of both probes sets indicated aTS. To restrict the analysis to
cardiomyocytes exclusively, cells with striation patterns and/or
specific cytoplasmic mRNA spots were examined.

High sensitivity and specificity of our RNA-FISH assays was
assessed in short-term cultivated human pluripotent stem cell
derived cardiomyocytes (hPSC-CMs) where all nuclei reveal aT$
for MYBPC3, indicating essentially continuous transcription
This that  the
sensitivity of our assay will allow us to distinguish continuous

(Supplementary Figure 1A). demonstrates
and burst-like transcription. For TNNI3, modulation of
transcriptional activity indicated high sensitivity of this FISH-
assay. Treatment with triiodothyronine (T3) led to a substantial
reduction of nuclei with aTS (Supplementary Figure 1A),
indicating that a sensitive analysis of transcriptional activity
is possible with our assay. To test whether we can depict
differences in transcriptional activity in cardiac tissue, we
analyzed left ventricular tissue from a one year old child.
We show that transcription of both genes was substantially
increased as detected by more nuclei with aTS. Furthermore,
reproducibility among individual experiments, absence
of specific signals in RNase-treated cardiac tissue and in
human skeletal muscle tissue for both, MYBPC3 and TNNI3
(Supplementary Figures 1B-D), supports the high specificity of
our assays.

To study the mode of transcription in adult human
smRNA-FISH was TNNI3
transcription in three donors and two cTnlRj45w patients and
for MYBPC3 transcription in three donors and three cMyBP-

Ctrunc patients. For donors and patients, myocardium from

myocardium, performed for

left ventricular wall and interventricular septum was analyzed

(Supplementary Table 1). ~ Figure 1A shows representative
intronic and exonic signals in a nucleus from ¢cMyBP-Crunc
heart tissue with one MYBPC3-aTS$S (further exemplary nuclei
in Supplementary Figure 2). All patient and donor tissues
contained cardiomyocyte nuclei without aTS and nuclei with
one, two or more aTS of TNNI3 or MYBPC3, respectively.
Quantitative analysis revealed that most cardiomyocyte nuclei
show no active TNNI3-transcription (Figure 1B). Donors
showed 61, 64 and 55% of nuclei without aTS, cTnlri45w
patients had 70% and 71% nuclei without aTS. All individuals
showed very few nuclei with more than two aTS. More active
transcription was seen for MYBPC3, however, also here nuclei
without aTS were detected; 23, 23, and 10% of nuclei in donors
and 13, 21, and 1% in cMyBP-Cyrunc patients were without aTS§,
respectively (Figure 1B).

In continuous transcription with constant rates for mRNA
production, mRNA counts should follow a Poisson distribution,
where mean and variance are equal. In contrast, burst-like
transcription is associated with a non-Poisson distribution of
mRNA per cell for a respective gene (22). To test this for TNNI3
and MYBPC3, we quantified the total number of mRNA copies
per cardiomyocyte from donor and the cMyBP-Cirunc patient

tissue by real-time PCR. We determined a large heterogeneity of
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FIGURE 1

Independent, stochastic transcription of TNNI3- and MYBPC3-alleles. (A) Exonic and intronic mRNA of either TNNI3 or MYBPC3 were hybridized
with fluorescently labeled DNA probes to visualize active transcription in cardiomyocyte nuclei in cryosections from left ventricular heart tissue.
Representative cardiomyocyte nucleus with one active transcription site (aTS) for MYBPC3 from the cMyBP-Cyunc patient. Left panel (green)
non-specific fluorescence, middle panels intronic RNA (red) and exonic RNA (orange) and right panel merge. Intronic and exonic signals are
shown merged with DAPI (blue) to stain the nucleus. One layer of the z-stack is shown. White arrow indicates aTS with co-localization of Quasar
570 and Quasar 670 fluorescence. The other fluorescent spots in the nucleus are only stained by exonic probes and presumably represent
spliced mRNA. (B) Distribution of the numbers of aTS per nucleus in cardiomyocytes for TNNI3 and MYBPC3. Percentage of nuclei with 0, 1, 2, 3,
4, and >4 aTS was plotted for different individuals. (C) TNNI3- or MYBPC3-mRNA copy number per cell plotted against the cell cross-sectional
area. Linear correlation was tested using the Pearson correlation coefficient (TNNI3: r = —0.0263, n = 41, p = 0.870; MYBPC3 donor: r = 0.1970,
n =63, p=0.122 and MYBPC3nc patient: r = —0.0030, n = 61, p = 0.982).

TNNI3-mRNA ranging from <20 to 2,499 copies per isolated
cell with a mean of 552 molecules and a variance of 3.8¥10°
(n = 41, SD = 613). A similar heterogeneity was found for
MYBPC3-mRNA with copy numbers ranging from <200 to
15,776 per isolated cell with a mean of 2,937 molecules and a
variance of 1.1%¥107 (n = 63, SD = 3,329) in the donor. For
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the cMyBP-Crunc patient a range from <200 to 20,338 with a
mean of 2,486 molecules and a variance of 1.4*107 (n = 61,
SD = 3,769) was observed. In addition, mRNA copy numbers
did not correlate with the cross-sectional area of isolated
cardiomyocytes (Figure 1C), which would have been expected
for cell-size specific transcription (23). Also, the frequency
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distribution of mRNA counts per cell showed no bimodality,
which would be expected from continuous transcription from
mono- and binucleated cells. This is in line with findings from
human pluripotent stem cell derived cardiomyocytes (hPSC-
CMs) where we show that the number of MYH7-mRNA
molecules per cell varies significantly but does not correlate
with the number of nuclei (Supplementary Figure 3). Similar
results from single cell RNA-sequencing show that mono- and
binucleated cells show comparable total mRNA levels for specific
genes (24). Together, our findings strongly indicate burst-like
transcription of TNNI3- and MYBPC3-alleles in donors and
HCM-patients. Moreover, we found burst-like transcription in
both, interventricular septum and left ventricular wall samples,
in HCM-patients and donors.

Unequal expression of mutated per WT
TNNI3-mRNA in donor and patient
cardiomyocytes

To examine whether burst-like transcription can induce
allelic imbalance from cell to cell, the ratio of mutant per
WT-mRNA in single cardiomyocytes from TNNI3.433Cc>T
(cTnlr145w) patients and donors was analyzed. Single
cardiomyocytes were isolated from cryosections via laser-
microdissection and examined by RT-PCR in two technical
replicates to detect dropout events. To quantify allelic
expression, PCR-products were subjected to allele-specific
restriction and resulting fragments were separated on agarose
gels. PCR-linearity was validated with a set of plasmid mixtures
of mutant and WT-allele (Supplementary Figure 4). Relative
quantification in three independent experiments in duplicates
showed, that both allelic templates were amplified and detected
in the correct proportion with high accuracy (root mean
square error = 5.3%). In Figure 2A representative restriction
analyses of TNNI3-mRNA from individual TNNI3433C>T
cardiomyocytes are shown. The restriction enzyme Mwol
generates a 202 base pair (bp) mutation-specific fragment, a
160 bp WT-specific fragment and a 115 bp fragment from both
alleles (Figure 2A). In this example, cell 1 showed comparable
signal intensities for both mutant and WT-mRNA, whereas cells
2 and 3 had more intense signals for mutant specific fragments.

To analyze allelic expression in donor cardiomyocytes, we
made use of a heterozygous non-pathogenic single nucleotide
polymorphism (SNP rs3729841). Quantitative RT-PCR was
performed with the same protocol as for patient cardiomyocytes
and BbsI was used for allele-specific restriction of PCR-products,
generating a mutation-specific fragment of 273 bp and a WT-
specific fragment of 317 bp. Figure 2B shows an exemplary gel
analysis. Cell 1 shows a higher intensity for the WT-fragment,
cell 2 for the SNP-fragment and cell 3 shows comparable
intensities for both fragments.
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To quantify allelic ratios in HCM-patients and donor,
integrated optical densities (IOD) of allele-specific fragments
were determined for each replicate and fractions of mutated
or SNP- per WT-mRNA were calculated from respective
IODs. Some cells showed a large difference between replicates,
presumably due to technical limitations. Therefore, we
performed a multialiquot control to determine the experimental
scatter. Total RNA was extracted from five donor cryosections
and diluted to single cell equivalent amount as determined
by PCR-product intensity. We analyzed 18 aliquots using the
same protocol as for single cardiomyocytes (Figure 2C). The
mean of aliquots was 49.0% of SNP-mRNA with a standard
deviation of 6.5%. Two-fold of this standard deviation (13.0%)
was used as cut-off for the deviation between the two replicates
that we generated upon quantification of transcripts from each
single cardiomyocyte. In the final analyses, only cells where
technical replicates from one cell differed <13.0% were included
(Figure 2C).

We detected highly variable fractions of transcript from the
mutated allele among single TNNI3 433c~T cardiomyocytes
(Figure 2C, red symbols) and from the SNP-allele in donor
cardiomyocytes (Figure 2C, blue symbols). Cells displayed the
full range containing essentially only WT through variable
mixtures of WT and mutant or SNP to essentially only
mutant or SNP-mRNA. This variability was significantly
larger than the experimental scatter and was similar for
donor and TNNI3.433c~T cardiomyocytes (Figure2C). It
suggests similar heterogeneity of TNNI3 allelic expression in
donor cardiomyocytes and in HCM-patient cardiomyocytes.
Importantly, the average fraction of mRNA from the two alleles
(donor: 46.9% SNP-mRNA, patients: 50.4 and 43.0% mutant
mRNA) was comparable to the mean fraction of mutant or SNP-
mRNA from tissue sections (donor: 43.2% SNP-mRNA, patients:
46.0 and 54.4% mutant mRNA; Supplementary Table 5). This
suggests that the analyzed single cardiomyocytes display
a representative sample of cells from donor and patient
tissue, respectively.

Intra- and intercellular heterogeneous
distribution of cMyBP-C protein in
patient cardiomyocytes

Mutations MYBPC3.927-2A~G (H84) and
MYBPC3. 1458—6G>A (H45) induce aberrant splicing and
mutation MYBPC3 5864 2865delcT (H36) causes a frameshift;
all mutations lead to a premature stop codon (25). Western
blot analysis of cMyBP-Cirunc patient cardiac tissues showed
no evidence for truncated cMyBP-Cirunc proteins (Figure 3A).
Even with long exposure times of 120 seconds, only unspecific
bands present in all analyzed samples could be detected
(Supplementary Figure 5). Therefore, it seems unlikely that
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Allelic imbalance of TNNI3 in cTnlri4sw patient and donor cardiomyocytes. Individual cTnlri4sw cardiomyocytes and donor cardiomyocytes were
isolated by laser-microdissection from cryosections and reverse transcribed. cDNA was split in two technical replicates and subjected to nested
PCR. (A) RT-PCR-products from single laser-microdissected cTnlgissw cardiomyocytes were treated with Mwol to generate allele-specific
restriction fragments. Shown are three different cells in technical replicates. Expected fragment sizes are 202 bp for TNNI3 433c~7-allele, 160 bp
for WT-allele and 115 bp for both WT- and TNNI3 433c-T1-allele corresponding to 100% of the PCR-product. L indicates the DNA standard. (B)
RT-PCR-products from donor cardiomyocytes with heterozygous SNP rs3729841 were treated with Bbsl to generate allele-specific restriction
fragments. Shown are three different cells in technical replicates. Expected fragment sizes are 317 bp for WT-allele and 273 bp for SNP-allele. L
indicates the DNA standard. (C) Fractions of mutant TNNI3-allele from single cTnlgi4sw cardiomyocytes (two patients) and of SNP-allele from
donor cardiomyocytes. Each dot represents the mean of two replicates from one cell. Multialiquot control, 18 individual PCR-analyses from
pooled donor RNA with a concentration mimicking single cell level indicating the experimental error. Homogeneity of variance was tested by

Levene's test, showing a significant difference between group variance [F(3, 133) = 6.72, p = 0.00029]. Lines indicate mean =+ SD.

truncated protein was incorporated into the sarcomeres of
cMyBP-Cirunc patients. Total full-length ¢cMyBP-C per «-
actinin was reduced to 80, 80, and 59%, respectively indicating
haploinsufficiency (Figure 3B).

Burst-like and WT-alleles
may lead to different levels of WT-protein among cells.

transcription of mutant
To test this, cryosections from patient’s tissue were co-
stained with antibodies against cMyBP-C and a-actinin.
We observed a patchy distribution of cMyBP-C between
individual neighboring cardiomyocytes in all three patients
(Figure 3C, left column). Some cardiomyocytes showed no
staining for cMyBP-C, whereas neighboring cardiomyocytes
showed strong signals. In addition, we observed different
intensities of c¢MyBP-C staining among cardiomyocytes.
In contrast, a-actinin (Figure 3C, middle column) or f-
MyHC (Supplementary Figure 6) as markers for sarcomere
alignment showed a substantially more homogeneous
pattern. In donor heart tissue, cMyBP-C distribution was
homogenous (Figure 3C, lower row left panel) and similar

to a-actinin (Figure 3C, lower row middle panel) and the
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B-MyHC pattern (Supplementary Figure 6). Z-stack and 3D
views of ¢cMyBP-C and a-actinin staining in patient tissue
presented uneven cMyBP-C distribution also in z-dimension
compared to donor tissue (Supplementary Videos 1-3). In
summary, immunostaining of tissue from patients with
three different haploinsufficiency-causing mutations reveals a
substantial variability of WT-protein from cardiomyocyte to
cardiomyocyte. Interestingly, as already evident from tissue
staining, uneven distribution of cMyBP-C was also often found
within patient cardiomyocytes (MYBPC3.977-24>G) when
single, demembranated cardiomyocytes were co-stained for
c¢MyBP-C and a-actinin (Figure 3D; Supplementary Figure 7).
Whereas essentially all sarcomeres in individual cardiomyocytes
could be stained for a-actinin, some sarcomeres or areas of these
cardiomyocytes showed no signal for cMyBP-C (Figure 3D).
In contrast, cardiomyocytes from donor heart tissue showed
a considerably more even staining pattern for cMyBP-C and
a-actinin over all sarcomeres (Figure 3D). Also, the confocal
images of individual cardiomyocytes analyzed in functional
measurements show lower levels and patchy distribution of
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FIGURE 3

Unequal expression of cMyBP-C in cardiomyocytes of the cMyBP-Cync patient. (A) Western blot of one donor sample and three cMyBP-Cyyync
patients H84 (MYBPC3 . 927-2a~c), H45 (MYBPC3: 1458_6G-a) and H36 (MYBPC3 2864_2865deicT) Was incubated with an N-terminal cMyBP-C
antibody. Detection of full-length WT-cMyBP-C (~140 kDa) and possible truncated cMyBP-C was performed with 5s exposure time. (B) Relative
protein amount of cMyBP-C was calculated from IOD of the cMyBP-C band divided by IOD of a-actinin for normalization. IOD of a-actinin band
at 103 kDa was quantified as loading control. IOD ratio (cMyBP-C/a-actinin) from one donor sample (blue dots, n = 12 lanes) and compared to
data from cMyBP-Cyync patients (red dots, n = 6 lanes each). For comparison of patient results (H84, H45, H36) with donor (H108) reference
one-way analysis of variance (ANOVA) and Dunnett's post-hoc test were performed. ANOVA yielded significant variation among groups [F(3, 26)
=10.17, p = 0.00013]. Mean=+SD and p-values from Dunnett's test are indicated in the figure. (C) Cryosections (5 or 10 um) from cMyBP-Cyrync
patients and donor myocardium were stained with an N-terminus-specific antibody for cMyBP-C (left panels, green) to visualize cell-to-cell
cMyBP-C distribution. Co-staining with an a-actinin antibody (middle panels, red) reveals sarcomeric Z-lines. Right panels, merge with
N-cadherin (white) and DAPI (blue) staining. Images were either taken by confocal laser scanning microscopy (H36, MYBPC3 . 2864_2865delcT and
H45, MYBPC3 . 1458_6G-n) OF by epifluorescent microscopy (H84, MYBPC3 . 927-2a-c). White arrows indicate cells with substantially reduced
cMyBP-C signals. (D) Confocal microscopy of single cardiomyocytes from cMyBP-Cyunc (€.927-2A>G, H84) patient or donor co-stained for
cMyBP-C and a-actinin.
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Contractile imbalance among cardiomyocytes from cMyBP-Cyync and cTnlriasw, Individual cardiomyocytes from cTnlgiasw patient,
CMyBP-Cyrunc (€.927-2G>A) patient and respective donors were permeabilized and subjected to different calcium concentrations to measure
calcium-dependent force generation. (A) Maximum force generation (pCa 4.18) and (B) pCasg values of individual cTnlri4sw cardiomyocytes (n
= 20), of cMyBP-Cyync (n = 28) and of the corresponding donor cardiomyocytes (n = 20 and n = 29). pCasp was derived from Hill-fits of
normalized force-pCa relations. p-values of U test are indicated in the figure. (C) Force-pCa relations were plotted for individual cTnlri4sw
cardiomyocytes, for cMyBP-Cyunc cardiomyocytes and the respective donor cardiomyocytes. Patient cardiomyocytes, red symbols and solid
lines; donor cardiomyocytes, blue symbols and dashed lines. Force values in black boxes are plotted in (D). (D) Normalized forces of individual
cardiomyocytes are shown for cTnlriasw Vvs. the respective donor at pCa 5.24, and for cMyBP-Cyunc versus the respective donor at pCa 5.74.
Each symbol represents an individual cardiomyocyte. Mean+SD and p-values for U-test and Levene's test are indicated in the figure.
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c¢MyBP-C in patient cardiomyocytes compared to donor cells
(Supplementary Figures 7A,B).

Contractile imbalance among single
cardiomyocytes

To test whether unequal expression of mutant and WT-
alleles at mRNA and protein level also has consequences
for cardiomyocyte contractile function or represents negligible
fluctuations, calcium-dependent isometric force generation and
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cross-bridge kinetics of single, demembranated cardiomyocytes
were examined. Cardiomyocytes isolated from flash frozen
tissue of HCM-patients with cTnlIr 145w and cMyBP-C mutation
€.927-2A>G, respectively, were analyzed in comparison to
donors as previously described (15). To adjust phosphorylation
levels for patients and donor, cardiomyocytes were incubated
with PPl-a and PKA prior to mechanical experiments
(Supplementary Figure 8).

On average, cardiomyocytes from the c¢Tnlri4sw patient
showed significant reduction of maximum isometric force by
32% and cardiomyocytes from the cMyBP-Cyrunc patient by 24%
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and >4 aTS was plotted. (B) Percentage of TNNI3-SNP-allele transcripts from a donor and of TNNI3-mutant-allele transcripts from two cTnlriasw
patients (densitometric analysis of allele-specific restriction fragments), compared to the simulated distribution. Each data point represents the
mean of replicates from one cell. Violin plots represent probability density of experimental data (blue and red) and probability density simulated
by model (violet). Horizontal bar, median; white rectangle, interquartile range. (C) Total TNNI3-mRNA counts in donor cardiomyocytes. Violin
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individual cardiomyocytes. Violin plots, probability density of data (blue and red) and of model simulation (violet).
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compared to the respective donor (Figure 4A). This is in line
with reports from the same patient with mutation cTnlRj45w
and from patients with the same mutation in cMyBP-C (18,
19, 26). The rate constant of force redevelopment as measure
for cross-bridge cycling kinetics was only slightly reduced
(Supplementary Figure 9A). Interestingly, cardiomyocytes from
the two patients showed opposite alterations in the calcium
concentration needed for half maximal force generation
(pCasgp). pCasg of the cTnlrj4sw patient was significantly
reduced to 550 £ 0.08 (mean £ SD) compared to the
respective donor [pCasg 5.55 £ 0.05 (mean £ SD)] indicating
calcium desensitization (Figure 4B; Supplementary Figure 9B).
In contrast, cMyBP-Cirunc cardiomyocytes had a significantly
increased pCasp of 5.59 £ 0.09 (mean + SD) compared
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to the respective donor with a pCasy of 553 £ 0.07
(mean =+ SD), indicating calcium sensitization (Figure 4B;
Supplementary Figure 9C). In addition, we observed that
the Hill-fit did not characterize the force-pCa relationship
of the cTnlri4sw cardiomyocytes well at higher calcium
concentrations. Therefore, logit transformed force values were
fitted with two linear functions (Supplementary Figure 9D).
At low calcium concentrations, force generation of donor
and cTnlrj45w cardiomyocytes was very similar, while at
higher calcium concentrations (pCa < 5.54) the slope for
cTnlr145w cardiomyocytes was significantly more shallow than
for donor cardiomyocytes.

Analysis of calcium dependent force generation in individual
cardiomyocytes from both patients revealed a marked variability
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that was considerably larger than that of donor cardiomyocytes.
Some cTnlrj4sw cardiomyocytes showed comparable force-
pCa relations as donor cardiomyocytes, while others were
significantly shifted to the right (Figure 4C). Variability in force
generation between individual cTnlRrj45w cardiomyocytes was
strikingly visible at pCa values <5.54 (Figure 4D). The variance
in force generation among the cTnlrj4sw cardiomyocytes at
pCa 5.54 was significantly increased by 3.6 fold as compared
to donor cardiomyocytes (Levene’s test p = 0.0608). cMyBP-
Ctrunc cardiomyocytes presented a similar large cell-to-cell
variability, however, with a shift to the left (Figure 4C, right
panel). The variance between the cMyBP-Cyrync cardiomyocytes
was significantly increased by 3.2 fold compared to donor
cardiomyocytes (Figure 4D, Levene’s test p = 0.0313).

Model calculations to connect
transcriptional bursting to contractile
imbalance of TNNI3

Since the different analyses could not be performed on one
identical cardiomyocyte, we used a mathematical simulation to
survey a potential direct link of the experimental findings in
one cell. We modeled aT§ distribution of TNNI3, allele-specific
TNNI3 transcription, allelic TNNI3-mRNA-fractions, number of
total TNNI3-mRNA per cell and force generated at pCa 5.24
for 100,000,000 cells and compared them to experimental data
from donors and from c¢Tnlry45w patients. For each individual
simulated cell, relative force generation was consequence of the
particular bursting and subsequent allelic mRNA and protein
synthesis and degradation.

TNNI3-aTS distribution from all three donors was averaged
and compared to the simulation, which reproduced the trend
to low numbers of nuclei with aTS (Figure 5A). Simulation
of TNNI3-mRNA allelic expression revealed a comparable
imbalance from cell to cell as determined experimentally,
ranging from almost only mutant allele via different fraction
of both alleles to essentially only wildtype allele (Figure 5B).
The simulated TNNI3-allele ratio showed a broader and
smoother distribution compared to the experimental data.
This is presumably due to smaller numbers of data points
in the experimental data. We next modeled the total number
of TNNI3-mRNA copy number per cell. The mean of 580
TNNI3 copies/cell was comparable to experimental data (552
copies per cell). Furthermore, the simulation could reproduce
the distribution of TNNI3-mRNA counts (Figure 5C). To
test whether mRNA allelic imbalance may lead to unequal
fractions of mutant and wildtype protein and subsequently to
contractile imbalance we simulated force generation of single
cardiomyocytes based on the respective calculated fraction of
mutant per wildtype cTnl-protein. This was done based on the
assumption that higher fractions of mutant protein produce a
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higher effect on force development in the cardiomyocyte. The
resulting simulated distribution of force generation was similar
to the distribution of force generation at pCa 5.24 in patient
cardiomyocytes (Figure 5D).

Additionally, the model also predicts the effect of burst-like
transcription in individual cardiomyocytes over time, since our
analysis on human tissue provided a snapshot of expression
during tissue extraction. The model shows that fractions of
mRNA from each allele change over time, resulting in changing
fractions of mutant per wildtype protein and consequently force
generation (Supplementary Figure 10).

Discussion

Evidence accumulates that burst-like transcription is a
general expression mode for most genes (2, 22). Both alleles
of a respective gene are switched on and off stochastically
and independently from each other. This leads to unequal
fractions of mRNA from the alleles among individual cells
within a tissue (17, 27). In heterozygous patients with mutations
that alter protein function and biomechanical properties of a
cell, such imbalanced allelic expression may cause functional
heterogeneity from cell to cell, which could exacerbate disease
phenotype (7, 16, 28). A vast majority of HCM-patients are
heterozygous. Mutations occur in several different proteins and
alter force generation in cardiomyocytes. However, primary
effects of HCM-mutations are highly divergent, e.g. often
causing calcium-sensitization but also calcium-desensitization
(12). In addition, missense mutations impose their effect
by incorporation of mutant protein into the sarcomere,
whereas truncation mutations mostly lead to a reduction
of functional protein, so-called haploinsufficiency (13). To
date, HCM pathomechanisms are not fully understood. If
burst-like transcription is a principle feature of sarcomeric
gene transcription, it could represent an important general
mechanism that exacerbates disease development in HCM.

To test this, we chose patients with mutations in different
sarcomeric genes that cause opposing primary effects on
force generation and analyzed sarcomeric gene transcription,
allelic mRNA or protein expression, and force generation in
donors and HCM-patients. We provide evidence that burst-like
transcription is a physiological expression mode of sarcomeric
genes, which leads to unequal fractions of mRNA from both
alleles among individual cardiomyocytes. It does not affect
protein expression in donor controls, since both alleles encode
for the identical protein. In HCM-patients, however, we show
that it leads to highly heterogeneous protein expression among
cardiomyocytes. Along with that, we measured a substantial
contractile heterogeneity among cardiomyocytes from each
HCM-patient compared to donor cardiomyocytes. We suppose
that this functional variability triggers the increased expression
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of marker genes for hypertrophy and fibrosis, which we detected
in the patients.

Burst-like transcription is a physiological
transcription pattern that causes
heterogeneity in heterozygous
HCM-patients

Our finding that the sarcomeric genes MYBPC3 and TNNI3
are transcribed in bursts in donors indicates that this is a
physiological transcription mode of these genes. Since it is
also found for MYH?7 in donors (Supplementary Figure 11), we
provide evidence that three of the most commonly affected
genes in HCM are principally transcribed in bursts. This leads
to transcriptional noise (29), as we show by variable mRNA-
counts among cardiomyocytes for each gene. This variability is
in a comparable range in single cell transcriptomic studies for
cardiomyocytes in humans and mice (30, 31). Thus, it likely
represents natural fluctuation, which can be tolerated within
the myocardium. The variability also exists for other sarcomeric
genes such as TNNT2, TMPI1, MYL2, MYL3, and ACTCI (30)
indicating a general expression mode for sarcomeric, HCM-
associated genes. Therefore, we assume that the mechanisms we
detected for MYBPC3, TNNI3, and MYH7 can be transferred to
further HCM-genes.

Variability in absolute mRNA molecule numbers per cell
for each gene is accompanied by an unequal expression of the
two alleles among individual cells (5), as we can show here
for TNNI3. However, in donors this does not cause differential
functionality of cells, since both alleles code for an identical
protein. Nonetheless, burst-like transcription is maintained
upon HCM-development, as seen by only small differences
in transcriptional activity between HCM-patients and donors.
cTnlR145w patients showed comparable TNNI3 transcriptional
activity compared to donors. HCM-patients with cMyBP-Cirunc
mutations showed a modest increase in MYBPC3 transcriptional
activity, which is still compatible with burst-like transcription. In
HCM-patients, transcriptional bursts lead to unequal ratios of
mutant per wildtype mRNA among individual cardiomyocytes.
Here we showed for c¢Tnlrj4sw that the average mutant vs.
wildtype mRNA ratio is 50:50 but ranges from 0:100 to 100:0
in individual cells. We suppose that mRNA allelic imbalance
translates to imbalance at protein level. To date it is not
possible to perform allele-specific quantification of single amino
acid exchanges at protein level. However, in ¢cMyBP-Cirunc
patients, where mutated mRNA is degraded, unequal expression
would lead to an inhomogeneous distribution of WT-cMyBP-
C among cardiomyocytes, which we demonstrated in tissue
sections from myocardium of three cMyBP-Cirunc patients
with different truncation mutations. Previous reports showing
unequal cMyBP-C distribution in HCM-patient cardiomyocytes
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with the same (32) and other truncation mutations in cMyBP-C
(33) strengthen our observation.

Some cMyBP-Ciryunc patients may exhibit altered cMyBP-C
protein degradation or compensatory upregulation of cMyBP-
C, which might correct for degradation of the mutated allele.
These patients show no reduction in total cMyBP-C (33,
34). Here, the burden of truncated proteins could trigger
disease, either by excess protein production and degradation
or by ineflicient incorporation of truncated protein in the
sarcomeres and disruption of its structure (34). We assume
that such mechanisms will affect cells with different fractions
of mutant protein to different degrees, which would also cause
heterogeneity among cells. The finding that patients without
haploinsufficiency show an uneven distribution of cMyBP-C
among cardiomyocytes supports this (33). Therefore, restoration
of total cMyBP-C at tissue level still retains variable levels from
cell to cell. In the patient analyzed in this study, upregulation
of MYBPC3-transcriptional activity did not lead to increased
amounts of MYBPC3-mRNA. The reduction of cMyBP-C in the
same patient indicates that the increased transcriptional activity
could not restore cMyBP-C protein level.

Most interestingly, we also observed a marked uneven
intracellular distribution of cMyBP-C in patient cardiomyocytes
but not in donors which is in line with cMyBP-C stainings
in tissue from HCM-patients shown by Theis and colleagues
(33). In rat cardiomyocytes it has been reported that mRNA
from several sarcomeric genes is transported from the nucleus
to the sarcomeres and translated directly at the Z-disc (35).
The mRNA transcribed from one allele during a particular
burst may thus be translocated to sarcomeres within a distinct
cellular area. Upon translation at the Z-disc, the protein might be
incorporated in adjacent sarcomeres. In cMyBP-Cyrunc patients,
where mutant protein is not found, this possibly causes areas
without functional cMyBP-C leading to patchy intracellular
distribution (36). If mRNAs transcribed from each nucleus in
binucleated cardiomyocytes are transported to different areas
of the cell similarly to skeletal muscle cells (37), this could
additionally contribute to intracellular heterogeneity.

Contractile imbalance between individual
cardiomyocytes from HCM-patients with
mutations in cTnl and cMyBP-C

We tested our hypothesis that highly variable force
generation among individual cardiomyocytes can occur
irrespective of the primary effect of the mutation on force
generation. For missense mutations, different fractions of
mutant protein will shift the force-pCa relationship to a different
extent in each cardiomyocyte. For truncation mutations,
different levels of wildtype cMyBP-C per cardiomyocyte can
have the same effect. The direction of changes differs with
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the initial effect of the mutation on acto-myosin interaction.
Thus, we analyzed calcium-dependent force generation of
individual cardiomyocytes with mutation cTnlri4sw that
causes a calcium-desensitization (19), and of cardiomyocytes
with truncation mutation MYBPC3:977_7a~G that causes
calcium-sensitization (18, 38). For both mutations, we detected
a substantial heterogeneity in force generation among the
individual cardiomyocytes from the patients. Even though
also donor cardiomyocytes showed some variability in force
generation, which reflects the experimental scatter and intrinsic
physiological differences among cells, variability among patient’s
cardiomyocytes was significantly larger than that of the donors.

Importantly, we often encountered cells - mostly from
patient tissue — with a low structural integrity presumably due
to disease-associated cardiomyocyte damage in which force
generation over the full range of calcium concentrations could
not be examined. Since such cells were mainly found in patient
tissue, variability between individual cardiomyocytes in HCM-
patients most likely is even larger than shown by our analysis. A
low number of cardiomyocytes, which show a large shift in force
generation, presumably reflects this.

Possible consequences of burst-like
transcription for the pathomechanism of
HCM

We show here for the first time that three of the most
commonly affected genes in HCM are transcribed burst-like
in donors, thus under physiological conditions. This general
transcription mode is maintained in HCM-patients. It will have
no functional effect in healthy individuals since they express
only WT-allele transcripts and proteins (28). However, if one
allele encodes for a mutated protein, which alters biomechanical
function of cardiomyocytes, burst-like transcription creates not
just fluctuation of transcripts but likely attains clinical impact, as
shown here for mutations in TNNI3 and MYBPC3. The observed
heterogeneous force generation among cardiomyocytes from
HCM-myocardium with either of the mutations most likely
results from allele transcription in bursts. It is found in patients
with truncation mutations as well as in patients with mutations
that cause a poison peptide effect.

This contractile imbalance could disrupt the cardiac
syncytium and induce disarray of cardiomyocytes (16, 17,
28). Aberrant stretch can induce expression of atrial naturetic
peptide, angiotensin II, endothelin I and transforming growth
factor B (TGF-B) in isolated cardiomyocytes (39, 40) and
TGF-f in an HCM mouse model (41) and thereby lead
to hypertrophy and fibrosis (39-41). In line with this, we
show upregulated expression of several marker genes for
fibrosis and hypertrophy in HCM-patients as compared to
donors (Supplementary Figure 12). Interestingly, the extent
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of upregulation differed largely among individual patients,
putatively reflecting the large variability in disease development
which is characteristic for HCM (12). Future studies will reveal
whether upregulation of these genes is also heterogeneous
from cell to cell. Overall, contractile imbalance may activate
pro-hypertrophic and pro-fibrotic pathways and for many
different mutations exacerbate the HCM phenotype by inducing
cardiomyocyte disarray and interstitial fibrosis (16, 17, 28).

It should be noted that the mutation effects, reduction in
functional ¢cMyBP-C or incorporation of functionally altered
proteins into the sarcomeres, provide the primary disease
mechanism. Homozygous patients, which presumably do not
exhibit functional heterogeneity but develop heart failure,
indicate this. Interestingly, the identical mutation affects
homozygous and heterozygous patients differently. Whereas
homozygous patients developed dilated cardiomyopathy,
heterozygous patients developed HCM (42). This indicates that
next to the direct effect of the mutation, functional heterogeneity
among cardiomyocytes most likely exacerbates HCM phenotype
HCM-development
influenced by environmental stress, lifestyle and comorbidities

development. Furthermore, can be
like coronary artery disease, obstructive sleep apnea and renal
diseases (43) as well as polymorphisms in other genes (44). This
gets apparent in a family where several members carry the ¢Tnl
mutation R145W. However not all of them developed HCM
and some even developed RCM (45). Burst-like transcription
could also contribute to differences in disease severity within
a family if the kinetics of bursting and/or mRNA and protein
turnover would differ among family members, thus increasing
or reducing cell-to-cell heterogeneity.

Limitations of the study

One limitation of our study is that we cannot perform
all analyses in the identical cell. Even though fluorescent
staining of sarcomeres indicated different levels of cMyBP-
C, robust absolute quantification was not feasible using this
approach. To meet this limitation, we set up a mathematical
simulation and tested whether variable force generation from
cell to cell could result from burst-like transcription. We
used our previously described computational model (17) and
adjusted its rate constants for TNNI3. The model calculations
show that burst-like transcription of TNNI3 results in variable
counts of aT§ in the cells, marked cell-to-cell allelic imbalance
and heterogeneous numbers of TNNI3-mRNA copies per cell,
similar to our experimental data. Using our mathematical model
we have previously shown that increased ploidy in HCM-
patients does not influence the outcome of allelic imbalance
among cardiomyocytes (17). The model also showed that
the cell-to-cell allelic imbalance in HCM-patients results in
large differences in force generation of patient cardiomyocytes,
comparable to our experimental data.
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We performed our study on isolated cardiomyocytes.
In tissue, sarcomere length-dependent force generation was
suggested to provide a smoothing effect on physiologically
different layers of cardiomyocytes (46). Increased stretching of
weaker cardiomyocytes by neighboring cells would accordingly
increase their force and could thereby counteract contractile
heterogeneity in a physiological range. However, loss of cMyBP-
C was shown to lead to aberrant stretch activation (47) and
perturbation of length-dependent force generation has been
reported to be common in HCM (19). This feedback-mechanism
could therefore fail to equalize forces of cardiomyocytes in
HCM-tissue. Nevertheless, in future studies it may be feasible
to investigate force generation of individual cardiomyocytes in
larger preparations of HCM-patient’s cardiac tissue.

Cellular adaptions to different forces may also occur
via phosphorylation of regulatory proteins, such as cTnl,
cMyBP-C or the regulatory myosin light chain. However,
these mechanisms mostly act globally on all cells, whereas
bursts will lead to diverse force levels among cardiomyocytes,
which also change over time, as shown by our mathematical
model. This would require constant and specific adaptations
of phosphorylation for each cell to counteract the altered
function, which seems unlikely. In addition, for HCM-mutation
cTnlRri45w it was shown that it may induce a structural state
of ¢Tnl similar to PKC induced phosphorylation of cTnI
at threonine 143 (48), which may contribute to inadequate
adaptions to altered force generation. On the other hand,
differential phosphorylation among cardiomyocytes could
also cause heterogeneity in force generation. Analysis of
both, adaption to differential forces by phosphorylation and
differential phosphorylation as cause of heterogeneity would
require single cell analysis of protein phosphorylation, which
is not possible to date. To minimize potential influences
of differential
our measurements, we adjusted phosphorylation in all
cardiomyocytes by treatment with PP1-o and PKA. Thus, the
detected heterogeneity is most likely not due to differential

phosphorylation in individual cells on

phosphorylation, however we cannot exclude possible effects of
other kinases such as PKC on sarcomeric proteins.

Conclusion

We addressed the question whether sarcomeric proteins
cMyBP-C and cTnl are transcribed burst-like, and how this
may affect expression of mutated and WT-proteins as well
as function of HCM-patients cardiomyocytes. Alterations
of the force generating mechanism in cardiomyocytes due
to the respective HCM-mutation are the primary cause of
the disease. Yet, transcription in stochastic, independent
bursts of each allele at least for the sarcomeric proteins
we studied so far (TNNI3, MYBPC3 and MYH7) most
likely is the cause of the observed contractile imbalance
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among cardiomyocytes. This over time may well contribute
substantially to development of cardiomyocyte disarray, fibrosis
and hypertrophy and thus exacerbate disease phenotype. Our
current study provides evidence that functional heterogeneity
among patient cardiomyocytes occurs irrespective whether the
direct effect of the mutation is calcium-sensitization or calcium-
desensitization. Thus, it seems likely that also alteration of other
parameters of cardiac contraction such as shortening velocity or
relaxation lead to contractile imbalance. Since three of the most
commonly affected genes in HCM are transcribed in bursts, it
is quite likely that transcriptional bursting will occur for other
HCM-genes as well and promote development of hallmarks
of HCM.
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Obstructive sleep apnea (OSA) accelerates the progression of chronic heart
failure (CHF). OSA is characterized by chronic intermittent hypoxia (CIH), and
CIH exposure accelerates cardiac systolic dysfunction and cardiac remodeling
in a cardiac afterload stress mouse model. Mechanistic experiments showed
that long-term CIH exposure activated hypoxia-inducible factor la (HIF-1a)
expression in the mouse heart and upregulated miR-29c expression and
that both HIF-1a and miR-29c simultaneously inhibited sarco-/endoplasmic
reticulum calcium ATPase 2a (SERCA2a) expression in the mouse heart.
Cardiac HIF-1a activation promoted cardiomyocyte hypertrophy. SERCA2a
expression was suppressed in mouse heart in middle- and late-stage cardiac
afterload stress, and CIH exposure further downregulated SERCA2a expression
and accelerated cardiac systolic dysfunction. Prolyl hydroxylases (PHDs) are
physiological inhibitors of HIF-1a, and PHD3 is most highly expressed in the
heart. Overexpression of PHD3 inhibited CIH-induced HIF-1a activation in
the mouse heart while decreasing miR-29c expression, stabilizing the level of
SERCA2a. Although PHD3 overexpression did not reduce mortality in mice,
it alleviated cardiac systolic dysfunction and cardiac remodeling induced by
CIH exposure.

chronic intermittent hypoxia, cardiac dysfunction, cardiac remodeling, SERCA2a,
HIF-1o

Introduction

Obstructive sleep apnea (OSA) is a sleep disorder resulting from disordered
breathing, and its hallmark feature is chronic intermittent hypoxia (CIH) during
sleep (1). OSA is an independent risk factor for serious cardiovascular events and is
involved in the occurrence and development of events such as hypertension, myocardial
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infarction, congestive heart failure and stroke (2). In addition,
OSA is associated with adverse cardiac outcomes of chronic
heart failure (CHF). According to reports, 20% of symptomatic
CHEF patients have OSA (3, 4). Notably, large prospective cohort
studies have demonstrated an increased incidence of HF in
patients with severe OSA (5). Much evidence suggests that
the pathophysiological effects of OSA in heart failure (HF) are
mediated by multiple mechanisms, including neurohormonal
activation, oxidative stress, and inflammation. These effects can
accelerate the progression of HF and of symptoms associated
with it (6). In animal models, CIH exposure for 5 weeks
was shown to increase the heart/body weight ratio, increase
the left ventricle (LV)/total heart weight ratio and decrease
left ventricular function in SD rats (7). C57BL/6 mice had
increased left ventricular perivascular fibrosis after 6 weeks of
CIH exposure (8).

Continuous positive airway pressure (CPAP) therapy is
currently the main treatment used for sleep apnea. In 2017, the
American Heart Association/American College of Cardiology
gave CPAP strategies a class IIb recommendation for people
with HF and OSA (9). However, meta-analyses have shown that
CPAP therapy does not significantly improve the left ventricular
ejection fraction (LVEF), number of hospitalizations for HF
events, or all-cause mortality in patients with or without HF
(10). Furthermore, CPAP therapy appears to be only partially
effective in patients with HF and does not reduce the incidence
of cardiovascular events in patients with OSA and HF (11).
In addition to the limited treatment effect, the poor long-term
compliance of patients with CPAP therapy, which is only 40%-
80%, is a limitation of this treatment modality (12). CPAP
therapy is indeed an effective treatment for OSA, but effective
combination therapy therapies are still needed to improve the
adverse cardiac consequences of OSA.

Hypoxia-inducible factor 1 (HIF-1) is a transcription factor
that consists of two subunits: HIF-1la, whose expression is
regulated by O%, and HIF-1B, which is constitutively expressed
(13). Clinical studies have shown that the expression of HIF-
1 is upregulated in the organs, tissues, and circulating blood
of OSA patients (14, 15). In an animal model of cardiac
pressure overload, the long-term elevation of cardiac-specific
HIF-1a expression was found to accelerate the impairment of
cardiac function (16). In a cardiomyocyte hypertrophy model,
HIF-1a transcriptional activation was shown to promote the
cardiomyocyte hypertrophy induced by Ang II (17, 18). Ang II
or transverse aortic constriction (TAC) surgery-induced cardiac
pressure overload in animals can lead to HF. Oxygen-derived
radicals, especially superoxide anion, produced during CIH lead
to HIF-1a upregulation and its long-term high expression in
cardiac tissue (19, 20). We therefore speculate that CIH exposure
could accelerate cardiac pressure overload-induced HF and that
HIF-1a may be a new therapeutic target.

Our previous study showed that HIF-la upregulation
intermittent induces endothelial  cell

during hypoxia
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mesenchymalization and thus increases cardiac fibrosis
and cardiac dysfunction (21). To alleviate the effects of HIF-1a,
we overexpressed PHD3, which is a physiological inhibitor
of HIF-la that is abundantly expressed in the heart (22).
We found that inhibition of HIF-la by overexpression of
PHD3 reduced endothelial mesenchymalization and improved
fibrosis and systolic function. However, the study was limited
to endothelial cells and did not involve cardiomyocytes.
Notably, PHD3 was also overexpressed in cardiomyocytes
in the study, and cardiomyocytes had a greater effect on
myocardial contractile function. Therefore, we wanted to
further explore whether the overexpression of PHD3 in
cardiomyocytes can mitigate the adverse cardiac effects
of CIH.

In the present study, we investigated the mechanisms
underlying the CIH acceleration of cardiac injury in TAC mice
and the involvement of HIF-1a in this pathology. We explored
the molecular basis associated with HIF-1a function and the

possible therapeutic role of PHD3.

Methods

Animals

A total of 351 10-week-old male C57BL/6 mice were
purchased from the Animal Experimental Middle School
of Southeast University. For details on the experimental
procedures and groups, please refer to Supplementary Figures 1,
2. All animal experiments were carried out in accordance
with the guidelines for the care and use of laboratory animals
formulated by the Animal Care and Use Committee of Southeast
University School of Medicine. The TAC and CIH exposure
protocols were approved by the Animal Experiment Ethics
Committee of Southeast University School of Medicine. The
afterload stress mouse model was established as reported (23). In
short, mice were anesthetized with isoflurane (3% isoflurane for
induction, 2% isoflurane for maintenance). The aorta was ligated
with a bent 26-G needle and a 6-0 silk suture between the origin
of the right innominate and left common carotid arteries, and
then the needle was removed to induce narrowing of the blood
vessel. Buprenorphine (0.01 mg/kg) was given subcutaneously
for postoperative analgesia. The mouse was kept warm until it
recovered from the anesthesia. CIH exposure was performed
as described (21). Mice were placed in a plexiglass container
(48*33*23cm, 5 mice in each container) with a constant
temperature of 22-24°C. Nitrogen was introduced to reduce the
oxygen concentration in the container to 4-5% within 8, and
it was kept there for 12s. Then air was introduced to restore
the oxygen concentration to 21% within 40s. This made for a
60-s cycle. The mice were exposed to this intermittent hypoxia
treatment for 8 h/day during the 12-h dark period. CIH animals
were kept in a normoxic environment during the 12-h light
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period. When investigating the mechanism, we divided the mice
into five groups (Figure 1A): (1) Sham group: Only thoracotomy.
The mice were placed in containers with free air circulation for
8 h/day for 6 weeks according to the protocol. (2) CIH group:
Only thoracotomy. The protocol for CIH exposure was followed
for 6 weeks. (3) TAC group: After TAC surgery, the mice were
placed in containers with free air circulation for 8 h/day for 6
weeks according to the protocol. (4) TAC+CIH group: Three
days after TAC surgery, CIH exposure was performed according
to the protocol (a total of 6 weeks from the time of TAC surgery).
(5) CIH+TAC group: The mice were first exposed to CIH for 3
days and then underwent TAC surgery. They were submitted to
CIH again after surgery (a total of 6 weeks from the time of first
CIH exposure). When exploring the effect of PHD3 treatment,
we also divided the mice into five groups (Figure 5A): (1) TAC
group: The protocol was the same as above. (2) CIH control
group: CIH exposure was performed 3 days after TAC surgery,
and CIH exposure was stopped after 2 weeks (a total of 6 weeks
from the time of TAC surgery). The goal was to simulate cases
in which OSA is cured during CHF. (3) TAC+CIH group: The
protocol was the same as above. (4) Adeno-associated virus 9
(AAV9)-NC group: CIH exposure was performed 3 days after
TAC surgery, followed by tail vein injection of AAV9-vehicle (5
x 10! vg) 1 week later (a total of 6 weeks from the time of TAC
surgery). (5) AAV9-PHD3 group: CIH exposure was performed
3 days after TAC surgery, followed by tail vein injection of
AAV9-PHD3 (5 x 10!l vg; GeneChem, China) 1 week later
(a total of 6 weeks from the time of TAC surgery). All mice
were housed in a room with an alternating light and dark
cycle at 26°C and were provided free access to food and water.
Animals were euthanized using cervical dislocation according to
AVMA guidelines.

Echocardiography

The mice were anesthetized with isoflurane (0.5-4%)
and fixed horizontally on the operating table at 37°C.
The hair on the chest of each mouse was removed with
depilatory cream, and the coupling agent was applied evenly
after cleaning. The MS400 probe was placed vertically
on the left side of the chest of the mouse with the
notch facing the head, and then the probe was rotated
45 degrees counterclockwise. Parasternal long-axis section
images of the mouse heart were obtained by the small
animal ultrasound imaging system (Vevo 2100, Canada). The
left ventricular end-diastolic diameter (LVDd) and the left
ventricular end-systolic diameter (LVDs) were measured, and
the left ventricular ejection fraction (LVEF) and left ventricular
fraction shortening (LVFS) were automatically calculated.
Each value was measured over six consecutive cardiac cycles
and averaged.
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Luciferase reporter assay

We performed a luciferase reporter gene experiment
in HEK293 T cells to verify miRNA targets and conserved
sites bound by miR-29c. We cloned the total length of
the 3’UTR of mouse SERCA2a into the pmiR-RB-ReportTM
vector to generate a SERCA2a wild-type plasmid (SERCA2a-
WT) (GenePharma, China) and constructed a mutant plasmid
(SERCA2a-MUT) (GenePharma, China). Vectors containing
SERCA2a-WT or SERCA2a-MUT were cotransfected into
HEK293T cells with miR-29¢ mimic or NC mimic. Vectors
were transfected using Lipofectamine 3000 reagent (Invitrogen,
USA). The cells were harvested 48h after transfection, and
luciferase activity was measured using a dual-luciferase assay
system (Promega, USA). Regarding the relationship between
SERCA2a and HIF-1la, we constructed the pGL3-SERCA2a
(GenePharma, China) promoter plasmid as previously described
(24). The empty cloning vector pGL3-Basic was used as a
control. The vector was transfected into HL-1 cells using
Lipofectamine 3000 reagent (Invitrogen, USA). Luciferase assays
were performed 48 h after transfection.

Cell culture and treatments

HL-1 cells and HEK293 T cells were kindly donated from Dr.
Ma Bo. Cells were cultured in high-glucose Dulbecco’s modified
Eagle medium (Gibco, USA) and HL-1 cells were cultured in
Claycomb medium (Sigma, USA). HL-1 cells were exposed
to 0.6 WM Ang II for up to 72h to establish a hypertrophy
model concurrent with CIH exposure. Cellular CIH exposure
was performed using a special intermittent cell hypoxia box
(PUHE Biotechnology Company LTD, China). The cells were
cultured in a humidified 5% CO? incubator at 37°C. Cells
were treated with CIH for 72h (air phase set point consisting
of 35min of hypoxia followed by 25min of reoxygenation
[21% O% and 5% CO?]). HL-1 cells were transfected with
LV-PHD3 and LV-NC lentivirus vectors (GenePharma, China)
following the manufacturer’s instructions. The HIF-1a-PPN
plasmid (GenePharma, China) was constructed according to
a previously described method for cell transfection to achieve
overexpression of HIF-la under normoxia (25). For miRNA
transfection, according to the manufacturer’s instructions, the
miR-29¢ inhibitor, miR-29c¢ mimic and respective negative
controls were transfected into cells with Lipofectamine 3000
reagent (Invitrogen, USA).

Real-time PCR

mRNA expression analysis: Total RNA was isolated from
mouse left ventricular tissue using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. cDNA was then
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FIGURE 1
CIH exposure does not affect basal mortality rates after TAC but promotes cardiomyocyte hypertrophy. (A) Grouping and experimental
protocols for each group. Sham: thoracotomy only without transverse aortic constriction surgery, followed by 6 weeks in normoxia; CIH:
thoracotomy only without transverse aortic constriction surgery, followed by 6 weeks in CIH exposure; TAC: transverse aortic constriction
(Continued)
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FIGURE 1 (Continued)

surgery, followed by normoxia for 6 weeks; TAC4CIH: CIH exposure was performed 3 days after transverse aortic constriction surgery for a total
of 6 weeks. CIH+TAC: transverse aortic constriction surgery was performed 3 days after CIH exposure and CIH exposure was continued for 6
weeks thereafter. (B) Survival rates of all groups; the sample size of each group is noted in the figure. (C) Left: representative images of hearts;
right: quantification of the heart weight-to-body weight ratio and heart weight-to-tibia length ratio. n = 7; scale bar = 5mm; ***p < 0.001. (D)
HE staining and WGA staining of mouse hearts. The wall thickness of interventricular septum was measured according to HE staining pictures.
The cardiomyocyte cross-sectional area was quantified according to WGA staining. n = 7; scale bar = 1 mm and 25 um; ***p < 0.001. (E)
Real-time PCR analysis of relative Nppa and Myh7 levels in heart tissue at week 6. n = 7; *p < 0.05, **p < 0.01, ***p < 0.001.

prepared by using the Omniscript RT Kit (Qiagen, USA). qRT-
PCR was performed using SYBR Green (miScript SYBR Green
PCR Kit, Qiagen, USA) and the Mx3000p Real-time PCR system
(Agilent). The expression of the target genes was normalized
to GAPDH gene expression levels. miRNA expression analysis:
miRNA was extracted from left ventricular tissue and HL-1 cells
using the miRNeasy Mini Kit (Qiagen, USA) and then reverse-
transcribed with the miScript I RT Kit (Qiagen, USA) using
miScript HiSpec buffer. qRT-PCR was performed using SYBR
Green (miScript SYBR Green PCR Kit, Qiagen, USA) and the
Mx3000p Real-time PCR system (Agilent). U6 was used as the
reference gene. Each sample was processed in triplicate. All
data were analyzed for relative expression using the 2~22Ct
method. The primers used in our experiments are provided in
Supplementary Table 1.

Western blot

Protein was extracted from frozen left ventricular tissue and
HL-1 cells using standard RIPA buffer. HL-1 nuclear protein
extraction, using a nuclear isolation kit (P0027, Beyotime,
China) according to the manufacturer’s instructions, was
used to determine HIF-la protein expression. The protein
concentration was determined with a BCA protein assay kit
(P0012, Beyotime, China). The samples were electrophoresed
on 10% SDS-PAGE gels (Gsebio) and then transferred to
PVDF membranes (Immobilon). After the membranes were
blocked with 5% skim milk at room temperature for 2h, they
were incubated with HIF-1a (1:1000, ab179483, Abcam, USA),
sarco-/endoplasmic reticulum calcium ATPase 2a (SERCA2a)
expression (SERCA2a) (1:1000, ab150435, Abcam, USA), prolyl
4-hydroxylase domain protein 3 (PHD3) (1:1000, A8001,
ABclonal, China), and GAPDH (1:10000, db106, DiDiBio,
China) primary antibodies overnight at 4°C. The membranes
were washed three times with TBST and incubated with
secondary antibody for 2 h. Finally, the blots were scanned using
the LI-COR Odyssey imaging system, and Image] software was
used for quantification.

Histological staining

Mouse hearts were removed at the appropriate time point
and then fixed with 4% polyformaldehyde. Finally, the hearts
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were embedded in paraffin and cut into 5pum sections for
hematoxylin and eosin (HE), wheat germ agglutinin (WGA),
and Masson staining. HE staining: Sections were stained
with Harris hematoxylin for 5min and washed with 0.6%
ammonia in water to return the color of the staining to
blue; they were then washed again, stained with eosin for
3 min, and finally mounted and observed with a fluorescence
microscope. WGA staining: The sections were stained with
WGA, incubated at 37°C for 30min in a dark incubator
and observed under a fluorescence microscope. Images of
the stained left ventricle and interventricular septum were
obtained under a 40x microscope. The cross-sectional area of all
cardiomyocytes was then quantitatively analyzed by the Image-
Pro Plus 4.0 image analysis system, and the average value was
obtained. Masson staining: Sections were stained with Masson’s
staining solution for 5min, washed and counterstained with
aniline blue solution for 5min, mounted and observed under
a fluorescence microscope. The fibrotic area was calculated by
Image-Pro Plus 4.0. Phalloidin staining: Treated HL-1 cells were
treated with Actin-Tracker Red-Rhodamine (C2207, Beyotime,
China) following the manufacturer’s instructions. The cell area
measurement method was the same as above.

Statistical analysis

Each experiment was performed at least three times with
consistent results, and the data are presented as the mean =+
standard deviation (SD). Differences between two groups were
analyzed using a two-tailed Student’s ¢-test. One-way analysis
of variance (ANOVA) followed by Tukey’s pairwise multiple
comparisons test was used to compare multiple groups. Results
with P-values of < 0.05 were considered statistically significant.

Results

CIH exposure promotes TAC-induced
cardiomyocyte hypertrophy

To prolong the total duration of heart failure induced by
TAC in mice, 26-G needles were used as surgical pad needles.
We calculated the mortality rate of mice in the five groups. The
mortality rate of mice that underwent TAC was significantly
higher than that of mice that had not undergone TAC, and the
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difference in mortality between the three groups that underwent
TAC was minimal (Figure 1B). By measuring the heart weight,
body weight and tibia length of mice in each group, we obtained
the mouse heart/body weight and heart weight/tibia length
ratios. CIH exposure for 6 weeks alone had no effect on the
mouse heart/body weight or heart weight/tibia length ratio.
The heart/body weight and heart weight/tibia length ratios of
the mice were increased in the TAC group. The heart/body
weight and heart weight/tibia length ratios of mice were further
increased in the TAC+CIH and CIH+TAC groups, but there
was no difference between these two groups (Figure 1C). HE and
WGA staining results showed that TAC induced hypertrophy
of mouse cardiomyocytes. The cardiomyocyte hypertrophy was
further aggravated in the TAC+CIH and CIH+TAC groups,
with no significant difference in the level of cardiomyocyte
hypertrophy between these two groups (Figure 1D). In addition,
the thickness of the interventricular septal wall measured in
the cross-section of the heart (Figure 1D) and the expression of
cardiac pro-hypertrophy genes (Nppa and Myh7) (Figure 1E)
confirmed the above results. In summary, CIH exposure
before or after TAC accelerates TAC-induced cardiomyocyte
hypertrophy in mice.

CIH exposure accelerates TAC-induced
left cardiac fibrosis and ventricular
systolic dysfunction

Cardiac fibrosis can lead to cardiac dysfunction in mice.
By Masson staining, we found that the CIH group exhibited
higher levels of cardiac fibrosis than the sham group (Figure 2A).
Cardiac fibrosis was significantly worse in mice that underwent
both CIH and TAC than in mice that underwent only TAC
(Figure 2A). We determined the expression levels of cardiac
fibrosis-related genes (Collal and Col3al) by qPCR, and the
results were similar to those observed in the cardiac fibrosis
phenotype (Figure 2B). We also performed echocardiography
on mice from all groups in the third and sixth weeks. In the
third week, the echocardiography data showed that the LVEF
and FS in the TAC+CIH and CIH+TAC groups were lower than
those in the TAC group (Figure 2C). There was no difference
in echocardiography data between the CIH group and the sham
group (Figure 2C). In the sixth week, a greater decrease in LVEF
and FS was observed in the TAC+CIH and CIH+TAC groups
than in the TAC group. There was no significant difference
in mouse echocardiography data between the group exposed
to CIH first and the group subjected to TAC first (Figure 2C).
The LVEF and FS were slightly decreased in the CIH group,
but the difference was not significant (Figure 2C). In general,
CIH exposure accelerated TAC-induced left ventricular systolic
dysfunction, and whether the mice were exposed to CIH first or
underwent TAC first had no significant effect on the results.
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CIH exposure induces long-term
elevation of HIF-1a expression levels

It was reported that in mice subjected to TAC, the expression
levels of HIF-1a in the heart gradually increased within seven
days after surgery, decreased after seven days, and returned to
normal by 4 weeks (26). We chose to measure HIF-1a levels
in the hearts of mice from all groups at 3 days, 3 weeks, and 6
weeks. The Western blot results showed that both CIH exposure
and TAC increased the expression levels of HIF-1a in mouse
hearts at 3 days (Figure 3A). Three weeks later, the expression
of HIF-1a in the heart was higher to varying degrees in the
four groups of mice subjected to different treatments than in the
sham group. The TAC+CIH and CIH+TAC groups exhibited
the highest expression levels of HIF-1a in the heart, but there
was no significant difference in HIF-1a expression between the
two groups. The TAC groups had higher levels of HIF-1a in
the heart than the CIH group (Figure 3A). At 6 weeks, the
expression level of HIF-1a in the heart was still higher in the CTH
group than in the sham group. The level of HIF-1a in the heart
was still the highest in the TAC+CIH and CIH+TAC groups,
and there was no significant difference in HIF-1o expression
between these two groups (Figure 3A). The HIF-1a level in the
heart had returned to normal at 6 weeks in the TAC group, but
it remained high in the TAC+CIH and CIH+TAC groups.

Long-term elevations in HIF-1a
expression in the heart upregulates
miR-29c expression and inhibits SERCAZ2a
expression

The expression level of SERCA2a determines the Ca’*
balance of cardiomyocytes and cardiac contractile function (27).
During hypoxia, HIF-1 can bind to hypoxia response elements
(HREs) in the SERCA2a promoter region in a competitive
manner, thus inhibiting the transcription and expression of
SERCA2a (Figure 3B) (24). In addition, high expression of HIF-
la has been reported to lead to the upregulation of miR-
29¢ expression, and miR-29¢ was shown to negatively regulate
the expression of SERCA2a (Figure3C) (28). We verified
the existence of binding sites between SERCA2a mRNA and
miR-29¢ by bioinformatic analysis (Figure 3C). Therefore, we
measured the expression levels of SERCA2a and miR-29¢ in
the hearts of mice from all groups after 3 days, 3 weeks, and 6
weeks. After 3 days, the SERCA2a protein and mRNA levels in
the hearts of mice that underwent CIH exposure or TAC were
slightly increased, but not significantly (Figures 3D,E). The four
groups of mice subjected to CIH exposure or TAC exhibited a
small but non-significant increase in cardiac miR-29c¢ expression
(Figure 3F). After 3 weeks, there was no significant difference
in SERCA2a protein or mRNA levels in the heart between the
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echocardiography data. n = 7; ***p < 0.001.

CIH exposure accelerates cardiac fibrosis and cardiac dysfunction in mice subjected to TAC. (A) Masson staining of heart cross-section images
and representative perivascular and interstitial fibrosis images magnified in boxes; the fibrosis area ratio was quantified. n = 7; **p < 0.01, ***p <
0.001. (B) Real-time PCR analysis of relative Collal and Col3al levels in heart tissue at week 6. n = 7; ***p < 0.001. (C) M-mode
echocardiographic images of the left ventricle along the left parasternal long axis. Quantification of the LVEF and LVFS from the
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CIH group and the sham group. Interestingly, SERCA2a protein
and mRNA levels were significantly increased in the TAC group,
and they were significantly higher than those in the TAC+CIH
and CIH+TAC groups (Figures 3E,D). This finding may have
been related to adaptation to the early increase in SERCA2a
expression levels in the mouse heart in response to disease
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(29). However, CIH exposure suppressed this adaptive change.
Moreover, miR-29¢ levels in the hearts of mice in all groups
were slightly different. The TAC+CIH and CIH+TAC groups
exhibited the highest expression of miR-29c¢, with no difference
between the groups. The expression of miR-29 in the TAC group
was lower than that in the TAC+CIH and CIH+TAC groups.
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FIGURE 3
CIH exposure maintains long-term elevations in the expression of HIF-1a and induces a sustained decrease in SERCA2a levels and a sustained
increase in miR-29c levels in the hearts of mice subjected to TAC. (A) Western blot analysis of HIF-1a expression in the heart in all groups at day
3, week 3 and week 6. n = 6 (sham group n = 4); *p < 0.05, **p < 0.01, ***p < 0.001. (B) Schematic diagram of the competitive binding of HIF-1
to the SERCA2a promoter region under hypoxic conditions. (C) Schematic representation of the miR-29c and SERCA2a mRNA binding sites. (D)
Western blot analysis of SERCA2a expression in the heart in all groups at day 3, week 3 and week 6. n = 6 (sham group n = 4); *p < 0.05, **p <
0.01, ***p < 0.001. (E) Real-time PCR analysis of relative SERCA2a levels in heart tissue at day 3, week 3 and week 6. n = 3 (week 6 n = 6); *p <
0.05, **p < 0.05, ***p < 0.001. (F) Real-time PCR analysis of relative miR-29c levels in heart tissue at day 3, week 3 and week 6. n = 3 (week 6
n=6); *p < 0.05, ***p < 0.001.

The expression of miR-29¢ was higher in the hearts of mice

exposed to CIH or TAC than in the sham group (Figure 3F).
After 6 weeks, the protein and mRNA levels of SERCA2a in the
heart were the lowest in the TAC4CIH and CIH+TAC groups,
which had similar levels. The levels of SERCA2a protein and
mRNA in the heart were lower in the TAC group than in the
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sham group (Figures 3D,E). In contrast, the expression level
of miR-29¢ was the highest in the TAC+CIH and CIH+TAC
groups, which had similar levels. The expression level of miR-29¢
in the heart returned to normal in the TAC group (Figure 3F).
These data combined with the results presented in section 3 of
the Results indicate that, as expected, the expression of miR-29¢c

frontiersin.org


https://doi.org/10.3389/fcvm.2022.974345
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

10.3389/fcvm.2022.974345

Xu et al.
A Relative luciferase activity
E B & @
Full length SERCA2a promoter ‘“"I"G AT,
-3263bp =4 *
1 I =
-1075  -779
Mutated SERCA2a promoter AATGT  AATGT
-32636p E- ]:3 3 Normoxia
-1075 779 =3 Intermittent Hypoxia
Relative luciferase activity
o o 2 e
B
SERCA2a WT 3’'UTR 5’...CAGUAGACAGAUGUUG(|3lIJ(IB(IZAA... 3 5-?-[:
miR-29¢ 3’ AUUGGCUAAAGUUUACCACGAU &5 '
SERCA2a MUT 3’'UTR  5'...CAGUAGACAGAUGUACCACGAA... 3’
I
B “ = NC
=1 miR-29¢ mimic
s
12 3 4 5 6 7 15—
Cc o | B
H - + + - - - % "
WPHD3 - = - c = + g
&
IvNC - & o + & % = E
25
miR-29¢-mimic - - B - + - + ¥
&
NC-mimic - - - - - + - 0
1 2 3 4 5 6
Angll
HRe DT e e S e ey 12010
SERCA2a == == - —— o — — — —— 110KD
PHDS e - o o o e o o— o — - ——— 32KD
‘GAPDH p— 37KD
—_— .
_ [ — | =
4 159 259 —0
(T = == 4000
zs g £ - T —E—
g g 1.0 £ 15 ) € 3000 |— }—
Q2 5 o 2
L : gos g i A 8 2000
TR0 ® ik :
[
AL oo LG TR L o LI LTI S 1008
1 2 4 5 6 7 1.2 3 4 5 6 7 1 4 5 6 7
0- T T T T T T
1.2 3 4 5 6 7
E F
8 9 0 1 12 13
H o+ - - + + -
p-HIF-PPN = + - = = +
p-NC - - + - - -
miR-29c-inhibitor = & & + B +
NC-inhibitor - - - - + -
11 12 13
— o uhmell i
HIF1G ‘e - —— o e s g e et 120KD
SERCA28  “m o o s e o —— — . — — 110KD
GAPDH s eu e et Wi e ene = = = =, =, 37,0
- ns
_—y
15 _ 254 20 _ 2000 UL
[ —1 Lo L | K] —_ Iﬁl =
z oy Z 20 5 . !
210 % r <
< - G 1.5 1 £ 2500
) 3 € 1.0 2
2 g 1.0 E m
£ 0s g . £ 2000
0 0.5 & ﬁ Z
* & [l |*| S =
oo oot o T 1500
8 9 10 11 12 13 8 9 10 11 12 13 8 9 10 11 12 13 1500'f
LA I i dl Il
- T T T T T T
8 9 10 11 12 13
FIGURE 4
HIF-1a inhibits SERCA2a expression, promotes miR-29¢c expression and induces cardiomyocyte hypertrophy, while miR-29¢ only inhibits
SERCA?2a expression. (A) Two HIF-1 binding core sequences (HRE1 and HRE2) on the SERCA2 promoter were mutated to construct a SERCA2
promoter-luciferase reporter construct. HL-1 cells were transfected and then assayed for luciferase activity in normoxia and hypoxia. n = 3;
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FIGURE 4 (Continued)

*p < 0.05. (B) Relative luciferase activity of the SERCA2a mRNA wild-type or mutant 3'-UTR in HEK293T cells after transfection with the miR-29¢
mimic or NC mimic. n = 3; **p < 0.05. (C) Western blot analysis of HIF-1a, SERCA2a, PHD3 expression and real-time PCR analysis of relative
miR-29c in the HL-1 cells in all groups. n = 4 (Western blot); *p < 0.05, **p < 0.01, ***p < 0.001; n = 3 (RT-PCR); *p < 0.05, **p < 0.01. (D) HL-1
cells treated with corresponding groups in “(C)" and stained with phalloidin. Then the cell area was quantified. scale bar = 20pm; ***p < 0.001
(E) Western blot analysis of HIF-1a, SERCA2a expression and real-time PCR analysis of relative miR-29c in the HL-1 cells in all groups. n = 4
(Western blot); **p < 0.01, ***p < 0.001; n = 3(RT-PCR); *p < 0.05, **p < 0.01. (F) HL-1 cells treated with corresponding groups in “(E)" and
stained with phalloidin. Then the cell area was quantified. scale bar = 20um; **p < 0.01.

in the heart was consistent with the expression of HIF-1a in each
group. In this study, we observed that the CIH+TAC-induced
long-term elevations of HIF-1o and miR-29c¢ in the mouse heart
promoted further downregulation of SERCA2a expression. In
addition, the compensatory increase in SERCA2a expression in
the early stage counteracted the inhibitory effect of HIF-1a and
miR-29¢, but under the long-term effect of chronic diseases, the
body eventually decompensates, and the expression of SERCA2a
is downregulated.

HIF-1u regulates both cardiomyocyte
hypertrophy and SERCAZ2a expression,
while miR-29c only regulates SERCA2a
expression

We further verified the regulatory relationship between HIF-
la, miR-29c and SERCA2a. First, we tested the regulatory
effect of HIF-1ao on SERCA2a. After a previous study (24), we
mutated two sites in the SERCA2a promoter that may bind
to HIF-1 to construct a SERCA2 promoter-mutant luciferase
reporter plasmid (Figure 4A). The SERCA2a promoter-mutant
plasmid was transfected into HL-1 cells under normoxia
or intermittent hypoxia, followed by a luciferase assay. The
results showed that luciferase activity was not affected by
intermittent hypoxia after mutation of the HIF-1-binding
core sequence in the SERCA2a promoter (Figure4A). To
test the regulatory effect of miR-29c on SERCA2a, we
constructed a SERCA2a 3'UTR-mutant luciferase reporter
plasmid. Tool cells were cotransfected with miR-29¢ mimics
and plasmids (Figure 4B). The results showed that after the
wild-type SERCA2a 3’UTR was mutated and cotransfected
with the miR-29c¢ mimic into cells, the luciferase activity
was not affected by the miR-29c¢ mimic (Figure 4B). Then,
we performed CIH exposure on the basis of an Ang
II-induced cardiomyocyte hypertrophy model to establish
a corresponding cellular model. Overexpression of PHD3
attenuated CIH-induced cardiomyocyte hypertrophy, with
upregulation of miR-29c¢ and downregulation of SERCA2a
(Figures 4C,D). We also attempted to overexpress miR-29¢
under normoxia. The results showed that miR-29c only
affected SERCA2a expression without causing cardiomyocyte
hypertrophy regardless of whether it increased PHD3 expression
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(Figures 4C,D). In addition, we used the plasmid HIF-
PPN (25), which encodes a HIF-la mutant resistant to
PHD degradation under normoxia. The results showed that
overexpression of HIF-la under normoxia still accelerated
Ang II-induced cardiomyocyte hypertrophy, with upregulation
of miR-29¢ and downregulation of SERCA2a (Figures 4E,F).
Similar to the previous results, the miR-29¢ inhibitor only
alleviated the downregulation of SERCA2a promoted by
CIH or overexpression of HIF-la but did not significantly
alleviate cardiomyocyte hypertrophy (Figures 4E,F). These
results validate the hypothesis of previous in vivo experiments
and clarify the regulatory effects of HIF-la and miR-29¢
on cardiomyocytes.

AAV9-PHD3 can alleviate left ventricular
systolic dysfunction in mice after both
CIH exposure and TAC and inhibit further
cardiac remodeling

In vitro experiments verified the therapeutic effect of PHD3
overexpression. Next, we used AAV9-PHD3 to increase the
expression of PHD3 in the mouse heart to clarify the therapeutic
effect in vivo. In the in vivo experiment presented above,
our data showed that the mice that underwent both CIH
exposure and TAC showed no difference in heart function
after 6 weeks, regardless of whether the mice were exposed
to CIH before or after TAC. Therefore, when exploring the
effect of PHD3, we subjected mice to CIH exposure after
TAC surgery. There was no significant difference in mortality
between the five groups of mice after 6 weeks, indicating
that AAV9-PHD3 had no effect on the mortality of the
mice (Figure 5B). After both CIH exposure and TAC, the
heart/body weight and heart weight/tibia length ratios of heart-
PHD3-overexpressing mice were significantly lower, though
they had no significant differences from those in the CIH
control group, but the heart/body weight ratio was slightly
higher than that in the TAC group (Figure 5C). HE and WGA
staining results showed that further cardiomyocyte hypertrophy
was inhibited in mice that were treated with AAV9-PHD3,
unlike in the mice in the TAC+CIH group (Figure5D).
The thickness of the interventricular septal wall measured
in the cross-section of the heart also confirmed the above
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FIGURE 5
PHD3 overexpression alleviates the cardiomyocyte hypertrophy induced by CIH exposure. (A) Grouping and experimental protocol for each
group. TAC: Transverse aortic constriction surgery was performed, followed by normoxia for 6 weeks; CIH-control: CIH exposure was
performed 3 days after transverse aortic constriction surgery and CIH exposure was discontinued at the second week for a total of 6 weeks.
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FIGURE 5 (Continued)

TAC+CIH: CIH exposure was performed 3 days after transverse aortic constriction surgery for a total of 6 weeks. AAV9-NC: CIH exposure was
performed 3 days after transverse aortic constriction surgery and tail vein injection of AAV9-NC on day 7 for a total of 6 weeks. AAV9-PHD3: CIH
exposure was performed 3 days after transverse aortic constriction surgery and tail vein injection of AAV9-PHD3 on day 7 for a total of 6 weeks.
(B) Survival rates of all groups; the sample size of each group is noted in the figure. (C) Left: representative images of hearts; right: quantification
of the heart weight-to-body weight ratio and heart weight-to-tibia length ratio. n = 7; scale bar = 5mm; *p < 0.05, ***p < 0.001. (D) HE
staining and WGA staining of mouse hearts. The wall thickness of the interventricular septum was measured according to HE staining pictures.
The cardiomyocyte cross-sectional area was quantified according to WGA staining. n = 7; scale bar = Imm and 25um; ***p < 0.001. (E)
Real-time PCR analysis of relative Nppa and Myh7 levels in heart tissue at week 6. n = 7; *p < 0.05, **p < 0.01, ***p < 0.001.

result (Figure 5D). Notably, the gPCR analysis of hypertrophic
genes (Nppa and Myh7) showed that the AAV9-PHD3 group
still expressed slightly higher levels than the TAC and CIH
control groups, but significantly lower than the TAC+CIH
group (Figure 5E). Masson staining and the analysis of fibrosis-
related gene expression also showed that overexpression of
PHD3 in mouse heart alleviated CIH4+TAC-induced cardiac
fibrosis, but these mice still had more cardiac fibrosis than the
TAC and CIH control groups (Figures 6A,B). Echocardiography
showed that mice that underwent interrupted CIH exposure or
received AAV9-PHD3 treatment exhibited higher LVEF and FS
than mice in the TAC+CIH group (Figure 6C). In summary,
interruption of CIH exposure and AAV9-PHD3 treatment
can delay the cardiac remodeling and left ventricular systolic
dysfunction induced by CIH exposure but cannot alter the
cardiac remodeling and left ventricular systolic dysfunction
induced by TAC.

AAV9-PHD3 maintains the expression
level of SERCA2a by inhibiting HIF-1«
expression in the mouse heart

By comparing the expression levels of PHD3 in the
hearts of mice injected with AAV9-vehicle and AAV9-PHD3,
we verified the efficacy of AAV9-PHD3 in upregulating the
expression of PHD3 in the heart (Supplementary Figure 3).
We used Western blotting and qPCR to determine the
levels of HIF-la mRNA, SERCA2a mRNA, miR-29¢, PHD3
protein and SERCA2a protein in the hearts of all groups of
mice 6 weeks later. The results were as expected. Cardiac
PHD3 was significantly elevated in the AAV9-PHD3 group
(Figure 6D). Heart HIF-1o and miR-29¢ were the lowest in
the AAV9-PHD3 group, and the levels of HIF-la and miR-
29c were similar between the CIH control and TAC groups
(Figures 6E,H). In contrast, cardiac SERCA2a mRNA and
protein levels were significantly higher in the AAV9-PHD3
group than in the TAC+CIH group (Figures 6F,G). These
results indicate that AAV9-PHD3 increases the expression of
PHD3 in the mouse heart while downregulating HIF-1a and
miR-29¢ and preserving the expression level of SERCA2a in
the heart.
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Discussion

In this study, we show that CIH exposure in combination
with TAC can cause further cardiac remodeling and promote
a decline in left ventricular contractile function in mice. In-
depth research showed that CIH exposure in combination
with TAC leads to long-term elevations in the expression
of HIF-la. HIF-la, as a transcription factor, promotes
miR-29¢ expression, and both HIF-la and miR-29¢ can
negatively regulate SERCA2a expression. Our results also
showed that cardiomyocytes overexpressing PHD3 could reverse
left ventricular contractile dysfunction and cardiac remodeling
by inhibiting the upregulation of HIF-1a.

TAC can induce left ventricle systolic dysfunction and
cardiac remodeling in mice (23). The results of previous
experiments on the conditional increase/decrease in HIF-1la
expression observed in mice following TAC surgery appear to
be contradictory. Marion et al. subjected HIF-1a-overexpressing
HIF-1a% mice to TAC for 8 weeks. Continued upregulation
of HIF-1a expression accelerated cardiac dysfunction in TAC
mice. In addition, they found more stable HIF-1a expression in
heart samples from patients with end-stage heart failure (16). In
contrast, Masanori Sano et al. conditionally knocked out Hif-1a
in mouse cardiomyocytes and performed TAC surgery, and the
cardiac dysfunction in Hif-1a knockout mice was more obvious
2 weeks later (30). Notably, high expression of Hif-1a promoted
cardiac hypertrophy, and low expression of Hif-1a reduced the
cross-sectional area of cardiomyocytes, suggesting that the pro-
hypertrophic effect of HIF-1a is non-controversial. Both high
HIF-1a expression at 8 weeks and low HIF-1a expression at 2
weeks after TAC surgery aggravated cardiac dysfunction, which
both seem to be related to the time at which HIF-1a expression
is assessed. This is similar to the role of HIF-1a in ischemic
cardiomyopathy (19). Short-term HIF-1a upregulation confers
some benefit, whereas long-term HIF-1a upregulation overrides
the beneficial effects. Our findings emphasize the adverse effects
of long-term high HIF-la expression and do not cover any
beneficial effects of short-term high HIF-1a expression.

The important role of SERCA2a in cardiac systolic function
has been extensively studied. Increasing the level of cardiac
SERCA2a can alleviate cardiac dysfunction (31). In vitro, we
verified by luciferase assays that HIF-la inhibits SERCA2a
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FIGURE 6

PHD3 overexpression downregulates HIF-1a and miR-29 expression to stabilize SERCA2a expression and alleviate cardiac fibrosis and cardiac

dysfunction. (A) Masson staining of heart cross-section images and representative perivascular and interstitial fibrosis images magnified in

boxes; the fibrosis area ratio was quantified. n = 7; ***p < 0.001. (B) Real-time PCR analysis of relative Collal and Col3al levels in heart tissue at
(Continued)
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FIGURE 6 (Continued)

heart tissue. n = 6; **p < 0.01, ***p < 0.001.

week 6. n = 7; ***p < 0.001. (C) M-mode echocardiographic images of the left ventricle along the left parasternal long axis. Quantification of
the LVEF and LVFS from the echocardiography data. n = 7; ***p < 0.001. (D) Western blot analysis of PHD3 expression in the heart in all groups.
n =6 (TAC group n = 4); **p < 0.01, ***p < 0.001. (E) Western blot analysis of HIF-1a expression in the heart in all groups. n = 6 (TAC group n =
4); ***p < 0.001. (F) Western blot analysis of SERCA2a expression in the heart in all groups. n = 6 (TAC group n = 4); ***p < 0.001. (G) Real-time
PCR analysis of relative SERCA2a levels in heart tissue. n = 6; *p < 0.05, ***p < 0.001. (H) Real-time PCR analysis of relative miR-29c levels in

expression through both direct and indirect pathways. Cardiac
injury from CIH-induced HIF-la overexpression is only a
factor that accelerates cardiac dysfunction in TAC mice. Cardiac
dysfunction caused by TAC still plays an important role. TAC
results in downregulation of SERCA2a expression in the heart
via multiple pathways (32, 33). This is faster than the HIF-1a
inhibition of SERCA2a. Therefore, we observed lower SERCA2a
expression and worse cardiac function in the TAC group than
in the CIH group at 6 weeks. Earlier in our study, we observed
that HIF-1o expression was upregulated 3 days and 3 weeks
after CIH exposure or TAC, at which time SERCA2a was also
upregulated in the CIH and TAC groups. However, there was
no simultaneous upregulation of HIF-1a and SERCA2a in our
cell experiments. This reflects a strong compensatory ability
in animals that can compensate for an early external pressure
to increase the level of SERCA2a (34, 35). At this time, the
inhibition of SERCA2a expression by HIF-1a is not enough to
offset the upregulation by the body’s compensation. When the
external stress exceeds the body’s compensatory ability, the level
of SERCA2a gradually decreases, as shown by the expression of
SERCA2a in the TAC+CIH and CIH+TAC groups at 3 weeks.
CIH exposure in combination with TAC further upregulated
HIF-1a expression, leading to cardiac decompensation. Long-
term elevations in the expression of HIF-la led to a more
obvious impairment in cardiac function at 6 weeks. In addition,
we observed that mice subjected to CIH alone for 6 weeks
showed an increase in the levels of the hypertrophic factor Myh7
and cardiac fibrosis, although there was no significant decrease
in left ventricular function. This finding suggests that 6 weeks
of elevated HIF-la expression in normal mice also induced
some cardiac damage, but within the compensable range of the
heart. In summary, our study once again demonstrates that long-
term activation of HIF-1a accelerates the development of cardiac
injury in mice.

Under normoxic conditions, PHD3 hydroxylates 2 specific
proline residues in the oxygen-dependent degradation (ODD)
domain of HIF-la, and then von Hippel-Lindau protein
mediates HIF-1a degradation. Under hypoxic conditions, PHD
activity is inhibited, and HIF-la escapes hydroxylation and
is transported into the nucleus to play a regulatory role
in transcription (36). Cardiac PHD3 activation mimics the
inhibition of HIF-la activation under normoxic conditions,
which is more similar to what is observed under physiological
conditions. In this experiment, we first overexpressed PHD3 in
a model of cardiomyocyte injury induced by the combination
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of Ang II and CIH to verify the therapeutic effect. Then
we verified the therapeutic effect of AAV9-PHD3 on cardiac
systolic dysfunction and cardiac remodeling induced by CIH
exposure in mice with overload stress. We also observed that
CIH accelerated cardiac fibrosis in TAC mice. We alleviated the
cardiac fibrosis in TAC mice by overexpressing PHD3 in the
heart, including but not limited to cardiomyocytes. Similarly, in
our previous study (21), CIH activated HIF-1a, which increased
endothelial mesenchymalization, leading to cardiac fibrosis.
Notably, miR-29¢ is also one of the influencing factors of
cardiac fibrosis (37). However, this study mainly focused on
cardiomyocytes and did not further elaborate on the specific
reasons. We hope to explore these issues in more depth in
follow-up studies.

Although this seems to be a satisfactory result, we noticed
that AAV9-PHD3 treatment reduced the adverse cardiac effects
of CIH exposure but did not have a therapeutic effect on the
TAC-induced basic heart damage. We also observed that PHD3
overexpression did not reduce mortality in mice. This may be
due to the limited effect on mortality in mice with an EF of
approximately 50%, and more deaths were due to infection
or complications from TAC surgery. Between the TAC+CIH,
CIH+TAC, and TAC groups, there were differences in cardiac
function but no significant difference in mortality. However,
we think that the effect of PHD3 on mortality may become
visible in the animal model after longer experimental times. In
addition, there are some limitations to our study. First, because
of the cardiovascular protective effect of estrogen in adult female
mice, we only selected male C57BL/6 mice, which are more
sensitive to CIH exposure. Second, the role of SECRA2a and
PHD3 is affected not only by their expression levels but also
by SECRA2a and PHD3 activity. Finally, due to the limitations
of experimental conditions, we could not directly verify the
contractile function of cells in vitro but chose to use SERCA2a
expression for verification.

Conclusion

Our findings, which are shown in the schematic illustration
(Figure 7), identify therapeutic targets for CIH exposure-
induced upregulation of HIF-1a expression, which accelerates
TAC-induced left ventricular systolic dysfunction and cardiac
remodeling. We also demonstrate that high expression of
myocardial PHD3 promotes the downregulation of HIF-la
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FIGURE 7
Schematic diagram. CIH exposure promotes long-term abnormalities in the expression of HIF-1a in mice subjected to TAC, further inducing
continuous upregulation of miR-29c¢ expression. Together, HIF-1a and miR-29c inhibit the expression of SERCA2a in the nucleus and cytoplasm
in cardiomyocytes accelerating left ventricular systolic dysfunction. In addition, HIF-1a promotes cardiac remodeling, which ultimately
synergistically accelerates cardiac dysfunction. PHD3 overexpression in the heart during CIH can lead to degradation of HIF-1a in a timely
manner and reduce cardiac damage caused by CIH exposure.

induced by intermittent hypoxia and that downregulation
of HIF-la expression leads to transcriptional repression of
miR-29¢, upregulating SERCA2a expression and ultimately
alleviating cardiac remodeling and dysfunction.
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SUPPLEMENTARY FIGURE 1
Flow chart of the experimental process. Surgical death: Mice that died
during TAC surgery due to vascular rupture or pneumothorax and other
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T160D mutants of myosin
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In this study, we investigated the rescue potential of two phosphomimetic
mutants of the myosin regulatory light chain (RLC, MYL2 gene), S15D, and
T160D RLCs. S15D-RLC mimics phosphorylation of the established serine-15
site of the human cardiac RLC. T160D-RLC mimics the phosphorylation
of threonine-160, identified by computational analysis as a high-score
phosphorylation site of myosin RLC. Cardiac myosin and left ventricular
papillary muscle (LVPM) fibers were isolated from a previously generated
model of hypertrophic cardiomyopathy (HCM), Tg-R58Q, and Tg-wild-type
(WT) mice. Muscle specimens were first depleted of endogenous RLC
and then reconstituted with recombinant human cardiac S15D and T160D
phosphomimetic RLCs. Preparations reconstituted with recombinant human
cardiac WT-RLC and R58Q-RLC served as controls. Mouse myosins were
then tested for the actin-activated myosin ATPase activity and LVPM fibers
for the steady-state force development and Ca2+-sensitivity of force. The
data showed that S15D-RLC significantly increased myosin ATPase activity
compared with T160D-RLC or WT-RLC reconstituted preparations. The two
S15D and T160D phosphomimetic RLCs were able to rescue Vmax of
Tg-R58Q myosin reconstituted with recombinant R58Q-RLC, but the effect
of S15D-RLC was more pronounced than T160D-RLC. Low tension observed
for R58Q-RLC reconstituted LVPM from Tg-R58Q mice was equally rescued by
both phosphomimetic RLCs. In the HCM Tg-R58Q myocardium, the S15D-RLC
caused a shift from the super-relaxed (SRX) state to the disordered relaxed
(DRX) state, and the number of heads readily available to interact with actin
and produce force was increased. At the same time, T160D-RLC stabilized
the SRX state at a level similar to R58Q-RLC reconstituted fibers. We report
here on the functional superiority of the established S15 phospho-site of
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the human cardiac RLC vs. C-terminus T160-RLC, with S15D-RLC showing
therapeutic potential in mitigating a non-canonical HCM behavior underlined
by hypocontractile behavior of Tg-R58Q myocardium.

KEYWORDS

myosin RLC, phosphorylation, phosphomimetic S15D and T160D RLCs, reconstituted
cardiac muscle preparations, super-relaxed state of myosin, transgenic mice

Introduction

Phosphorylation of cardiac sarcomeric proteins is a critical
regulator of cardiac muscle contraction and a modulator of
the physiological performance of the heart. Among essential
phosphorylatable proteins is the regulatory light chain (RLC)
of cardiac myosin (MYL2 gene), which is attached to the
myosin heavy chain (MHC) at the distal part of the neck
region (lever arm) of the myosin head (1). The RLC, together
with the adjacent myosin essential light chain (ELC), provides
structural stability to the lever arm and supports an ATP-
dependent rotational movement of this region of the myosin
head to execute the power stroke and sarcomere shortening (2-
4). The N-terminus of myosin RLC comprises a Ca>*/Mg?>t
binding site and myosin light chain kinase (MLCK)-dependent
phosphorylation site, both regions capable of altering the
alpha-helical structure of the RLC and its Ca’t binding
properties (5, 6). Under physiological conditions, the cardiac
regulatory light chain is phosphorylated at ~0.4 moles of
phosphate per mole of RLC in various species, including
humans (7, 8). RLC phosphorylation has been proposed to
result in the movement of myosin heads toward thin filaments
facilitating cross-bridge formation, accelerating rates of actin-
myosin interaction, and increasing the Ca®T sensitivity of force
development (9-12). Studies from the Irving group suggest that
RLC phosphorylation induces changes in the Ca>* sensitivity of
force through structural changes in thin filaments rather than
by phosphorylation-induced availability of myosin heads for
thin-filament binding (13).

In rodent hearts, RLC can be unphosphorylated or occur in
a single or double phosphorylated form at two serine residues,

Abbreviations: DRX, Disordered relaxed state; ELC, Essential light
chain of myosin; HCM, Hypertrophic cardiomyopathy; Mant-ATP, (N-
Methylanthraniloyl) -ATP (fluorescent); MHC, Myosin heavy chain; MLCK,
Myosin light chain kinase; ny, Hill coefficient; P1, Amplitude of fast
DRX phase; P2, Amplitude of slow SRX phase; R58Q, Arg— GlIn
mutation in myosin RLC; RLC, Regulatory light chain of myosin; S15D,
Phosphomimetic RLC where serine-15 is replaced by aspartic acid;
SRX, Super-relaxed state; T1, Nucleotide turnover lifetime in DRX; T2,
Nucleotide turnover lifetime in SRX; T160D, Phosphomimetic RLC where

threonine 160 is replaced by aspartic acid; Tg, Transgenic; WT, Wild-type.
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S14 and S15. At the same time, the human ventricular RLC can
only be singly-phosphorylated at S15 (14). Using an in vitro
phosphorylation assay with cardiac MLCK, it was shown that
S15 of the human cardiac RLC is the only N-terminal RLC
site that is phosphorylated by cardiac MLCK (10). This result
confirmed the physiological relevance of the S15-RLC site in
the heart.

The question that we asked in this investigation was whether
there are other phosphorylatable residues in the human cardiac
RLC that could play functional roles in actomyosin interaction
and cardiac muscle contraction. Besides the established S15 site,
in-silico analysis identified two new sites at T125 and T160 as
highly scored phosphorylatable residues in the human cardiac
RLC (15, 16) (Figure 1). Relevant to this investigation is the fact
that T160 is localized in the C-terminus of the RLC molecule.
This region encompasses many MYL2 variants associated with
hypertrophic cardiomyopathy (HCM). One of the first MYL2
mutations identified to cause HCM and located in the C-
terminus RLC was D166V, where the last amino acid, aspartate-
166, was replaced by valine (17). Notably, the D166V mutation
was also associated with malignant HCM outcomes. The same
aspartate-166 residue was found to be mutated to alanine
(D166A) in a cohort of 124 consecutive HCM patients in the
study by Alvarez-Acosta et al. (18). The authors also reported on
I158L-RLC mutation causing obstructive hypertrophy and atrial
fibrillation but with a good prognosis (18). In 2020, D166 residue
was again found to be mutated to histidine (D166H) (19).
D166H was found among multigenerational family members
and appeared to be highly penetrant. A high restrictive filling
pattern and atrial fibrillation incidence were observed (19). In
the same year, the Garg group reported on another missense
MYL2 variant (G162R) located in the vicinity of T160 in the
C-terminus of RLC (20).

Therefore, this investigation focused on the C-terminal
T160-RLC residue that comprises several MYL2 missense
mutations of benign to malignant HCM phenotypes (17-20).
The goal was to study whether the phosphorylation of T160
via the RLC phosphomimetic approach, replacing aspartate
for threonine (T160D), would be able to mitigate any of
the HCM adverse phenotypes in a mouse model of HCM
reconstituted with recombinant human cardiac T160D-RLC.
The function of T160D-RLC phosphomimetic was compared
to that of S15D-RLC, which was assessed along with T160D
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In-silico prediction of phosphorylation sites of the human cardiac RLC. (A) Phosphorylation of Ser/Tyr/Thr sites in the RLC was predicted by
PhosphoSVM search http://sysbio.unl.edu/PhosphoSVM/prediction.php/. (B) Amino acid sequence of the human cardiac RLC (NCBI_P10916)
with the location of predicted pSer, pTyr, and pThr residues. Bolded and enlarged, the S15 (in red font) and T160 (in green font) sites are studied

and served as a control. We also compared the data on
S15D-RLC phosphomimetic to previous studies of S15D-RLC
phosphomimetic-induced effects on heart function in vitro (21,
22) and in vivo (23, 24). Specifically, we previously showed
that S15D phosphomimetic in the background of HCM-D166V
RLC mutation was able to rescue the binding of D166V-
myosin to actin and increased force generation capacity in the
in vitro motility assays compared with D166V reconstituted
porcine myosin (21). Likewise, S15D phosphomimetic in the
background of human cardiac HCM-R58Q RLC mutation
rescued R58Q-exerted low isometric force and Vmax of actin-
activated myosin ATPase activity in S15D-R58Q- vs. R58Q-
reconstituted porcine cardiac muscle preparations (22). We also
showed improved heart function in vivo in HCM-D166V mice
injected with AAV9-S15D-RLC (24) and in double transgenic
mice expressing the S15D phosphomimetic in the background
of HCM-D166V mutation (23).

We cloned and expressed human cardiac T160D and S15D
phosphomimetic RLC mutants and tested them in chemically
skinned, and RLC-depleted left ventricular papillary muscles
(LVPM) and cardiac myosin from transgenic wild-type (Tg-WT)
and HCM Tg-R58Q mice. Both mouse models expressed the
human cardiac RLC-WT or RLC-R58Q mutant.

The R58Q model displays a non-canonical HCM phenotype
that is hypo- rather than hypercontractile and stabilizes the
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OFF state of myosin in LVPM fibers from Tg-R58Q mice, and
in R58Q recombinant protein-reconstituted porcine fibers (22).
A similar observation of the R58Q-mediated hypocontractile
activity was reported by Kampourakis et al. who demonstrated
that R58Q promotes an OFF state that reduces the number of
myosin cross-bridges readily available for actin interaction and
ATP utilization (25). Using a loaded in vitro motility assay, we
previously showed an R58Q-mediated decrease in actin sliding
velocity resulting in a significant reduction in force production
(26, 27). Interestingly, actin sliding velocity and force were
restored upon MLCK-induced phosphorylation of the R58Q
mutant (26).

In this report, we showed that in Tg-R58Q preparations,
both T160D and SI15D phosphomimetics -could restore
myosin ATPase activity and maximal isometric tension to
the level observed for WT-RLC-reconstituted HCM Tg-R58Q
preparations. However, SI5D-RLC was more efficient than
T160D-RLC in activating myosin ATPase activity (Vmax) in
Tg-R58Q and Tg-WT hearts. In addition, in LVPM fibers of
HCM-R58Q myocardium, S15D-RLC was observed to cause
a shift in the myosin energetic states from the super-relaxed
(SRX) to disordered relaxed (DRX) state, while T160D-RLC
maintained the SRX-to-DRX ratio at the level observed for
R58Q-reconstituted fibers. Alterations of cardiac SRX may result
in changes in sarcomere force production and energy utilization
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in the heart (28). Therefore, the S15D-RLC-mediated increase
in the DRX heads readily available to interact with actin and
produce force suggests that SI5D-RLC phosphomimetic may
serve as a therapeutic modality to counteract the hypocontractile
activity of HCM-R58Q myocardium.

Materials and methods

Transgenic mice

This work was performed in accordance with the Guide
for the Care and Use of Laboratory Animals published by
the U.S. National Institutes of Health (NIH Publication
no. 85-23, revised 2011). Animal protocols were endorsed
by the Institutional Animal Care and Use Committee
at the University of Miami Miller School of Medicine
(protocol #21-106 LF). #A-
3224-01, Mice
were euthanized by CO; inhalation that was followed by

The assurance number is
approved through November 30, 2023.

cervical dislocation.

The characterization of transgenic (Tg) mice, including the
determination of Tg protein expression, has been previously
described (29). For this study, we used Tg-WT line 2 (L2),
expressing ~90% of human cardiac WT-RLC (NCBI_P10916),
and two Tg-R58Q lines, L8 and L9, showing ~95% expression of
human cardiac R58Q-RLC (29, 30).

Cloning, expression, and purification of
recombinant RLC proteins

Reverse transcription-polymerase chain reaction and
primers based on the published ¢cDNA RLC sequence
(GenBank™ Accession No. AF020768) were used to generate
the cDNAs of human cardiac WT-RLC and RLC mutants.
Standard methods described previously (5) were utilized to
produce cDNAs of WT-RLC and two phosphomimetic RLC
mutants, S15D (GenBank accession number ON950401) and
T160D (GenBank accession number ON950400). Briefly, the
cDNAs were obtained by overlapping sequential polymerase
chain reaction and subsequently transformed into BL21
expression host cells to express proteins in 16L cultures.
Proteins were then purified by ion-exchange chromatography
and eluted with a salt gradient of 0-450mM NaCl. In the
first step an S-Sepharose column was used equilibrated
with 2M urea, 20 mM sodium citrate, 0.1 mM PMSE 1 mM
1,4-dithiothreitol (DTT), and 0.02% NaNs, pH 6.0. Eluted
proteins were purified further using a Q-Sepharose column
equilibrated with 2M wurea, 25mM Tris-HCI, 0.1 mM
PMSE 1mM DTT, and 0.02% NaN3, pH 7.5. The purity
of all recombinant RLC proteins was determined by 15%
SDS-PAGE (5, 21).
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Isolation and purification of mouse
cardiac myosin

Cardiac myosin was isolated from mouse hearts of 9-
12 month-old male and female Tg-WT and Tg-R58Q mice
as described earlier (31). In short, myosin was extracted
from the homogenized ventricular tissue in an ice-cold Guba
Straub-type buffer (300 mM NaCl, 100 mM NaH,POy4, 50 mM
NayHPO4, 1mM MgCly, 10mM EDTA, 0.1% NaN3, 10mM
NayP,07, ImM DTT, and a protease inhibitor cocktail, pH
6.5). The extract was incubated on ice for 40 min and then
ultracentrifuged at 200,000 g for 1h (4°C). The supernatant was
diluted 60-fold (by volume) with 2mM DTT and left on ice for
60 min to precipitate filamentous myosin. Precipitated myosin
was then centrifuged at 8,000 g for 10 min (4°C). The pellet was
dissolved in a small volume of myosin buffer containing 0.4 M
KCI, 10 mM 3-(n-morpholino) propane sulfonic acid (MOPS)
(pH 7.0), 5mM DTT, and a protease inhibitor cocktail. Myosin
samples were diluted with glycerol in a 1:1 ratio and stored at
—20°C until used. The purity of myosin preparations was tested
by SDS-PAGE. Gel samples were prepared by mixing myosin
solution 1:1 by volume with Laemmli buffer (62.5 mM Tris-HCI,
pH 6.8, 25% glycerol, 2% SDS, 0.01% Bromophenol blue, and
5% B-mercaptoethanol, BME). Mixtures were heated at 95°C for
5 min and stored at —20°C until used for SDS-PAGE.

Replacement of endogenous RLC from
mouse cardiac myosin with the human
cardiac WT and mutant RLCs

Depletion of endogenous RLC from mouse cardiac myosin
(Tg-WT and Tg-R58Q) was achieved by using the buffer
containing 1% Triton X-100 and 5mM CDTA (cyclohexane-
1,2- diamine tetra acetic acid), pH 8.5, as described earlier
for porcine cardiac myosin (21). Reconstitution of depleted
myosins was achieved by mixing them with a 3-fold molar
excess of recombinant human cardiac RLC proteins, WT, S15D,
T160D for Tg-WT myosin, and WT, S15D, T160D, and R58Q
for Tg-R58Q myosin in a buffer containing 0.4 M KCl, 50 mM
MOPS, pH 7.0, 2mM MgClp, and 1 mM DTT. After the brief
incubation, the complexes were placed in dialyzing tubes and
dialyzed against the same buffer for 2h at 4°C. Subsequently,
the complexes were transferred to 5mM DTT and dialyzed
overnight at 4°C. This process resulted in the precipitation of
myosin reconstituted with different recombinant RLC proteins.
Reconstituted myosin complexes were then centrifuged at
8,000 g for 10 min (4° C). Pelleted myosin-RLC complexes were
resuspended in the buffer consisting of 0.4M KCI, 10 mM
MOPS, pH 7.0, and 1 mM DTT, mixed 1:1 with glycerol and
stored at —20°C until needed. The quality of myosin-RLC
complexes was tested by SDS-PAGE.
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ATPase measurements

Rabbit skeletal F-actin was used in the ATPase experiments.
The protocol for actin purification was detailed in our earlier
publication (21). Reconstituted mouse cardiac myosins (stored
previously in 50% glycerol) were precipitated with 13 volumes of
ice-cold 2mM DTT and centrifuged at 8,000 g for 10 min (4°C).
Pelleted myosins were resuspended in myosin buffer (0.4 M KCl,
10 mM MOPS, and 1 mM DTT, pH 7.0) and dialyzed against it
overnight at 4°C. Following determination of the concentration
of reconstituted myosin preparations with Coomassie Plus
protein assay (Pierce, Rockford, IL, USA), myosin at 0.5 puM
concentration was titrated with 0.1, 0.5, 1.5, 3, 5, 7.5, 10, and
15uM F-actin. The assay was performed in duplicate on a 96-
well plate in a buffer consisting of 25 mM imidazole (pH 7.0),
4mM MgClp, 1mM EGTA, 1mM DTT, and 77.7mM final
KClI salt concentration. The reaction, performed in a Jitterbug
incubator shaker, was initiated by adding 2.5mM ATP and
continued for 15 min at 30°C. The reaction was terminated with
4% ice-cold trichloroacetic acid (TCA). Precipitated proteins
were then centrifuged, and the supernatants were used for
the assessment of inorganic phosphate by Fiske and Subbarow
method (21, 32). Data points were fitted to Michaelis—Menten
equation, yielding Vimax (maximal activity) and Ky, (Michaelis—
Menten dissociation constant) (21, 33).

Preparation of skinned LVPM fibers

Left ventricular papillary muscle (LVPM) fibers were isolated
from 5 to 7 month-old Tg-WT and Tg-R58Q mice. They were
dissected into small muscle bundles (~2-3 x 0.5-1 mm in size)
in an ice-cold relaxing (pCa 8) solution (10~8 M Ca?t, 1mM
free Mg2+, total MgPr, propionate = 3.88 mM, 7mM EGTA,
2.5mM Mg-ATP>~, 20mM MOPS pH 7.0, 15mM creatine
phosphate, and 15 U/ml of phosphocreatine kinase, ionic
strength = 150 mM adjusted with KPr) and in the presence of
30 mM 2,3-Butanedione 2-monoxime (BDM) and 15% glycerol.
Muscle bundles were then transferred to a fresh pCa 8 solution
mixed with 50% glycerol (storage solution) and incubated for
1h on ice. Muscle strips were chemically skinned in 1% Triton
X-100 added to the mixture of pCa 8 solution and glycerol (50:50
by volume) overnight at 4°C. The bundles were transferred to a
new storage solution and kept for 5-10 days at —20°C (30).

CDTA-Extraction of endogenous RLC
from LVPM fibers and reconstitution with
recombinant RLC proteins

Endogenous RLC depletion from mouse LVPM preparations
was achieved by treatment of fibers ~100pm X ~1.5mm
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in size isolated from glycerinated LVPM bundles with an
extraction buffer composed of 5mM CDTA, 1% Triton X-
100, 50 mM KCI, 40 mM Tris, 0.6 mM NaN3, 0.2 mM PMSF
at pH 8.4, and protease inhibitor cocktail for 40 min at room
temperature. The CDTA/Triton-treated fibers were incubated
with 15uM of cardiac troponin C (TnC) in pCa 8 solution
due to the potential extraction of endogenous TnC under these
conditions. RLC-depleted and TnC reconstituted LVPM strips
were subsequently incubated in pCa 8 solution containing
40 uM recombinant WT, T160D, or S15D RLC proteins for
Tg-WT strips and 40 wM recombinant WT, R58Q, T160D, and
S15D RLCs for Tg-R58Q strips for 45 min at room temperature.
RLC and TnC reconstituted LVPM fibers were washed in a
pCa 8 buffer and kept at —20°C for 1-5 days until needed for
experiments. SDS-PAGE tested the degree of RLC depletion and
RLC reconstitution in LVPM fibers.

SDS-PAGE experiments

The myosin and LVPM samples were run on 15% SDS-
PAGE gels. For myosin, ~20 g of protein was used
per well, and for LVPM, one fiber per well. The bands
were stained with Coomassie Brilliant Blue. The gels were
scanned using the Odyssey infrared imaging system (LICOR
Biosciences, Lincoln, NE, USA). The level of RLC depletion
and reconstitution was determined by densitometry analysis
using Image] software (https://imagej.nih.gov/ij/) measuring
RLC/ELC band intensities in native myosin/LVPM, RLC-
depleted, and RLC-reconstituted myosin/LVPM. Myosin ELC
that was not extracted during the RLC-depletion/reconstitution
experiment was used as a loading control (34).

Force-pCa study

LVPM fibers ~1.5mm in length and ~100 um in diameter
were isolated from glycerinated muscle bundles, rinsed several
times in pCa 8 solution, and mounted on the force transducer
of the Guth Muscle Research System (Heidelberg, Germany).
The fibers were treated with 1% Triton X-100 in pCa 8 buffer
for 30 min at room temperature. After skinning with Triton
X-100, muscle fibers were washed in pCa 8 buffer (3 times
x 5min), and their sarcomere length was adjusted to 2.1-
2.2pum. Then LVPM fibers were tested for maximal steady-
state force development in pCa 4 solution, which has the same
composition as pCa 8 buffer except the [Ca?T] = 1074 M, and
relaxed in pCa 8 solution. For the force-pCa relationship, the
fibers were placed in solutions of increasing Ca>t concentration
from pCa 8 to pCa 4 and the level of force was measured
in each “pCa” solution. The force-pCa dependence for RLC-
depleted fibers was performed after the fibers were reconstituted
with TnC. Maximal tension (in kN/m?) was determined from
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averaged values of tension measured before and after the force-
pCa dependence and divided by the cross-sectional area of fibers.
The diameter of fibers was estimated using an SZ6045 Olympus
microscope with the measurement taken at 3 points along the
fiber length and averaged. Force-pCa data were fitted to the
Hill equation and the pCasg (midpoint of force-pCa dependence
and measure of calcium sensitivity) and ny (Hill coefficient and
measure of myofilament cooperativity) values were established
for LVPM from Tg-WT, and Tg-R58Q mice reconstituted with
recombinant RLCs proteins.

Measurement of SRX « DRX equilibrium
by mant-ATP chase assay

Tg-WT and Tg-R58Q reconstituted LVPM fibers
(~100pm in diameter) were subjected to measurements
of the super-relaxed (SRX) state of myosin. ATP turnover
rates were measured by rapid exchange of fluorescent N-
methylanthraniloyl (mant)-ATP with non-fluorescent (dark)
ATP in skinned LVPM from all groups of mice using the
previously described IonOptix Instrument (22, 35). The
experiment was initiated with the fiber placed in a chamber
under the microscope and incubated in a solution containing
250 uM mant-ATP in a rigor solution [120mM KPr, 5mM
MgPr, 2.5 mM K,HPOy, 2.5 mM KH,POy, 50 mM MOPS (pH
6.8), and fresh 2 mM DTT]. After fluorescence intensity reached
a stable level, the fiber was chased with 4 mM non-labeled (dark)
ATP. Fluorescence intensity decay isotherms were plotted as a
function of time and fitted to a double-exponential equation
Y = 1-P1[l-exp(-t/T1)]-P2[1-exp(-t/T2)], where P1 and P2
are the amplitudes of the fast phase, and slow phase of decay,
respectively, and T1 and T2 are their respective lifetimes (36).
To relate the P1 and P2 values to the number of myosin heads
directly occupying the DRX and SRX states, the rapid phase of
the fluorescence decay, P1, was corrected for the fast release
of non-specifically bound mant-ATP. The correction was
established experimentally using a competition assay and was
equal to 0.44 = 0.02, and the fraction of myosin heads directly
occupying the SRX state was calculated as P2/(1-0.44) (35).

Secondary structure prediction of WT
and R58Q RLCs as well as their
phosphomimetic mutants

The secondary structure prediction was executed using
the I-TASSER approach developed by the Zhang laboratory,
University of Michigan, and available online at http://zhanglab.
ccmb.med.umich.edu/ITASSER/. The amino acid sequences of
S15D/T160D phosphomimetic RLCs in the background of WT-
RLC or R58Q-RLC were compared against template proteins
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of similar structures chosen from the protein data bank (PDB)
library. High similarity structures were used: 5tbyE (Chain
E, Myosin regulatory light chain 2, ventricular/cardiac muscle
isoform), 3dtpE, 3jvtB (Chain B, calcium-bound Scallop Myosin
Regulatory Domain (Lever Arm) with reconstituted complete
Light Chains), 3pn7E, 3j04B (Chain B, EM structure of the heavy
meromyosin subfragment of Chick smooth muscle myosin with
regulatory light chain in phosphorylated state), 3i5iB, 2w4aB
(Chain B, isometrically contracting Insect Asynchronous Flight
Muscle), 2bl0C, 6iihA, 6k7yl. Fragments of the above templates
were used for the assembly of the full-length protein, which
was further simulated into the lowest-energy model using
specific algorithms. Each predicted model structure was given a
confidence C-score, ranging from —5 to 2, estimating the quality
of the predicted models (37). The predicted protein structures
were then visualized using PyMol (www.pymol.org).

Statistical analysis

All values are shown as means £ SD with statistical
significance determined as p < 0.05 using one-way ANOVA
and Tukey’s multiple comparison test (GraphPad Prism software
version 7.0 for Windows).

Results

To elucidate the effects of T160D and S15D phosphomimetic
RLCs on cardiac muscle contraction and myosin energetics
in HCM vs. WT hearts, we isolated cardiac myosin and
LVPM preparations from Tg-R58Q and Tg-WT mouse models
and subjected them to the depletion/reconstitution procedures.
Reconstituted myosin and LVPM preparations were then used
to measure actin-activated myosin ATPase activity, force-pCa
relationship, and the super-relaxed state of myosin (36, 38). The
latter is essential to understanding cardiac muscle’s structure-
function relationship and myosin energetic states (28).

Effects of S15D and T160D
phosphomimetic RLCs on myosin ATPase
activity

Myosin was extracted from heart ventricles of Tg-WT and
Tg-R58Q mice and subjected to the depletion/reconstitution
protocol, as described in Yadav et al. (22). The depletion of
endogenous RLC resulted in ~40% of residual RLC still present
in myosin from Tg-WT and Tg-R58Q hearts (Figure 2). The
reconstitution of RLC-depleted Tg-WT or Tg-R58Q (Figure 2A)
myosin with recombinant T160D, S15D, R58Q, and WT RLC
proteins was achieved by incubation of RLC-depleted myosin
with a 3-fold molar excess of recombinant RLC proteins.
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FIGURE 2
Representative SDS-PAGE images of RLC-depleted and mutant-reconstituted cardiac muscle preparations from Tg-WT and Tg-R58Q mice. (A)
Depletion and reconstitution experiments in mouse-purified cardiac myosin. (B) Myosin gels’ quantification. (C) Depletion and reconstitution
experiments in LVPM fibers. (D) LVPM gels’ quantification. Cardiac preparations were CDTA/Triton-depleted of endogenous RLC and
reconstituted with recombinant WT-RLC, R58Q, T160D, and S15D RLC proteins. Three to Four different myosin preparations from Tg-WT and
5-7 from Tg-R58Q mice were used to deplete 60 + 6% endogenous RLC, followed by myosin reconstitution with recombinant RLC proteins at
140 + 30% in Tg-WT and 155 + 40% Tg-R58Q myosin (A,B). Eleven to Twenty LVPM fibers from Tg-WT and 9-20 from Tg-R58Q mice were
employed to deplete 60 + 12% RLC from LVPM, followed by 112 + 20% reconstitution with recombinant RLC proteins in Tg-WT and 106 + 21%
in Tg-R58Q LVPM fibers (C,D). Data in (B,D) are presented as means + SD.

As shown in Figure 2B, RLC-depleted myosin was >100%
reconstituted with recombinant RLC proteins, as judged by the
RLC/ELC bands’ ratios of SDS-PAGE. Reconstituted myosin
preparations at a concentration of 0.5 uM were complexed with
0-15 M actin, and the ATPase activity assays were performed.

As shown in Figure 3A, the titration isotherms for T160D-
RLC reconstituted Tg-WT myosin were similar to WT-RLC-
reconstituted but significantly different than those of Tg-WT
myosin reconstituted with S15D RLC. The Vpax of S15D-
RLC reconstituted Tg-WT myosin was 1.2 and 1.3-fold higher
than that of WT or T160D-RLC reconstituted, respectively
(Figure 3A; Table 1). The summary of statistical analysis of actin-
activated myosin ATPase activity isotherms of Tg-WT and Tg-
R58Q reconstituted myosin is presented in Table 2. Titration
isotherms for HCM Tg-R58Q myosin reconstituted with WT-
RLC, T160D, S15D, and R58Q are shown in Figure 3B and
analyzed for significance in Table 2. For Tg-R58Q myosin, the
Vmax was the lowest in R58Q-RLC reconstituted compared with
WT-RLC, T160D-RLC, or S15D-RLC-reconstituted (Figure 3B;
Table 1). Both T160D and S15D phosphomimetic RLCs
could restore the maximal ATPase activity in Tg-R58Q
myosin to the level observed for WT-RLC reconstituted, but
S15D-RLC appeared to be more effective, with significantly
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higher Vimax compared to T160D-RLC-reconstituted Tg-R58Q
myosin (Figure 3B; Table 1). Interestingly, in our previous
study of actin-activated myosin ATPase activity measured in
reconstituted porcine cardiac myosin, a significantly lower Vimax
of R58Q-RLC vs. WT-RLC reconstituted myosin could be
rescued by the S15D phosphomimetic R58Q protein (22). In
summary, significant differences were noted between S15D-
RLC vs. T160D-RLC RLCs, with the S15D-RLC surpassing
the T160D-RLC in recusing the low ATPase activity of
R58Q-RLC-reconstituted myosin purified from HCM Tg-R58Q
myocardium (Figure 3B; Tables 1, 2). The Km values were not
significantly different among all tested proteins (Table 1).

Isometric force generation in
mutant-reconstituted LVPM fibers from
HCM-R58Q mice is rescued by S15D and
T160D phosphomimetic RLC proteins

The effects of RLC phosphomimetics on the force-pCa

dependence were assessed in skinned LVPM fibers from Tg-WT
and HCM Tg-R58Q mice that were depleted of endogenous
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FIGURE 3

Summary of the actin-activated myosin ATPase activity study. Titration isotherms (left panels), and Vmay (middle panels) and K, (right panels)
parameters of Tg-WT (A) and Tg-R58Q (B) myosin reconstituted with recombinant WT-RLC (black), T160D (green), S15D (blue), and R58Q (red)
proteins. Myosin (0.5 wM) was complexed with actin of increasing concentrations (0—15 M), and the actin-activated ATPase activity was
determined for all reconstituted myosin preparations. Data are expressed as mean + SD of n = N° experiments. For Tg-WT reconstituted
w/WT-RLC, n =6, w/T160D, n = 8, and w/S15D, n = 6. For Tg-R58Q reconstituted w/WT-RLC, n = 11, w/T160D, n = 6, w/S15D, n = 6, and
w/R58Q, n = 6. Statistical significance between titration isotherms was calculated by two-way ANOVA with Tukey's multiple comparisons, with
the p-values presented in Table 2. One-way ANOVA with Tukey's multiple comparisons was used to calculate significant differences in Vimax and
Km between the groups, and the p-values are presented in the graphs.
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TABLE 1 Summary of actin-activated myosin ATPase activity study.

Parameter/recombinant Myosin from Tg-WT mice

Myosin from Tg-R58Q mice

RLC protein

WT T160D S15D WT T160D S15D R58Q
Vinax (s71) £ SD 0.59 4 0.08 0.56 + 0.07* 0.71 4 0.04* 0.71 £ 0.11 0.66 % 0.04%" A 0.80 £ 0.01""\* 0.35 £ 0.06****
Kn £ SD 1.27 £0.31 1.44 +0.38 1.23 £0.19 1.12 +0.49 1.57 £ 0.46 1.27 £0.22 0.93 +0.42
n = N° experiments 6 8 6 11 6 6 6

Values are means =+ SD for n = N° of independent experiments. Significance was calculated by one-way ANOVA with Tukey’s multiple comparison test with “p < 0.05and ™""p < 0.0001
for S15D, T160D or R58Q for mutant vs. WT protein, “p < 0.05 and “*p < 0.01 for T160D vs. S15D, *'p < 0.0001 for T160D and S15D vs. R58Q.

RLC protein and reconstituted with either S15D or T160D
RLCs along with WT and R58Q RLC controls (Figures 4A,B).
Representative images of CDTA/Triton-depleted and RLC/TnC-
reconstituted mouse LVPM from Tg-WT and Tg-R58Q hearts
are presented in Figure 2C. As illustrated in Figure 2D, ~60%
of RLC depletion could be achieved in Tg-WT and Tg-R58Q
LVPM fibers that were subsequently ~110% reconstituted with
recombinant RLC proteins (Figure 2D).

In Tg-WT, maximum isometric tension per cross-section
of muscle (in kN/m?) and force-pCa relationship were
similar among all reconstituted fibers (Figure 4A; Table 3).
However, LVPM fibers from Tg-R58Q show the lowest
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level of force for R58Q-reconstituted compared with S15D,
T160D, and WT-RLC-reconstituted LVPM (Figure 4B).
Both S15D and T160D phosphomimetic RLC mutants
were equally efficient in bringing up the level of force
to that observed for WT-RLC-reconstituted fibers from
Tg-R58Q mice (Figure 4B; Table 3). Like for LVPM from
Tg-WT mice, the calcium sensitivity of force, represented
by pCasg, was not different among all tested RLC proteins
reconstituted in Tg-R58Q fibers (Figure 4; Table 3). Differences
were noted in the Hill coefficient (np) between WT and
mutant-reconstituted fibers from both groups of transgenic
fibers (Table 3).
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TABLE 2 Summary of statistical analysis of actin-activated myosin ATPase activity of Tg-WT and Tg-R58Q myosin reconstituted with recombinant
human cardiac WT-RLC, S15D and T160D phosphomimetics, and R58Q mutant.

System/actin concentration (jL.M) p-values

0.1 0.5 1.5 3 5 7.5 10 15
Tg-WT reconst. w/WT vs. w/S15D NS NS 0.0037 0.0032 0.0002 <0.0001 <0.0001 0.0005
Tg-WT reconst. w/WT vs. w/T160D NS NS NS NS NS 0.0459 NS NS
Tg-WT reconst. w/T160D vs. w/S15D NS NS 0.0011 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Tg-R58Q reconst. w/WT vs. w/R58Q NS 0.001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Tg-R58Q reconst. w/WT vs. w/T160D NS NS 0.0056 0.0007 0.0006 NS NS NS
Tg-R58Q reconst. w/WT vs. w/S15D NS NS NS NS NS 0.0001 NS NS
Tg-R58Q reconst. w/T160D vs. w/S15D NS NS 0.0002 <0.0001 <0.0001 0.0003 0.0005 0.0033
Tg-R58Q reconst. w/T160D vs. w/R58Q NS NS NS 0.0002 <0.0001 <0.0001 <0.0001 <0.0001
Tg-R58Q reconst. w/S15D vs. w/R58Q NS NS <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Two-way ANOVA with Tukey’s multiple comparison test was applied.
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FIGURE 4
Tukey's multiple comparison test (for the force-pCa relationships).

Contractile function in skinned LVPM from Tg-WT (A) and Tg-R58Q (B) mice reconstituted with recombinant RLC proteins. Maximal force (left
panels), Calcium sensitivity of force (middle panels), and force-pCa relationships (right panels) were measured in LVPM from Tg-WT and
Tg-R58Q preparations depleted of endogenous RLC and reconstituted with recombinant WT-RLC (black), T160D (green), S15D (blue), and R58Q
(red) proteins. For Tg-WT fibers reconstituted w/WT, n = 7 fibers, w/T160D, n = 8, and w/S15D, n = 8, and Tg-R58Q reconstituted w/WT, n =5,
w/T160D, n = 6, w/S15D, n = 5, and w/R58Q, n = 5. Data are the average + SD of n = N° fibers per group with the significance calculated by
one-way ANOVA with Tukey's multiple comparison test (for Fnax and pCa50 values, p-values presented in the graph), or two-way ANOVA with

80 75 70 65 60 55 50 45 40
pCa

Mutant RLC-mediated regulation of
SRX«DRX equilibrium in LVPM from
HCM Tg-R58Q vs. Tg-WT mice

In contracting muscle, myosin cross-bridges oscillate

between the active and relaxed states, with the Ilatter
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comprising the SRX energy-saving conformation and the
DRX state facilitating cross-bridge formation with greater
ATP consumption (39). Under relaxation conditions, myosin
cross-bridges may exist in various structural and biochemical
states, and each state is associated with different energy
consumption rates (40). Modulation of myosin function
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TABLE 3 Contractile function in skinned LVPM from Tg-WT and Tg-R58Q mice reconstituted with recombinant RLCs proteins.

Parameter/recombinant LVPM from Tg-WT mice LVPM from Tg-R58Q mice
RLC protein

WT T160D S15D WwT T160D S15D R58Q
Fmax (kN/m?) + SD 30.54 £ 4.9 28.44 £ 5.07 29.57 +6.01 22.92 +1.39" 23.09 & 322" 24.04 £+ 1.3M 18.28 £ 1.22
pCaso & SD 5.64 & 0.04 5.62 4 0.05 5.63 4 0.06 5.57 +0.04 5.59 £ 0.05 5.55 4 0.06 558 +0.11
ny Hill coeff. + SD 3.0140.58 245 +042 241 +0.33* 298403 2.9 40.23MM 2.9£0.19M 20284
n=N° fibers 7 8 8 5 6 5 5

Values are means = SD for n = N° of independent experiments. Significance was calculated by one-way ANOVA with Tukey’s multiple comparison test with *p < 0.05 and ****p < 0.0001
for S15D, T160D or R58Q mutant vs. WT protein, "p < 0.05, **p < 0.01, """ p = 0.001, and """ p < 0.0001 for S15D, T160D, or WT vs. R58Q.
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FIGURE 5

Summary of the super-relaxed (SRX) state study. (A) Fluorescence decay curves in RLC-depleted and mutant-reconstituted LVPM fibers from
Tg-WT (upper panel) and Tg-R58Q (lower panel) hearts. (B) Distribution of myosin heads between the SRX and DRX states in Tg-WT fibers
reconstituted w/WT-RLC (black), w/T160D (green), and w/S15D (blue). (C) Distribution of myosin heads between the SRX and DRX states in
Tg-R58Q fibers reconstituted w/WT (black), w/T160D (green), w/S15D (blue), and w/R58Q (red). Data are the average + SD of n fibers per group.
For Tg-WT fibers reconstituted w/WT, n = 10, w/T160D, n = 9, and w/S15D, n = 9. For Tg-R58Q reconstituted w/WT, n = 7, w/T160D, n = 6,
w/S15D, n =7, and w/R58Q, n = 7. The significance was calculated by one-way ANOVA with Tukey's multiple comparison test with p values
depicted in the graph. Note that the % SRX is increased in R58Q reconstituted Tg-R58Q fibers.

through the SRX mechanism is essential for sarcomere decay curves vs. time were collected on the rapid exchange of
contraction, and many factors, e.g., mutations in sarcomeric fluorescent mant-ATP for non-labeled (dark) ATP (Figure 5A).
proteins, may affect SRX <> DRX equilibrium. To further The data were fitted to a two-state exponential equation, and the
explore the differences and similarities between the two amplitudes of the fast (P1) and slow (P2) phases of fluorescence
RLC phosphorylation sites at S15 and T160, we assessed the decay and their respective T1 and T2 lifetimes (in seconds) were
effect of phosphomimetic RLC mutants on the SRX state and obtained (22, 35, 41). To estimate the number of myosin heads

SRX <« DRX equilibrium following their exchange for the directly occupying the SRX state in reconstituted LVPM fibers
endogenous cardiac RLC in LVPM from Tg-WT and HCM from Tg-WT (Figure 5B) and Tg-R58Q hearts (Figure 5C),
Tg-R58Q mice (Figure 5; Table 4). LVPM fibers underwent the rapid phase of the fluorescence decay (P1) was corrected
the RLC-depletion/reconstitution procedure and then were for the fast release of nonspecifically bound mant-ATP and
subjected to mant-ATP chase assay (22, 35). The fluorescence the number of SRX heads calculated as P2/(1-0.44) (35). No
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TABLE 4 The SRX state of myosin measured by mant-ATP/ATP chase assays in skinned LVPM from Tg-WT and Tg-R58Q mice reconstituted with

recombinant RLCs proteins.

Parameter/recombinant LVPM from Tg-WT mice

RLC protein

WT T160D S15D
DRX =+ SD (%) 51.8 £11.9 47.3 + 14.1 43+79
SRX % SD (%) 482+ 11.9 52.7 £ 14.1 57+£79
T1 4 SD (s) 95+6 59+3 8.8+3.9
T2 £ SD (s) 133.7 £ 93 111.5 £ 66.8 327.5£313.7
n = N° fibers 10 9 9

LVPM from Tg-R58Q mice

WT T160D S15D R58Q
524 %11 29.1 & 1167 60.3 £ 16.7"" 2824 9.7%*
47.6 £ 11 70.9 £ 117 39.7 £ 167" 71.8 £ 9.7*
39+28 33£25 7.8 4.1 9+38

107.4 & 143.5 80 £ 85.9 225+£158.3 108.5 4 158.2
7 6 7 7

Values are means & SD for n = N° of independent experiments. Significance was calculated by one-way ANOVA with Tukey’s multiple comparison test with *p < 0.05 and **p < 0.01 for
R58Q, T160D mutant vs. WT protein, **p < 0.001 for T160D vs. S15D, **"p < 0.001 for S15D vs. R58Q.

differences in the SRX-to-DRX ratio were observed for the
mutant RLC-reconstituted LVPM from Tg-WT (Figure 5B;
Table 4). However, assessment of mutant RLC-reconstituted
LVPM fibers from Tg-R58Q showed a significantly higher
proportion of myosin cross-bridges in the SRX state for fibers
reconstituted with recombinant R58Q-RLC (~72%) compared
with WT-RLC-reconstituted fibers (48%). This result supports
our previous data on R58Q-RLC reconstituted porcine and
mouse cardiac preparations showing that R58Q promotes
the OFF state of myosin by stabilizing the SRX conformation
characterized by a very low ATP turnover rate (22). Interestingly,
S15D-RLC destabilized the SRX state and shifted the R58Q
heads toward the DRX state (Figure 5C; Table 4). The T160D
phosphomimetic RLC did not alter the SRX-to-DRX ratio in Tg-
R58Q LVPM fibers and behaved similarly to fibers reconstituted
with R58Q-RLC (Figure 5C; Table 4). No significant differences
in the lifetimes of fast and slow phases of fluorescence decays
curves were observed among all tested systems (Table 4). As
for the ATPase assay shown in Figure 3, a significant difference
was noted between S15D-RLC vs. T160D-RLC RLCs, with
the S15D-RLC being superior to T160D-RLC in recusing the
hypocontractile behavior of R58Q-RLC-reconstituted fibers
from HCM Tg-R58Q myocardium (Figure 5C).

Discussion

Human cardiac RLC contains a cardiac MLCK (MYLK3
gene)-specific (S15)
recognized by many research studies as being essential for

phosphorylation site at serine-15
heart performance in normal and disease conditions (42).
Significantly decreased phosphorylation of the RLC occurs
in heart failure patients (43-45) and is also observed in
animal models of heart disease (23, 46, 47). The myocardium
containing dephosphorylated myosin has a reduced ability to
generate force and sustain cardiac function at steady-state levels
(23, 48), suggesting that RLC phosphorylation may inspire

the development of target-specific new therapies. Studies from
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our laboratory identified a link between compromised RLC
phosphorylation in animal models of HCM and decreased
force generation (48-51). Our in vitro data suggested that S15D
phosphomimetic RLC where S15 is replaced by aspartic acid
(D15), could serve as a strategy to mitigate the adverse cardiac
phenotypes in vivo. Beneficial effects of S15D were observed in
S15D-D166V transgenic mice, where the expression of S15D
in the background of HCM-D166V mutation prevented the
development of hypertrophy and cardiac dysfunction associated
with D166V (23). The effects of S15D phosphomimetic RLC
protein were recently tested in vivo when the S15D-RLC
molecule was delivered into the hearts of Tg-D166V mice
via the adeno-associated virus AAV9 (24). We observed a
significant improvement in heart function in AAV9-S15D-RLC
injected hearts of HCM mice compared with empty vector/PBS
injected hearts (24).

Our in-silico search for other potential phosphorylation
sites in the human RLC brought about several Ser/Thr/Tyr
sites (Figure 1), of which we chose to focus on threonine-
160 (T160). This is because T160 is located in the very C-
terminal region of the RLC that encompasses a hot spot for
HCM-associated mutations in the MYL2 gene (17-20). As
phosphorylation sites of myosin RLC may represent a potential
target for therapeutic interventions, we tested whether S15D
and T160D phosphomimetic RLCs can rescue cardiomyopathy
phenotypes in a mouse model of HCM, Tg-R58Q mice (29). This
approach has been previously tested in S15D phosphomimetic
RLC-reconstituted cardiac preparations from HCM-D166V
and HCM-R58Q mice, where S15D alleviated some of the
detrimental HCM phenotypes in vitro (21, 22).

In this study, we compared the T160 RLC site with
the established S15-RLC site and performed a series of
reconstitution experiments using RLC-depleted myosin and
LVPM fibers that were reconstituted with phosphomimetic
T160D and S15D RLC proteins. The data demonstrated
that when reconstituted in cardiac myosin and tested for
actin-activated myosin ATPase activity, both phosphomimetic
RLC proteins (T160D and S15D) were able to restore the
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FIGURE 6

Superimposed WT variants

R58Q -T160D Superimposed R58Q variants

The S15 and T160 phosphorylation sites are visualized as phosphomimetics S15D and T160D in the human cardiac RLC-WT (A) and RLC-R58Q
(B) proteins. I-TASSER derived secondary structures of the human cardiac RLC were built using protein templates selected from the Protein Data
Bank (PDB): 5tbyE, 3dtpE, 3jvtB, 3pn7E, 3j04B, 3i5iB, 2w4aB, 2bl0C, 6iihA, and 6k7yl. Note that mild intramolecular rearrangements in the vicinity
of phosphorylation sites at amino acids (aa) 15 and 160 are visible in the superimposed structures of WT and R58Q proteins

maximal ATPase activity (Vmax) in Tg-R58Q myosin to the
level of WT-RLC-reconstituted HCM-R58Q myosin (Figure 3B;
Table 1). A significant difference in Vimax was noted between
S15D-RLC and T160D-RLC, with SI5D-RLC showing higher
ATPase than T160D reconstituted in Tg-WT and Tg-R58Q
myosin, indicating functional superiority of the S15D vs. T160D
phosphomimetic RLC protein. Significant differences were
observed between both phosphomimetic RLCs in regulating
SRX<«>DRX equilibrium in Tg-R58Q mice (Figure 5). Unlike
S15D-RLC, T160D-RLC did not change the ratio of the SRX
to DRX state in skinned LVPM fibers of HCM Tg-R58Q mice.
At the same time, SI5D-RLC fostered the transition from the
energy-conserving SRX state to the DRX state and increased the
number of DRX heads readily available to interact with actin and
produce force (Figure 5). No changes were noted in SRX <> DRX
equilibrium by S15D or T160D RLCs in Tg-WT mice, indicating
that the phosphorylation of S15-RLC is essential for rescuing
the energetic state of myosin altered by HCM-R58Q mutation
of the RLC.

Several studies suggest that the primary effect of HCM-
causing mutations is hypercontractility of the heart that results
from an increase in the number of functionally accessible
myosin heads for the interaction with thin filaments and force
production (52). The R58Q model displays a non-canonical
HCM phenotype that is hypo- rather than hypercontractile
(Figure 5). It stabilizes the OFF state of myosin in LVPM
fibers from Tg-R58Q mice (Table 4; Figure5) and in R58Q
recombinant protein-reconstituted porcine fibers (22). As
demonstrated by Kampourakis et al. (25), R58Q promotes the
OFF state by reducing the number of myosin cross-bridges
readily available for actin interaction and ATP utilization.
Altogether, our previous and current results suggest that
the abnormal heart performance in Tg-R58Q mice (29,
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49) originates from an R58Q-mediated decrease in RLC
phosphorylation, diminished maximal tension, and stabilization
of the hypocontractile SRX state of myosin cross-bridges. These
adverse HCM phenotypes can be rescued in full by the S15D and
to some degree by the T160D phosphomimetic mutant.

The I-TASSER/PyMol modeled secondary structures of the
phosphomimetic S15D and T160D mutants in the background
of either WT-RLC or HCM R58Q-RLC are presented in
Figure 6. The S15D mutation causes slight conformational
changes in the N-terminus of WT-RLC (Figure 6A) and HCM
R58Q-RLC (Figure 6B), indicating phosphorylation-mediated
intramolecular changes in the RLC molecule. The T160D
mutation appears to render more structural changes in the
WT-RLC background (Figure 6A) than in the R58Q-RLC
(Figure 6B), supporting its lesser rescue ability of function in
HCM myocardium compared with SI5D-RLC.

Conclusions

Our experimental approach allowed us to test the
of RLCs
when reconstituted in cardiac muscle preparations from
HCM-R58Q myocardium compared with WT mice. We
showed that R58Q-exerted adverse phenotypes
could be rescued by S15D or T160D phosphomimetic RLCs
in cardiac preparations from Tg-R58Q mice. A low level

functional significance two phosphomimetic

several

of maximal isometric force or depressed ATPase activity
observed for R58Q-reconstituted samples could be restored
by both S15D and T160D RLCs with the significantly better
rescue of the Vmax of myosin ATPase activity by S15D-
RLC. Significantly, S15D but not T160D phosphomimetic
RLC could modulate myosin energetic states in the resting
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muscle and promote the DRX state reducing the fraction of
SRX heads and counteracting the hypocontractile activity
of R58Q-reconstituted HCM myocardium. This
supports the functional superiority of the established serine-15

result

phosphorylation site of the RLC that may serve as a therapeutic
target for HCM.
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Leukocyte-shed extracellular vesicles (EVs) can play effector roles in the
pathophysiological mechanisms of different diseases. These EVs released by
membrane budding of leukocytes have been found in high amounts locally
in inflamed tissues and in the circulation, indicating immunity cell activation.
These EVs secreted by immune cell subsets have been minimally explored
and deserve further investigation in many areas of disease. In this study we
have investigated whether in heart failure there is innate and adaptive immune
cell release of EVs. Patients with chronic heart failure (cHF) (n = 119) and
in sex- and age-matched controls without this chronic condition (n = 60).
Specifically, EVs were quantified and phenotypically characterized by flow
cytometry and cell-specific monoclonal antibodies. We observed that even
in well medically controlled cHF patients (with guideline-directed medical
therapy) there are higher number of blood annexin-V* (phosphatidylserine™)-
EVs carrying activated immunity cell-epitopes in the circulation than in
controls (p < 0.04 for all cell types). Particularly, EVs shed by monocytes and
neutrophils (innate immunity) and by T-lymphocytes and natural-killer cells
(adaptive immunity) are significantly higher in cHF patients. Additionally, EVs-
shed by activated leukocytes/neutrophils (CD11b™, p = 0.006; CD29%/CD15™,
p = 0.048), and T-lymphocytes (CD3*t/CD45%, p < 0.02) were positively
correlated with cHF disease severity (NYHA classification). Interestingly, cHF
patients with ischemic etiology had the highest levels of EVs shed by
lymphocytes and neutrophils (p < 0.045, all). In summary, in cHF patients
there is a significant immune cell activation shown by high-release of EVs that
is accentuated by clinical severity of cHF. These activated innate and adaptive
immunity cell messengers may contribute by intercellular communication to
the progression of the disease and to the common affectation of distant
organs in heart failure (paracrine regulation) that contribute to the clinical
deterioration of cHF patients.

extracellular microvesicles (EVs), chronic heart failure, immune cells, inflammation,
liquid biopsies, extracellular vesicle (EV)
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Introduction

Leukocyte-shed extracellular vesicles (EVs) can play effector
roles in the pathophysiological mechanisms of different diseases.
These EVs released by membrane budding of leukocytes have
been found in high amounts locally in inflamed tissues and in
the circulation, indicating immunity cell activation. These EVs
secreted by immune cell subsets have been minimally explored
and deserve further investigation in many areas of disease (1).
Heart failure (HF) is a complex syndrome that accounts for
a high proportion of cardiovascular death worldwide (2, 3).
It is characterized by an impairment of the cardiac function
due to genetic and environmental insults and comorbidities
such as ischemic disease, that induce significant alterations
of heart structure (left ventricle hypertrophy or dilation,
fibrosis, maladaptive remodeling) and function (decreased
cardiac output, increased end-diastolic pressure and diastolic
or systolic dysfunction) (4). HF can be classified in HF
with preserved ejection fraction (HFpEF), HF with reduced
ejection fraction (HFrEF) and in HF with mildly reduced
ejection fraction (HFmrEF), according to their echographic
values of left ventricular ejection fraction (LVEF) (2, 5).
Although these groups present common symptomatology, their
pathophysiological mechanisms and therapeutic approaches are
slightly different. In that sense, although this is not universal, the
vast majority of HFrEF have underlying ischemic etiology, while
HFpEEF patients tend to develop HF due to hypertensive or heart
valve disease (6, 7).

The systemic inflammation of these patients represents a
chronic and non-resolving health impairment with the presence
of elevated levels of circulating cytokines or pro-inflammatory
mediators, such as TNFa, IL-B1, IL-6, or CRP (4, 8). Further
to the raised levels of inflammatory biomarkers, another
source of organ damage is the defective equilibrium between
pro-inflammatory and anti-inflammatory immune-cell subsets,
such as monocytes/macrophages, neutrophils, lymphocytes (B,
Treg, Th), that often results in impaired repair processes (9-
11). Several clinical trials have tried to target the on-going
inflammation with neutral results (12, 13). The failure of these
approaches suggests that the potentially involved pathways
are not well understood, and that further research in the
pathophysiology of the disease is needed. Indeed, HF is a
spectrum of overlapping phenotypes that need to be more
accurately classified.
extracellular microvesicles are a

with
a size range between 20 and 1,000 nm. Composed of a

(EVs)
population of extracellular vesicles

Circulating
heterogeneous

Abbreviations: AV, annexin V; cHF, chronic heart failure; EVs, extracellular
microvesicles; HF-Isch, heart failure with an ischemic underlying
etiology; HF-Nisch, heart failure with a non-ischemic underlying
etiology; HFpEF, heart failure with preserved ejection fraction; HFrEF,
heart failure with reduced ejection fraction; LVEF, left ventricle ejection
fraction; NYHA, New York Heart Association.
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phosphatidylserine-rich phospholipid bilayer that exposes
transmembrane proteins and receptors from their parental
cells, EVs are released after physiological stimuli such as cell
activation, damage, stress, apoptotic or necrotic damage (14,
15). EVs play a role in physiology and pathophysiology since
they are involved in various processes such as cell adhesion,
communication (they carry miRNA, proteins and lipids),
apoptosis, immune response, vascular function, remodeling,
hemostasis or thrombosis (16). Their cargo reflects their
parental cell condition and metabolic state and its numbers
have been correlated with disease progression and severity
(14, 16, 17). In cardiovascular disease, they have been related
to several pathologies (18) including atherosclerosis (19-21),
coronary artery disease (14), ischemia and myocardial infarction
(22-24) and stroke (25).

To gain more insight in the pathophysiology of chronic
HF (cHF), we aimed to investigate whether immune cells
were activated in patients, even though treated according
to guideline-directed medical therapy. Several studies
endothelial-derived EVs in
with cardiovascular risk factors and cardiovascular disease

have investigated relation
pathophysiology (26-29). However, to our knowledge, there
are no studies investigating the type of immune cells that are
activated and shed EVs in cHF.

In this study we have investigated whether in chronic heart
failure there is innate and adaptive immune cell release of EV's
and whether specific circulating EV patterns associate with the
underlying cHF etiology (ischemic and non-ischemic) or the
disease severity in cHF patients.

Materials and methods

Clinical study population

A total of 119 ambulatory patients with clinical diagnosis
of cHF and under guideline-directed medical therapy were
prospectively recruited in the outpatient HF unit of the Hospital
de la Santa Creu i Sant Pau (Barcelona, Spain) between
September 2016 and July 2018 and were followed-up until
October 2019. During follow-up patients were treated according
to international guidelines and at clinician discretion in the
outpatient unit of our hospital. A control group was also
included, comprising 60 sex- and age-matched controls without
cHF. Baseline demographic data, classical cardiovascular risk
factors and background medication of the study population
(cHF and control groups) are shown in Table 1. Exclusion
criteria were: HF with mildly reduced ejection fraction
(40-50% of left ventricular ejection fraction [LVEF]), past
history of cancer, inflammatory disorders, sepsis or infection.
Pregnant women were also excluded. Characteristics of the
cHF patients including biochemical and hematological data,
cHF-etiology and cHF-severity (according to the New York
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TABLE 1 Patients and controls baseline characteristics.

10.3389/fcvm.2022.939625

Controls cHF P-value
n=60 n=119 controls-cHF

Demographic characteristics; mean &= SD
Male/Female, n 34/26 81/38 0.133
Age, years 67.1+£7.1 67 £11.8 0.553
Systolic blood pressure, mmHg 144.8 +20.2 120.4 +19.1 0.000
Diastolic blood pressure, mmHg 83.7+11.3 7394+ 11.1 0.000
Left ventricular ejection fraction,% 52-741 45.59 £+ 18.98 -
Risk factors; n (%)
Smokers 10 (16) 13 (10.9) 0.278
Hypertension 33 (55) 82 (68.9) 0.067
Pulmonary hypertension - 49 (41.1) -
Diabetes mellitus 10 (16) 53 (44.5) 0.000
Dyslipidaemia 45 (75) 64 (53.7) 0.004
Chronic kidney disease 2(3.3) 46 (38.6) 0.000
Atrial fibrillation - 50 (42) -
Background medication; n (%)
Angiotensin-converting-enzyme inhibitors 19 (31.6) 48 (40.3) 0.333
Angiotensin II receptor blockers 9 (15) 35(29.4) 0.054
Beta-blockers 2(3.3) 100 (84) 0.000
Aldosterone antagonists - 66 (55.4) -
Diuretics* 6 (10) 104 (87.3) 0.000
Angiotensin receptor neprilysin inhibitors - 17 (14.2) -
Ivabradine - 14 (11.7) -
Statins 37 (61.6) 77 (64.7) 0.690
Insulin 3(5) 16 (13.4) 0.083
Anti-diabetic drugs 8(13.3) 40 (33.6) 0.004
Antiplatelet agents 12 (20) 46 (38.6) 0.012
Anticoagulants 2(3.3) 61 (51.2) 0.000
Anti-arrhythmic drugs - 26 (21.8) -

TLVEF normal range (excerpted from https://www.ncbi.nlm.nih.gov/books/NBK459131/ on 18/01/2021).

FIncludes: furosemide, hydrochlorothiazide, torasemide and indapamide.

SD, standard deviation; cHF, chronic heart failure. The statistically significant p-values are in bold.

Heart Association Classification [NYHA]) are given in Table 2
and Supplementary Tables 1, 2. NYHA classification system
considers cardiac functionality and disease severity, dividing
cHF in four categories (5). Briefly, NYHA I patients do not
present limitations in their physical activity and daily activity
does not cause breathlessness, fatigue or palpitations. NYHA
II patients have a slight limitation of physical activity, and
whereas they are comfortable at rest, ordinary activity produces
breathlessness, fatigue or palpitations. Patients in NYHA III
present a marked limitation of physical activity. Although they
are comfortable at rest, less than ordinary physical activity
results in breathlessness, fatigue or palpitations. Finally, NYHA
IV patients are unable to carry on any physical activity without
discomfort and can have symptoms at rest. In patients with
ischemic etiology, ischemia was defined as history of a previous
myocardial infarction, or in the absence of an acute ischemic
event, if there was stenosis equal or greater than 75% in the
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common trunk or left anterior descending artery, as well as
when stenosis was equal or greater than 75% in two or more of
the principal coronary arteries.

The ethics committee at the Hospital de la Santa Creu i
Sant Pau in Barcelona (Spain) approved the study (Ref 16/44)
and it was conducted under the principles of the Declaration
of Helsinki. A written informed consent was obtained from all
participants prior recruitment.

Blood sampling, circulating
extracellular vesicles isolation and
characterization

Venous blood was withdrawn from the cubital vein without

tourniquet using a 20-gauge needle after 10-14 h of fasting into
3.8% sodium citrate tubes (BD Vacutainer, Becton Dickinson).
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TABLE 2 Clinical characteristics of cHF patients at baseline (n = 119).

Patients characteristics

Clinical history; n(%) cHF etiology

Ischemic 43 (36.1)

Non-ischemic 76 (63.9)
Hypertensive cardiomyopathy 19 (15.9)
Dilated cardiomyopathy 24(20.1)
Hypertrophic cardiomyopathy 12 (10)
Heart valve disease 17 (14.2)
Other 4(3.3)

New York Heart Association cHF stage
NYHAI 0(0)
NYHAII 52 (43.7)
NYHA IIT 66 (55.5)
NYHA IV 1(0.8)

Hospitalizations in the 6 months prior study initiation 49 (41.1)

Re-events in the year prior study initiation 9(7.6)
Percutaneous coronary intervention 4 (44.5)
Coronary artery bypass grafting 2(22.2)
Medical treatment 3(33.3)

Biochemistry; mean + SD

Hemoglobin, mg/dl 129.8 +18.5

Creatinine, mg/dl 1.3 4+ 0.54

C-Reactive Protein, mg/ml 7.63 £ 11

NT-proBNP, pg/ml 2954.8 £4211.3

High—sensitive troponin T, ng/l 27.7 +£20.9

Erythrocytes, 10%/mm? 3.98+0.74

Platelets, 10°/mm> 173.2 + 56.89

Leukocytes, mm? 7426.1 £ 1950

Neutrophils, 10°/L 4.74 +1.54

Monocytes, 10°/L 0.75 & 0.54

Major outcomes during follow-up; n (%)

Cardiovascular event’ 26 (21.8)
Stroke 8(6.7)
Aortic dissection 1(0.8)
AMI + Cardiogenic shock 3(2.5)
HTx/HTx waiting list 10 (8.4)/1 (0.8)
CV death 7 (5.8)
Emergency hospital admission for cHF 16 (13.4)

Rehospitalisation for cHF 57 (47.8)

Aortic aneurism 1(0.8)

Other death causes® 10 (8.4)

TIncludes patients that suffered a stroke, an aortic dissection, an AMI, a cardiogenic
shock, a CV death (mainly due to cHF) or were admitted to the emergency department.
It does not include patients that underwent a HTx.

*Includes patients that died due to a septic shock, a hemorrhage or a non-successful HTx.
AM], acute myocardial infarction; CV, cardiovascular; cHE chronic heart failure; HTx,
heart transplantation; NT-proBNP, N-terminal pro-hormone of brain natriuretic peptide;
NYHA, New York Heart Association; SD, standard deviation.

All samples were processed identically and within the first
2 h. Blood was centrifuged at 1,560 g for 20 min at 20°C
(Eppendorf 5810R GLOOB04932 centrifuge, A-4-81 rotor,
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Eppendorf) to avoid in vitro platelet activation. Platelet-poor
plasma (PPP) was carefully aspirated, leaving about a 1 mm
undisturbed layer on top of cells. A second centrifugation
step was then performed at 1,500 g for 10 min at 20°C
(Eppendorf 5415R centrifuge, FA45-24-11 rotor, Eppendorf) to
ensure the complete removal of cells and obtain the platelet-
free plasma (PFP). PFP aliquots were stored at —80°C until flow
cytometry studies.

The EVs fraction was isolated from PFP by a two-
step high-speed centrifugation, according to the procedure
previously described (20, 24, 30). Specifically, PFP was thawed
and centrifuged at 1,500 g for 10 min at 20°C (Eppendorf
5417R centrifuge, FA45-24-11 rotor, Eppendorf). Next, 250 pl
of PFP were collected from the upper part of the vial
and transferred to a new tube to pellet the EVs, and then
centrifuged at 20,000 g for 30 min at 20°C (Eppendorf 5417R
centrifuge, FA45-24-11 rotor, Eppendorf). The supernatant
(225 pl) was discarded, and the EVs-enriched pellet was
washed with 225 pl of citrate-phosphate buffered saline (PBS)
solution (citrate-PBS; 1.4 mmol/L phosphate, 154 mmol/L NaCl,
10.9 mmol/L trisodium citrate, pH 7.4) before a second equal
centrifugation (20,000 g, 30 min, 20°C) was pursued. Finally,
the remaining pellets were resuspended in a final volume of
100 l citrate-PBS.

Flow cytometric analysis of
extracellular vesicles

Extracellular vesicles were phenotypically characterized by
three-label flow cytometric analysis, performed as described
previously (20, 24, 30). Washed EV's suspensions were diluted
in PBS containing 2.5 mmol of CaCl, (Annexin binding buffer
[ABB], BD Biosciences, San Jose). Afterward, combinations
of CFBlue-conjugated annexin V (AV)
Salamanca, Spain) to detect phosphatidylserine, and two
specific monoclonal antibodies (mAb) (Supplementary
Table 3) labeled with fluorescein isothiocyanate (FITC) and
phycoerythrin (PE), or the isotype-matched control mAb, were
added. Samples were incubated for 20 min at 20°C in the dark
and diluted with ABB before being immediately analyzed on
a FACSCantoll™ (Becton Dickinson, Franklin Lakes, NJ,
USA) flow cytometer.

Sample acquisition was performed during 1 min per sample
at “low flow” rate. Forward scatter (FSC), side scatter (SSC),
and fluorescence data were obtained with the settings in the

(Immunostep,

logarithmic scale. Gate limits were established as follows with
the same criteria previously described (20, 24, 30). The upper
threshold for FSC was set with the Megamix-Plus FSC beads
(BioCytex, Marseille, France). Megamix-Plus FSC beads for
cytometer setting are a mix of beads of the following bead-
equivalent diameters: 0.1, 0.3, 0.5, and 0.9 pm. According to
the beads signal, the lower detection limit was placed as a
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threshold above the electronic background noise of the flow
cytometer for FSC and the second logarithm for SSC. EVs within
the established gate limits (>0.1 to 1 wm) were identified and
quantified based on their binding to AV and reactivity to cell-
specific mAb. To identify positive marked events, thresholds
of fluorescence were also set based on samples incubated with
the same final concentration of isotype-matched control mAb
after titration experiments. AV binding level was corrected
for auto-fluorescence using fluorescence signals obtained with
EVs in a calcium-free buffer (PBS). Additional controls to
correct for FITC-, PE- and CFBlue-fluorescence were also
pursued (unstained and single-stained controls), as well as
serial dilutions to ensure proper event detection and to prevent
swarming. Finally, to corroborate the presence of EVs in the
EVs suspension, 5% saponin-treated controls were performed
(see Supplementary Figure 1). To reduce background noise,
buffers were prepared on the same day and filtered through
0.22 pwm pore-size filters under vacuum. EVs markers observed
in cHF patients by flow cytometry were validated by western
blot as described in Supplementary material and shown in
Supplementary Figure 2.

Data was analyzed with BD FACSDiva™ Software (version
6.1.3, Becton Dickinson, Franklin Lakes, NJ, USA). The
concentration (number of EVs per pl of plasma) was
determined according to Nieuwland’s procedure (31), based on
sample’s volume, flow cytometer’s flow rate and the number
of fluorescence-positive events (N), as follows: EVs/pul = N
x (Vf/Va) x (Vt/FR) x (1/Vi), where Vi(ul) = final volume
of washed EVs suspension, Va(jLl) = volume of washed EVs
suspension used for each labeling analysis, Vt(nl) = volume
of EVs suspension before fluorescence-activated cell sorting
analysis, FR(il/min) = flow rate of the cytometer at low mode
(the average volume of EVs suspension analyzed in 1 min), 1 is
the pl unit of volume, and Vi(pul) = original volume of plasma
used for EVs isolation.

Statistical analysis

Statistical analysis was performed using SPSS Statistical
Analysis System (version 26.0, IBM Corp. Armonk, NY).
Normality of variables was assessed with Saphiro-Wilks test.
Descriptive analysis for qualitative variables was performed
using number of cases and percentages, while for quantitative
variables, mean + SD were used except when specified.
Frequencies of qualitative variables (clinical outcomes, risk
factors, and medications) were compared between groups
using Chi-squared analysis. Median values of quantitative
variables were contrasted with non-parametric tests. Statistical
significances between groups were determined with U
Mann-Whitney tests. Correlation analyses were pursued
using the Spearman correlation test. Receiver operating
characteristic (ROC) curve analyses for predicted probabilities
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were performed to identify threshold concentrations of EVs
able to discriminate between cHF NYHA stages, or between
severity in ischemic patients, and the corresponding area under
the curve (AUC) with its 95% confidence interval (CI) was
calculated. Binary logistic regression models were pursued
to estimate predicted probabilities for NYHA severity using
combinations of EVs and/or the currently used biomarker
NT-proBNP. A p < 0.05 was considered statistically significant.
Sample size was determined using the GRANMO sample size
calculator (version 7.12, April 2012). To detect mean differences
in the number of EVs, a total of 126 subjects (controls and cHF)
would be needed to complete the study (o risk = 0.05, beta
risk = 0.2, two-sided test).

Results

Clinical characteristics of the study
population

Mean age of cHF was 67 + 12 years (68% of men).
Sixty cHF patients presented reduced ejection fraction (HFrEF;
LVEF < 40%; n = 60) while 59 (49.6%) had cHF with preserved
ejection fraction (HFpEF; LVEF > 50%). Additionally, 52
(43.7%) cHF presented a less severe cHF symptomatology
according to the NYHA classification (class II), while 66 (55.5%)
and 1 (0.8%) were in the higher severity spectrum, being
in the NYHA stages III and IV, respectively. Demographics,
classical risk factors and background medication are shown
in Table 1, while etiology, biochemistry data and follow-up
events and outcomes are listed in Table 2. Demographical,
pharmacological and classical risk factor data of cHF according
to their ejection fraction or severity (NYHA classification) is
disclosed in Supplementary Tables 1, 7. Underlying etiology
classification and clinical data of cHF according to these groups
are listed in Supplementary Tables 2, 8.

Immunity cell-derived circulating
extracellular vesicles: Cell-origin and
activation

Total levels of EVs-AV™T
significantly higher in cHF patients than in controls. As shown

shed by leukocytes were

in Figure 1A, EVs carrying the pan-leukocyte marker CD45™,
the T-lymphocyte co-receptor (CD3™") or both (CD31/CD45™),
were significantly increased in cHF (p < 0.0001). In addition,
patients had significantly higher amounts of monocyte- and
neutrophil-derived AV*t-EVs carrying CD16" (receptor Fcy
III) and CD15" (sialyl Lewis X), respectively. EVs shed by
natural-killer cells carrying the neural cell adhesion molecule-1
(CD56™) were significantly elevated in cHF compared to
controls.
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Cellular origin and distribution of AV* EVs in cHF and controls. (A) Distribution of EVs from total leukocytes (CD45%), T-lymphocytes (CD3* and
CD3*/CD45%), neutrophils (CD15%), monocyte/macrophage (CD16%) and natural-killer cells (CD567). (B) Distribution of EVs from activated
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In addition, cHF patients had significantly higher levels
of EVs derived from activated immune cells (identified for
the shedding of activation markers in EVs). Specifically, AV -
EVs from activated leukocytes (integrin o-M; CD11b™)
and activated neutrophils (integrin p-1/sialyl Lewis X;
CD29%/CD15%) were significantly increased in patients
compared to controls (Figure 1B).

The activation of the immunity cells measured by EVs did
not correlate with the number of blood leukocytes or CRP levels,
indicating different pathophysiological pathways. Interestingly,
circulating EVs from T-lymphocytes (CD3*/CD457/AV™")
significantly correlated with the cardiac damage markers hsTnT
and NT-proBNP, while levels of EVs from activated neutrophils
(CD297/CD15%/AV™) and hsTnT and NT-proBNP showed a
trend toward significance (Supplementary Table 4). cHF and
control groups did not differ in the percentages of EV's shed by
platelets (CD41a™; allbp 3-integrin).
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Immune cell-derived circulating
extracellular vesicles signature and
chronic heart failure severity

Chronic heart failure patients with more severe form of
disease (a higher score in the NYHA classification [NYHA
HI-IV]) had higher values of EVs derived from leukocytes
(CD45%7/AV™) and specifically those shed by T-lymphocytes
(CD3%/AV™T, CD3T/CD45"/AVT). In addition, a significant
increase in EVs from activated leukocytes (CD11b*/AV™) and
activated neutrophils (CD29%/CD15%/AV™) was observed in
these patients, compared to those with NYHA II (Figure 2A).
Interestingly, these differences were maintained when both
groups were compared with controls (Supplementary Table 5).

Distribution of the cHF population according to disease
severity (according to the NYHA classification) is given
in Table 2. Patients characteristics according to degree of

frontiersin.org


https://doi.org/10.3389/fcvm.2022.939625
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Vilella-Figuerola et al.

A p=0.017 p=0.011 p=0.008
1 1 1
120 40 40
100
30 30
& 80 ] o
a a a
- — —
o (=] (=]
= 60 =20 =20
S~ S~ S~
w w d
b = a
£ 40 * +
5 5 5
< < 10 < 10
LT 1
. 1 | e
LEVs LEVs LEVs
(cD45*) (cp3Y) (cD3*/CcDA4s5*)
=0.048 =0.006
100| PO 100 P00
80 80
Q. (-9
& a
4 60 “= 60
(<] o
= 2 CINYHA R
3 3
2 40 £ a0 [ NYHA -V
s h
20 20
ol == T ol = 1
nEVs LEVs
(cD29*/CD15%) (cD11b%)
FIGURE 2

10.3389/fcvm.2022.939625

B
Discrimination of Severity (NYHA)
1,0
0,84
> 0,64
2
.‘é
@
D 54
0,24
00 T T T T
00 02 04 06 08 10
1 - Specificity

————  CD11b*/AV* and CD45*/AV* EVs
AUC=0.658+0.050 [95% Cl: 0.559-0.757] - p=0.003

NTproBNP
AUC=0.67610.050 [95% Cl: 0.578-0.774] = p=0.001

Reference line

Distribution of AV -EVs of immune-cell origin considering disease severity according to NYHA. (A) Distribution of EVs from total leukocytes
(CD45T), T-lymphocytes (CD3* and CD3%/CD45%), activated leukocytes (CD11b™) and from activated neutrophils (CD297/CD15%). Ap < 0.05
was considered significant (U Mann—Whitney test). (B) ROC curve analyses to evaluate EVs and NT-proBNP association to NYHA severity, with
AUC indicated along its 95% CI. A p < 0.05 was considered significant. AUC, area under the curve; AV*, annexin V*; cHF, chronic heart failure;
Cl, confidence interval; EVs, extracellular microvesicles; LEVs, leukocyte-derived EVs; IEVs, lymphocyte-derived EVs; nEVs, neutrophil-derived
EVs; NYHA, New York Heart Association; PFP, platelet-free plasma; ROC, receiver operating characteristic curve.

severity (NYHA II and NYHA III-IV stages) are shown in
Supplementary Tables 1, 2. Disease severity score according to
NYHA correlated positively with hsTnT (rho = 0.200; p = 0.031)
and NT-proBNP (rho = 0.313; p = 0.001).

Leukocyte-derived EVs subtypes showed a significant
association to NYHA severity, evidencing their involvement
in disease pathophysiology. By C-statistics analysis, the
clustering of CDI11bT/AVT and CD457/AV*
an AUC (AUC = 0.658 £ 0.050 [95% CI: 0.559-0.757];
p = 0.003) (Supplementary Table 6) similar to NT-proBNP
(AUC = 0.676 + 0.050 [95% CI: 0.578-0.774]; p = 0.001),
hormone secreted by cardiomyocytes in the heart ventricles in

showed

response to stretching caused by increased ventricular blood
volume that signals for a different pathophysiological pathway
to that mapped by EV's (Figure 2B and Supplementary Table 6).

Interestingly, no differences in immune cell-derived EVs
levels/phenotypes were detected in HFpEF and HFrEF patients.
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Instead, as expected, a negative correlation of NT-proBNP
and LVEF was observed (rho = —0.222, p = 0.015). These
results indicate that immune cell activation is a common
feature in patients with both HFpEF and HFrEF. Demographic,
biochemical and clinical classification of the patients according
to their LVEF is shown in Supplementary Tables 7-9.

Circulating extracellular vesicles and
chronic heart failure etiology: Ischemic
and non-ischemic disease

Chronic heart failure patients with ischemic etiology (HEF-
Isch) presented increased levels of EVs. Specifically, EVs derived
from T-lymphocytes (CD3*/AV™', p = 0.045) or carrying
the leukocyte activation marker integrin f-1 (CD29"/AVT,
p = 0.025) were significantly increased in HF-Isch compared

frontiersin.org


https://doi.org/10.3389/fcvm.2022.939625
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Vilella-Figuerola et al.

to non-ischemic patients (HF-NIsch). Moreover, EVs from
activated neutrophils (CD29"/CD15"/AV™) displayed higher
levels in HF-Isch compared to HF-NIsch, although this trend
was non-significant (p = 0.079) (Figure 3A).

Within HF-Isch, different EV's profiles associated to disease
severity (NYHA class). There were significantly higher levels
of EVs derived from leukocytes (CD45%/AV; p = 0.013),

T-lymphocytes  (CD37/AV™  and CD457/CD3"/AVT;
p < 0.024), and activated leukocytes, monocytes and
neutrophils  (CD1 1bt/AVt, CDI11b*/CD1417/AVt and

CD297/CD157/AVT, respectively; p < 0.05) in severe disease
patients. No differences associated to severity were detected
in HF-NIsch (Figure 4). C-statistics analyses to assess the
involvement of EVs in the pathophysiology and severity
of disease in HF-Isch, showed that activated leukocytes
(CD11b*/AV™) had the best discrimination power, with an
AUC of 0.848 £ 0.058 (95% CI: 0.734-0.961; p < 0.001),
followed by activated neutrophils (CD297/CD15%/AV™),
with and AUC of 0.811 £ 0.065 (95% CI: 0.683-0.939;
p = 0.001). Again, in an order of magnitude comparable to
the contribution of disease showed by NT-proBNP, with an
AUC of 0.816 + 0.071 (95% CI: 0.676-0.955; p < 0.001). When
analyses were performed with the combined probabilities of
EVs from activated leukocytes and neutrophils (CD11b™/AV*
and CD29%/CD157/AV+) the AUC increased to 0.858 + 0.056
(95% CI: 0.747-0.968; p < 0.001), with a sensitivity and
specificity of 80.0 and 83.3%, respectively. The addition of
NT-proBNP to the analysis did not improve discrimination
(AUC = 0.858 & 0.056 [0.747-0.968]); p < 0.001) (Figure 3B
and Supplementary Table 10) indicating two types of
contribution to disease progression of EVs and NT-proBNP,
respectively.

Extracellular vesicles shedding levels, considering elapsed
time between any ischemic event and sample collection, was
similar in those patients with longer elapsed time between
ischemic event and blood withdrawal (more than 1 year:
7 £ 7 years) and those with lower time-periods (less than a year:
5 £ 2 months) (Supplementary Table 11).

Discussion

Heart failure is a complex syndrome where the heart is
unable to maintain a correct blood supply to ensure that
the metabolic needs of the body are met (2). This can
occur due to structural and functional defects, which at the
same time are the result of major pathogenic mechanisms
like hemodynamic overload, ischemia-related dysfunction, or
ventricular remodeling among others (32). cHF patients have
shown in diverse studies to have a chronic and non-resolving
inflammatory state (11, 33).

The immune system has an important role in the setting
of structural and functional changes in many organs, especially
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when the immune reparative processes become impaired. The
present study has aimed at obtaining information on the
activation state of different immunity cells in cHF patients. We
have demonstrated that cHF patients present differential EVs
profiles in comparison to control subjects, observing increased
levels of EVs derived from leukocytes in cHE reflecting the
chronic activation state of these cells.

We specifically detected EVs
lymphocytes, neutrophils, monocytes/macrophages
natural-killer cells in ¢HF compared to controls. In addition,

have derived from

and

we have shown that numbers of these EVs, except those shed
by natural-killer cells and monocytes, correlated with the
severity of the symptomatology. The combination of EVs
CD11b*t/AVT and CD457/AV*™ was able to discriminate
between NYHA stages II and III-IV, with an AUC of
0.658, indicating the implication of the activation of these
immunity cells in disease severity pathophysiology. We
also found that EVs could discriminate the etiology of
cHE, with those patients with underlying ischemic etiology
presenting significantly increased immune cell shed EVs.
Further, we observed that in these patients EVs from
those
activated neutrophils, had a high discriminative potential

activated leukocytes in combination with from
in assessing cHF severity similar to NT-proBNP that
measures another component of disease pathophysiology.
We did not observe, however, differences in immune-cell-
derived EVs profiles depending on the LVEF of cHF patients,
indicating that both HFpEF and HFrEF patients have activation
of immunity cells.

shown how EVs
pathophysiological of
progression. For instance, our group has recently demonstrated
that EVs

plaques and discriminate plaque composition in familial

Several studies have can signal

pathways cardiovascular  disease

can predict the presence of atherosclerotic

hypercholesterolemia (21, 34). Further, it is widely accepted
that EVs can identify severity of various pathologies (30,
35) and predict cardiovascular events (24, 36, 37), including
cardiovascular death (22, 30). In fact, some studies have already
observed increased levels of EVs in cHE such as EVs from
endothelial cells carrying the marker CD144% (29).

Here, we have shown in patients under guideline-directed
medical therapy that immunity cells are activated. The
amount of EVs shed by neutrophils (CD29%7/CD15%/AVT),
T-lymphocytes (CD3"/AV*' and CD31/CD457/AV") or
carrying the activation marker CD11b*t/AV™T, positively
correlates with disease severity. Further, we have shown for the
first time that immune-cell-derived EVs associate to NYHA
disease stage, and that immune cells are similarly activated in
HFpEF and HFrEF patients. A non-resolving inflammation
is a reported characteristic of HF (11, 38); in addition, our
results indicate that there is an activated state of the innate and
adaptive immune cells that may need be the target of future
therapeutic interventions.
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Patients with cHF of ischemic origin have significantly
higher numbers of EVs from T-lymphocytes and neutrophils.
This is a pathophysiological indication of the increase in
neutrophils in the myocardium after an initial insult (10).
Neutrophils are of the first cells mobilized to the damaged
myocardium, where they clear diseased cells, start the reparative
macrophages (M1) induction and promote inflammation, tissue
reparation and fibrosis (10, 11, 39). Following the neutrophil
and macrophage wave, T-lymphocytes infiltrate the heart and
promote wound healing. However, if this pro-inflammatory
state is prolonged in time and is not switched to a more anti-
inflammatory phenotype, maladaptive remodeling and fibrosis
occur, promoting HF (11, 39). This crosstalk among cells in
the damaged myocardium is mapped by the phenotypically
characterized EVs.
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As study limitations we should first mention that the
relatively small cohort size included in the study has impeded
the adjustment for comorbidities and medications; however,
this is a hypothesis generating study. Second, by experimental
design, we did not include patients with HF with mildly
reduced ejection fraction, which could have provided additional
insights in the pathophysiology of the disease. Third, it is
also worth mentioning that the CD11b marker (integrin -
M) is expressed by activated cells and indicates the type of
activated cell when is associated with another CD marker.
Additionally, due to methodological issues we could not
analyze EVs released by B lymphocytes, nor determine cell
counts of all white blood cells analyzed. However, in view
of our results, further studies addressing EVs from B cells

are warranted.
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neutrophils (CD29%/CD15%). A p < 0.05 was considered significant (U Mann-Whitney test). AV*, annexin V*; EVs, extracellular microvesicles;
LEVs, leukocyte-derived EVs; IEVs, lymphocyte-derived EVs; mEVs, monocyte-derived EVs; nEVs, neutrophil-derived EVs; NYHA, New York

Heart Association; PFP, platelet-free plasma.

Conclusion

In conclusion, HF is a complex syndrome where multiple
pathophysiological pathways converge. In well treated chronic
heart failure patients, immunity cells, both innate and adaptive
immunity cells, are activated and release high number of
circulating EVs. The released EVs may amplify the underlying
inflammatory processes in these patients, affecting different
tissues. Indeed, EV's are involved in crosstalk with other cells,
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acting as distant cell function regulators of targeted-receptor
cells, even in distant organs.
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In cardiac muscle the action of adrenaline on Pl receptors of heart
muscle cells is essential to adjust cardiac output to the body's needs.
Adrenergic activation leads to enhanced contractility (inotropy), faster heart
rate (chronotropy) and faster relaxation (lusitropy), mainly through activation
of protein kinase A (PKA). Efficient enhancement of heart output under stress
requires all of these responses to work together. Lusitropy is essential for
shortening the heartbeat when heart rate increases. It therefore follows
that, if the lusitropic response is not present, heart function under stress
will be compromised. Current literature suggests that lusitropy is primarily
achieved due to PKA phosphorylation of troponin | (Tnl) and phospholamban
(PLB). It has been well documented that PKA-induced phosphorylation
of Tnl releases Ca?* from troponin C faster and increases the rate of
cardiac muscle relaxation, while phosphorylation of PLB increases SERCA
activity, speeding up Ca2t removal from the cytoplasm. In this review
we consider the current scientific evidences for the connection between
suppression of lusitropy and cardiac dysfunction in the context of mutations
in phospholamban and thin filament proteins that are associated with
cardiomyopathies. We will discuss what advances have been made into
understanding the physiological mechanism of lusitropy due to Tnl and PLB
phosphorylation and its suppression by mutations and we will evaluate the
evidence whether lack of lusitropy is sufficient to cause cardiomyopathy, and
under what circumstances, and consider the range of pathologies associated
with loss of lusitropy. Finally, we will discuss whether suppressed lusitropy due
to mutations in thin filament proteins can be therapeutically restored.

adrenergic stimulation, lusitropy, contractility, protein kinase A, hypertrophic
cardiomyopathy, dilated cardiomyopathy
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Introduction

It is 10 years since we wrote a review, based mainly
on in vitro work, proposing that a major defect commonly
connected with inherited cardiomyopathies (and perhaps some
others) was their lack of response to Tnl phosphorylation (1).
The modulation of cardiac muscle relaxation rate due to Tnl
and phospholamban phosphorylation is a key determinant of
the lusitropic response. This lead us to propose that suppression
of lusitropy could be a disease mechanism in cardiomyopathies.
This review revisits the question in the light of recent research.

Calcium ions (Ca?t), released from the sarcoplasmic
reticulum, bind to troponin C to switch the thin filament on,
however, in cardiac muscle a more graded form of regulation
is essential to tailor cardiac output to the body’s needs. The
level of contractility of heart muscle is determined by three
factors: the initial sarcomere length (preload), the force against
which the muscle must shorten (afterload), and the speed
and force of contraction. Speed and force of contraction
can be modulated independently of preload and afterload by
changing the inotropic state. This is controlled largely, but not
exclusively, by stimuli from the sympathoadrenal system and the
parasympathetic nervous system.

Adrenergic activation acts mainly on B1 receptors to trigger
a coordinated response of the heart during exercise or “flight-
or-flight” that increases cardiac output up to fivefold. This
is achieved by an increase in heart rate of up to threefold
(chronotropy) and an increase in the force of contraction
(inotropy). Ventricular pressure rises quicker and higher arterial
pressure is produced. At the same time the duration of systole
grows briefer and relaxation is faster (lusitropy).

The increased speed of relaxation is essential for the
adrenergic response since the heart beat must become shorter if
the heart rate is increased to avoid successive beats overlapping
which would reduce stroke volume. Nevertheless, lusitropy is
not often given the attention it deserves since heart rate and
magnitude of contraction are obvious and easily measured
parameters whilst relaxation rates are not commonly recorded.
It is the objective of this review to consider the evidence
that defects in lusitropy can be a significant contributor
to heart disease.

The biochemical and physiological process of lusitropy is
well understood. B-1 receptor activation leads to adenylate
cyclase activation and cAMP production. cAMP acts directly
on membrane channels and also activates the cyclic AMP-
dependent protein kinase (PKA). PKA itself phosphorylates a
variety of ion channels, ion pumps in the sarcolemma and
sarcoplasmic reticulum (SR) and contractile proteins.

The SR in cardiac myocytes stores large quantities of
Ca?*. The SR is a complex cellular compartment that allows
intracellular Ca?* cycling that is coordinated with other
cellular systems such as myofilament and sarcolemma proteins.
Ca?t release from the SR is driven by the opening of
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Ryanodine Receptor whilst Ca?* reuptake by the SR is mostly
dictated by the Ca>* pump called sarco/endoplasmic reticulum
Ca2 + -ATPase (SERCA2a). In the sarcoplasmic reticulum PKA
phosphorylates Phospholamban (PLB), an accessory protein
crucial in the regulation of SERCA2a activity.

There are two phosphorylation sites in PLB, one at serine
16 and another at threonine 17 and the kinases involved
are PKA for serine 16 and Ca?*/CaM kinase for threonine
17. Unphosphorylated PLB is an inhibitor of SERCA2a;
PKA-mediated phosphorylation of phospholamban relieves
the inhibition, thus activating SERCA2a, resulting in faster
sequestration of Ca®T (lusitropy) and increased filling of the
sarcoplasmic reticulum that contributes to positive inotropy. In
addition, positive lusitropism is achieved by a PKA-mediated
phosphorylation of troponin I, exclusively at serines 22 and 23
(2, 3); phosphorylation of Tnl at these two serine sites increases
the rate of Ca?%-release from troponin C (4). To terminate
these events when plasma concentrations of B-agonists fall,
cyclic adenosine monophosphate (cAMP) is hydrolyzed by the
cyclic nucleotide phosphodiesterases, and protein phosphatases
hydrolyze the protein-bound phosphate. As will be discussed
later, it is probable that both PLB and Tnl phosphorylation
are necessary for effective positive lusitropy. It is possible
other targets of PKA, such as the L-type Ca** channel (5),
may influence lusitropy, but comprehensive data is lacking.
Recent publications have described the molecular mechanisms
of troponin and phospholamban phosphorylation modulation
of function (6, 7).

Evidence that lusitropy is
necessary from PLB loss of
function models

The key studies of the role of phospholamban in cardiac
muscle regulation are based on a PLB knockout (KO) mouse
model (8). In unloaded assays (e.g., myocytes) the relaxation
rate is completely unresponsive to isoprenaline (Iso) compared
with a 30% increase in WT myocytes. However, in isometric
contractions lusitropy is merely blunted: decrease in tau relax
was 17% vs. 30-50% in non-transgenic littermates (NTG). PLB
KO has additional actions, since it activated SERCA2a: tau is
lower than NTG and there is a substantial inotropic effect.
However, it can be concluded that PLB phosphorylation is a
mechanism for lusitropy. Pathogenic, exonic variants have been
identified in the PLB gene associated with DCM; to date, there
are six known PLN mutations linked to dilated cardiomyopathy
(p-R9C, RIL, R9H, Rl4del, R25C, L39X) (9-11) with several
more candidate mutations suggested from large scale surveys
[e.g., (12)].

The PLB R9C variant associated with DCM has been
extensively studied for its inotropic and lusitropic effects in
transgenic mice, cardiomyocytes and human iPSC-derived
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cardiomyocytes. Cardiomyocytes isolated from transgenic mice
bearing the PLB R9C in the heart display prolonged Ca?*
transients. Upon further investigation it was found that the
PLB R9C mutation “traps” PKA and inactivates it, preventing
phosphorylation. This has an constitutive inotropic and
lusitropic effect but yields negative consequences of impaired
frequency potentiation and blunted B-adrenergic responsiveness
(9). Another report suggested that acute expression of PLB
RIC in cardiomyocytes enhances inotropic and lusitropic
responses of the transfected cells but also blunts the response
to the frequency of stimulation and isoproterenol stimulation
(13). The PLB R9C mutation was also shown to cause a
blunted B-agonist response in human iPSC-CMs in experiments
performed using 3D human EHTs (14).

Evidence that lusitropy is
necessary from Tnl
phosphorylation sites serine 22/23
loss of function models

The role of TnI phosphorylation in modulating contractility
has been studied in several transgenic mouse models either
substituting the unphosphorylatable slow skeletal TnI for
native cardiac Tnl or by modifying the phosphorylatable
(Ala  substitution)
pseudophosphorylated (Asp or Glu substitution) forms.

serines, to non-phosphorylated or

One of the most extensively studied models is the slow
skeletal troponin overexpression model where ¢Tnl in the
heart is completely replaced with ssTnl that does not have the
N-terminal phosphorylatable peptide (15-17). The substitution
increases Ca’* sensitivity of isometric tension in myofibrils
(pCasp is 5.81 WT, 6.13 TG) but also blunts the effect of PKA
phosphorylation (A pCasp = 0.146 in WT but 0.08 in TG). In
myocytes, isoprenaline stimulation accelerated relaxation 1.7-
fold in WT but only 1.3-fold in TG indicating a blunting of
the lusitropic response that is also indicated by measurements
of contraction kinetics on intact heart muscle strips (fyin)-
In Langendorf working heart studies the effect of Iso on
LVdp/dt,, is also blunted and the blunting of lusitropy is also
evident in PV loops. The inotropic effect of Iso is not greatly
altered in unloaded studies but, like the PLB KO, is partially
blunted in loaded (auxotonic) muscles (Figure 1).

Substituting a non-native Tnl and overexpression may have
unforeseen physiological off target effects. Better models have
been produced by mutating the phosphorylatable serines in
native cTnl. The model described by Pi et al. overexpressed cTnl
with ser22 and 23 mutated to Alanine (unphosphorylatable);
moreover the transgenic mice were bred with ¢Tnl null mice
to avoid any interactions between native and transgenic c¢Tnl
(18, 19). The blunting of lusitropy was clear: as measured by
ATPase in myofibrils or tension in skinned muscle fibers, the
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The adrenergic response in NTG (A) and ssTnl (B) TG mice.
Examples of LV pressure traces (top set of panels), their
derivatives (second set of panels), and the corresponding LV
volume (third set of panels) recorded by a Millar
microconductance catheter-manometer during ejecting heart
experiments at 20 cm H,O preload. The bottom set of panels
illustrate the steady-state pressure—volume loops derived from
the instantaneous LV pressure and volume traces above (first and
third panels). Thin lines indicate baseline conditions and thick
lines indicate the signal during stimulation with isoprenaline
(10 nm). Faster relaxation in presence of Iso is apparent in NTG
but the effect is suppressed In the unphosphorylatable mutant
TG mouse heart. Reproduced from Layland et al. (17) with
permission.© The Physiological Society 2004.

Ca’* -sensitivity was shifted 1.3-fold in NTG by Iso but no shift
was detected in TG (18). In intact myocytes 2.5 nM Iso decreased
relaxation time by 37% in WT but only 18% in TG. Yasuda et al.
also studied Ser > Ala replacement in transfected myocytes,
finding Iso decreased relaxation time by 36% in NTG but only
9% in TG (20).

The alternative model- substituting aspartic acid for the
two serines to create a pseudophosphorylated troponin I has
also been studied in transgenic mice and transfected myocytes.
The first study used a mouse model overexpressing Asp 22/23
(21) and 95% replacement. It was noted that the mouse
model was healthy but had enhanced cardiac function (as
measured by Millar catheter) with faster contraction and slower
relaxation, however, the response to p- adrenergic stimulation
was not significantly different from NTG. Another group
produced a similar model with either Asp 22/23 or Asp
22/23/43/45/144 overexpressed and studied lines with almost
complete protein replacement (22). In vitro the Asp22/23
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mouse myofibrillar Ca?™ sensitivity was lower than NTG, as
expected for pseudophosphorylation (ApCasg = 0.20), but upon
PKA phosphorylation the Ca?* sensitivity was not changed
compared with ApCasp of 0.23 in NTG. In the intact beating
heart (Millar catheter), the rate of relaxation (dP/dT,,;,) was
increased from -6,869 to -8,651 mmHg/s by Iso in NTG and
-10,598 to 12,099 in Asp22/23 mouse. Although the studies of
Takimoto et al. and Sakthivel et al. show little evidence that loss
of the Tnl Ca?T -sensitivity shift causes lusitropy, the study by
Yasuda et al. (20) using the same Asp22/23 model did show a
blunting of lusitropy in myocytes. Myocyte twitch tension was
measured by attaching microfibre probes. In Wild-type, ttbys
was decreased from 69 to 39 ms on treatment with Iso, a 44%
change, whilst in Asp22/23 myocytes, ttb;5 was decreased from
44 to 38 ms, a 14% change. A similar blunting was measured

TABLE1 Animal models of impaired lusitropy.

10.3389/fcvm.2022.1080965

in myocytes transfected with Asp22/23: Iso produced a 33%
reduction in relaxation time in WT but only 16% in Asp22/23.
In addition, this study recapitulated the previous results with
Ala22/23 and with ssTnl substitutions in both TG mouse and
transfected myocytes (Table 1).

“Is PLB or Tnl the prima donna in
adrenergic induced lusitropy?”

This question was raised in a key Circulation Research
editorial that discussed the findings of Yasuda in relation to
the other published work at the time (23). It is still a very
pertinent question. Essentially we need to know whether the
release of Ca’t from troponin or the removal of Ca?* from

References | Model Ca?* sensitivity shift Lusitropy, % reduction of relaxation time, 100 x (1-

on phosphorylation,
ApCasp, WT > mutant

relaxation time + dobu or Iso/relaxation time
baseline), WT > mutant

(60) PLB KO 30% > 0, isometric 40% > 17%
(15) Ss Tnl mouse 0.15 > 0.07 Unloaded 41% > 23%
(17) ssTnl dP/dT min 39% > 13%
(16) Ss Tnl 0.15 > 0.05 ttbso skinned fibre 41% > 23%
(18) cTnl Ser 23/24 Ala, 0.08 >0 Unloaded 37% > 18%
(21) cTnl 23,24 Asp,
(22) cTnl 23/24 Asp, 0.23 > 0.20 Loaded 26% > 14%
(20) cTnl 23/24 Asp, and Ala, Asp, isometric 44% > 14%
Alaj isometric 36% > 9%

9) PLB R9C Ca?* uptake rate, 20% > 0
(13) PLB R9C Unloaded, 29% > 24%
(14) PLB R9C Loaded EHT 25% > 4%
(61) TnT 179N 26% > 9%, Langendorf 34% > 29%
(62) TnT R278C Langendorf 34% > 32%
(7) TnT R92Q Guinea pig Myocytes 24% > -9%
(63) TnT R92Q 0.30 > - 0.04 Langendorf 45% > 13%
(53) Tnl P83S Myofibrils: kgpy 0w 56% > 9%
(55) MYBPC3KI IPSC eht 19% > 2%
(64) TnTA160E Millar catheter 28% > 19%
(44) Actin E99K IVMA 0.46 > 0.06 (mouse), -0.03 Echo, all A on dob suppressed

(human)
(65) TnI R21C 0.25 > 0.05 32% > 5% (skinned fiber) 16% > 13% (myocytes)
(51) Tnl R21C Exchanged myofibrils Krgrgiow 39% > 8%, krerfast 14% > 5%
(59) Actin E361G Papillary muscle (10 Hz) 17.5% > 5% Millar catheter 22.4% > 7.5%
(66) Actin E361G Myofibrils 0.26 > -0.05 KRELfast 34% > 0%
(37) Actin E361G IVMA 0.47 > 0.017 Cardiac output, dob effect Echo, 14% > 0%, MRI 19% > 8%

Where possible ttbog is used. If not available, parameter is given in this table. All studies in mouse models unless otherwise stated. In paired ¢-test, wild-type mean lusitropy is 28.1% =4 1.8
(sem), mutant mean lusitropy is 11.0% == 1.8 (sem), n = 25. t probability < 0.0001.

Frontiers in Cardiovascular Medicine

80

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1080965
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Marston and Pinto

the sarcoplasm by SERCA is rate limiting for relaxation. The
answer to the question depends on the balance of rates of
these two processes, which themselves depend on conditions,
especially temperature since many experiments are conducted at
below normal body temperature but also force, since these rates
are different in unloaded and isometric muscle. Measurement
technique, experimental medium and most likely also the animal
model that is used are also critical.

Two studies have indicated that (in unloaded rat myofibrils
at least) Ca?" dissociating from TnC becomes rate limiting
at 37°C whereas SERCA activity is limiting at lower, non-
physiological temperatures (24, 25). Experiments do not support
a dominating role for either PLB or Tnl phosphorylation. Li et al.

TABLE 2 Mutations that have been reported to cause uncoupling.

10.3389/fcvm.2022.1080965

(8) proposed Tnl phosphorylation contributes just 14-18% of
lusitropy in unloaded muscle but nothing in isometric muscle
based on comparison of WT with PLB-KO mouse. Yasuda et al.
(20) predicted an opposite pattern with 75% contributed by
Tnl phosphorylation in unloaded myocytes. Layland et al. (17)
argue that c¢Tnl has the pivotal role in the positive inotropic
response of the murine heart to B-adrenergic stimulation, under
all loading conditions but agree that it is most evident in the
auxotonically loaded ejecting heart.

It seems unlikely that either Tnl or phospholamban
phosphorylation is actually the “prima donna” but rather that
the control of lusitropy is a duet. Wolska et al. (26) studied a
transgenic mouse with both a PLB KO and ssTnl substitution.

Mutation Effect of phosphorylation on Ca2*-sensitivity, Measurement method Publication
pCasg uP- pCasg P
DCM
ACTC E361G 0.017 In vitro motility assay (IVMA) (37, 38)
TPM1 E54K 0.021 IVMA (38)
TPM1 E40K 0.00 IVMA (38)
TPM1 D230N —0.013 IVMA (38)
TNNCI G159D —0.013 IVMA/Ca?* binding (29, 30, 38, 39)
TNNC1 Y5H 0.068 Skinned fiber (40)
TNNC1 M1031I 0.017 Skinned fiber (40)
TNNCI1 1148V 0.053 Skinned fiber (40)
TNNT2 AK210 —0.009 IVMA/skinned fiber (38,41,42)
TNNT2 R141W —0.022 IVMA (38)
TNNI3 K36Q —0.009 IVMA/ATPase (38,43)
HCM
ACTC E99K —0.004 IVMA (44, 45)
TPM1 E180G —0.009 Skinned fiber (45, 46)
TNNC1 129Q —0.036 Ca?" binding/ATPase (30, 47, 48)
TNNT2 R92Q 0.041 IVMA (49)
TNNT2 Al4 0.000 IVMA (49)
TNNT2 A28 +7 0.000 IVMA (49)
TNNT2 AE160Q 0.000 IVMA (49)
TNNT2 $179F 0.041 IVMA (49)
TNNT2 K273E 0.041 IVMA (49)
TNNT2K280N 0.041 IVMA (49, 50)
TNNI3 R145G 0.000 IVMA/ATPase (27,51)
TNNI3 R145W 0.045 IVMA/ATPase (52)
TNNI3 P83S 0.000 Exchanged myofibrils (53)
TNNI3 R21C 0.049 Skinned fiber (35,51)
TNNI3 G203$ 0.057 ATPase/IVMA (28)
TNNI3 K206Q 0.000 ATPase/TVMA (28)
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FIGURE 2

Suppression of lusitropy in ACTC E361G transgenic mouse. (A) Effect of dobutamine on intact papillary muscle contractility. Papillary muscles,
isolated from both ACTC E361G (n = 5) and NTG mice (n = 5), were stimulated with the addition of 10 wM dobutamine to the perfusion solution
at 37°C. Time to 90% relaxation is plotted against stimulation frequency; (inset) percent change of ttbgg with dobutamine treatment at
physiologically relevant frequencies. (B) The effect of acute dobutamine treatment on cardiac performance determined by Millar catheter. Data
are presented as mean + SE of 6 ACTC E361G (open bars) mice and 7 NTG (solid bars) mice. The change of rate of pressure decline (dP/dtmin)
on treatment with dobutamine is plotted (left) and mean values plotted in a bar chart (right). ***P = 0.001, unpaired student’s t-test. Data from

Wilkinson et al. (59).

In isolated papillary muscle, the study confirmed that single
mutant PLB KO enhances relaxation rate but uncouples it
from Iso stimulation whilst single mutant ssTnl replacement
slows relaxation and also uncouples. In the double mutant
(PLBKO/ssTnl) relaxation is enhanced relative to wild-type (like
the PLBKO) but the relaxation rate is still uncoupled from Iso
stimulation. Thus, in the double KO Tnl and PLB appear to act
independently and additively. It is likely that phosphorylation of
both PLB and cTnl contribute to the increased rate of relaxation
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during B-adrenergic stimulation and that deficiency of either
will lead to suppression of lusitropy (23).

Somewhat disappointingly, none of these studies looked at
the effects of chronic adrenergic stimulation. The transgenic
mouse models often showed no cardiac phenotype at rest
and this is entirely to be expected since sedentary mouse in
the typical animal cage environment are not subjected to any
stress. However, studies on mutations in troponin and other
thin filament proteins that are demonstrated to be causative
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of dilated cardiomyopathy have provided a link between
suppression of lusitropy and heart failure.

Mutations can also suppress
lusitropy

Many in vitro studies have demonstrated that mutations
thin
cardiomyopathies abolish the relationship between Ca?*

in filament proteins associated with inherited
sensitivity and TnI phosphorylation by PKA and would
therefore likely impair lusitropy. This trait, which we have
termed “uncoupling,” was first noted in 2001 (27, 28). In 2007-8
three publications studying the recently discovered TNNCI
G159D mutation showed uncoupling with recombinant mutant
troponin, with troponin extracted from a patient with the
mutation and with rat trabecula with the mutation exchanged
in myocytes (29-31). Subsequently, almost every thin filament
mutation that was tested proved to be uncoupled. This was
summarized by Messer and Marston (1) and Table 2 lists all the
reports of uncoupling to date. In wild-type the mean ApCas
is —0.31 (mean of 8 studies) (32) whereas it is close to zero in
the mutations studied. It is relevant to note that in in vitro
experiments, uncoupling is always complete, irrespective of the
mutation and that uncoupling is associated with both HCM
and DCM-causing mutations. In the case of DCM mutations
a case can be made that this is causative of the disease since
it is the only mutation-related property that is common to
every thin-filament related DCM mutation (1, 33, 38), whereas
for HCM, the increase in Ca®*-sensitivity is probably the key
driver of the cardiomyopathy. Mechanistically, uncoupling
usually involves an impaired response of the thin filaments to
Tnl phosphorylation (34), however, the ¢Tnl R21C mutation
has a mechanism whereby the mutation interferes with the
phosphorylation process itself (35). Another mechanism
that could generate impaired lusitropy is if the balance of
phosphorylation of Tnl and PLB in response to Iso is disturbed
as suggested by Najafi et al. (36).

There are a few reported cases of uncoupling were the
mutation is in thick filament or cytoskeletal proteins or occurs
with no known mutation (50, 54, 55), however, there is also
clear evidence that DCM-associated titin truncation (TTNtv)
mutations are fully coupled and that abnormal stiffness and
disabled length-dependent activation may be more important
for the pathology (56, 57).

Uncoupling implies impaired lusitropy but this has
only been tested in a few instances, listed in Table 1.
Methodology varies widely: myofibril, iPSC contractility and
myocyte contractility, trabecula and papillary muscles and
Langendorf-mounted heart. In intact animal, Millar catheter,
Echocardiography and Cine-MRI have been used. It is
remarkable that mostly these techniques give a uniform
result: a 30-50% reduction in ttbgy on adding PKA or B1
adrenergic stimulation in the WT compared to a 10-20%
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reduction in the HCM or DCM mutant animal. Figure 2
shows an example from the work of Wilkinson et al.
A possible exception is the DCM-causing D230N mutations
in tropomyosin (58) which is uncoupled in single filament
assays (Table 2) but shows very little blunting of lusitropy
in unloaded myocytes. In general, the range of the lusitropy
parameter in cardiomyopathic mutant studies is very similar
to the phosphomimetic transgenic animals, confirming that
uncoupling due to mutations suppresses lusitropy (59) and
revealing this important role for c¢Tnl phosphorylation in
cardiac muscle regulation.

The next stage is to determine whether impaired lusitropy
can lead to cardiac dysfunction. The transgenic mice studies
have found that the majority of DCM mutations in thin filament
proteins produce little or no cardiac phenotype, with the
exception of a few TnT and Tm mouse models (41, 67, 68). This
is to be expected if the defect is in the response to stress.

Very few studies have considered whether chronic stress
could induce cardiac dysfunction. The most well documented
study is by Wilkinson et al. (59). This study used the
ACTC E361G DCM-associated mouse model with the mutant
expressed at 50% of total actin, as was commonly found in
patients. Initial studies indicated that the loss of lusitropy was
the only cardiac dysfunction linked to the mutation and that the
mice had a normal phenotype at rest up to 22 months (37). It was
hypothesized that the loss of cardiac reserve due to suppressed
lusitropy would predispose the ACT E361G mouse hearts to
failure under chronic adrenergic stress. Mice were treated with
high doses of Angiotensin II applied by osmotic minipump for
4 weeks. In E361G mice the angiotensin II treatment induced
mild systolic dysfunction, as measured by Millar catheter, whilst
having no effect on the NTG controls. Compared with the
NTG mice ACTC E361G mice had significantly lower rates
of pressure increase and decrease as well as reduced end-
systolic pressure. As a result cardiac output and ejection fraction
were approximately half the value in NTG, indicating that
uncoupling had induced contractile dysfunction under chronic
stress, characteristic of the early stages of DCM.

Restoration of lusitropy as a
potential treatment for
cardiomyopathies

Studies on the effects of mutations that uncouple Tnl
phosphorylation from the Ca?*-sensitivity shift indicate that
they probably act by inducing a subtle, phosphorylation-
dependent change in the dynamics of troponin (69-74), most
clearly indicated by a recent study on the TnC G159D mutation
(34). Remarkably, it has been found that several small molecules
are capable of fully restoring the Ca?*-sensitivity shift in vitro
and restoring lusitropy to mutated cardiomyocytes (7, 45,
75, 76). These small molecules (EGCG, SilybinB, Resveratrol)
therefore have potential for treatment of cardiac dysfunction
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TABLE 3 Studies showing that reduced response to adrenergic stimulation is correlated with cardiac adverse outcome in patients with idiopathic

DCM.
Paper | Non-responders, | Outcome measured Follow up time Adverse events Adverse events
responders (responders) (non-responders)
(84) 38,33 Cardiac mortality 60 mo 9% 42%
(85) 11,10 A LVEE A LV sphericity 6 mo 0% 45%
(86) 11,7 A LVEF improvement 15 mo 0% 36%
(87) 83,103 Cardiac mortality 15 mo 3% 25%
(88) 89,43 Mortality and/or hospitalization 40 mo 16% 49%
(89) 13,24 Cardiac mortality 60 mo 34% 76%
(90) 15,28 Mortality and/or hospitalization 23-67 mo 11% 67%

Data partially based on Waddington (81).

due to suppression of lusitropy, particularly by thin filament
mutations but also as a tool for probing for cardiac dysfunction
due to suppression of lusitropy. For instance, Tadano et al. in
HCM mouse (77) and Mou et al. (78), using a rat abdominal
aortic constriction model of heart failure, have demonstrated
that EGCG corrects cardiac systolic and diastolic dysfunction
and prevents cardiac remodeling.

Is there a connection between
suppression of lusitropy and
human cardiomyopathy?

Based on the animal studies of the consequences of
uncoupling, we have proposed that patients with uncoupling
mutations that are associated with DCM would have impaired
lusitropy and that this could contribute to the heart failure
phenotype. A thorough investigation of the state of knowledge
of idiopathic DCM around this possibility has revealed no
direct evidence for the possibility since the question has not
been investigated.

There is indirect evidence compatible with our hypothesis,
although, of course, other mechanisms may play a part.
Mutations that cause suppressed lusitropy also have a reduced
contractile reserve when challenged with B1 agonists in
transgenic mouse models (59, 79). A significant association
between the absence of left ventricular contractile reserve and
increased rate of cardiovascular events, cardiac death and all-
cause mortality has been demonstrated (80). Several studies have
reported that IDCM patient cohorts tend to segregate in to two
groups: those that respond normally to dobutamine and those
with a reduced response, usually measured as contractile reserve
(Table 3). Moreover, the patients with a reduced response to
dobutamine have a more severe prognosis that the other group
and also do not respond to standard heart failure medication
[see meta-analysis by Waddingham et al. (81)].

The behavior of the non-responders matches that which
would be expected if they had familial DCM mutations
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that suppressed lusitropy whereas the responders probably
correspond to patients with idiopathic DCM caused by non-
genetic factors where, both at the single filament and patient
levels, lusitropy has been demonstrated to be normal (82, 83).

Unfortunately this hypothesis has not been tested in
IDCM patients. There is no clinical study that correlates thin
filament mutations with reduced response to Bl stimulation,
nor is lusitropy (relaxation rate increase or twitch duration
decrease) commonly measured in Echo or MRI analysis of
patients although protocols to do so are available. To test
this hypothesis we need to know whether cases of familial
DCM caused by mutations correlate with the non-responders
group and also whether lusitropy is suppressed in the non-
responders.

It is possible that suppression of lusitropy could also play
a role in other cardiomyopathies. It is consistently observed
that thin filament mutations that cause HCM are associated
with uncoupling (Table 2) and loss of lusitropy in cells and
intact animals (see ACTC E99K, TNNT2 R92Q in Table 1).
Enhanced Ca?™-sensitivity is the predominant effect of HCM
mutations (91-95). Impaired relaxation is characteristic of
HCM. Suppression of lusitropy may play a role here, however,
it would be very difficult to unravel what contribution loss of
lusitropy makes to the HCM phenotype since the increased
Ca?* sensitivity and the suppressed lusitropy would both
compromise relaxation.

HFpEF is a heterogeneous disease associated with diastolic
dysfunction. HFpEF patients have a high prevalence of a
blunted response to exercise which may be linked to suppressed
lusitropy. However, this has not been measured in any of the
studies to date (96, 97).

Conclusion

Basic and animal studies indicate that specific suppression
of lusitropy can induce symptoms of heart failure under
In the
common than in laboratory animals, there is considerable

stress. human heart, where stress is far more
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circumstantial evidence that impaired lusitropy whether due to
cardiomyopathic mutation or other causes, can contribute to
heart failure. It is predicted that such symptoms of heart failure
would not be amenable to conventional heart failure therapy
but may benefit from small molecules that have been shown
to restore lusitropy in laboratory studies. We believe these
issues should be taken into account in clinical investigations
of cardiomyopathy.
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Intercellular communication mediated by gap junction channels and
hemichannels composed of Connexin 43 (Cx43) is vital for the propagation
of electrical impulses through cardiomyocytes. The carboxyl terminal
tail of Cx43 undergoes various post-translational modifications including
phosphorylation of its Serine-368 (S368) residue. Protein Kinase C
isozymes directly phosphorylate S368 to alter Cx43 function and stability
through inducing conformational changes affecting channel permeability
or promoting internalization and degradation to reduce intercellular
communication between cardiomyocytes. Recent studies have implicated
this PKC/Cx43-pS368 circuit in several cardiac-associated diseases. In this
review, we describe the molecular and cellular basis of PKC-mediated Cx43
phosphorylation and discuss the implications of Cx43 S368 phosphorylation
in the context of various cardiac diseases, such as cardiomyopathy, as well as
the therapeutic potential of targeting this pathway.

gap junctions, Connexin 43, phosphorylation, protein kinase C, cardiology, cardiac
disease

Introduction

Cell-Cell communication is a well-established process in multicellular organisms
and includes mechanisms such as endocrine, paracrine, and autocrine pathways.
Gap junctions, composed of connexin proteins, are channels formed on the plasma
membranes that can form a contiguous pore between adjacent cells to allow for
exchange of ions, metabolic coupling, and electrical impulse propagation (1-3). The
connexin gene family consists of 20 members in mice and 21 in humans (4) and are
structurally characterized as transmembrane proteins with 9 domains: intercellular N-
and C-terminal tails, 4 transmembrane domains (M1-M4), 2 extracellular domains (E1),
and one cytoplasmic loop (CL) (1, 5). The amino acid sequences of the transmembrane
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domains and extracellular loops between the different family
members are highly conserved whereas the amino-terminal
domain and cytoplasmic loop show modest conservation.
However, the C-terminal tails show little to no conservation,
suggesting that they may be subjected to connexin specific
regulatory mechanisms (6). The diversity of this domain among
connexin family members also includes varying lengths of the
C-terminal tail resulting in a range of molecular weights for
the various proteins from 23 to 62 kDa. The nomenclature of
connexins genes/proteins correspond to their molecular weight.
For example, Cx43 and Cx32 have molecular weights of 43 and
32 kDa, respectively (7, 8).

Six connexins can oligomerize to form a hexamer or
connexon in the plasma membrane leading to the formation
of a hemichannel (9-11). In order to form a gap junction
between two cells, hemichannels from adjacent cells dock in
a head-to-head manner. Such assembly can be homotypic or
heterotypic depending on the connexin composition of docking
connexons, which themselves can be homomeric or heteromeric
depending on the oligomerization of identical and different
connexin proteins, respectively (12). This variability in the
composition of these gap junctions affects the permeability
and conductance between adjacent cells (13, 14). While genes
encoding the various connexins are scattered throughout
the genome, most connexins have a similar gene structure
consisting of a single intron flanked by two exons (15, 16). The
biosynthesis of connexins occurs on ribosomes found associated
with the rough endoplasmic reticulum where the connexin
coding mRNA gets translated directly into the endoplasmic
reticulum membrane. As the connexin passes through the Golgi
stacks, they oligomerize into a connexon which is trafficked
along microtubules within the Golgi vesicle membrane system.
Connexon-containing transport vesicles bud from the trans-
Golgi and subsequently fuse with the plasma membrane, where
they can remain as hemichannels on the plasma membrane or
dock to connexons from adjacent cells to form a gap junction
(17-19). The nexus region of cell-cell attachment consists of
gap junction plaques and their associated proteins while the
undocked hemichannels are found in a region surrounding
the gap junction plaques termed the perinexus (20, 21). The
degradation of connexins is initiated by the internalization of
the connexon plaques into cytoplasmic annular junctions (22—
24). Each gap junction has a short half-life of a few hours (25,
26), and once internalized connexons are disassembled into
connexins that undergo degradation via either proteasomal or
lysosomal pathways (27-29).

Connexin proteins differ in their expression patterns across
tissues and organs (Table 1). Cx46 and Cx50 are abundantly
expressed in the eye lens fiber cells while Cx26, Cx30, and Cx31
are prominently expressed in the organ of Corti within the inner
ear (30-32). Mammalian cardiomyocytes express Cx40, Cx43,
and Cx45 and the expression pattern of these three isoforms
varies within the heart. While connexin isoform expression may
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differ between species, mice and human atrial cardiomyocytes
express Cx43, Cx45, and Cx40 while ventricular cardiomyocytes
express Cx43 and low levels of Cx45 (33-39). The Sino atrial
and atrioventricular nodes express Cx45, Cx40, as well as Cx30.2
(33, 35, 37, 40); the His bundle and upper bundle branch express
Cx40 and Cx45; whereas the lower bundle branch and Purkinje
fibers express Cx40, Cx43, and Cx45 (35, 37, 41-44). Therefore,
connexins exert influence within various tissues and organs, and
their dysregulation or mutation promotes tissue-specific disease
states. For instance, mutations in the Cx30 gene lead to non-
syndromic hearing loss, keratitis ichthyosis deafness (KID), a
rare disorder with hearing impairment and rough skin plaques
(45, 46). Similarly, mutations in Cx26 are associated with 50%
of non-syndromic hearing loss (47, 48). Cataracts in the eye
lens are associated with mutations in Cx46, while mutations in
the GJAI gene which encodes Cx43 lead to a rare autosomal
syndrome called oculodentodigital dysplasia (ODD) in which
patients display diverse phenotypes such as bone malformations,
vision loss, and hypotrichosis (49, 50). Mutations in Cx43 can
also cause several skin disorders such as congenital alopecia-
1, eczema, and palmoplantar keratoderma (51). Other diseases
that have been tied to connexin mutations include Alzheimer’s
disease and osteoarthritis (52, 53). The expression levels of
connexin isoforms differ between organs and the diseases
associated with various isoforms are summarized in Table 1.

Cx43 is the most abundantly expressed isoform in the
heart. It is localized to the intercalated discs between atrial and
ventricular myocytes and connects adjacent cardiomyocytes
(54, 55). Mutations in Cx43 have been implicated in myocardial
ischemia, cardiomyopathy, and heart failure (56-58). The
C-terminal tail of Cx43, comprised of amino acids 232-382,
has been extensively studied as it is subjected to various
post-translational modifications such as phosphorylation,
acetylation, S-nitrosylation, ubiquitination, and SUMOylation
(17,27, 59-65). Multiple serine and tyrosine residues within the
Cx43 C-terminal tail are targeted by kinases such as Src, MAPK,
and PKC (66, 67), and phosphorylation of these residues plays
a key role in regulating the trafficking, assembly, permeability,
and disassembly of gap junctions.

Cx43 containing vesicles bring newly formed hemichannels
to the plasma membrane after exiting the trans-Golgi
network during which Cx43 is phosphorylated on Serine-
373 by Akt and Serine-365 by PKA (68, 69). 14-3-3 theta
recognizes phosphorylated S373 and facilitates the delivery
of hemichannels to the plasma membrane by tethering the
hemichannels to integrin a5 (70). 14-3-3 theta is an isoform
of the 14-3-3 adapter protein family that functions as critical
regulators of a wide range of cellular processes (71, 72). Cx43
hemichannels then dock in the perinexus and translocate
into the gap junction plaque (nexus) proper. Older channels
are internalized and degraded from the central region of the
gap junction plaque (26, 73, 74). Trafficking of Cx43 within
the plasma membrane is also regulated by C-terminal tail
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TABLE 1 Prevalence of connexin isoforms in various organs and their
expression levels in diseases associated with the organs.

Disease Connexin | References
expression

Heart Atrial fibrillation | Cx43 (237)
Atherosclerosis 1 Cx43 (238)
Chronic myocardial | Cx43 (239)
infarction
Eye Retinoblastoma 1 Cx37 (240)
Epithelioid melanoma 1 Cx43 (240)
Diabetic retinopathy 1 Cx43 (241)
Inner ear Noise induced hearing J Cx26 (242)
loss 1 Cx30
,dy J ; Age related hearing | Cx26 (243)
- loss 1 Cx30
Bones Oculodentodigital | Cx43 (244)
dysplasia (ODDD)
Rheumatoid arthritis 1 Cx43 (245)
Acute eczema J Cx43 (246)
Chronic eczema 1 Cx43 (246)
Melanoma 4 Cx26, Cx30.2 (247)
1 Cx43
Brain Alzheimer’s disease 1 Cx43, Cx30 (248)
)z\( 1 Cx47
%

phosphorylation. For instance, phosphorylation of Serine-
369 by Protein kinase A (PKA) upregulates hemichannel
aggregation in the perinexus. This is aided by the PKA
associated protein Ezrin which binds to Cx43 forming a
complex bringing PKA and the Cx43 C-terminal tail in
close proximity to facilitate phosphorylation at S369 (75).
This interaction is thought to precede ZO-1 association with
the C-terminal tail of Cx43, which occurs following S373
dephosphorylation (76). ZO-1 is a cytoskeleton binding protein
which docks with hemichannels in the periphery of gap junction
plaques, scaffolding channels in the perinexus. 14-3-3 theta will
again bind Cx43 hemichannels and facilitate their translocation
to the nexus. Thus, phosphorylation of S373 is thought to be
a trigger that induces the binding of 14-3-3 theta to Cx43
promoting channel translocation from the periphery of the
gap junction into the plaque proper (77). As hemichannels of
adjacent cells align, the gap junction plaque is stabilized by
B-tubulin and Drebrin-1, which binds actin (78). A functional
hemichannel is phosphorylated at multiple serine residues
including Serine-325, Serine-328, and Serine-330 which are
targeted by the kinases CaMKII and CK1 (79). Channel
closure is regulated by phosphorylation at Tyrosine-247 and
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Tyrosine-265 initiated by the kinase Src. This phosphorylation
is followed by PKC-mediated phosphorylation of S368 leading
to a reduction in channel permeability (80). Interestingly, S368
phosphorylation occurs only after S365 dephosphorylation
suggesting that S365 phosphorylation is a gatekeeper preventing
downregulation of Cx43 by PKC (81). Src activity indirectly
promotes phosphorylation of other serine sites including S373
by Akt and S225, S279, and S282 by MAPK, which leads to the
recruitment of E3 ubiquitin ligase NEDD4 (82). Phosphorylated
§279/282 increases the affinity of NEDD4 to the C-terminal
tail of Cx43 by twofold (83). Ubiquitination of Cx43 allows
for proteins such as Tsgl01 and AP2, which are involved in
clathrin-mediated endocytosis, to bind to the C-terminal tail of
Cx43 (84, 85). During endocytosis, Dynamin serves to initiate
scissoring of the gap junction bud and the formation of an
annular gap junction (86). Translocation of the annular gap
junction from the cell membrane to the cytoplasm is driven
by Myosin VI (87) upon which it is subsequently degraded
through the proteasomal and lysosomal pathways (88). The
Cx43 lifecycle, and the role of C-terminal tail phosphorylation
events, is outlined in Figure 1.

Amongst the many C-terminal residues targeted for
phosphorylation, S368 has been the subject of extensive
characterization with a particular emphasis on its role in the
heart. For instance, phosphorylation of Cx43 S368 is necessary
for myocardial conduction particularly during stress conditions
such as metabolic stress (89). Therefore, the remainder of
this review will focus on the relationship between Cx43 S368
phosphorylation by PKC isoforms and its consequences in
cardiac health and disease.

Cx43 S368 phosphorylation by
PKC isoforms

As an integral gap junction protein, Cx43 plays an
important role in intercellular communication, providing a
path of least resistance for small molecules and secondary
messengers to transit between adjacent cells (2). The
phosphorylation/dephosphorylation of Cx43 in its soluble
of
inositol

C-terminal tail is a critical regulator intercellular
the 1,4,5-

trisphosphate receptor (IP3R) interacts with, and regulates

communication (90). For example,
the phosphorylation of Serine-279/282 in Cx43 in mouse
ventricular cardiomyocytes. IP3R is a large conductance
cationic channel that plays an essential role in controlling
Ca?*t exchange. Blocking IP;R with antagonists suppresses
Cx43 phosphorylation at S279/282 and hinders intercellular
communication (91). As described above, various kinases have
been implicated in Cx43-mediated intercellular communication
such as the mitogen-activated protein kinase (MAPK), Src, and
the Protein Kinase C isozymes (92).
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FIGURE 1
Schematic showing the life cycle of Cx43 beginning from trafficking through trans-Golgi network to accrual at the perinexus followed by gap
junction activity at the nexus and degradation through endocytosis followed by proteasomal or lysosomal degradation. Phosphorylation of
various serine residues in Cx43 is shown.

Protein kinase Cs, or PKCs, are a superfamily of
Serine/threonine kinases that partake in various signaling
transduction pathways and cellular functions such as cell
proliferation, migration, and apoptosis (93-95). The PKC
family consists of structurally homologous isozymes which are
divided into three groups based on their secondary messenger
requirements namely: classical, novel, and atypical (96).
Classical PKCs, including isoforms o, 1, P11, and vy, require
Ca* and a phospholipid such as DAG for activation in which
they harbor a C2 domain that binds Ca>* and a C1 domain that
binds DAG (97). Novel PKC isoforms include 8, ¢, 1, 6, and p
which also contain a C1 domain and a C2-like domain but only
require DAG for activation. Atypical PKCs, including ¢, 1, and
), lack a Ca?t binding domain and have a Cl-like domain that
is incapable of binding to DAGs but are activated by other lipid
mediators such as sphingosine 1-phosphate (98).

There are multiple downstream targets of PKCs which
in turn activate signaling pathways that regulate various
cellular activities including cell migration, invasion, survival,
and proliferation. PKCs typically recognize 5 consensus
motifs: (R/K)X(S/T); (R/K)R/K)X(S/T);  (RIK)XX(S/T);
(R/K)X(S/T)R/K; (R/K)XX(S/T)R/K; or (S/T)XR/K (99). For
example: EGF receptors are recognized by PKCa through a
RKAT sequence corresponding to the motif (R/K)(R/K)X(S/T)
while PKC 3 recognizes a RILT sequence on the insulin
receptor tyrosine kinase corresponding to the consensus
recognition motif (R/K)XX(S/T) (100). A well-established
signaling pathway that is stimulated by PKC is the Raf/Mek/Erk
cascade through which survival and proliferation is regulated
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in cancer cells (101). PKC overexpression can induce migration
and invasion in intestinal epithelial cells while repressing
apoptosis through the Ras/PKCt/Racl/MAPK kinase signaling
pathway (102). In cardiomyocytes, the JAK/Stat pathway is
activated in response to mechanical stretch, and it has been
observed that PKC gets activated by mechanical stretch and
subsequently phosphorylates Statl and Stat3 (103). Similarly,
PKCs are involved in the downregulation of p38 MAPK
signaling, stabilization of steroid receptor co-activator (src-3),
and inhibition of Akt activation in response to growth factors
(104-106). These findings highlight the plethora of signaling
pathways that PKCs regulate making them essential regulators
of cellular function.

Cx43 is directly phosphorylated by PKCs at S368 (107).
This phosphorylation leads to a reduction in gap junction
permeability affecting intercellular communication (107). The
C-terminal tail of Cx43 contains RXSSR repeats that are
recognized as PKC phosphorylation consensus sites (108).
In vitro phosphorylation assays with PKC followed by peptide
sequencing demonstrated that S368 of Cx43 is phosphorylated
by PKC after treatment with 12-O-tetradecanoylphorbol-13-
acetate (TPA) (107), a small diacylglycerol mimetic that induces
PKC activity (109, 110). Ectopically expressing wild-type Cx43
in Cx43 deleted cells followed by TPA treatment decreases single
channel permeability while expressing a Cx43 S368A mutant
version does not affect channel permeability, demonstrating an
integral role for Cx43 S368 phosphorylation by PKC to regulate
channel permeability and intercellular communication (107).

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1080131
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Pun et al.

Further studies observed that S368 phosphorylation reduces
Cx43 hemichannel pore diameter/cross sectional area to reduce
the incidence of the 100 pS conductance state and an increase
in the 50 pS conductance state following TPA treatment.
Interestingly, consistent with this notion, mutation of S368 to
alanine reduces the incidences of 55-70 pS channels and also
reduces the selective permeability of the gap junctions for a
cationic dye NBD-M-TMA (111). Similarly, other strategies
to reduce S368 phosphorylation such as inhibition of PKC or
expression of the C-terminal tail fragment reduces the 50-70 pS
conductance state (111). Together, these observations suggest a
critical role for S368 phosphorylation in maintaining channel
conductance and selective permeability. Consistent with this
notion, if all six Cx43 subunits within a hemichannel are
phosphorylated at S368, they are shown to lose permeability
to sucrose which has a molecular weight of 342 daltons.
Whereas, a smaller compound, ethylene glycol with a molecular
weight of 62 daltons, was still permeant through these
fully phosphorylated hemichannels (112). However, selective
permeability of Cx43 hemichannels seems to be independent
of the molecular weight of the permeant molecule. When
Cx43 was expressed in Xenopus oocytes, hemichannels showed
higher uptake of ethidium (310 daltons) but restricted uptake
of smaller compounds such as glutamate (147 daltons) and
Urea (60 daltons) (113). Hence, the selective permeability
of Cx43 hemichannels, and its regulation through S368
phosphorylation, to a particular molecule may need to be
individually characterized as molecular weight may not be
the only determinant involved in dictating selectivity. At the
structural level, phosphorylation of Cx43 by PKC at S368
promotes a conformational change in the C-terminal tail of
Cx43, while a S368A substitution blocked this confirmational
change mediated by PKC (114). Studies using a scrape loading
dye transfer assay (SL/DT assay) in Cx43 deleted fibroblasts
ectopically expressing wild-type Cx43 revealed that dye coupling
was reduced in cells reconstituted with Cx43 while dye
coupling was not reduced when cells were reconstituted with
a Cx43 S368A mutant suggesting that PKC-mediated S368
phosphorylation of Cx43 is a pivotal player in intercellular
communication. In further support of this notion, intercellular
communication increases in the presence of PKC inhibitors such
as Go6976 (107). Furthermore, TPA-induced downregulation of
intercellular communication is reversible. Once TPA activates
classical and novel PKC isoforms, these isoforms including
PKCe and PKC3 translocate from the cytosol to the plasma
membrane where Cx43 is embedded and phosphorylates S368
(115, 116). However, prolonged TPA activation can lead to
the degradation of the PKC isoforms a, 3, €, and v through
the ubiquitin-proteasome system upon which intercellular
communication recovers (117, 118). In the rat liver epithelial cell
line TAR20, inhibition of the proteasomal degradation pathway
with MG132 prolongs PKC activity and prevents intercellular
communication. However, inhibiting both the proteasomal
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degradation pathway and PKCs, using a non-specific PKC
inhibitor GF109203X, reverses the effect of MG132 (119).
These studies provide support that PKC regulates intercellular
communication through phosphorylating Cx43 on S368.

Several studies have been conducted that reveal regulation
of Cx43 phosphorylation at S368 by multiple PKC isozymes.
For instance, PKCS3, a novel PKC isoform, has been shown to
phosphorylate S368 leading to gap junction internalization and
degradation (120). Using fluorescence energy transfer (FRET)
to study the spatiotemporal localization of Cx43 following
$368 phosphorylation by PKC3, treatment with a phorbol ester
compound PDBu led to a decrease in FRET signal within the
gap junction followed by internalization of S368 phosphorylated
Cx43 containing vesicles that colocalized with proteasomal and
lysosomal vesicles suggesting that Cx43 S368 phosphorylation
by PKC3 leads to its internalization and degradation through
the proteasomal and lysosomal degradation pathway (120).
PKC3 was shown to directly interact with Cx43 in response to
fibroblast growth factor 2 (FGF-2) treatment in osteoblast cell
lines (121). FGF-2 treatment induces phosphorylation of PKC8
at Threonine-505, binding of the C-terminal tail of Cx43 by
PKCS3, and phosphorylation of Cx43 S368. Inhibition of PKC3
with Rottlerin abolished FGF-2 induced Cx43 phosphorylation,
demonstrating that PKC8 regulates Cx43 phosphorylation in
response to FGF-2 (121).

Another novel PKC isoform that has been linked with FGF-
2-mediated Cx43 phosphorylation is PKCe. Upon treatment
of cardiomyocytes with FGF-2 and Phorbol 12-myristate
13-acetate (PMA), another DAG mimetic, Cx43 and PKCe
colocalized at sites of intercellular connection. Subsequent
coimmunoprecipitation studies revealed that PKCe physically
interacts with Cx43 and an increase in C-terminal tail
phosphorylation (using an antibody that recognizes multiple
phosphorylated residues) was observed but direct regulation
of Cx43 S368 phosphorylation could not be determined
(122). In a subsequent study, cardiomyocytes ectopically
expressing a dominant-negative version of PKCe reduced
Cx43 phosphorylation levels in response to FGF-2 treatment
as observed by incorporation of radiolabeled ATP. FGF-2
treatment was also shown to decrease gap junctional coupling as
assessed by monitoring fluorescent dye (6-CF) transfer between
cardiomyocytes (123). Ischemic preconditioning (IPC) in the
heart is known to induce cardioprotection through gap junction
coupling (56, 124). During IPC, the heart is subjected to brief
periods of ischemia to increase its resistance toward sustained
ischemia (125), and is one of the most effective methods to
protect against myocardial ischemic injury (126). Isolated rat
ventricular tissues that underwent ischemic preconditioning
show enhanced Cx43:PKCe complex formation as well as
PKCe-mediated phosphorylation of Cx43 at S368 (127). FGF-2
confers cardioprotective effects to ischemic injury in a PKC-
dependent manner. Rat hearts perfused with FGF-2 ex vivo
show upregulated levels of phosphorylated Cx43 on S368 in
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intercalated discs suggesting a link between phosphorylation
of Cx43 at PKC target sites such as S368 and FGF-2 induced
cardioprotection against ischemia (128). PKC can also be
activated by cholesterol, and cholesterol treatment reduces
dye transfer in the H9¢2 cardiomyocyte cell line while PKC
inhibition partially restores dye transfer capacity in these cells.
Cholesterol treatment upregulates Cx43 S368 phosphorylation
in a PKC-dependent manner as PKC antagonists reduces
cholesterol induced Cx43 S368 phosphorylation (129). Similarly,
lysophosphatidylcholine (LPC) treatment in H9c2 cells induces
PKCe dependent activation of Cx43 S368 phosphorylation
and the loss of gap junction intercellular communication
through enhancement of Cx43 ubiquitination and proteasomal
degradation. Furthermore, treatment with a PKCe specific
inhibitor, eV1-2, prevents the LPC induced reduction of
intercellular communication (130).

In addition to gap junctional Cx43, hemichannels
containing Cx43 can also be phosphorylated at Serine 368
by PKCs (131). Open hemichannels can conduct ion movement
including Na™, Ca?*, and K* (132). Hemichannel opening can
be activated by various stimuli such as metabolic inhibition,
positive membrane potential, phosphorylation at S368 by PKC,
and stimulation by ryanodine (Ryr) receptors (133-135). In
ventricular cardiomyocytes, influx of Ca>* combined with the
activation of Ryr receptors leads to hemichannels opening.
Ryr receptors interact with Cx43 hemichannels through its
C terminal tail (134). One interesting link between PKC and
Cx43 hemichannels is found in mitochondria where Cx43
translocates to during stress conditions such as hypoxia (136).
Under hypoxic conditions in cardiomyocytes, PKCe mediates
interaction between mitochondrial Cx43 hemichannels and the
ATP regulated mitochondrial potassium ion channel Kir6.1.
Phosphorylation of mitochondrial hemichannels increases
in response to hypoxia and phosphorylation of Cx43 S262
is involved in the interaction between Cx43 and Kir6.1
in H9c2 rat heart cells (136). Since PKCe phosphorylates
both S262 and S368, it is interesting to speculate that the
mitochondrial hemichannels may also be phosphorylated at
$368 and may influence the interaction between Cx43 and
Kir6.1. In studies assessing the protection conferred by FGF-2
against ischemic insult, PKCe translocation was reported to
increase in the subsarcolemmal mitochondria where Cx43
S262 and S368 phosphorylation is increased by 30- and
8-fold, respectively. PMA stimulation also increased Cx43
hemichannel phosphorylation which is reversed by the PKCe
inhibiting peptide €V1-2 (131). In addition, mitochondrial
hemichannel opening is reduced in cardiomyocytes isolated
from mice harboring a knockin mutation for Cx43 S368A
suggesting further that mitochondrial hemichannels are
targeted by PKC in cardiac cells (137), however, more research
is necessary to fully understand the role of Cx43 composed
hemichannels in regulating mitochondrial biology.

PKCy is a classical PKC isoform and is most abundantly
expressed in neurons, the retina, and the eye lens (138, 139).
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As a classical PKG, it is activated by DAGs (140). Interestingly,
PKCy can also be activated by oxidative stress, such as exposure
of cells to HyO,, which stimulates the C1 domain of PKCy to
translocate to the plasma membrane where PKCy targets Cx43
for phosphorylation on S368. PKCy physically interacts with
Cx43 and drives the disassembly of Cx43 from the membrane
leading to a reduction in intercellular communication (141).
Interestingly, PKCy led disassembly of Cx43 requires zonula
occludens protein-1 (ZO-1), a tight junction protein. In the
presence of TPA, ZO-1 interacts with Cx43 through its PDZ
binding domain which lies in close proximity to S368 on
Cx43. PKCy is able to interact with Cx43 even in the
absence of ZO-1 or TPA stimulation. Although Cx43 that
is complexed with PKCy in ZO-1 depleted cells lacks S368
phosphorylation, suggesting that ZO-1 may be required for
PKCy to phosphorylate Cx43 on S368 (142).

In addition, growth factors such as insulin-like growth factor
(IGF-I) induce phosphorylation of Cx43 mediated by PKCy.
IGF-1 triggers the production of DAGs through Phospholipases
(PLCs) which activate the classical PKCs including PKCy
(143). PKCB, another classical PKC, has been examined for its
role in modulating gap junction intercellular communication
through Cx43. Rat R6 fibroblasts overexpressing PKCBI did not
affect TPA-induced suppression of intercellular communication,
suggesting that PKCB may not play a major role in Cx43-
mediated intercellular communication. Further experiments
using the PKCp-specific inhibitor LY379196 showed no
change in intercellular communication (144). Similarly, PKCp
was shown to be of minor importance in TPA-mediated
downregulation of intercellular communication in this study,
since repeated TPA treatments showed little downregulation
of PKCp unlike other classical isozymes such as PKCo (144).
Based on these studies, it can be concluded that several
isoforms of PKC play a major role in regulating intercellular
communication through the phosphorylation of Cx43 S368
(Figure 2). Further characterization of the roles for various PKC
isoforms in regulating Cx43 phosphorylation and subsequent
intercellular communication is necessary to understand the
complex signaling pathways controlling gap junction function
and intercellular communication. The relationship between
PKC isozyme expression and Cx43 S368 phosphorylation should
be further explored in various organs since the abundance of
PKC isozymes differs between tissues and organ. For instance,
the expression of PKC a and B is the highest in the human brain
while PKC3 is abundantly expressed in the adrenal gland (145).

Cx43-mediated intercellular
communication and cardiac
conduction

Action potential propagation through both cardiomyocytes
and non-cardiomyocytes in the ventricles has long been
thought to be mediated by Cx43 (146). Genetic studies have
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Schematic representation of phosphorylation of Cx43 by different isoforms of Protein Kinase C on Serine 368 followed by its degradation
through the lysosomal and proteasomal degradation machinery. Treatment with phorbol myristate acetate (PMA) or
12-O-tetradecanoylphorbol-13-acetate (TPA) activates PKCe which then translocates to the cell membrane from the cytosol. Similarly, fibroblast
growth factor-2 (FGF-2) and lysophosphatidylcholine (LPC) can also activate PKCe which in turn interacts with the C-terminal tail of Cx43 and
phosphorylates it at S368. FGF-2 can activate and increase the phosphorylation of PKC8 at T505, which then translocates to the cell membrane
where it phosphorylates Cx43 at S368. Inhibition with rottlerin reduces the activity of PKC3 which in turn reduces the phosphorylation of S368.
PKCy is activated by oxidative stress such as the addition of H,0, thereby inducing the translocation of PKCy to the cell membrane where it
interacts with Cx43 and phosphorylates S368. Insulin-like growth factor 1 (IGF-1) activates PKCy leading to the phosphorylation of Cx43 S368.

shown that cardiac-specific Cx43 knockout produces ventricular
tachycardia, prolonged PR interval, slowed cardiac conduction,
and sudden cardiac death (147, 148). Cx43 is found in
the intercalated discs of ventricular cardiomyocytes and is
important for electrical impulse propagation. Translocation of
Cx43 to and from the plasma membrane is tightly regulated
and it has a high turnover rate (25). Any changes to Cx43
distribution can affect intercellular communication and lead
to lethal arrhythmias such as ventricular tachyarrhythmia
(149). Since phosphorylation of Cx43 at S368 can regulate
gap junction pore opening, translocation, and degradation, it
suggests that Cx43 phosphorylation at this residue is essential
for proper cardiac conduction. Studies in guinea pig hearts
following induction with calcium revealed an increase in Cx43
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$368 phosphorylation and decrease in gap junction electrical
conductance as well as arrhythmias and slower action potential
conductance, indicating that Cx43 S368 phosphorylation and
cardiac conduction were intimately linked (150). In addition,
other phosphorylation sites within the C-terminal tail of Cx43,
such as 325/328/330, are also important for gap junctional
conductance and the prevention of arrhythmia. Germline
knock-in mouse models with phosphomimetic mutation of
these three sites display a reduction in arrhythmia and are
resistant to gap junctional remodeling (151). Based on these
studies, it became widely accepted that Cx43 is indispensable for
cardiac conduction.
However, more recent studies have emerged that question
this view. For instance, germline Cx43 knockout mice die at
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birth due to asphyxia as a result of a defect in the pulmonary
outlet and not due to arrhythmia (152). Furthermore, cardiac-
specific knockout mice survive up until the fourth week of
postnatal life and ultimately die due to fatal arrhythmias (148).
However, these mice appear to retain a normal heart rhythm. In
humans, Cx43 mutation is tied to Oculodentodigital dysplasia
which is a rare congenital autosomal disorder characterized
by phenotypic variability. ODDD linked Cx43 mutations
G21R and G138R colocalize and coimmunoprecipitate with
wild-type Cx43 (153). However, these mutants display a
dominant negative effect on gap junctional conductance and
yet individuals with these mutations maintain normal cardiac
conduction. Similarly, a knockin mouse model where S368 is
substituted with an alanine and thus cannot be phosphorylated
does not show significant changes in terms of gap junction
localization and Cx43 abundance. These studies suggest that
Cx43 might not be essential to action potential propagation
between cardiomyocytes.

A new model of action potential propagation involving gap
junctional structure termed “ephaptic coupling” has emerged
which suggests that ionic currents are transmitted between
cardiomyocytes through the confined extracellular space at the
perinexus which lies at the edge of the gap junction plaque in
which adjacent cells are not connected (154-156). Such coupling
does not require a continuous pore or direct contact between
cells mediated by gap junctions. Manipulation of extracellular
volume in the hearts of guinea pigs showed that an increase in
extracellular space reduces action potential velocity providing
further precedence to determine if other modes of intercellular
coupling/communication are present that do not involve the
conventional electrotonic mode of conduction through gap
junctions but rather through ephaptic coupling (157). Super
resolution microscopy of rat ventricular myocytes has shown
that the perinexus consists of clusters of Cx43 hemichannels
and Nay1.5 sodium channels (157). Nay1.5 sodium channels
contain a B1 subunit which is non-pore forming but acts as an
adhesion molecule between cells (158), and also localizes with
Cx43 hemichannel clusters within the perinexus. Inhibition of
the B1 subunit results in loss of adherence at the perinexus cleft
and an increase in the perinexus space in guinea pig ventricles.
This de-adherence reduces sodium ion currents in gap junctions
adjacent to sodium channels but does not affect the whole
cell sodium current further supporting the ephaptic coupling
hypothesis. Inhibition of the 1 subunit in guinea pig hearts
slows cardiac conduction and causes arrhythmia including
prolongation of the QT interval (159). Mathematical modeling
suggests that membrane spacing of <30 nm is required for
ephaptic coupling (156). B1 subunit adhesion is predicted to
provide membrane spacing of less than the 30 nm limit enabling
ephaptic coupling to occur (159). Gap junctional structure can
therefore support cardiac conduction by providing a perinexus
region in which sodium ion channels can propagate action
potential through ephaptic coupling. Interestingly, expression
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level of Nay1.5 is reduced in hearts of mice heterozygous for
Cx43 (160) and at the cellular level, this reduction in Na, 1.5 was
observed in regions devoid of Cx43. These mice also had slowed
and dispersed conduction suggesting the importance of Cx43 in
the expression and function of sodium ion channels in the heart
(160). Hence, both electrotonic coupling and ephaptic coupling
through Cx43 could exist as a mixed mode of action potential
transmission and the balance between these two mechanisms
could be key in clarifying our understanding of the role of Cx43
in cardiac conduction (161).

PKC and Cx43 expression in the
healthy heart

The heart predominantly expresses three connexin isoforms,
namely Cx40, Cx43, and Cx45, of which Cx43 is the most
abundantly expressed (162). Cx43 expression initiates at E8.5 in
the mouse embryonic heart and gradually increases throughout
development and is found in both the adult atria and ventricles
(163). Cx43 is specifically expressed in the trabeculations of
embryonic ventricles starting at E10.5 and is expressed by the
entire myocardium in the adult heart (42, 163). Similar to its
expression pattern, phosphorylation of Cx43 at S368 increases
during embryonic development in the heart and it increases
significantly in the adult heart. Studies assessing Cx43 S368
phosphorylation between E14.5 embryos and 12-month-old
mice revealed an increase in pS368 levels in the adult hearts
while the relationship between embryonic and adult tissue
was reversed in other tissues such as skin and cornea (164).
This increment in phosphorylation of Cx43 in embryonic and
adult hearts may be explained by the observed increase in
expression of PKC isoforms that directly phosphorylate Cx43
at $368. For example, PKCe expression increases throughout
mouse embryonic development in the heart (165). Furthermore,
human heart tissues express several PKC isoforms. Western
blot and immunohistochemical analysis show that classical
isoforms PKCo and PKCP are present in the human heart
while PKCy is absent. Novel PKC isoforms §, €, n, and the
atypical PKC isoform PKCp are also present in cardiomyocyte
homogenates (166). Therefore, co-expression of PKCs and Cx43
are consistent with a regulatory network between PKCs and
Cx43 S368 phosphorylation.

PKC-Cx43 S368 in the diseased
heart

Ischemia

Myocardial ischemia, which refers to the reduction of blood
flow and oxygen to the heart, can occur following coronary
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artery blockage due to the accumulation of atherosclerotic
plaques (167). It is estimated that myocardial ischemia affects
around 126 million individuals globally (168). Ischemic insult
reduces gap junction intercellular communication between
cardiomyocytes which affects electrical impulse propagation
leading to arrhythmias (29). Cx43 degradation is dependent
upon AMP activated protein kinase (AMPK) during initial
periods of ischemia while the later periods require the autophagy
regulating protein Beclin-1. Furthermore, degradation of Cx43
due to ischemia also led to an impairment of gap junction
intercellular communication in HL-1 mouse cardiomyocytes.
Inhibiting autophagy restored intercellular communication
indicating that autophagy is involved in ischemia induced
Cx43 degradation (29). Reduction of gap junction intercellular
communication post ischemia is also observed in neonatal rat
heart myofibroblasts. Interestingly, prolonged ischemia led to
the opening of hemichannels while gap junctions remained
closed. When Cx43 hemichannels are inhibited with Gap26, a
connexin derived peptide, infarct size is significantly reduced
in isolated perfused rat hearts which suggests that open
hemichannels could contribute to the propagation of infarct
promoting signals across the heart (169). Studies performed in
rat models of ischemia perfusion found an increase in Cx43 S368
phosphorylation at the intercalated discs (ID) of cardiomyocytes
which triggers the ubiquitination and subsequent degradation
of Cx43 (170). This reduction in Cx43 at the IDs contributes to
the electrical uncoupling and reduction in conduction velocity,
a hallmark of ischemic hearts (171). In another study in which
wild-type mice underwent no-flow ischemia also showed a
significant increase in cardiac Cx43 S368 phosphorylation as
compared to control mice while total Cx43 levels decreased.
This degradation of Cx43 was promoted by 14-3-3 theta which
is involved in anterograde transport of Cx43 (70). 14-3-3 theta
binds to Cx43 when phosphorylated at S373 (172). Interestingly,
S373 acts as a gatekeeper to S368 phosphorylation and S373A
substitution impairs PKC induced phosphorylation of S368
in cells exposed to ischemic conditions (173). In contrast to
these studies, other studies suggest ischemia has the opposite
effect on gap junction intercellular communication. For instance
rats subjected to left anterior descending coronary artery
(LAD) occlusion showed higher Cx43 levels in the intercalated
discs and dye transfer assay revealed an increase in gap
junction-mediated intercellular communication after 30 min
of LAD occlusion (174). Similarly, adult rat hearts exposed to
ischemia undergo electrical uncoupling during which reduced
Cx43 phosphorylation is observed. Reperfusion, on the other
hand, increases phosphorylated Cx43 at the intercalated discs
(25). Mass spectrometry studies on rat hearts that underwent
ischemia show that S368 undergoes dephosphorylation within
15-30 min following ischemia, corresponding to the time
interval that the majority of gap junction uncoupling occurs.
Treatment with an antiarrhythmic peptide analog rotigaptide
(ZP123) suppresses dephosphorylation of S368 after 30 min
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of ischemia and prevents gap junction uncoupling (175).
One mechanism that may promote an increase in Cx43
phosphorylation following reperfusion is through PKCs, such as
PKCa and PKCe, that translocate to the cell membrane upon
myocardial ischemia reperfusion. PMA treatment of rat hearts
promotes the translocation of PKC isozymes, including o, 8,
and ¢, to the cell membrane (176). All three of these isozymes
have been implicated in Cx43 S368 phosphorylation at the cell
membrane. In cryoinjured left ventricular tissue treated with
aCT-1, a peptide containing nine amino acids of the Cx43
C-terminal tail, an acute increase in Cx43 S368 phosphorylation
is observed (177). However, control hearts treated with aCT-
1 do not show any change in S368 phosphorylation suggesting
that Cx43 S368 phosphorylation is dependent on injury (177,
178). aCT-1 enhances PKCe-mediated phosphorylation of Cx43
$368 in the injured hearts and prevents arrhythmia (178). In
response to injury, PKCe translocates and phosphorylates Cx43
$368. Interestingly, ischemic injury also induces translocation of
PKCe in the heart of conscious rabbits (179). Similarly, another
study demonstrated that ischemic preconditioning in adult rat
hearts promoted PKCe-mediated Cx43 S368 phosphorylation
and suppresses Cx43 lateralization (180). Overall, these findings
suggest that the increased translocation of PKCs to IDs during
ischemia contributes to electrical uncoupling through enhanced
Cx43 S368 phosphorylation.

Myocarditis

Myocarditis is defined as inflammation of the heart muscle
which can reduce its ability to pump blood (181). Global trends
indicate that myocarditis affected over 3 million people in
2017 alone (182). Cx43 S368 phosphorylation is upregulated
in acute myocarditis, which accounts for a majority of sudden
cardiac deaths in people without any prior heart conditions
(183, 184). Myocarditis is accompanied by abnormal ECG
patterns the most common of which is sinus tachycardia
associated with non-specific ST/T-wave variations. A study
of ECG patterns found in myocarditis revealed multiple
characteristics such as depression in precordial and limb
leads in the PR segment, pericarditis pattern in the ST
segment, and a prolonged QT interval (185). Utilizing a
model of rat experimental autoimmune myocarditis (EAM),
Cx43 S368 phosphorylation was shown to be elevated in this
model (184). Downregulation of Cx43 S368 phosphorylation
improves gap junction intercellular communication and reduces
the prolonged QRS interval. Since the EAM model is a T
cell-mediated inflammatory disorder of cardiac tissues, this
study further perfused isolated rat hearts with inflammatory
cytokine IL-1p and found that perfusion with IL-1f induces
Cx43 S368 phosphorylation in normal rat hearts. EAM
models also show upregulation of PKCa in the rat heart,
which may provide a mechanism for the increased Cx43
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$368 phosphorylation levels. Consistent with this notion,
intraperitoneal administration of the PKC inhibitor Ro-32-
0432 reduces pro-inflammatory cytokines such as IL-1B which
activates Cx43 S368 phosphorylation, as well as reduces
biomarkers of heart failure in the EAM model (186). These
observations further corroborate the relationship between PKC
isozymes and Cx43 S368 phosphorylation in the context of
inflammatory cytokines and myocarditis. However, further
studies are required to assess the significance of this relationship
in myocarditis and if the PKC/Cx43 pathway can serve as a
novel therapeutic target to alleviate consequences associated
with myocarditis.

Cardiomyopathy

Cardiomyopathy encompasses a variety of heart conditions
that influence the ability of the heart to pump blood into
systemic and pulmonary circulation, the most common of which
is hypertrophic cardiomyopathy. This condition is caused by
the thickening of the left ventricle chamber wall (187, 188).
PKC isozymes have been extensively studied in relation to
hypertrophy. For instance, adult mice overexpressing classical
PKC exhibit mild and progressive ventricular hypertrophy,
while overexpression in neonates leads to sudden cardiac
death (189). Similarly, neonatal cultured rat cardiomyocytes
overexpressing PKCa show hypertrophic cardiomyocyte growth
as well as induction of the hypertrophy marker atrial natriuretic
factor, whereas overexpression of PKC3 and PKCe does not lead
to cardiomyocyte hypertrophy. Furthermore, a kinase-inactive
mutant of PKCo did not affect cardiomyocyte hypertrophy,
indicating downstream phosphorylation events mediated by
PKCa are required for its role in cardiac hypertrophy (190).
Heart explants from dilated cardiomyopathy and ischemic
cardiomyopathy patients have increased levels of PKCa and
PKCB. Immunoblotting experiments revealed a greater than
40% increase in PKCP levels at the membrane, PKCa levels
increase by 70% in the cardiomyopathic left ventricles, while
PKCe expression does not significantly change (191).

The DAGs such as PMA have been used to induce
hypertrophy since PMA activates most PKCs. Neonatal rat
ventricular cardiomyocytes (nrCMCs) treated with PMA
show a significant increase in cell size. These cardiomyocytes
also have increased markers of pathological hypertrophy
such as Nppa, Actal, and Serca2a. NrCMCs treated with
PMA display tachyarrhythmia which is also a characteristic
of hypertrophy (192). Given that PKCs activated by PMA
directly phosphorylate Cx43 at S368 as described above,
one might anticipate that hyperphosphorylation of S368 on
Cx43 would promote hypertrophy. A rat model of pressure-
overload hypertrophy revealed an initial increase in Cx43
$368 phosphorylation which was followed by a decline after
8 weeks, and these animals were prone to sustained ventricular
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tachycardia (193). In contrast, it has also been reported that
rats treated with monocrotaline to induce right ventricular
hypertrophy show an increase in non-phosphorylated Cx43 and
cytosolic annular gap junctions (194). Using inhibitors against
protein phosphatase 1 (PP1) suppresses cardiac hypertrophy
and heart failure (195). Consistent with this observation,
treatment with PP1 inhibitors such as Okadaic acid prevents
ischemia-induced Cx43 dephosphorylation in cardiomyocytes
(196). Based on these findings, PKC activity may need to
be carefully modulated in the heart to maintain Cx43 S368
phosphorylation in equilibrium to ensure appropriate gap
junctional communication levels. A more apparent effect of
the PKC/Cx43 relationship in cardiomyopathy is observed
in mice treated with Furazolidone for 30 weeks to induce
dilated cardiomyopathy (197). Mitochondrial dysfunction
is a major contributor to dilated cardiomyopathy (198).
Furazolidone treatment reduces myocardial mitochondrial
Cx43 S368 phosphorylation along with PKCe levels leading
to mitochondrial dysfunction. Treatment with PMA, a PKC
activator, increases PKCe activity and partially reverses
Furazolidone inhibition of Cx43 S368 phosphorylation. In
contrast, treatment with the Cx43 inhibitor, 18p-glycyrrhetinic
acid, inhibits the effect of PKC on mitochondrial dysfunction
indicating that PKC-mediated Cx43 S368 phosphorylation
is essential to reduce mitochondrial dysfunction in dilated
cardiomyopathy and therefore could serve as a novel therapeutic
target for cardiomyopathy (197).

Arrhythmias and heart failure

Arrhythmias such as atrial and ventricular tachycardia
can lead to heart failure in which the heart fails to pump
sufficient blood to the systemic and pulmonary circulation.
Heart failure affects around 26 million people worldwide
and is considered a global pandemic (199). About 30% of
heart failure patients suffer from atrial fibrillation while 50%
of sudden death attributed to heart failure is accompanied
by ventricular arrhythmias (200-202). Many studies have
examined the expression and phosphorylation status of Cx43 in
atrial fibrillation and congestive heart failure in various species.
However, there are significant variations between species. For
instance, expression of Cx43 during atrial fibrillation decreases
in rabbits while it increases in dogs (203, 204). Interestingly,
congestive heart failure in dogs reduces the phosphorylation
of Cx43 at S368 and overall Cx43 in the atria. Ventricular
Cx43 undergoes dephosphorylation and lateralization, inducing
arrhythmia and slowing conduction during heart failure (205,
206). Along with changes in expression and phosphorylation
levels of Cx43, several cardiac diseases such as arrhythmogenic
right ventricular cardiomyopathy (ARVC) are accompanied
by remodeling of Cx43 (207). Heart failure patients have
reduced levels of Cx43 in the gap junction plaques found
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at the intercalated discs and an increase in the number
of Cx43 in the lateral walls of cardiomyocytes (208, 209).
Lateralization of Cx43 is in contrast with the normal distribution
of Cx43 which is concentrated at the intercalated disc in
the ventricular myocardium (210). Cx43 hemichannels require
positive membrane potential of >+50 mV to open. During
systole, cardiomyocytes have an elevated level of cytoplasmic
Ca’* which lowers the membrane potential required to
open hemichannels to +30 mV (211). Entry of Ca?t into
cardiomyocytes further induces the sarcoplasmic reticulum
to release more Ca’* into the cytoplasm that can lead to
the activation of hemichannels. A single open hemichannel
can display high conductance of around 220 pS which can
allow for the movement of ions such as Na®™ and KT (132).
During pathological conditions, the sarcoplasmic reticulum is
spontaneously triggered to release Ca?>* which leads to the
opening of hemichannels and delayed afterdepolarizations that
further promotes arrhythmia (212, 213). Caffeine can induce
sarcoplasmic reticulum release of Ca?* through the activation
of ryanodine receptor channels (Ryr2) (214). Ryr2 interacts
with and regulates Cx43 hemichannel opening due to elevated
Ca?" levels in cardiomyocytes. Ventricular cardiomyocytes
isolated from heart failure patients display spontaneous
Ca®* release and hemichannel opening along with delayed
afterdepolarizations. In addition, adrenergic stimulation of
arterially perfused tissue wedges had higher occurrences
of delayed afterdepolarizations which were suppressed by
Gapl9, a Cx43 hemichannel specific inhibitor (134). This
indicates that Cx43 hemichannel lateralization and opening
contributes to arrhythmogenic activities. Significant levels of
Cx43 lateralization is also observed in mouse models of
Duchenne muscular dystrophy (DMD) which is characterized
by the loss of dystrophin that stabilizes the sarcolemma in
myocytes (207). Cardiac arrhythmias are often seen in young
and adolescent individuals with DMD (215). Cx43 lateralization
is also observed in mouse models of DMD. Upon isoproterenol
treatment, DMD mice develop arrhythmias and die within 24 h.
However, treatment with the hemichannel inhibitors Gap19 or
Gap26 protects DMD mice from arrhythmogenesis and death
suggesting that Cx43 hemichannel activity and lateralization are
linked with arrhythmia in vivo (207).

Disruption of Ca?t homeostasis and Cx43 hemichannel
function are also tied to ARVC that is associated with mutations
in desmosome proteins such as desmoglein-2, desmoplakin, and
Plakophilin-2 (PKP2) (216). ARVC or arrhythmogenic right
ventricular dysplasia (ARVD) is characterized by ventricular
tachycardia and sudden cardiac death (217). PKP2 knockout
mice display higher levels of Ca?T levels in the cytoplasm
and sarcoplasmic reticulum along with increased duration
of Ca?t transient currents in right ventricular myocytes
(216). Susceptibility to arrhythmia is also significantly higher
in PKP2 knockout mice. Interestingly, hemichannel specific
inhibition with Gapl9 normalizes Ca?>" homeostasis. Cx43
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reduction also decreases Ca’t permeability and cytoplasmic
Ca’*t accumulation in right ventricles of PKP2 knockout
mice, which was also observed following treatment with the
PKC inhibitor GF 109203X (216). Single-molecule localization
microscopy indicated that PKC clusters were reduced in the
intercalated disc of the PKP2 knockout hearts. Cx43 S368
phosphorylation in the PKP2 knockout group was also lower
in both the right and left ventricle which could be due
to a reduction in PKC levels at the intercalated disc since
PKC phosphorylates Cx43 at S368 (216). Total Cx43 was
higher in the PKP2 knockout group as compared to the
control group. It is interesting to speculate if this may be
due to a reduction in Cx43 hemichannel degradation as S368
phosphorylation is known to play a role in Cx43 degradation
(218). Utilizing scanning electron microscopy and Fluoro-
Gold labeled Cx43, Cx43 hemichannel abundance was found
to be higher in PKP2 deficient hearts (219). However, these
Cx43 hemichannels are present in the intercalated disc as
“orphan Cx43” and are not docked to form a gap junction.
In addition, a widening of the intercellular space in the gap
junction plaque in PKP2 deficient hearts suggests a loss of
gap junction connection in these spaces (219). Loss of gap
junctions in the intercalated discs is also seen in Naxos disease
which is a recessive form of ARVC (220). Similarly, Cx43
expression is reduced in cardiomyocytes of cardiomyocyte-
specific desmoplakin deficient mice which is compounded by
a significant reduction of Cx43 S368 phosphorylation and
function (221). Another intriguing observation in patients with
ARVC is the reduction in Nayl1.5 sodium channels which is
predicted to mediate ephaptic coupling in the hemichannels in
the perinexus (222, 223). Therefore, Cx43 function, mediated
by both expression levels and S368 phosphorylation is a critical
regulator of Ca?* homeostasis in the heart.

The PKC-mediated hyperphosphorylation of Cx43 at S368
in isolated normal heart tissue can also induce lateralization of
Cx43 from the intercalated disc to the lateral membrane of the
ventricular myocardium (224). This hyperphosphorylation is
also associated with arrhythmia with a prolonged QRS complex
(184). Immunohistochemical analysis showed redistribution of
Cx43 to the lateral membrane in hearts with hyperactivated
PKC in response to PMA treatment. Suppression of PKC
activity with the PKC inhibitor Ro-32-0432 significantly
decreased phosphorylation of Cx43 S368 and suppressed
this lateralization (224). In addition, Cx43 lateralization in
left ventricle occurs following isoproterenol treatment (225).
Isoproterenol is a sympatho-mimetic agent capable of inducing
atrial fibrillation and heart failure. Taken together, these
studies indicate an important relationship between PKC and
Cx43 S368 phosphorylation in arrhythmogenesis promoted by
hemichannel lateralization in the heart. Several other PKC
isozymes are upregulated in failing hearts including PKCa
and PKCe as observed in a myocardial infarction induced
heart failure model in hamsters (226). Similarly, guinea
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pig models of heart failure induced by pressure overload
also have increased levels of PKCa and PKCe (227). These
findings showcase that Cx43 S368 phosphorylation regulated
by PKCs may serve as a therapeutic target in arrhythmias
and heart failure.

PKC/Cx43 pS368 circuit in therapy
against cardiac diseases

Peptides that target Cx43 have been extensively studied
for their pharmacological benefits in cardiac diseases. These
peptides mimic the extracellular loop of Cx43 or the cytoplasmic
C terminal domain. For instance, Gap26 and Gap27 are based
on the extracellular domains of Cx43 while Gap19 and aCT1
include amino acids of the C terminal tail of Cx43 (211).
aCT1, or alpha Connexin carboxy terminus 1, has been tested
in vitro and in vivo for its effect against ischemia/reperfusion
injury. It was designed to inhibit the interaction of Cx43 with
Zona Occludens-1 (ZO-1). Cx43 binds with the postsynaptic
density/disks-large/ZO-1 (PDZ2) domain of ZO-1 which results
in the remodeling of gap junction plaques. This interaction has
been reported to increase cardiomyopathies and heart failure
in humans (228). In mouse models of cardiac injury, aCT1
was shown to interact with the PDZ domain of ZO-1 and
induce phosphorylation of Cx43 at S368 which can reduce
intercellular communication through Cx43. Cryoinjury CD1
mice treated with aCT1 display an increase in Cx43 plaques
in the intercalated discs while control-treated groups have a
higher level of Cx43 remodeling from plaques to lateralized
distributions. aCT1 treatment promoted the level of Cx43
S$368 phosphorylation in the plaques in a PKCe dependent
manner (178). Furthermore, aCT1 can protect hearts from
ischemic injury and preserve ventricular function likely due to

10.3389/fcvm.2022.1080131

its interaction with the Cx43 C-terminal helix 2 domain and
not due to its interaction with the PDZ domain of ZO-1. aCT1
by itself leads to an increase in Cx43 S368 phosphorylation
in a concentration-dependent manner (229). In vivo studies
confirm that aCT1 reduces arrhythmia in cryo-injured hearts
and increases the rate of depolarization (178, 228). aCT1 has
reached Phase III clinical evaluation for healing chronic skin
wounds associated with non-cardiac diseases such as cancer and
ulcers in which Cx43 plays a prominent role (230, 231). Phase
I and Phase II clinical trials with aCT1 in venous leg ulcers,
diabetic foot ulcers, and cutaneous scarring/Laparoscopic
incisions showed enhanced wound closure as compared to
control-treated patients. However, the phase III clinical trial
with aCT1 was terminated although no adverse toxicity was
reported (232). Since aCT1 has also shown promising results
in vivo against arrhythmia and ischemia/reperfusion injury,
clinical trials utilizing aCT1 or other agents to promote
Cx43 S368 phosphorylation in cardiac diseases seem viable
(178, 229).

Another method of increasing Cx43-S368 phosphorylation
is by inducing PKCe activity that directly targets S368. Using
PYeRACK, a PKCe specific activator, revealed that PKCe
activation induces protection against ischemia/reperfusion
and hypoxic injury. {eRACK treatment increases PKCe

the
and

isolated
cardiomyocytes transgenic that
express YeRACK postnatally (233). This activation could
be a therapeutic approach toward utilizing PKCe and Cx43

translocation  to plasma membrane in

in mouse hearts

pS368 relationship against ischemia. Drugs that upregulate
PKCe such as adenosine have been used as an adjunct to
thrombolysis or percutaneous intervention to treat acute
myocardial infarction in patients. A randomized study
showed that adenosine-treated patients had reduced infarct
size compared to that observed in the placebo group (234).

TABLE 2 Summary table of the phosphorylation of Cx43-Serine-368 and expression level of PKC isozymes in various cardiac disorders.

Cardiac disease Species/model

Cx43-serine-368

phosphorylation

PKC isozymes References

expression

Ischemia - reperfusion Rat (Ischemia - reperfusion } Ischemia 4 Perfusion PKC o and PKCe (25, 175)
model) 4 Perfusion

Myocarditis Rat [experimental autoimmune 4 4+ PKC a (184, 186)
myocarditis (EAM)]

Hypertrophy Mice - + PKCB (189)

Hypertrophy Neonatal cultured rat - 4 PKCa (190)
cardiomyocytes

Dilated cardiomyopathy Human heart explants - 4 PKCa and PKCB (191)

Right ventricular hypertrophy Rats N - (194)

Congestive heart failure Dogs N - (205, 206)

Isoproterenol induced fibrillation Rats 1 1PKCe (225)

Myocardial infarction and heart failure Hamsters - 1 PKCa, B, ¢, (226)

Pressure overload induced heart failure Guinea pigs - 4 PKCa and PKCe (227)
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Adenosine was administered intravenously to patients which
were then followed for new incidences of congestive heart
failure after 24 h, or subsequent hospitalization after congestive
heart failure, or death due to any causes within 6 months.
Although no differences between treated and placebo groups
at each of these endpoints were observed, the study did
find that higher doses of adenosine correlated with smaller
median infarct size. Therefore, pharmacological strategies
that promote PKC-mediated Cx43 S368 phosphorylation
might be more fruitful based on the importance of this
interaction in the heart.

Cx43 S368 phosphorylation is not always reduced in
cardiac diseases. For instance, myocarditis and arrhythmia
can lead to hyperphosphorylation of Cx43 (184). Despite the
presence of various CX43 inhibitors such as carbenoxolone
and peptide inhibitors such as Gap26, issues regarding
specificity and off-target effects have remained. Interestingly,
gap junction inhibitors that show specificity toward the Cx43
$368 phosphorylated confirmation have been generated, such
as the lipidated connexin mimetic peptide SRPTEKT-Hdc.
Treatment with this peptide leads to a reduction in dye
coupling and Ca?* wave propagation through Cx43. MDCK
cells expressing either phosphodeficient or phosphomimetic
mutants of Cx43 S368 were treated with SRPTEKT-Hdc (235).
The potency of inhibition by SRPTEKT-Hdc was greater
in the phosphomimetic group than in the phosphodeficient
group suggesting that SRPTEKT-Hdc had specificity toward
the phosphorylated form of Cx43 S368. The cardioprotective
effect of this peptide is yet to be examined in cases where
hyperphosphorylation of Cx43 S368 is observed. Reduction of
Cx43 S368 phosphorylation can also be successfully achieved
through the inhibition of PKC using PKC-specific inhibitors
such as Calphostin C (108). Since heart failure shows an
increase in PKCe activity, inhibition with PKCe specific
inhibitor €V1-2 decreases symptoms associated with heart
failure including parenchymal fibrosis and fractional shortening
(236). However, the usage of PKC inhibitors should be
examined in more depth since most PKC inhibitors affect
several PKC isozymes when used at higher concentrations and
potentially other kinases as well. Therefore, PKC inhibitors
that target the PKC Cx43 S368 phosphorylation circuit should
be explored further in cardiac defects as they may provide
greater specificity.

Conclusion

Various PKC isozymes directly target and phosphorylate
$368 on the C terminal tail of Cx43 in cardiomyocytes. This
acts to regulate gated conductance as well as a degradation
signal for the Cx43 plaques to reduce gap junctional coupling
in the cardiac system. Here we explored the prevalence of PKC
isozymes along with the level of Cx43 S368 phosphorylation in
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different cardiac diseases (Table 2). Cx43 S368 phosphorylation
occurs in healthy embryonic and adult hearts. However, the
level of this phosphorylation varies in different cardiac disease
states. Future in vivo studies in animal models and therapies
based on this PKC/Cx43 pS368 relationship should consider
this variation while designing drugs effective toward cardiac
diseases.
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The discovery that cardiac sarcomere proteins are substrates for S-glutathionylation
and that this post-translational modification correlates strongly with diastolic
dysfunction led to new concepts regarding how levels of oxidative stress
affect the heartbeat. Major sarcomere proteins for which there is evidence of
S-glutathionylation include cardiac myosin binding protein C (cMyBP-C), actin,
cardiac troponin | (cTnl) and titin. Our hypothesis is that these S-glutathionylated
proteins are significant factors in acquired and familial disorders of the heart; and,
when released into the serum, provide novel biomarkers. We consider the molecular
mechanisms for these effects in the context of recent revelations of how these
proteins control cardiac dynamics in close collaboration with Ca2t fluxes. These
revelations were made using powerful approaches and technologies that were
focused on thin filaments, thick filaments, and titin filaments. Here we integrate
their regulatory processes in the sarcomere as modulated mainly by neuro-humoral
control of phosphorylation inasmuch evidence indicates that S-glutathionylation and
protein phosphorylation, promoting increased dynamics and modifying the Frank-
Starling relation, may be mutually exclusive. Earlier studies demonstrated that in
addition to cTnl as a well-established biomarker for cardiac disorders, serum levels
of cMyBP-C are also a biomarker for cardiac disorders. We describe recent studies
approaching the question of whether serum levels of S-glutathionylated-cMyBP-
C could be employed as an important clinical tool in patient stratification, early
diagnosis in at risk patients before HFpEF, determination of progression, effectiveness
of therapeutic approaches, and as a guide in developing future therapies.

myosin binding protein C, titin, cardiac troponin |, protein phosphorylation, cross-bridge
kinetics, length dependent activation

1. Introduction: S-glutathionylation as a potential
modifier of sarcomere protein function

In view of evidence discussed below that cardiac myosin binding protein C (cMyBP-C),
actin, cardiac troponin I (cTnl) and titin are modified by S-glutathionylation, we focus here
on these sarcomere proteins in physiological control of cardiac function by this oxidative
related and potentially maladaptive post-translational modification. A prevalence of reduced

108 frontiersin.org


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.1060716
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.1060716&domain=pdf&date_stamp=2023-01-24
https://doi.org/10.3389/fcvm.2022.1060716
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2022.1060716/full
https://orcid.org/0000-0002-4196-0353
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Rosas and Solaro

glutathione (GSH) is critical to maintain the reducing environment
in cardiac myocytes. With a loss of redox balance and exposure
of proteins to reactive oxygen species (ROS), there is a promotion
of a reversible oxidation of targeted Cys residues that may be
adaptive or maladaptive (1). Redox homeostasis and modifications
of the cardiac myocyte depend strongly on a balance between
reduced (GSH) and oxidized glutathione (GSSG). Reaction of GSSG
with proteins, which is reversible, may be beneficial by protecting
Cys residues from irreversible modification such as carbonylation
(1). However, with persistent and severe oxidative stress the
balance of GSH/GSSG tilts unfavorably leading to pathological
consequences in a variety of mechanisms as reviewed by Pastore and
Piemonte (1). Although early studies emphasized the significance of
S-glutathionylation in cell signaling involving myofilament proteins,
the functional significance of this post-translational modification in
cardiac sarcomeres remained unclear (2, 3). Our discovery reported
in 2012 of a role of S-glutathionylation of cMyBP-C in control of
sarcomere response to Ca’t and cross-bridge kinetics provided a
new understanding of the effects oxidative stress on cardiac function
especially diastolic function (4). Our findings were confirmed and
extended by other laboratories. However, more work needs to be
carried out to understand the role of S-glutathionylation more
completely in early and late stages of cardiac disorders, in therapies,
and in their usefulness as serum biomarkers in diagnosis and
stratification of patients.

Advances in the understanding of molecular control processes in
sarcomere function demand a new look at the integrated interactions
among the proteins modified by S-glutathionylation in mechanisms
of control of the heartbeat and beat-to-beat regulation. With the
development of better high-resolution imaging techniques such as
cryo-electron microscopy (cryo-EM) (5) together with atomistic
molecular modeling (6), molecular-dynamics (MD) simulations (7,
8), and interrogating protein-protein interactions with fluorescent
probes (9, 10), there have been significant investigations contributing
to a new and dynamic evolution in understanding the structure
and function of all three of the filaments of the cardiac sarcomere.
Detailed accounts of these advances are in recent publications to
which we refer in the present paper in the context of our focus
on oxidative modifications of cMyBP-C, actin, ¢Tnl, and titin by
S-glutathionylation.

Abbreviations: cMyBP-C, cardiac myosin binding protein-C; cTnl, cardiac
troponin |; cTnC, cardiac troponin C; cInT, cardiac troponin T, Tm,
tropomyosin; Tn, troponin; GSH, reduced glutathione; GSSG, oxidized
glutathione; Cys, cysteine; MD, molecular dynamics; B-state, blocked state;
SwP, switch peptide; Ip, inhibitory peptide; SRX, super-relaxed state; DRX,
disordered relaxed state; M state, myosin activated; FN, fibronectin; Ig,
immunoglobulin; LMM, light meromyosin; LDA, length dependent activation;
MLC2, myosin light chain 2; FRET, fluorescence resonance energy transfer;
RBM20, RNA binding motif protein 20; PTMs, post-translational modifications;
cryo-EM, cryogenic electron microscopy; PKC, protein kinase C; CaMKII,
calcium/calmodulin-dependent protein kinase Il; PEVK domain, Pro-Glu-Val-
Lys domain; PKA, protein kinase A; cGMP, cyclic guanosine monophosphate;
DOCA, deoxycorticosterone; HF, heart failure; HSE, high stress exercise;
UnDOx, unfolded domain oxidation; eNOS, endothelial nitric oxide synthase;
NAC, N-acetyl cysteine; DHF, dyssynchronous heart failure; HCM, hypertrophic
cardiomyopathy; BiV, bi-ventricular pacing; CRT, cardiac resynchronization
therapy; LV, left ventricle; WT, wild type; HFD, high fat diet; Mito TEMPO,
mitochondrially targeted antioxidant.
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2. Transitions in thin, thick, and titin
filament states in the heartbeat and
beat to beat regulation

2.1. The diastolic states and transitions to
systole

Figure 1 illustrates integrated function of proteins in the
sarcomere filaments in establishing the diastolic and systolic states.
We first discuss a current perception of the transition between these
states in a basal level of contractility and heart rate, in which there
exists a contraction and relaxation reserve. Shown are functional
units in a sarcomere consisting of thin filaments with a 7:1:1 ratio
of actins: tropomyosin and troponin (Tn) complex (cTnl), the
inhibitory unit; cTnC, the Ca-binding unit, and ¢TnT, named for its
binding to tropomyosin (Tm). Sarcomeres illustrated in Figure 1 are
in the C-zone, where cMyBP-C localizes (11). Titin, which stretches
from the Z-disk to the M-band and establishes passive tension in
diastole is shown extending from the sarcomeres in Figure 1 and
discussed in detail below. In each functional unit, Figure 1 shows the
head, hinge, and extended tail of two headed myosin (cross-bridges)
with associated light chain proteins. The reaction of myosin cross-
bridges with actin generates tension, shortening, and thus the power
to eject blood. In relaxed sarcomeres thin filaments are in a “B” or
myosin blocked state. cMyBP-C is in the central so-called C-zone
of the sarcomere, and as discussed below interacts both with the
thin, thick, and titin filaments. At end diastole, sarcomere length is
relatively long, the stretch of titin elastic domains induces resting
tension and diastolic pressure (12). In the B-state, there is a dominant
obstruction of Tm movement away from its blocking configuration
resulting in inhibition of the actin-cross-bridge reaction (13). This
inhibition depends on weak interactions with the cTnI-switch peptide
(SwP) with ¢TnC and strong interactions of the cTnl inhibitory
peptide (Ip) and C-terminal mobile domain extending from the cTn
core domain and holding Tm in a blocking position. There are also
interactions of ¢Tnl-cTnC with a ¢TnT peptide known as the IT
arm. Relaxation also depends on a peptide of ¢TnT located at the
overlap of contiguous Tms. As emphasized by Tobacman (14), recent
studies of the thin filament structure revealed that each of the cTns on
opposite faces of the thin filament interact with both Tm strands. The
Tn complexes on opposite sides the thin filament are not in perfect
register. It is now recognized that processes at the level of the thick
filament proper also play a role in the relaxed states. Evidence has
shown that cardiac myosin can exist in either a sequestered super-
relaxed state (SRX) with very low ATPase activity with the heads
folded back toward the thick filament, or in a disordered relaxed
state (DRX) with heads poised to interact with thin filaments in the
transition to the active state of the actin-myosin cross-bridge reaction
(15, 16). Physiological and pathological mechanisms modulate the
population of these states in thick filament related control processes
(15).

With its release into the sarcoplasm, Ca?? binds to the N-lobe
of ¢InC promoting a tight binding of cTnl SwP and releasing the
tether of the mobile domain to actin; the N-lobe of cTnC now binds
to actin-Tm in association with a pivot of the core domain of cTn (5,
7, 14). Current theories suggest that these actions of the cTn complex
of proteins induce a Ca-activated or “C” state but do not fully release
the thin filament from inhibition. A requirement for interactions of
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Functional units of C-zone sarcomeres in relaxed and active states. Shown are functional units of cardiac sarcomeres in the C-zone containing
c(MyBP-C). The bottom panel shows a sarcomere the Ca-regulatory site on cTnC not occupied and with myosin in a super relaxed state (SRX) in which
the heads are sequestered and not participating in the heartbeat. In the left middle panel, the cross-bridges are in a disordered relaxed state (DRX)
poised to interact with the thin filament but blocked by the actions of the troponin complex proteins with an inhibitory peptide (Ip) and mobile domain of
troponin | (cTnl) locking tropomyosin (Tm) a position sterically blocking the actin-cross-bridge interaction. This blocking position of Tm relies on an
interaction of troponin T (cTnT) with the overlap region of Tm. In this state there is an interaction of the N-terminal domain of myosin binding protein C
(cMyBP-C) with actin-Tm moving Tm away from it's steric blocking position. As indicated, there are also interactions between the middle regions of
cMyBP-C and myosin producing a drag on shortening capability. The right middle panel shows that with Ca-binding to the N-terminal domain of
troponin C (cTnC) the thin filament is released from inhibition permitting activation of cross-bridge interactions with actin promoting force and
shortening of sarcomere. The kinetics of the actin-cross-bridge reaction depend on interactions with the N-terminus of cMyBP-C (see text and Figure 2

ST S ST S

the cross-bridge with actin-Tm has been proposed to move Tm fully
from its obliteration of myosin binding inducing a myosin activated
or “M” state (13). Although not indicated in Figure 1, activation of a
functional unit may induce cooperative spread of activation along the
thin filament to other functional units (17).

Complex interactions among titin, cMyBP-C and the thin
filament in control of contraction and relaxation dynamics and
in the Frank-Starling relation are in a state of evolution in our
understanding and require discussion. A comprehensive summary of
mechanisms of cMyBP-C structure and function has been recently
published by Suay-Corredera and Alegre-Cebollada (18). Interactions
of cMyBP-C with thin, thick, and titin filaments provide an array of
mechanisms to maintain homeostasis over a range of physiological
states. These mechanisms are associated with domains in N-terminal,
central, and C-terminal domains. As emphasized by the studies
by Mun et al. (19), these regions of cMyBP-C control sarcomere
activity by multiple and independent mechanisms. Moreover, these
interactions comprise sites of vulnerability associated with familial
cardiac disorders (20). Figures 1, 2 depict a current perspective the
disposition of cMyBP-C in regions of a sarcomere with functional
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units in various states of activity. Ten regions consisting of fibronectin
III (FN) and immunoglobulin (Ig) domains are indicated. Unique
aspects of cMyBP-C are indicated at the N-terminal domain with
phosphorylation sites and in an Ig domain with a loop present in the
middle of the cardiac isoform (Figure 2). Cys residues identified to
be modified by S-glutathionylation are also indicated and discussed
below. It is accepted that that cMyBP-C extends from C-terminal
anchoring sites on titin and light meromyosin (LMM) across the
inter-filament space to the thin filament with N-terminal sites binding
alternatively with the head-neck region of myosin and actin-Tm (21-
23). At low Ca?% evidence indicates that the flexible N-terminus
of cMyBP-C scans the thin filament seeking binding sites (24, 25).
Binding of the N-terminus of some cMyBP-C molecules to actin-
Tm moves Tm away from full inhibition, thereby activating the
thin filament independently of the Ca-cTnC interaction (26, 27).
Regions of cMyBP-C in the central middle domains have multiple
functional roles acting in concert with N- and C-terminal domains.
Importantly, compared to other regions, middle regions C2C4 and
C5C7 have the highest affinity for tail regions of myosin S2 with both
regions binding strongly with myosin light chains attached. C5C7
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binds strongly to this S2 regions even without the myosin light chains
present (28). There is evidence for multiple mechanisms modified
by these interactions that have functional effects on sarcomere
activity. These mechanisms, which modulate power and energy
consumption, include the generation of an internal load inducing a
drag on sarcomere shortening, an inhibition of actomyosin ATPase
activity, and an induction of the SRX state (29, 30). There is also a
proposal that the interaction between central domains of cMyBP-C
with myosin steers cross-bridges to and from thin filaments thereby
controlling the rate of recruitment and exit from force generating
state (31). C-terminal interactions modulate thick filament packing
and specific interactions of 3 C-terminal domains with specific
super-repeats on titin establish localization of cMyBPC in its striped
configuration in the C-zone of the sarcomere (32). As discussed
below, there is evidence that these interactions are modulated by
mechanical stress and by phosphorylation. There are also interactions
of cMyBP-C domains with the regulatory light chain of myosin in a
phosphorylation dependent manner (33). In summary, it is apparent
that the population of cMyBP-C molecules in a sarcomere consists
of some with N-terminal flexible regions interacting with the thin
filament and others interacting with various regions of thick filament
proteins slowing cross-bridge kinetics and some inducing an SRX
state (34). Adding to the complexity of the disposition of proteins
in relaxed and active sarcomeres is evidence, that these interactions
are biased toward interactions with actin-Tm in the low Ca?™
inhibited state of the thin filament and more toward interactions
with myosin heads at activating levels of Ca?T. As discussed below
these interactions are also modified by phosphorylation and by titin
induced strain with stretch.

Titin is the major protein establishing passive tension in the
diastolic state but also may be a participant in feedback signaling from
the systolic state to the thick filament cross-bridges and signaling
in communication with cMyBP-C and the thin filament (35-37).
Regions of titin that are significant in passive tension are illustrated in
Figure 3. Recent reviews provide a picture of this giant protein and its
modulation by stretch, phosphorylation, and oxidant stress (12, 38).

As discussed below, complex interactions among titin, cMyBP-
C, and the thin filament, which occur in control of contraction
and relaxation dynamics and in the Frank-Starling relation, are in
a state of evolution in our understanding. This discussion includes
descriptions of accessible Cys residues expressed in each of these
proteins that are targeted by S-glutathionylation. Addition of the
negatively charged GSH tripeptide modifies function alters signaling
via protein phosphorylation.

2.2. Beat-to-beat regulation and the
Frank-Starling relation

An emerging concept under discussion in the literature is related
to the signaling pathway from titin to cMyBP-C and the thin
filament in their roles in length dependent activation (LDA), the
basis of the Frank-Starling relation. Elegant studies by Reconditi
et al. (35) employed X-ray diffraction and mechanics to reveal that
a length dependent mechanism governs entry of cross-bridges into
the systolic state. They elucidated the concept that a mechano-
sensing mechanism rapidly responds to changes in systolic peak
force and induces variations in the number of myosin heads in the
off state in diastole thereby matching ejection to the hemodynamic
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task. In this concept of the Frank-Starling law, cross-bridges sense
thick filament stress in systole, which in turn introduces variations
in the number cross-bridges in the off state. Reconditi et al. (35)
speculate that interactions among titin, MyBP-C, and cross-bridges
may form the stress sensing mechanism. This view leaves open
the question of how modifications in the thin filament affect LDA.
A different view has been presented by Irving and Craig (36) in
discussing the X-ray diffraction studies together with evidence from
studies using fluorescent probes to monitor changes in thin and
thick filaments. Ait-Mou et al. (39) employed X-ray diffraction and
reported molecular rearrangements in both thin and thick filaments
with changes in length. Fluorescent probe on ¢TnC confirmed
these effects in skinned single cells. This signaling was absent
in myofilaments containing a highly compliant splice variant of
titin, which generated relative low passive tension. Zhang et al.
(9) used polarization of probes on ¢InC and MLC2 in skinned
cardiac preparations and concluded that whereas length changes
in peak tension mainly affect the thick filament, length changes
at sub-maximal levels of activation mainly affect the thin filament.
An important finding in the study of Zhang et al. was that the
changes in the thin filaments occurred independently of active
interactions of cross-bridges with the thin filament. In our studies
(10), carried out in collaboration with Wenji Dong’s laboratory, we
employed fluorescence resonance energy transfer (FRET) to probe
cTnl interactions with cTnC in skinned fiber preparations containing
wild-type titin or highly compliant titin in recombinant binding
motif 20 (RBM20) deficient mice. Results showed that the cTnl-
cTnC interaction senses sarcomere length with a dependence on the
strain induced by stretch of titin. Recent studies report no LDA in
skinned fiber preparations from human heart samples containing
a truncating titin mutant (40). Based on all these observations, a
unifying theory, depicted in Figure 3, of LDA discussed by Irving
and Craig (36) is that LDA involves mechanisms involving all three
sarcomere filaments. The idea is that with stretch interactions of
regions of titin with cMyBP-C induce a steering of its N-terminal
domain toward the thin filament, where it interacts with actin-Tm
to modulate Ca-response independently of cross-bridge interactions.
This mechanism may work in conjunction with strain dependent
effects on thick filaments depending on the level of Ca-activation.
Mamidi et al. (26) concluded from their studies that at maximum
tension, LDA is dominated by feedback effects of active tension on
entry of cross-bridge into force generation, whereas at submaximal
levels of activation LDA is dominated by altered Ca-sensitivity.
Data demonstrating that adult cardiac myofilaments regulated by
slow skeletal Tnl, the fetal/neonatal isoform, show blunted LDA
(41) provide support for this idea. Moreover, LDA is significantly
blunted in muscle preparations with ablation of cMyBP-C (42).
The concept includes the idea that a diastolic mechanism governed
by modifications in titin, thick filaments, MyBP-C, and troponin-
tropomyosin engages ahead of and controlling the systolic state.

3. Protein phosphorylation as a major
mechanism modifying sarcomere
function

There are data indicating that S-glutathionylation and
phosphorylation of sarcomere proteins may be mutually exclusive

PTMs or at least need to be considered in integrative control of
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FIGURE 2

Modulation of cMyBP-C by phosphorylation and oxidative stress. The top panel shows an active sarcomere emphasizing cMyBP-C interactions at the
N-terminal domains with the thin filament and myosin and C-terminal domains interacting with tails of myosin and titin. These interactions are inhibited
with site specific phosphorylations (yellow star) of an N-terminal domain (yellow star) and modulated by oxidative stress demonstrated by the action
reactive oxygen species (ROS) to increase the ration of reduced glutathione to oxidized glutathione. As shown the oxidized glutathione reacts with
available Cys residues generating S-glutathionylated (S-Glu) cMyBP-C, which, as discussed in the text, may block the effects of phosphorylation to

increase cross-bridge kinetics. Cys residues identified in various studies (41, 42, 57) are shown to exist in N-terminal and C-terminal regions as well as
domains in the middle panel.
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FIGURE 3

Oxidative stress and length dependent stabilization of an unfolded state of titin distal Ig domains induced by exposure and S-glutathionylation of cryptic
cysteine residues. (A) Illustration of stretch of titin in diastolic conditions with oxidant stress at a relatively short sarcomere length showing few exposed
cysteines (yellow circles). (B) Illustration of stretch of titin with oxidant stress to a relatively long sarcomere length showing exposure of buried cysteine
residues and S-glutathionylation. This figure is based on evidence reported by Loescher et al. (12) demonstrating that with mechanical and oxidant stress,
stabilization of the state of distensibility of titin occurs with aggregation of distal Ig domains of parallel titin strands. Variations in this mechanism produce
a range of values of passive tension and can affect length dependent activation (LDA). Evidence indicates that stretch of titin signals interactions with the

C-terminal domains of cMyBP-C that are transmitted to the cMyBP-C N-terminal domains, which promote interactions with actin-Tm and activation of
the thin filament. See text for further discussion.

cardiac function in oxidative stress (43-45). Post-translational
modifications of c¢cMyBP-C especially by neural and hormonal
regulation of protein phosphorylation by kinases and phosphatases
modulate its interactions in complex mechanisms (46-49). Figure 2
illustrates phosphorylation dependent modifications of interactions
of cMyBP-C with its neighbors in the sarcomere. Site specific
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phosphorylations have been identified at Ser 275, 284, and 304 in the
human sequence and a hierarchy of mechanisms defined stressing
a role of cMyBP-C in integration of diverse signaling cascades (49,
50). Importantly, as shown in Figure 2, phosphorylations release the
inhibitory effect of cMyBP-C on cross-bridge kinetics and impeded
interactions of the N-terminal domain with actin-Tm (30, 46-48).
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FIGURE 4

Modulation of thin filament activation by cTnl N-terminal phosphorylation. Shown is a cartoon based on recent studies (7) of a region of a Ca-activated
thin filament showing the effect of phosphorylation of Ser 23 and Ser 24 in the unique N-terminal peptide of cardiac troponin | (cTnl). In the
dephosphorylated state the N-terminal peptide is mobile as indicated by the double yellow arrow. Also shown are the positions of the cardiac troponin |
switch peptide (Sw), inhibitory peptide (Ip), and troponin I-troponin T interaction (I-T arm) described in Figure 1. Phosphorylation induces an interaction
of the N-terminal peptide with actin-tropomyosin and as shown by the arrow in the figure moves tropomyosin (Tm) to a position favoring the off state of
the thin filament, thereby decreasing myofilament response to Ca2* and promoting relaxation. Cys residues reported to be S-glutathionylated (42) are
located in the region of the I-T arm (Cys-80) and in a helix N-terminal to the Ip (Cys 97). See text for further discussion.

cTnl is unique among isoforms in expressing a ~30 amino acid
N-terminal peptide containing two sites of phosphorylation (Ser
23, Ser 24 in the human sequence). Phosphorylation of these sites
reduces myofilament Ca-sensitivity and enhances relaxation (51, 52).
Figure 4 shows results of experiments revealing a new concept of
thin filament regulation by the unique N-terminal peptide of ¢Tnl
(7) that has modified concepts of mechanisms of its control of
sarcomere kinetics (52). Cys residues in c¢Tnl that may participate
in S-glutathionylation are indicated (44). Building on previous
solution NMR structures, sequence analysis, and molecular dynamic
simulations (8, 53) together with the Yamada et al. (5) cryo-EM
structures of the thin filament, Pavadai et al. (7) reported the novel
demonstration of interactions of a pseudo-phosphorylated N-cTnl
at Ser23 and Ser24 wiith actin-Tm. They employed protein-protein
docking and molecular dynamic simulations of the disposition of
N-cTnl in Ca-activated thin filaments functional units. Pavadai et al.
(7) concluded that together with Arg residues in the N-terminal
peptide, phosphorylated Ser 23, Ser 24 act to hinder an electrostatic
interaction between ¢ITnC and Tm in the Ca-activated state.
In this disposition, phosphorylated cTnl interacts with actin-Tm
moving it away from its steric blocking position thus affecting
relaxation kinetics without affecting maximum tension as previously
reported by Cheng et al. (8). This mechanism does not include an
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effect of ¢Tnl phosphorylation on SwP peptide interactions with
c¢TnC, an effect included in early theories. These findings alter
thinking regarding the role of cTnl phosphorylation in affecting the
binding of the SwP to ¢ITnC, which was not seen in the studies
of Pavadai et al. (7).

As expected, phosphorylation of cardiac titin presents as a
complex array of sites with variable effects on passive tension. These
have been extensively reviewed and related to cardiac disorders in
a review by Koser et al. (38). Important findings summarized are
that PKCo and CaMKII dependent phosphorylations that occur near
the PEVK domain depress passive tension, whereas PKA, cGMP,
and CamKII dependent phosphorylations occur in the N2B domains
and decrease passive tension. As summarized by Koser et al. (38)
large changes in phosphorylation in these sites occur in HFpEF.
Moreover, enhancing cGMP dependent phosphorylation of titin has
been considered as a therapeutic target in HFpEF (54).

Changes in passive tension induced by titin phosphorylation
in conjunction with phosphorylation of cMyBP-C and cTnl are
also expected to influence the LDA signaling mechanisms discussed
above. Concepts related to this signaling cascade discussed include
an effect of protein phosphorylation of cMyBP-C and cTnl on the
“gain” in the process of communication of the energies of activation
from titin stretch to thin filament Ca-sensitivity. Konhilas et al. (55)
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reported an enhancement of LDA by c¢Tnl phosphorylation and a
blunting of LDA in skinned fibers regulated by slow skeletal Tnl.
Along these lines, Shaffer et al. demonstrated that phosphorylation
of N-terminal restudies of cMyBP-C blunted LDA, a finding
corroborated by studies of Mamidi et al. (56). Kumar et al. (57)
investigated relative roles of ¢Tnl and cMyBP-C phosphorylation
on LDA. They concluded that with beta-adrenergic stimulation,
phosphorylation of cMyBP-C is mainly responsible for the effect to
increase LDA and the Frank-Starling mechanism.

4. Modulation of sarcomere function
by S-glutathionylation of cMyBP-C,
actin, cTnl, and titin

4.1. Functional effects of
S-glutathionylation of cMyBP-C, actin,
and cTnl

To our knowledge, our determination of effects of oxidative
stress in a DOCA-salt mouse model with unilateral nephrotomy
provided the first report in 2012 of a functional effect of cMYBP-
C S-glutathionylation (4). The DOCA-salt model exhibits slight
hypertension with diastolic dysfunction and preserved ejection
fraction. Cardiac myocytes isolated from the DOCA-salt model
had no differences from controls in Ca?%-currents, Ca% T -transient
dynamics, and late Na™ currents. These results indicated an altered
myofilament Ca?T-response. We therefore compared properties
of detergent-extracted (skinned) fiber bundles from controls and
DOCA-salt hearts. We measured tension and ATPase activity
simultaneously over a range of Ca’* concentrations. Compared
with controls, fiber bundles from DOCA-salt hearts showed an
increase in Ca®-sensitivity and a decrease in the slope of plots of
tension vs. ATPase rate indicating a reduction in tension cost (unit
tension developed/unit ATP hydrolyzed) and slowing of cross-bridge
kinetics. Determination of Ktr (the transition of cross-bridges into
the force generating state) showed no differences between controls
and DOCA-fibers. These findings supported our conclusion that
the diastolic dysfunction in the DOCA-salt hearts was due to a
slowing of cross-bridge in their exit from the force generating state.
We hypothesized that the oxidative stress induced post-translational
modification in the myofilament proteins. We found no differences
in phosphorylation among the proteins in controls and DOCA-fibers,
but there was an S-glutathionylation of cMyBP-C that correlated with
the extent of change in tension cost. In subsequent experiments we
confirmed these results in which we treated the DOCA-salt mice
with tetra-hydro biopterin (BH4) to suppress the oxidative stress
(58). Inasmuch as oxidative stress affects multiple pathways, we
tested for direct effects of S-glutathionylation of myofilament tension
and ATPase activity by incubating skinned fibers and myofibrillar
fractions with oxidized glutathione (GSSG) (59). We also determined
sites of S-glutathionylation employing mass spectrometry. As with
the preparations isolated from DOCA-salt hearts, myofilaments
incubated in GSSG had an increased Ca?*-sensitivity. Sites of
S-glutathionylation as determined by mass spectrometry occurred at
cysteines 655, 479, and 627.

Follow-up studies comparing samples of donor controls with
samples of human hearts with dilated and ischemic cardiomyopathy
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extended and confirmed these results and identified a potential
interaction between S-glutathionylation and protein phosphorylation
that appeared mutually exclusive. In 2016, Stathopoulou et al. (43)
reported a correlation with a decrease in site specific phosphorylation
of ¢cMyBP-C with increases in S-glutathionylation of cMyBP-C.
In general agreement with this study, Budde et al. (44) reported
studies of a role S-glutathionylation of myofilaments in single cardiac
myocytes harvested from human heart samples from control donors
and patients with end-stage heart failure (HF). As reported previously
they found the HF cells had reduced maximum tension and Ca-
sensitivity. By treating the myocytes with reduced GSH they were able
to correct these changes. They found increased S-glutathionylation
of both ¢Tnl and cMyBP-C in the HF samples compared to the
donor samples. Treatment with PKA failed to phosphorylate these
proteins in the HF samples but worked in the donor samples.
Moreover, there was increased titin stiffness in the HF samples that
could be suppressed by treatment with PKA and GSH. These data
indicated a significant role for interactions of S-glutathionylation and
phosphorylation in end stage human heart failure.

In another study extending understanding of a role of
S-glutathionylation in cardiac function, Cazorla and colleagues
compared redox related modifications in sedentary rats and rats
stressed with moderate and exhaustive, high stress exercise (HSE)
(45). Compared to controls, bouts of HSE induced large changes
in oxidative stress markers together with depressed diastolic and
systolic function in isolated perfused hearts. Hearts of HSE mice also
demonstrated significantly increased S-glutathionylation of cMyBP-
C and a depression cMyBP-C phosphorylation that could not be
increased by activation of PKA. There was also a decrease in ¢Tnl
phosphorylation although there was no report of S-glutathionylation
of cTnl. These data fit with findings in human hearts samples at end
stage failure (43).

There are several lines of evidence indicating that post-
translational modification of actin by S-glutathionylation may also
be an important factor in control of cardiac dynamics. However,
effects of actin S-glutathionylation on sarcomere function have
not been a consistent finding. An early report by Chen and
Ogut (60) identified S-glutathionylation of cardiac actin associated
with ischemia suggesting this effect as a possible contributor
to the decline in function resulting from myocardial infarction
(60). Follow up studies reported that compared to controls there
was a depression of acto-myosin S-1-ATPase activity of in vitro
reconstituted preparations containing S-glutathionylated actin (61).
In support of these findings, Passarelli et al. (3) reported a depression
in force generation of cardiac myofibrils treated with agents
promoting S-glutathionylation. Analysis of mechanism indicated
actin S-glutathionylation as the main effector of this depression.
Human heart samples analyzed by histochemical techniques showed
evidence for in situ actin S-glutathionylation. A depression in actin
polymerization has also been reported as an associated effect of
actin S-glutathionylation at Cys 374 (60, 62). In our investigation
of sites of S-glutathionylation determined by mass spectrometry
together with functional effects on tension and ATPase activity of
cardiac skinned fibers and myofibrils incubated with GSSG, we
found no evidence of S-glutathionylation of cardiac actin at Cys
376 (59). There was a correlation of cMyBP-C S-glutathionylation
with increased Ca-response of tension and ATPase activity with no
change in maximum or minimum values. Moreover, we found no
evidence of actin S-glutathionylation in hearts expressing the HCM
linked mutant TmE180G discussed below. A main conclusion from
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publications from our and other laboratories is a dominant and
consistent modification of sarcomere proteins by S-glutathionylation
is at cMyBP-C and titin. Existing evidence does indicate a need for
further investigation of the potential role of actin-S-glutathionylation
of integrated function of cardiac myocytes.

4 2. Functional effects of
S-glutathionylation of titin

Investigations of possible role of S-glutathionylation in the
control of stiffness of cardiac titin began with oxidative stress by acute
coronary artery occlusion in a mouse acute myocardial infarction
model (63). Taking note of this finding, Alegre-Cebollada et al. (64)
established a collaboration with our laboratory in confirming and
extending this finding. The studies employed a fragment of I-band
titin region rich in Cys residues as illustrated in Figure 3. Stretch of
the fragment exposed cryptic Cys residues making them substrates
for GSSG and inducing S-glutathionylation. This modification
decreased the mechanical stability of the domain and suppressed
folding ability. Studies with isolated human cardiac myocytes
demonstrated that this effect is translated to the intact system
thereby enhancing titin elasticity (64). These results provide new
understanding of the effects of oxidative stress on titin compliance,
which had been reported to be due largely to S-S bonds between
clusters of Cys residues. In the case of Cys residues of Ig domains the
Cys residues are separated enough to be substrates for GSSG when
exposed by stretch. Loescher et al. (12) investigated multiple models
of oxidative stress together with altered mechanical unloading in an
extensive investigation in which they described this mechanism as
unfolded domain oxidation (UnDOx). Important findings described
in detail in the publication provided evidence that with altered
mechanical loading of cardiac myocytes, UnDOx in a distal titin
spring region can either up or down regulate titin compliance
affecting passive tension and enhancing titin phosphorylation. These
findings established the relative significance of UnDOXx in regulation
of passive tension and thereby filling of the ventricle with blood in
diastole. Modifications in titin phosphorylation have been reported
with oxidant stress, but whether there is an interaction between
S-glutathionylation and phosphorylation remains unclear (65).

5. Avenues of future research in
cardiac physiology and pathology

5.1. Sarcomere protein S-glutathionylation
in hypertrophic cardiomyopathy (HCM)

Results of our investigations of oxidative stress induced
S-glutathionylation of cMyBP-C in a mouse model of hypertrophic
cardiomyopathy expressing «Tm-E180G (Tm-180) provided insights
into the complexities of this PTM in a common cardiac disorder.
Compared to wild-type, myofilaments controlled by Tm-180
have increased Ca-sensitivity. This biophysical signal triggers
a pathological progression inducing diastolic dysfunction with
preserved ejection fraction, oxidative stress, hypertrophic signaling
with remodeling, and fibrosis. There is also oxidative stress together
with S-glutathionylation of cMyBP-C because of increased eNos
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activity. We approached suppressing the oxidative stress either by
treatment with NAC (N-acetyl cysteine; promotes GSH synthesis)
(66, 67) or with FTY-720 (Fingolimod) (68). FTY-720 is an
immuno-modulator approved for use in multiple sclerosis. We
previously reported FTY-720 to be effective reducing remodeling and
improving function in a pressure-overload mouse model (69). FTY-
720 affects sphingolipid signaling by interaction with receptors for
sphingosine-1-phosphate. FTY-720 treatment reduced the elevated
serum leucocyte population occurring in Tm-180 mice. In both
approaches there was an improvement in diastolic dysfunction and
a reduction in oxidative stress that was correlated with a reduction
in levels of cMyBP-C S-glutathionylation. With FTY-720 treatment
there was no change in phosphorylation of sarcomere proteins
including total cMyBPC, titin, and cTnl. Moreover, restoration of
diastolic function to control levels occurred with no change in
fibrosis. However, in the study with NAC treatment, site specific
phosphorylation of ¢Tnl at Ser 23 and Ser 24 was increased
in the controls but not in the Tm-180 mice. We found no
S-glutathionylation of ¢Tnl suggesting that in this case altered kinase
or phosphatase activity was in play and not direct interference of
phosphorylation by S-glutathionylation. We also found a significant
increase in site specific phosphorylation of cMyBP-C at Ser 282 that
occurred in the Tm-180 filaments and was reduced substantially
with NAC. These results indicate that levels of sarcomere protein
phosphorylation may be directly affected by alterations of Cys
residues by S-glutathionylation, but the net effects may also depend
on oxidative stress effects on kinase/phosphatase pathways (70).

Apart from the suggestions above about use of serum
levels of S-glutathionylated cMyBP-C in diagnosis and patient
stratification, there are several gaps in our understanding of the
role of S-glutathionylation of major sarcomere proteins in cardiac
physiology and pathology. The unique ability of S-glutathionylation
to modify Cys residues reversibly and to protect against irreversible
oxidative modifications needs to be more completely understood in
relation to physiological processes for example, in exercise and aging.
Whereas correlations with diastolic dysfunction remain a strong
possibility, there is evidence that this PTM may occur in a variety
of cardiac disorders many of which display oxidative stress. More
studies on early-stage cardiac diseases are in order. These studies
need to integrate S-glutathionylation in the major affected proteins,
cMyBP-C and titin as well as cTnl.

We think an important unexplored avenue of research is
S-glutathionylation induced modulation of sarcomere length
dependent activation (LDA), i.e., the Frank-Starling mechanism.
Evidence of a role for titin (10, 71), cMyBP-C (56, 57), and ¢Tnl
(41, 55, 57) in altering LDA provides a rationale for this suggestion.
A further rationale that is unexplored is the possible modification
of LDA in the oxidative stress associated with cardiac disorders
demonstrating mechanical dyssynchrony. Early activation of the
septum associated ith late activation of the left ventricular free
wall characterizes dyssynchronous heart failure (DHF). A common
cause is abnormal Purkinje fiber conduction. However, there is
also evidence that DHF occurs with altered sarcomere mechano-
biochemical signaling. Although bi-ventricular pacing can suppress
the DHE a significant number of patients do not respond to this
treatment. Understanding of this lack of responsiveness may involve
abnormal LDA and engagement of the Frank-Starling mechanism.

In testing patients with non-obstructive but symptomatic HCM,
Ahmed et al. (72) applied CRT (bi-ventricular pacing, BiV) and
tested for improvements in LV diastolic filling and exercise capacity.
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Their approach was based on evidence of a significant incidence
of dyssynchrony in HCM patients without obstructive outflow
disorders. The dyssynchrony manifests at rest in a maladaptive
interaction between the RV and LV in diastole inducing a failure
of the LV to fill properly during exercise resulting in a failure to
employ the Frank-Starling mechanism. After 8 months of sham or
BiV, there was an improvement in LV volume during exercise, an
increase in exercise capacity, and quality of life scores. The authors
did not investigate molecular mechanisms but did evaluate the effects
of BiV on LV contractility. At rest, there was no change in mechanical
dyssynchrony in the study groups and no change in systolic elastance
associated with BiV indicating no change in contractility. Thus, with
some allusions to limitation of the study, the authors conclude that
major mechanisms for the improvements in exercise were the effect
of BiV to engage the Frank-Starling mechanism. Inasmuch as length
dependent sarcomere activation is the basis of the Frank-Starling
mechanism, this conclusion emphasizes consideration of LDA in
sarcomeres with HCM-linked mutations.

The significance of LDA in CRT has been investigated by
Niederer et al. (73). By employing a patient specific model of
excitation and mechanics from the level of cellular mechanisms
to heart function determined in patients before and after CRT.
Sensitivity of the model to various elements in cellular control
mechanisms demonstrated LDA as a significant contributor to the
therapeutic benefit of CRT. The computations indicated a reduced
effect of CRT in patients with dysfunctions in LDA. A significant
contribution of these findings is the idea that the Frank-Starling
relation is not only important in beat-to-beat control of cardiac
function but a significant mechanism in synchrony of the heartbeat.
Mechanical LDA and other sub-cellular mechanisms are downstream
to electrical stimulation and thus dampened or amplified LDA
appears to be a relatively important contributor to the efficacy of
CRT. This study indicates that despite the electrical effects of CRT,
it is critical for the heart to have robust LDA.

Our studies with models of HCM are relevant to these concepts.
Early studies from our lab investigated the LDA of myofilaments
expressing cTnT-R92Q. The data indicated a higher level of LDA in
the R92Q skinned fibers compared to WT fibers (74). Other studies
reported an attenuation of LDA in HCM models ¢TnT-R95H and
cTnT-F88L (75, 76). It would be of interest to determine a role
of oxidative stress and potential S-glutathionylation of sarcomere
proteins in these models.

5.2. Potential use of S-glutathionylated
sarcomere proteins as biomarkers of
oxidative stress and diastolic dysfunction

Reports of determination of cMyBP-C and its fragments as
a biomarker for cardiac disorders provide a proof of concept
that determination of serum levels of S-glutathionylated cMyBP-
C may be a biomarker with functional implications. Studies
identified serum ¢cMyBP-C as a biomarker of severe cardiovascular
diseases and in acute myocardial infarction (77-80). Based on our
studies of S-glutathionylation of cMyBP-C in a model of diastolic
dysfunction, Dudley and colleagues (81) further investigated changes
in cMyBP-C in cardiac samples of mice fed on normal chow or
a high fat diet (HFD) inducing diastolic dysfunction and insulin
resistance. One group of mice were also given Mito TEMPO, an
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investigational agent not approved by the FDA, concurrently to
suppress mitochondrial induced oxidative stress. The results showed
an increase in S-glutathionylation of cMyBP-C with the HFD that was
reversed or prevented in the mice on the HFD with mito TEMPO.
These data encouraged an effort to develop antibody detection
of S-glutathionylated ¢cMyBP-C using an immune-precipitation
approach in serum of models of cardiometabolic syndrome and in
humans (82). Compared to controls with no diastolic dysfunction,
levels of serum S-glutathionylated cMyBP-C were elevated in the
serum of mice, monkeys, and in a cohort of 24 humans with diastolic
dysfunction. These promising preliminary data require verification
in larger cohort of patients and measurements need to be made to
determine specificity, and biological variation in healthy individuals
as has been carried out for comparisons of ¢TnT and ¢cMyBP-C
(80). Knowledge of epitopes employed in antibody detection as
well as quantification of levels of S-glutathionylation in relation to
severity of disease. The vast literature on serum cTnl and ¢TnT
as biomarkers (83) provides an example of the dimensions of the
information and effort required to establish confidence in the use
of S-glutathionylated cMyBP-C as a serum biomarker for cardiac
disorders. An issue requiring further investigation is the stability
of S-glutathionylated cMyBP-C in muscle and serum samples.
To reduce thiol oxidative degradation in serum samples, non-
reducing preservative reagents, N-Methylmaleimide, neocurporine,
and diethylenetriaminepentaacetic acid were added to samples in
the determination of serum levels of cMyBPC- prior to binding
to primary antibodies (82). We have investigated the stability of
post-translational modifications of cardiac/myofibril samples from
hearts of mice treated with different euthanizing agents. Our findings
indicate a fall in levels of glutathionylation of cMyBP-C between 30
and 90 days of storage (84).

6. Summary and conclusion

Results of studies presented here show progress identifying
S-glutathionylation ~ of sarcomeric proteins in advanced
understanding of physiological stressors and common cardiac
disorders. An example is insights into the relation between
mechano-biology and S-glutathionylation of titin that provide
a novel perspective on relations between protein folding and
oxidative stress. This finding may have application to mechano-
biology and S-glutathionylation of many other proteins including
cMyBP-C, which expresses stretch sensitive regions analogous
to the PEVK region of titin (85). Studies summarized here also
provide an account of translation of laboratory experiments on
S-glutathionylation of sarcomere proteins to clinical applications.
Among the various sarcomere modifications discussed, the data
indicate that S-glutathionylation of ¢cMyBP-C is a significant
regulator of cardiac function and the most promising candidate to
add to the list of biomarkers now in use or development. We have
stressed S-glutathionylated cMyBP-C as a biomarker in metabolic
syndrome and HFpEE, but other uses are evident in cardiac disorders
with oxidative stress as a hallmark of the pathology. As we have
discussed previously in the case of use of troponins as cardiac injury
biomarkers, it is possible that the S-glutathionylated cMyBP-C
biomarker may find use in conditions such as cardio-renal syndrome
or in SARS-CoV-2 infections (83, 86). We think our discussions
here provide a rationale for continued investigation of this powerful
post-translational mechanism in sarcomere proteins.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1060716
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Rosas and Solaro

Data availability statement

The original contributions presented in this study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

RS decided on the topic idea and after discussions with PR wrote
a first draft. PR read and edited the first draft and finalized the
manuscript with the RS. Both authors contributed to the manuscipt
and approved the submitted version.

Funding

This work was supported by K01 HL155241 (PR), AHA
CDA849387 (PR), RO1 HL 158634 (RS), and PO1 HL62426 (RS).

References

1. Pastore A, Piemonte F. Protein glutathionylation in cardiovascular diseases. Int ] Mol
Sci. (2013) 14:20845-76. doi: 10.3390/ijms141020845

2. Dalle-Donne I, Rossi R, Giustarini D, Colombo R, Milzani A. S-glutathionylation
in protein redox regulation. Free Radic Biol Med. (2007) 43:883-98. doi: 10.1016/j.
freeradbiomed.2007.06.014

3. Passarelli C, Di Venere A, Piroddi N, Pastore A, Scellini B, Tesi C, et al. Susceptibility
of isolated myofibrils to in vitro glutathionylation: potential relevance to muscle functions.
Cytoskeleton. (2010) 67:81-9. doi: 10.1002/cm.20425

4. Lovelock ], Monasky M, Jeong E, Lardin H, Liu H, Patel B, et al. Ranolazine improves
cardiac diastolic dysfunction through modulation of myofilament calcium sensitivity. Circ
Res. (2012) 110:841-50. doi: 10.1161/CIRCRESAHA.111.258251

5. Yamada Y, Namba K, Fujii T. Cardiac muscle thin filament structures reveal calcium
regulatory mechanism. Nat Commun. (2020) 11:153. doi: 10.1038/541467-019-14008- 1

6. Williams M, Lehman S, Tardiff ], Schwartz S. Atomic resolution probe for allostery in
the regulatory thin filament. Proc Natl Acad Sci USA. (2016) 113:3257-62. doi: 10.1073/
pnas.1519541113

7. Pavadai E, Rynkiewicz M, Yang Z, Gould I, Marston S, Lehman W. Modulation of
cardiac thin filament structure by phosphorylated troponin-I analyzed by protein-protein
docking and molecular dynamics simulation. Arch Biochem Biophys. (2022) 725:109282.
doi: 10.1016/j.abb.2022.109282

8. Cheng Y, Lindert S, Kekenes-Huskey P, Rao V, Solaro R, Rosevear P, et al.
Computational studies of the effect of the $23D/S24D troponin I mutation on cardiac
troponin structural dynamics. Biophys J. (2014) 107:1675-85. doi: 10.1016/j.bp;j.2014.08.
008

9. Zhang X, Kampourakis T, Yan Z, Sevrieva I, Irving M, Sun Y. Distinct contributions of
the thin and thick filaments to length-dependent activation in heart muscle. eLife. (2017)
6:¢24081. doi: 10.7554/eLife.24081

10. Li K, Methawasin M, Tanner B, Granzier H, Solaro R, Dong W. Sarcomere length-
dependent effects on Ca(2+)-troponin regulation in myocardium expressing compliant
titin. J Gen Physiol. (2019) 151:30-41. doi: 10.1085/jgp.201812218

11. Luther P, Winkler H, Taylor K, Zoghbi M, Craig R, Padrén R, et al. Direct
visualization of myosin-binding protein C bridging myosin and actin filaments in intact
muscle. Proc Natl Acad Sci USA. (2011) 108:11423-8. doi: 10.1073/pnas.1103216108

12. Loescher C, Breitkreuz M, Li Y, Nickel A, Unger A, Dietl A, et al. Regulation of titin-
based cardiac stiffness by unfolded domain oxidation (UnDOx). Proc Natl Acad Sci USA.
(2020) 117:24545-56. doi: 10.1073/pnas.2004900117

13. Rynkiewicz M, Pavadai E, Lehman W. Modeling human cardiac thin filament
structures. Front Physiol. (2022) 13:932333. doi: 10.3389/fphys.2022.932333

14. Tobacman L. Troponin revealed: uncovering the structure of the thin filament
on-off switch in striated muscle. Biophys J. (2021) 120:1-9. doi: 10.1016/j.bpj.2020.11.014

15. Schmid M, Toepfer C. Cardiac myosin super relaxation (SRX): a perspective on
fundamental biology, human disease and therapeutics. Biol Open. (2021) 10:bio057646.
doi: 10.1242/bi0.057646

Frontiers in Cardiovascular Medicine

117

10.3389/fcvm.2022.1060716

Conflict of interest

RS was a member of the Scientific Advisor Board of Cytokinetics,
Inc. and a consultant to MyoKardia/Bristol-Myers-Squibb, and
Edgewise Pharmaceuticals.

The remaining author declares that the research was conducted
in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

16. Craig R, Padrén R. Structural basis of the super- and hyper-relaxed states of myosin
11. ] Gen Physiol. (2022) 154:€202113012. doi: 10.1085/jgp.202113012

17. Solis C, Solaro R. Novel insights into sarcomere regulatory systems control of
cardiac thin filament activation. ] Gen Physiol. (2021) 153:€202012777. doi: 10.1085/jgp.
202012777

18. Suay-Corredera C, Alegre-Cebollada J. The mechanics of the heart: zooming in
on hypertrophic cardiomyopathy and ¢cMyBP-C. FEBS Lett. (2022) 596:703-46. doi:
10.1002/1873-3468.14301

19. Mun J, Previs M, Yu H, Gulick J, Tobacman L, Beck Previs S, et al. Myosin-
binding protein C displaces tropomyosin to activate cardiac thin filaments and governs
their speed by an independent mechanism. Proc Natl Acad Sci USA. (2014) 111:2170-5.
doi: 10.1073/pnas.1316001111

20. Yotti R, Seidman C, Seidman J. Advances in the genetic basis and pathogenesis
of sarcomere cardiomyopathies. Annu Rev Genomics Hum Genet. (2019) 20:129-53. doi:
10.1146/annurev-genom-083118-015306

21. Mun J, Gulick J, Robbins J, Woodhead J, Lehman W, Craig R. Electron microscopy
and 3D reconstruction of F-actin decorated with cardiac myosin-binding protein C
(cMyBP-C). J Mol Biol. (2011) 410:214-25. doi: 10.1016/}.jmb.2011.05.010

22. Flashman E, Watkins H, Redwood C. Localization of the binding site of the
C-terminal domain of cardiac myosin-binding protein-C on the myosin rod. Biochem J.
(2007) 401:97-102. doi: 10.1042/BJ20060500

23. Alyonycheva T, Mikawa T, Reinach E, Fischman D. Isoform-specific interaction of
the myosin-binding proteins (MyBPs) with skeletal and cardiac myosin is a property
of the C-terminal immunoglobulin domain. J Biol Chem. (1997) 272:20866-72. doi:
10.1074/jbc.272.33.20866

24. Inchingolo A, Previs S, Previs M, Warshaw D, Kad N. Revealing the mechanism
of how cardiac myosin-binding protein C N-terminal fragments sensitize thin filaments
for myosin binding. Proc Natl Acad Sci USA. (2019) 116:6828-35. doi: 10.1073/pnas.
1816480116

25. Lu 'Y, Kwan A, Trewhella J, Jeffries C. The COC1 fragment of human cardiac myosin
binding protein C has common binding determinants for both actin and myosin. J Mol
Biol. (2011) 413:908-13. doi: 10.1016/j.jmb.2011.09.026

26. Mamidi R, Gresham K, Stelzer J. Length-dependent changes in contractile dynamics
are blunted due to cardiac myosin binding protein-C ablation. Front Physiol. (2014) 5:461.
doi: 10.3389/fphys.2014.00461

27. Herron T, Rostkova E, Kunst G, Chaturvedi R, Gautel M, Kentish J. Activation of
myocardial contraction by the N-terminal domains of myosin binding protein-C. Circ
Res. (2006) 98:1290-8. doi: 10.1161/01.RES.0000222059.54917.ef

28. Ponnam S, Kampourakis T. Microscale thermophoresis suggests a new model of
regulation of cardiac myosin function via interaction with cardiac myosin-binding protein
C. ] Biol Chem. (2022) 298:101485. doi: 10.1016/j.jbc.2021.101485

29. Whitten A, Jeffries C, Harris S, Trewhella J. Cardiac myosin-binding protein C
decorates F-actin: implications for cardiac function. Proc Natl Acad Sci USA. (2008)
105:18360-5. doi: 10.1073/pnas.0808903105

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1060716
https://doi.org/10.3390/ijms141020845
https://doi.org/10.1016/j.freeradbiomed.2007.06.014
https://doi.org/10.1016/j.freeradbiomed.2007.06.014
https://doi.org/10.1002/cm.20425
https://doi.org/10.1161/CIRCRESAHA.111.258251
https://doi.org/10.1038/s41467-019-14008-1
https://doi.org/10.1073/pnas.1519541113
https://doi.org/10.1073/pnas.1519541113
https://doi.org/10.1016/j.abb.2022.109282
https://doi.org/10.1016/j.bpj.2014.08.008
https://doi.org/10.1016/j.bpj.2014.08.008
https://doi.org/10.7554/eLife.24081
https://doi.org/10.1085/jgp.201812218
https://doi.org/10.1073/pnas.1103216108
https://doi.org/10.1073/pnas.2004900117
https://doi.org/10.3389/fphys.2022.932333
https://doi.org/10.1016/j.bpj.2020.11.014
https://doi.org/10.1242/bio.057646
https://doi.org/10.1085/jgp.202113012
https://doi.org/10.1085/jgp.202012777
https://doi.org/10.1085/jgp.202012777
https://doi.org/10.1002/1873-3468.14301
https://doi.org/10.1002/1873-3468.14301
https://doi.org/10.1073/pnas.1316001111
https://doi.org/10.1146/annurev-genom-083118-015306
https://doi.org/10.1146/annurev-genom-083118-015306
https://doi.org/10.1016/j.jmb.2011.05.010
https://doi.org/10.1042/BJ20060500
https://doi.org/10.1074/jbc.272.33.20866
https://doi.org/10.1074/jbc.272.33.20866
https://doi.org/10.1073/pnas.1816480116
https://doi.org/10.1073/pnas.1816480116
https://doi.org/10.1016/j.jmb.2011.09.026
https://doi.org/10.3389/fphys.2014.00461
https://doi.org/10.1161/01.RES.0000222059.54917.ef
https://doi.org/10.1016/j.jbc.2021.101485
https://doi.org/10.1073/pnas.0808903105
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Rosas and Solaro

30. Shaffer J, Kensler R, Harris S. The myosin-binding protein C motif binds to F-actin
in a phosphorylation-sensitive manner. ] Biol Chem. (2009) 284:12318-27. doi: 10.1074/
jbc.M808850200

31. Tanner B, Previs M, Wang Y, Robbins ], Palmer B. Cardiac myosin binding protein-
C phosphorylation accelerates B-cardiac myosin detachment rate in mouse myocardium.
Am ] Physiol Heart Circ Physiol. (2021) 320:H1822-35. doi: 10.1152/ajpheart.00673.
2020

32. Tonino P, Kiss B, Gohlke J, Smith J ITI, Granzier H. Fine mapping titin’s C-zone:
matching cardiac myosin-binding protein C stripes with titin’s super-repeats. ] Mol Cell
Cardiol. (2019) 133:47-56. doi: 10.1016/j.yjmcc.2019.05.026

33. Ratti ], Rostkova E, Gautel M, Pfuhl M. Structure and interactions of myosin-
binding protein C domain CO: cardiac-specific regulation of myosin at its neck? J Biol
Chem. (2011) 286:12650-8. doi: 10.1074/jbc.M110.156646

34. Witt C, Gerull B, Davies M, Centner T, Linke W, Thierfelder L. Hypercontractile
properties of cardiac muscle fibers in a knock-in mouse model of cardiac myosin-binding
protein-C. ] Biol Chem. (2001) 276:5353-9. doi: 10.1074/jbc.M008691200

35. Reconditi M, Caremani M, Pinzauti F, Powers J, Narayanan T, Stienen G, et al.
Myosin filament activation in the heart is tuned to the mechanical task. Proc Natl Acad
Sci USA. (2017) 114:3240-5. doi: 10.1073/pnas. 1619484114

36. Irving T, Craig R. Getting into the thick (and thin) of it. ] Gen Physiol. (2019)
151:610-3. doi: 10.1085/jgp.201812307

37. Farman G, Gore D, Allen E, Schoenfelt K, Irving T, de Tombe P. Myosin head
orientation: a structural determinant for the frank-starling relationship. Am J Physiol
Heart Circ Physiol. (2011) 300:H2155-60. doi: 10.1152/ajpheart.01221.2010

38. Koser E, Loescher C, Linke W. Posttranslational modifications of titin from cardiac
muscle: how, where, and what for? FEBS J. (2019) 286:2240-60. doi: 10.1111/febs.1
4854

39. Ait-Mou Y, Hsu K, Farman G, Kumar M, Greaser M, Irving T, et al. Titin strain
contributes to the frank-starling law of the heart by structural rearrangements of both
thin- and thick-filament proteins. Proc Natl Acad Sci USA. (2016) 113:2306-11. doi:
10.1073/pnas.1516732113

40. Vikhorev P, Vikhoreva N, Yeung W, Li A, Lal S, Dos Remedios C, et al. Titin-
truncating mutations associated with dilated cardiomyopathy alter length-dependent
activation and its modulation via phosphorylation. Cardiovasc Res. (2022) 118:241-53.
doi: 10.1093/cvr/cvaa316

41. Arteaga G, Palmiter K, Leiden ], Solaro R. Attenuation of length dependence of
calcium activation in myofilaments of transgenic mouse hearts expressing slow skeletal
troponin I. J Physiol. (2000) 526(Pt. 3):541-9. doi: 10.1111/j.1469-7793.2000.t01-1-0
0541.x

42. Mamidi R, Li J, Gresham K, Stelzer J. Cardiac myosin binding protein-C: a novel
sarcomeric target for gene therapy. Pfliigers Archiv. (2014) 466:225-30. doi: 10.1007/
s00424-013-1412-z

43. Stathopoulou K, Wittig I, Heidler J, Piasecki A, Richter E Diering S, et al.
S-glutathiolation impairs phosphoregulation and function of cardiac myosin-binding
protein C in human heart failure. FASEB J. (2016) 30:1849-64. doi: 10.1096/£j.201500048

44. Budde H, Hassoun R, Tangos M, Zhazykbayeva S, Herwig M, Varatnitskaya M, et al.
The interplay between S-glutathionylation and phosphorylation of cardiac troponin i and
myosin binding protein C in end-stage human failing hearts. Antioxidants. (2021) 10:1134.
doi: 10.3390/antiox10071134

45. Chakouri N, Reboul C, Boulghobra D, Kleindienst A, Nottin S, Gayrard S, et al.
Stress-induced protein S-glutathionylation and phosphorylation crosstalk in cardiac
sarcomeric proteins - Impact on heart function. Int J Cardiol. (2018) 258:207-16. doi:
10.1016/j.ijcard.2017.12.004

46. Main A, Fuller W, Baillie G. Post-translational regulation of cardiac myosin binding
protein-C: a graphical review. Cell Signal. (2020) 76:109788. doi: 10.1016/j.cellsig.2020.
109788

47. Barefield D, Sadayappan S. Phosphorylation and function of cardiac myosin binding
protein-C in health and disease. ] Mol Cell Cardiol. (2010) 48:866-75. doi: 10.1016/j.yjmcc.
2009.11.014

48. Rosas P, Liu Y, Abdalla M, Thomas C, Kidwell D, Dusio G, et al. Phosphorylation
of cardiac myosin-binding protein-C is a critical mediator of diastolic function.
Circ  Heart Fail. (2015) 8:582-94. doi: 10.1161/CIRCHEARTFAILURE.114.
001550

49. Ponnam S, Sevrieva I, Sun Y, Irving M, Kampourakis T. Site-specific
phosphorylation of myosin binding protein-C coordinates thin and thick filament
activation in cardiac muscle. Proc Natl Acad Sci USA. (2019) 116:15485-94.
doi: 10.1073/pnas.1903033116

50. Gautel M, Zuffardi O, Freiburg A, Labeit S. Phosphorylation switches specific for the
cardiac isoform of myosin binding protein-C: a modulator of cardiac contraction? EMBO
J. (1995) 14:1952-60. doi: 10.1002/j.1460-2075.1995.tb07187.x

51. Solaro R, Moir A, Perry S. Phosphorylation of troponin I and the inotropic effect
of adrenaline in the perfused rabbit heart. Nature. (1976) 262:615-7. doi: 10.1038/2626
15a0

52. Solaro R, Henze M, Kobayashi T. Integration of troponin I phosphorylation with
cardiac regulatory networks. Circ Res. (2013) 112:355-66. doi: 10.1161/CIRCRESAHA.
112.268672

Frontiers in Cardiovascular Medicine

118

10.3389/fcvm.2022.1060716

53. Howarth J, Meller J, Solaro R, Trewhella J, Rosevear P. Phosphorylation-dependent
conformational transition of the cardiac specific N-extension of troponin I in cardiac
troponin. J Mol Biol. (2007) 373:706-22. doi: 10.1016/j.jmb.2007.08.035

54. Kovacs A, Alogna A, Post H, Hamdani N. Is enhancing cGMP-PKG signalling a
promising therapeutic target for heart failure with preserved ejection fraction? Neth Heart
J. (2016) 24:268-74. doi: 10.1007/s12471-016-0814-x

55. Konbhilas J, Irving T, Wolska B, Jweied E, Martin A, Solaro R, et al. Troponin I in the
murine myocardium: influence on length-dependent activation and interfilament spacing.
J Physiol. (2003) 547(Pt. 3):951-61. doi: 10.1113/jphysiol.2002.038117

56. Mamidi R, Gresham K, Verma S, Stelzer J. Cardiac myosin binding protein-
C phosphorylation modulates myofilament length-dependent activation. Front Physiol.
(2016) 7:38. doi: 10.3389/fphys.2016.00038

57. Kumar M, Govindan S, Zhang M, Khairallah R, Martin J, Sadayappan S, et al.
Cardiac myosin-binding protein C and troponin-I phosphorylation independently
modulate myofilament length-dependent activation. J Biol Chem. (2015) 290:29241-9.
doi: 10.1074/jbc.M115.686790

58. Jeong E, Monasky M, Gu L, Taglieri D, Patel B, Liu H, et al. Tetrahydrobiopterin
improves diastolic dysfunction by reversing changes in myofilament properties. ] Mol Cell
Cardiol. (2013) 56:44-54. doi: 10.1016/j.yjmcc.2012.12.003

59. Patel B, Wilder T, Solaro R. Novel control of cardiac myofilament response to
calcium by S-glutathionylation at specific sites of myosin binding protein C. Front Physiol.
(2013) 4:336. doi: 10.3389/fphys.2013.00336

60. Chen E Ogut O. Decline of contractility during ischemia-reperfusion injury: actin
glutathionylation and its effect on allosteric interaction with tropomyosin. Am J Physiol
Cell Physiol. (2006) 290:C719-27. doi: 10.1152/ajpcell.00419.2005

61. Pizarro G, Ogut O. Impact of actin glutathionylation on the actomyosin-S1 ATPase.
Biochemistry. (2009) 48:7533-8. doi: 10.1021/bi900669m

62. Dalle-Donne I, Giustarini D, Rossi R, Colombo R, Milzani A. Reversible
S-glutathionylation of Cys 374 regulates actin filament formation by inducing structural
changes in the actin molecule. Free Radic Biol Med. (2003) 34:23-32. doi: 10.1016/S0891-
5849(02)01182-6

63. Avner B, Shioura K, Scruggs S, Grachoff M, Geenen D, Helseth D Jr, et al. Myocardial
infarction in mice alters sarcomeric function via post-translational protein modification.
Mol Cell Biochem. (2012) 363:203-15. doi: 10.1007/s11010-011-1172-z

64. Alegre-Cebollada J, Kosuri P, Giganti D, Eckels E, Rivas-Pardo J, Hamdani N, et al. S-
glutathionylation of cryptic cysteines enhances titin elasticity by blocking protein folding.
Cell. (2014) 156:1235-46. doi: 10.1016/j.cell.2014.01.056

65. Kovacs A, Herwig M, Budde H, Delalat S, Kolijn D, Bédi B, et al. Interventricular
differences of signaling pathways-mediated regulation of cardiomyocyte function in
response to high oxidative stress in the post-ischemic failing rat heart. Antioxidants.
(2021) 10:964. doi: 10.3390/antiox10060964

66. De Flora S, Balansky R, La Maestra S. Rationale for the use of N-acetylcysteine
in both prevention and adjuvant therapy of COVID-19. FASEB J. (2020) 34:13185-93.
doi: 10.1096/1j.202001807

67. Wilder T, Ryba D, Wieczorek D, Wolska B, Solaro R]. N-acetylcysteine reverses
diastolic dysfunction and hypertrophy in familial hypertrophic cardiomyopathy. Am J
Physiol Heart Circ Physiol. (2015) 309:H1720-30. doi: 10.1152/ajpheart.00339.2015

68. Ryba D, Warren C, Karam C, Davis R III, Chowdhury S, Alvarez M, et al.
Sphingosine-1-phosphate receptor modulator, FTY720, improves diastolic dysfunction
and partially reverses atrial remodeling in a Tm-E180G mouse model linked to
hypertrophic cardiomyopathy. Circ Heart Fail. (2019) 12:€005835. doi: 10.1161/
CIRCHEARTFAILURE.118.005835

69.Liu W, Zi M, Tsui H, Chowdhury S, Zeef L, Meng Q, et al. A novel
immunomodulator, FTY-720 reverses existing cardiac hypertrophy and fibrosis from
pressure overload by targeting NFAT (nuclear factor of activated T-cells) signaling and
periostin. Circ Heart Fail. (2013) 6:833-44. doi: 10.1161/CIRCHEARTFAILURE.112.
000123

70. Cuello E Herberg F, Stathopoulou K, Henning P, Diering S. Regulation of cardiac
PKA signaling by cAMP and oxidants. Antioxidants. (2021) 10:663. doi: 10.3390/
antiox10050663

71. Methawasin M, Hutchinson K, Lee E, Smith J III, Saripalli C, Hidalgo C, et al.
Experimentally increasing titin compliance in a novel mouse model attenuates the frank-
starling mechanism but has a beneficial effect on diastole. Circulation. (2014) 129:1924-36.
doi: 10.1161/CIRCULATIONAHA.113.005610

72. Ahmed I, Loudon B, Abozguia K, Cameron D, Shivu G, Phan T, et al.
Biventricular pacemaker therapy improves exercise capacity in patients with non-
obstructive hypertrophic cardiomyopathy via augmented diastolic filling on exercise. Eur
J Heart Fail. (2020) 22:1263-72. doi: 10.1002/ejhf.1722

73. Niederer S, Plank G, Chinchapatnam P, Ginks M, Lamata P, Rhode K, et al. Length-
dependent tension in the failing heart and the efficacy of cardiac resynchronization
therapy. Cardiovasc Res. (2011) 89:336-43. doi: 10.1093/cvr/cvq318

74. Chandra M, Rundell V, Tardiff J, Leinwand L, De Tombe P, Solaro R. Ca(2+)
activation of myofilaments from transgenic mouse hearts expressing R92Q mutant cardiac

troponin T. Am J Physiol Heart Circ Physiol. (2001) 280:H705-13. doi: 10.1152/ajpheart.
2001.280.2.H705

75. Mickelson A, Chandra M. Hypertrophic cardiomyopathy mutation in cardiac
troponin T (R95H) attenuates length-dependent activation in guinea pig cardiac muscle

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1060716
https://doi.org/10.1074/jbc.M808850200
https://doi.org/10.1074/jbc.M808850200
https://doi.org/10.1152/ajpheart.00673.2020
https://doi.org/10.1152/ajpheart.00673.2020
https://doi.org/10.1016/j.yjmcc.2019.05.026
https://doi.org/10.1074/jbc.M110.156646
https://doi.org/10.1074/jbc.M008691200
https://doi.org/10.1073/pnas.1619484114
https://doi.org/10.1085/jgp.201812307
https://doi.org/10.1152/ajpheart.01221.2010
https://doi.org/10.1111/febs.14854
https://doi.org/10.1111/febs.14854
https://doi.org/10.1073/pnas.1516732113
https://doi.org/10.1073/pnas.1516732113
https://doi.org/10.1093/cvr/cvaa316
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00541.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00541.x
https://doi.org/10.1007/s00424-013-1412-z
https://doi.org/10.1007/s00424-013-1412-z
https://doi.org/10.1096/fj.201500048
https://doi.org/10.3390/antiox10071134
https://doi.org/10.1016/j.ijcard.2017.12.004
https://doi.org/10.1016/j.ijcard.2017.12.004
https://doi.org/10.1016/j.cellsig.2020.109788
https://doi.org/10.1016/j.cellsig.2020.109788
https://doi.org/10.1016/j.yjmcc.2009.11.014
https://doi.org/10.1016/j.yjmcc.2009.11.014
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001550
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001550
https://doi.org/10.1073/pnas.1903033116
https://doi.org/10.1002/j.1460-2075.1995.tb07187.x
https://doi.org/10.1038/262615a0
https://doi.org/10.1038/262615a0
https://doi.org/10.1161/CIRCRESAHA.112.268672
https://doi.org/10.1161/CIRCRESAHA.112.268672
https://doi.org/10.1016/j.jmb.2007.08.035
https://doi.org/10.1007/s12471-016-0814-x
https://doi.org/10.1113/jphysiol.2002.038117
https://doi.org/10.3389/fphys.2016.00038
https://doi.org/10.1074/jbc.M115.686790
https://doi.org/10.1016/j.yjmcc.2012.12.003
https://doi.org/10.3389/fphys.2013.00336
https://doi.org/10.1152/ajpcell.00419.2005
https://doi.org/10.1021/bi900669m
https://doi.org/10.1016/S0891-5849(02)01182-6
https://doi.org/10.1016/S0891-5849(02)01182-6
https://doi.org/10.1007/s11010-011-1172-z
https://doi.org/10.1016/j.cell.2014.01.056
https://doi.org/10.3390/antiox10060964
https://doi.org/10.1096/fj.202001807
https://doi.org/10.1152/ajpheart.00339.2015
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005835
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005835
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000123
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000123
https://doi.org/10.3390/antiox10050663
https://doi.org/10.3390/antiox10050663
https://doi.org/10.1161/CIRCULATIONAHA.113.005610
https://doi.org/10.1002/ejhf.1722
https://doi.org/10.1093/cvr/cvq318
https://doi.org/10.1152/ajpheart.2001.280.2.H705
https://doi.org/10.1152/ajpheart.2001.280.2.H705
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Rosas and Solaro

fibers. Am ] Physiol Heart Circ Physiol. (2017) 313:H1180-9. doi: 10.1152/ajpheart.00369.
2017

76. Reda S, Chandra M. Cardiomyopathy mutation (F88L) in troponin T abolishes
length dependency of myofilament Ca(2+) sensitivity. ] Gen Physiol. (2018) 150:809-19.
doi: 10.1085/jgp.201711974

77. Tong C, Dusio G, Govindan S, Johnson D, Kidwell D, De La Rosa L, et al. Usefulness
of released cardiac myosin binding protein-C as a predictor of cardiovascular events. Am
J Cardiol. (2017) 120:1501-7. doi: 10.1016/j.amjcard.2017.07.042

78. Govindan S, Kuster D, Lin B, Kahn D, Jeske W, Walenga ], et al. Increase
in cardiac myosin binding protein-C plasma levels is a sensitive and cardiac-
specific biomarker of myocardial infarction. Am ] Cardiovasc Dis. (2013) 3:
60-70.

79. Marber M, Mills N, Morrow D, Mueller C. Cardiac myosin-binding protein C as
a biomarker of acute myocardial infarction. Eur Heart ] Acute Cardiovasc Care. (2021)
10:963-5. doi: 10.1093/ehjacc/zuab086

80. Alaour B, Omland T, Torsvik ], Kaier T, Sylte M, Strand H, et al. Biological variation
of cardiac myosin-binding protein C in healthy individuals. Clin Chem Lab Med. (2022)
60:576-83. doi: 10.1515/cclm-2021-0306

Frontiers in Cardiovascular Medicine

119

10.3389/fcvm.2022.1060716

81.Jeong E, Chung J, Liu H, Go Y, Gladstein S, Farzaneh-Far A, et al. Role of
mitochondrial oxidative stress in glucose tolerance, insulin resistance, and cardiac
diastolic dysfunction. J Am Heart Assoc. (2016) 5:e003046. doi: 10.1161/JAHA.115.003046

82.Zhou X, Jeong E, Liu H, Kaseer B, Liu M, Shrestha S, et al. Circulating
S-glutathionylated cMyBP-C as a biomarker for cardiac diastolic dysfunction. ] Am Heart
Assoc. (2022) 11:€025295. doi: 10.1161/JAHA.122.025295

83. Solaro C, Solaro R. Implications of the complex biology and micro-environment of
cardiac sarcomeres in the use of high affinity troponin antibodies as serum biomarkers for
cardiac disorders. ] Mol Cell Cardiol. (2020) 143:145-58. doi: 10.1016/j.yjmcc.2020.05.010

84. Utter M, Warren C, Solaro R. Impact of anesthesia and storage on posttranslational
modifications of cardiac myofilament proteins. Physiol Rep. (2015) 3:€12393. doi: 10.
14814/phy2.12393

85. Karsai A, Kellermayer M, Harris S. Mechanical unfolding of cardiac myosin binding
protein-C by atomic force microscopy. Biophys J. (2011) 101:1968-77. doi: 10.1016/.bpj.
2011.08.030

86. Solaro R, Rosas P, Langa P, Warren C, Wolska B, Goldspink P. Mechanisms of
troponin release into serum in cardiac injury associated with COVID-19 patients. Int J
Cardiol Cardiovasc Dis. (2021) 1:41-7. doi: 10.46439/cardiology.1.006

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1060716
https://doi.org/10.1152/ajpheart.00369.2017
https://doi.org/10.1152/ajpheart.00369.2017
https://doi.org/10.1085/jgp.201711974
https://doi.org/10.1016/j.amjcard.2017.07.042
https://doi.org/10.1093/ehjacc/zuab086
https://doi.org/10.1515/cclm-2021-0306
https://doi.org/10.1161/JAHA.115.003046
https://doi.org/10.1161/JAHA.122.025295
https://doi.org/10.1016/j.yjmcc.2020.05.010
https://doi.org/10.14814/phy2.12393
https://doi.org/10.14814/phy2.12393
https://doi.org/10.1016/j.bpj.2011.08.030
https://doi.org/10.1016/j.bpj.2011.08.030
https://doi.org/10.46439/cardiology.1.006
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

& frontiers | Frontiers in Cardiovascular Medicine

‘ @ Check for updates

OPEN ACCESS

Alexander E. Berezin,
Zaporizhia State Medical University, Ukraine

Thomas E. Sharp ll,

Louisiana State University, United States
Elisabeth Ehler,

King's College London, United Kingdom

Michelle Peckham
m.peckhama@leeds.ac.uk

This article was submitted to

Heart Failure and Transplantation,

a section of the journal

Frontiers in Cardiovascular Medicine

10 November 2022
30 January 2023
14 February 2023

Parker F, Tang AAS, Rogers B, Carrington G,
dos Remedios C, Li A, Tomlinson D and
Peckham M (2023) Affimers targeting proteins
in the cardiomyocyte Z-disc: Novel tools that
improve imaging of heart tissue.

Front. Cardiovasc. Med. 10:1094563.

doi: 10.3389/fcvm.2023.1094563

© 2023 Parker, Tang, Rogers, Carrington, dos
Remedios, Li, Tomlinson and Peckham. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Cardiovascular Medicine

Original Research
14 February 2023
10.3389/fcvm.2023.1094563

Affimers targeting proteins in the
cardiomyocyte Z-disc: Novel tools
that improve imaging of heart
tissue

Francine Parker!, Anna A. S. Tang?!, Brendan Rogers?,
Glenn Carrington?, Cris dos Remedios?, Amy Li3%5,
Darren Tomlinson! and Michelle Peckham?*

!School of Molecular and Cellular Biology, Faculty of Biological Sciences, University of Leeds, Leeds,

United Kingdom, 2Mechanobiology Laboratory, Victor Chang Cardiac Research Institute, Darlinghurst, NSW,
Australia, *Sydney Heart Bank, The University of Sydney, Sydney, NSW, Australia, “Department of Pharmacy &
Biomedical Sciences, La Trobe University, Bendigo, VIC, Australia, °Centre for Healthy Futures, Torrens
University Australia, Surrey Hills, NSW, Australia

Dilated Cardiomyopathy is a common form of heart failure. Determining how this
disease affects the structure and organization of cardiomyocytes in the human
heart is important in understanding how the heart becomes less effective at
contraction. Here we isolated and characterised Affimers (small non-antibody
binding proteins) to Z-disc proteins ACTN2 (a-actinin-2), ZASP (also known as LIM
domain binding protein 3 or LDB3) and the N-terminal region of the giant protein
titin (TTN Z1-Z2). These proteins are known to localise in both the sarcomere
Z-discs and the transitional junctions, found close to the intercalated discs that
connect adjacent cardiomyocytes. We use cryosections of left ventricles from
two patients diagnosed with end-stage Dilated Cardiomyopathy who underwent
Orthotopic Heart Transplantation and were whole genome sequenced. We describe
how Affimers substantially improve the resolution achieved by confocal and STED
microscopy compared to conventional antibodies. We quantified the expression of
ACTN2, ZASP and TTN proteins in two patients with dilated cardiomyopathy and
compared them with a sex- and age-matched healthy donor. The small size of the
Affimer reagents, combined with a small linkage error (the distance from the epitope
to the dye label covalently bound to the Affimer) revealed new structural details
in Z-discs and intercalated discs in the failing samples. Affimers are thus useful for
analysis of changes to cardiomyocyte structure and organisation in diseased hearts.

Dilated Cardiomyopathy, Affimer, Z-disc, intercalated disc, fluorescence microscopy, cardiac
actinin, ZASP and the N-terminal region of titin (TTN)
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1. Introduction

Dilated Cardiomyopathy (DCM) is a major cause of heart failure
worldwide. It has a prevalence of between 1 in 250 to 1 in 400 people
(1, 2) and is the leading cause of Orthotopic Heart Transplantation
(OHT). is characterised as systolic dysfunction and dilation usually
of the left ventricle (LV). It is commonly associated with arrythmias
and sudden death (3). In the US the prevalence of familial dilated
cardiomyopathy (FDCM) was recently reported at 29.7% (4) but this
figure may increase with time. A mutation in cardiac actin (ACTC)
was the first to be identified as a possible cause of DCM (5) followed
by reports of mutations in cardiac myosin heavy chain (MYH6 and
MYH?7), troponin T, troponin I and a-tropomyosin (6). Genetic
variants in MYH?7 are reported to be the third most common cause
of DCM (7), about 10% of all cases. The clinical characteristics for
these were recently comprehensively evaluated (8).

Since the first report identifying mutations in TTN as a
cause of DCM (9), we now know that TTN truncating mutations
(TTNtv) account for about 25% of all familial DCMs (10).
Titin is the largest known protein with a molecular weight
of ~3 MDa and a length > 1 pm (11). It spans from the
Z-disc (N-terminus) in striated muscle to the central M-band (C-
terminus) of striated muscle sarcomeres and is thought to be
a key regulator of sarcomere assembly and function (12, 13).
The central A-band region is primarily composed of repeating
immunoglobulin (Ig) and fibonectin-3-like (Fn-3) domains that
predominantly interact with myosin and myosin-binding protein
C in the A band. This region of titin is thought to act as a
molecular “ruler; regulating the formation, length and position
of the myosin-containing thick filament (11). Its huge size (363
coding exons) and complexity accounts for alternative splicing that
results in at least three different isoforms in cardiac muscle (14).
TTNvs were only recently identified as a major cause of disease
(15, 16).

TTNtvs result in premature stop codons, splice variants and
frameshift mutations. TTNtvs are more likely to occur some distance
from the N-terminus of the protein (17). They are most common in
the A-band region of titin, in both N2A and N2B isoforms and are
largely absent from Z-disk and M-band regions (16-18). Variants in
the A-band region of titin and are the most pathogenic (18). iPSCs
and CRISPR studies have been used to evaluate the effects of these
mutations in humans (19).

Here, our main objective was to evaluate the usefulness of using
novel, antigen binding proteins called Affimers [originally termed
Adhirons (20)] in determining the overall organisation of sarcomeric
proteins in frozen sections of DCM tissue from the Sydney heart
bank. Affimers are much smaller than antibodies, with a molecular
mass of 10-12 kDa and dimensions of ~2-3 nm (21-23). They are
formed of a scaffold consisting of a consensus plant phytocystatin
protein sequence, have been engineered to be highly soluble and
to have high thermal stability. The binding interface is provided by
two regions of variable sequence, approximately 9 residues in length.
Affimers to proteins, or protein domains of interest are isolated
by screening a phage display Affimer library, in which the amino
acids in the regions of variable sequence have been randomised.
The ability of the isolated Affimers to bind to their targets are then
confirmed by phage ELISA. Each Affimer is then sequenced, and
approximately 10 Affimers are then taken forward for further testing.
The sequences are subcloned into bacterial expression vectors, to
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introduce a His tag for purification, and, in our case, a single
unique N- or C-terminal cysteine, to enable direct fluorescent dye
labelling. Purified dye labelled Affimers are then tested for their
ability to label structures of interest efficiently and specifically, with
low background. The best performing Affimer is then used in
subsequent experiments.

In this new work, we report that Affimers work better than
antibodies in labelling samples of control and DCM tissue from the
Sydney Heart Bank (24). We tested Affimers to the cardiac isoform of
a-actinin-2 (25), ZASP (Cypher/Oracle/Enigma: a PDZ-LIM protein)
and the Z1Z2 repeats of titin. Samples of DCM tissue from this heart
bank have already been shown to be useful in evaluating the effects
of mutations on the contractile properties of myofibrils from DCM
hearts (26, 27), with some analysis on the morphology of this tissue
(28). The small size of the Affimer reagents enhances their ability to
penetrate tissue sections and improves their ability to identify regions
within the dense cytoskeleton, compared to conventional antibodies
or even their small (Fab) fractions. To demonstrate their efficacy,
we focused on heart tissue samples derived from two different
patients [see (26)], both of which have a single TTNtv frameshift
variant implicated in FDCM (p.R23464Tfs*41) and compared these
to samples from an age and sex-matched control.

2. Results

2.1. Affimers to Z-disc protein domains

We isolated Affimers to three Z-disc proteins, by screening a
phage display library against the calponin homology (CH) domains
of a-actinin-2 (ACTN2) the Z1Z2 repeats of titin, and full length
ZASP (Isoform 2 of LIM domain-binding protein 3, also known as
cypher). ACTN2 crosslinks actin filaments within the Z-disc. The
7172 repeats of titin are formed of Ig domains and are found within
the N-terminal region of titin, located in the Z-disc (29). ZASP (Z-
disc alternatively spliced PDZ-motif) is a member of the ALP/Enigma
family (30), forms a multiprotein complex ACTN2 and is implicated
in signalling (31). All the Affimers, confirmed to bind to their
protein targets by phage ELISA (data not shown), were subcloned
into bacterial expression vectors, expressed, purified, dye labelled and
tested for their ability to label Z-discs. A single Affimer for each target,
that labelled Z-discs specifically and showed low background staining
was then taken forward for further analysis.

Next, we were interested to determine if Alphafold modelling
could be useful in predicting the site of interaction between the
Affimer and its target. We already know the site of interaction for
the ACTN Affimer as we previously solved a crystal structure of
the Affimer bound to the CH domains of ACTN2 [(PDB: 6SWT
(25)] and see Supplementary Figure 1A). However, we have not yet
obtained crystal structures for the ZASP and titin Z1Z2 Affimers,
and Alphafold could provide a good fast alternative approach to
crystallisation, to determine the site of interaction.

First, we compared the structures predicted by Alphafold
modelling with our published ACTN2-CH domain-Affimer
crystal structure (PDB: 6SWT) to determine the efficacy of
Alphafold in predicting the mode of binding (Supplementary
Figure 1). Alphafold did correctly predict the structures of the
isolated CH domain structure of ACTN2 (RMSD ~0.294) and
the Affimer (RMSD ~0.6A) with a high degree of accuracy
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(Supplementary Figures 1A, B, 2). For the CH-domain-Affimer
complex, two of the five Alphafold predictions show a similar
interaction of the Affimer with the ACTN2 CH domain to that
found in the crystal structure, in which variable loop-1 of the
Affimer interacts with a loop within CH domain 2 (Supplementary
Figures 1A, B). This suggests that Alphafold can, with some degree
of certainty, predict the epitope on the protein of interest that the
Affimer is recognising.

Next, we used Alphafold modelling for the Affimer-Z1Z2
complex and the Affimer-ZASP complexes. From the results, we
speculate that the Z17Z2 Affimer likely recognises the C-terminus of
Z172 (Z2 domain; 3 hits) or the unstructured loop connecting the
2 domains (2 hits) (Supplementary Figures 1C, 2). However, this
approach was less successful for ZASP, which is predicted to be largely
disordered, with the exception of the first 84 residues that form a
PDZ domain, a site of interaction for ACTN2 (32). Not surprisingly,
the confidence in ZASP structural prediction is considerably lower,
with the regions connecting between the relatively well-structured
N- (~1-100aa) and C- (~420-617aa) regions showing per residue
confidence (pLDDT) scores below 50% confidence (Supplementary
Figure 2). Omitting regions with a confidence score of less than 30%
suggests that the ZASP Affimer recognises an epitope at the very
C-terminus of ZASP (Supplementary Figure 1D). Thus, Alphafold
could be useful for predicting sites of interaction in the future, but the
degree of confidence in these results is variable. However, knowing
the precise site of interaction is not essential to using the Affimers in
downstream applications, such as staining of tissue samples.

2.2. Affimer tissue penetration is improved
compared to antibodies

To determine the specificity of Affimers to effectively label protein
structures in human heart sections, we compared the staining results
using Affimers and antibodies to ACTN2 and to the Z1Z2 repeats
of titin imaged by confocal (Antibodies to ZASP were not available
to us). The resulting images showed that fluorescent labelling of the
heart sections was much more uniform across the whole section
for ACTN2 and Z1Z2 Affimers compared to that for anti-ACTN2
and Z1Z2 antibodies (Figure 1A). The fluorescence intensity across
the section was highly variable, when the sections were labelled
with antibodies against ACTN2 and Z1Z2, followed by secondary
fluorescent antibodies, with levels of labelling higher toward the
edge, or less dense parts, of the section. In contrast, the fluorescence
intensity across the section was much more uniform, when the
sections were labelled with Affimers (Figure 1B). In addition, the
transitional zones close to the intercalated discs (ICD) were labelled
well by the Affimer but labelling by the antibody was less uniform
(Figure 1A: boxed region).

Super-resolution (STED) microscopy was used to further
compare the ability of Affimers and antibodies to label the Z-disc.
The xy-resolution of confocal microscopy (~200 nm, or ~170 nm
in Airyscan mode) is not sufficient to resolve any detail within the
Z-disc [approximately 100-140 nm in cardiac tissue (33)]. The xy-
resolution for 2D-STED (stimulated emission depletion) microscopy
is approximately 50nm and can resolve some structure within
the Z-disc.

STED imaging of the same tissue sections used for confocal
microscopy (Figure 1A) further demonstrates that the small size of
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the Affimers allows them to better penetrate the Z-disc structure and
label ACTN2 and Z1Z2 repeats of titin, which should be distributed
through the Z-disc, compared to antibodies. ACTN2 and Z1Z2
antibodies labelled the edges of Z-discs but were mostly absent from
the central region of the Z-disc (Figures 1C, E). This variation in
staining is demonstrated by intensity profile plots across the Z-disc,
which revealed two peaks for the antibody labelling at the edges of the
Z-disc (Figures 1C, E). In contrast, the Affimers labelled the Z-disc
uniformly throughout (Figures 1C, E). It is worth noting here that
the Z1Z2 repeats were first reported to be located in the central region
of the Z-disc (29) whereas a later study using the Z1Z2 antibody used
here showed that they were located toward the edge of the Z-disc (34).
Our work with the Affimer suggests that the first report is likely to be
correct.

The small size and direct labelling of Affimers puts the dye
label very close to the epitope that the Affimer recognizes (~4 nm).
In contrast, the combination of primary and secondary antibodies
typically puts the dye label much further away (~30 nm). The average
width of the Z-disc measured from deconvolved STED images, using
specimens labelled with both antibody and Affimer, was larger (262
and 238 nm for ACTN2 and Z1Z2 respectively) using the antibody
labelling than using the Affimer labelling (163 and 197 nm). The
values measured for the Affimers are closer to the 130 nm width
measured for the Z-disc in vertebrate cardiac muscle from EM data
(35) (Figures 1D, F).

2.3. Affimers detect molecular changes in
sarcomeres from DCM patient samples.
Z-discs are thicker and sarcomeres are
shorter

Having confirmed that the ACTN2 and Z1Z2 Affimers
outperform antibodies in labelling these proteins within the
Z-disc, we then used these 2 Affimers and one additional Affimer
isolated to ZASP to stain the Z-discs in control samples (age, sex
matched) and in two heart samples from two different DCM patients
(DCM1 and DCM2) sharing the same A-band titin mutation. All the
samples were labelled with the ACTN2 Affimer and co-labelled with
either ZASP or Z1Z2 Affimers.

In donors and DCM heart samples, all three Affimers labelled the
Z-disc well. The labelling showed the characteristic striated pattern
expected for Z-discs in cardiomyocytes in both control and DCM
samples (Figure 2). In DCM samples, the myofibrils were less well
organized with evidence of myofibrillar disarray and misalignment
(Figures 2A, B). In addition, the width of the Z-disc was increased
compared to controls, and the spacing between Z-discs (sarcomere
length) decreased. To quantify this, we measured the Z-disc widths
and sarcomere length for control and DCM patient tissue using
deconvolved 2D-STED images of Z-discs labelled by each of the
three Affimers (Figures 2A, B). Sarcomere lengths (distance between
Z-discs) were significantly decreased (Figure 2C) and Z-disc widths
significantly increased (Figure 2D) in heart samples from the two
DCM patients compared to controls.

The Z-disc widths measured for ACTN2 and Z1Z2 in this second
dataset for samples co-stained with Affimers are consistent with the
measurements for of Z-disc widths measured for the Affimers in
the first independent dataset in which samples were co-stained with
antibodies and Affimers (Figures 1D, F). Interestingly, the Z-disc
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FIGURE 1

Comparison of staining heart sections using antibodies and Affimers to ACTN2 and titin Z1Z2 repeats. (A) Example confocal image of a region of a donor
heart section stained using a primary antibody to ACTN2 or the Z1Z2 repeat of titin combined with a secondary fluorescent antibody, and with a
dye-labelled Affimer. The boxed region shows the position of the ICD: intercalated disc. (B) Example of fluorescence intensity (normalized) for a line
profile drawn across the cell for the ACTN2 antibody (magenta) and Affimer (green). Example 2D-STED images for Z-discs stained using the ACTN2
primary and secondary antibody combination and the dye-labelled ACTN2 Affimer (C) and the titin Z1Z2 antibody combination and Z1Z2 Affimer (E) are
shown together with the associated profile plots for the labelling intensity across the Z-disc structures. (D,F) Measurements of the Z-disc widths for
multiple Z-discs from sections labelled with the antibody combination and Affimers, using either the antibody images or the Affimer images.

*xkxp < 0.0001

width measured for Z1Z2 is increased compared to that measured
for ACTN2 in both. Z-disc width measured for Z1Z2 (200 =+ 33 nm,
mean =+ SD) is significantly higher than that measured for ACTN2
(170 % 0.040 nm: mean =+ SD) and may reflect a wider distribution of
Z172 titin epitopes across the Z-disc, compared to ACTN2.

2.4. Z-disc Affimers label the edges of
intercalated discs

Cardiomyocytes connect to each other at the intercalated discs,
structures that enable communication between cardiomyocytes. The
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plasma membrane in this region is highly folded, and a transitional
zone has been reported in which Z-disc proteins (ACTN, titin)
assemble into a structure at the position in which the final Z-disc of
the muscle sarcomere would be expected to be found (36). A titin
antibody (T12) that labels a region of titin just outside of the
Z-disc showed a doublet distribution either side of the intercalated
disc (36). The thin filaments have been suggested to pass through
this transitional zone and insert into the adherens junction in the
intercalated disc, to enable effective structural integration of the
myofibrils at this junction (36).

Focusing on Affimer labelling at the intercalated disc, which
was identified by antibody labelling for desmoglein-2, revealed
that ZASP, ACTN2 and 7172 Affimers all label a structure close
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FIGURE 2
ZASP, ACTN2 and titin Z1Z2 Z-disc labelling using Affimer combinations and analysis. (A) Example 2D-STED images of heart tissue sections from control
(donor tissue) and two independent DCM patients with the same TTN mutation, co-stained using an Affimer to ZASP (magenta in merged image) and
ACTN2 (green in merged image). Example line profiles for ZASP and ACTN2 across two a single sarcomere, including both Z-discs at either side are
shown below. These profiles were used to estimate Z-disc width and sarcomere length. (B) Example images of heart tissue sections from control and
DCM patients stained using an Affimer to titin Z1Z2 (Magenta in merged image) and ACTN2 (green in merged image). Example line profile plots are
shown below. (C) Measurements of Z-disc width for control and DCM patients. (D) Measurements of sarcomere lengths for control and DCM patients.
Measurements were made from at least 50 sarcomeres from three independently stained heart tissue sections for controls and for each of the DCM
patient tissue. **p < 0.001, **p < 0.0001 for comparisons of DCM1 and DCM2 to control.

to the ICD (Figures 3A-C, WT) likely to be the transitional
zone. We also observed that there was some labelling within
the ICD, at right-angles to, and crossing the junction, possibly
structures within the membrane. The intensity of ICD labelling
using an antibody to desmoglein-2 was significantly lower in
heart tissue samples from both DCM patients (Figures 3B,
C, F). In addition, Affimer staining in this region was much
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less ordered, especially in DCM2 compared to control samples
(Figure 3F). Due to the highly disordered nature of the Affimer
staining here, it was not possible to quantify the expression
levels of the Z-disc proteins. Cardiomyocyte width estimated
from the length of desmoglein-2 labelling across the end of the
cardiomyocyte within the ICD was slightly increased in DCM
samples (Figure 3E).
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FIGURE 3

Labelling of intercalated discs (ICDs) between cardiomyocytes in heart tissue sections with Z-disc Affimers and desmoglein. Panels (A—C) are examples of
labelling for ZASP (A), ACTN2 (B) and titin Z1Z2 (C) for control (normal donor heart) and DCM heart tissue sections. Panel (D) shows desmoglein staining
for a single ICD in more detail to show the region of interest used to estimate labelling intensity for desmoglein (DSMG2) in the ICD. Panel (E) shows the
average length of the ICD and (F) the fluorescence labelling intensity for desmogelin staining, for controls and DCM patients. A minimum of 50 ICDs were
analysed for three independently stained heart tissue sections. *p < 0.05, **p < 0.001, < 0.0001 for comparisons of DCM 1 and DCM2 to control.

increases in DCM patients LV tissue compared to controls, an
increase that was consistently observed for the three Affimers, while
the sarcomere length was decreased. All three Affimers labelled the
transition zone in the intercalated disc, with some Affimer labelling
within the disc. Both DCM patients showed alterations to the
structure of the intercalated disc.

Z-discs are narrow structures that vary from about 100-140 nm

3. Discussion

Here we report that Affimers to ACTN2, ZASP and titin (Z1Z2)
are excellent tools for labelling the cardiac cytoskeleton. The Affimers
label structures across the tissue sections with better uniformity, and

better penetration of the compact Z-disc compared to traditional

primary and secondary antibody combinations. The Z-disc widths
measured using Affimers are closely aligned with values obtained
by electron microscopy. They demonstrate that the Z-disc thickness
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in width in cardiomyocytes to as little as ~30 nm in width in
skeletal muscle (33). They are important structural and signalling
centres and contain many different proteins. Accurately measuring
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the width of Z-discs using the traditional primary and secondary
antibody combination is challenging due to their large size which
limits penetration of the antibodies into the Z-disc structure, and the
positioning of the fluorophore ~30nm away from the target epitope.
Here, the combination of STED microscopy and Affimers allowed
more accurate measurements of Z-disc width, more consistent with
that measured by electron microscopy. The Z-disc width increased
for both DCM patients, which both harbour the same TTNtv.

Titin is a key molecule that is assembled into the Z-disc via
its N-terminal domains and into the M-band via its C-terminal
domains, spanning half a muscle sarcomere (14). In patients with
TTNtv variants, not only are levels of wild-type titin reduced, but
truncated titin isoforms are also present at least for TTNtv variants,
where the truncation is relatively distal to the N-terminus. The
p-R23464Tfs*41 truncation is relatively distal to the N-terminus
and can integrate into the muscle sarcomere (reviewed in (37—
39). The increased Z-disc width is consistent with the idea that
a full-length intact titin molecule is required to transmit and
buffer force generated by myosin during contraction (40) and that
shorter variants of TTN such as the TTNtv variants likely result in
disordered Z-discs.

Intercalated discs are critical for attachment of cardiomyocytes
cell-cell signalling and communication. Here we found ACTN2,
ZASP and titin Z1Z2 are all localised to the transition zone of the
intercalated discs, consistent with earlier findings (36, 41, 42). We
also show evidence of staining within the intercalated discs, not
seen before, which highlights their ability to reveal new structures.
This transitional zone has been suggested to act as a site for
generating a new Z-disc complex and for sarcomere addition (41).
Alterations to the structural integrity of the intercalated disc has
previously been suggested to be important in cardiomyopathies
(43, 44) and mutations in intercalated disc proteins also result in
cardiomyopathies (45). More work is needed to understand how
TTNtv variants can affect the structure and organisation of the
intercalated discs.

In conclusion, we have shown that Affimers are excellent
tools in analysing heart samples. Importantly, Affimers are easy
to make, stable, and simple to use in labelling proteins in heart
tissue sections. They outperform antibodies in imaging these
sections, through better penetration, and their small size improves
resolution. A simple one-step staining procedure makes staining
easier, and overcomes any problems caused by using traditional
labelled secondary antibodies. Specifically, we have demonstrated
that Affimers can be used to characterise disease phenotype and
reveal alterations to the structure and organisation of cardiomyocytes
in patients with cardiomyopathies. If used in the clinic, they could
be a useful tool to confirm the phenotype and help to diagnose
DCM, if, as we anticipate, DCM generally leads to a widening of
the Z-disc.

4. Materials and methods

4.1. Donor tissue and ethical approval

Anonymised tissue samples from explanted and donor hearts
in the Sydney Heart Bank were used in this study (Table 1).
Two patients with a diagnosis of familial DCM requiring a heart
transplant at a young age, both with the same TTN frameshift
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mutation (SHB code 4.100 (Male, 22years) and 4.125 (Male, 37 years)
were selected together with an age/sex matched non-cardiac death
donor (SHB code 6.038 (Male 37 years, non-cardiac death) as a
control. Patients were consented under ethical approvals obtained
from St Vincent’s Hospital, Darlinghurst (HREC #H91/048/1a), the
University of Sydney (HREC #2016/923). The heart samples for
DCM were snap-frozen within 20-30 min of the loss of coronary
blood flow. Frozen samples were shipped to the University of Leeds
for analysis and stored and processed under ethical approval BIOSCI
17-015.

4.2. Affimer screening and expression

The Affimer reagent to a-actinin-2 (ACTN2), isolated against
the CH domains from ACTN2, has been described previously (25).
Two new Affimer reagents were isolated to the N-terminal region
of titin (Z1/Z2: residues 1-200) and to the ZASP (isoform 2: NP-
001073583: 1-617 residues). To isolate the Affimers, target protein
constructs were expressed and purified using E. coli. For Z1/Z2,
a codon-optimised Z1/Z2 ¢cDNA construct, cloned into pET28a-
SUMO vector with a His tag for affinity purification was expressed in
BL21 DE3 cells (Novagen), purified using NiNTA chromatography
followed by size exclusion chromatography. The purified protein
was then biotinylated before using in the Affimer screen. These
two Z1Z2 domains of titin are located within the Z-disc (13). For
ZASP, the coding sequence was cloned into a pGEX-Avitag vector
(a kind gift from Christian Tiede) in frame with a C-terminal 15
residue Avitag (GLNDIFEAQKIEWHE) and a 6-His N-terminal tag
for affinity purification. The protein was biotinylated in E. Coli, by
co-expressing with pBirA using AVB101 bacterial cells (Avidity).
Cells were grown in TYH (Tryptone, Yeast Extract, HEPES) medium
supplemented with 0.5% glucose until the ODggg reached 0.7. Protein
expression and biotinylation was induced by the addition of 1.5 mM
IPTG and 50 mM biotin solution (12 mg of d-biotin in 10 ml of
10 mM bicine buffer, pH 8.3) for 3 h. The expressed protein was
purified by NiNTA chromatography. All expressed proteins were
checked for purity. Western blots with streptavidin-HRP (Sigma)
were performed to confirm the purified protein was the correct size
and that it was the only protein that was biotinylated. Approximately
1.0 mg/ml of biotinylated protein were used in an Affimer screen
as described (23, 25). Following the screen, approximately 8-10
Affimers that bound to the protein of interest, as demonstrated by
ELISA were subcloned into pET11a for bacterial expression, using
the NotI and Nhel restriction sites and a unique cysteine residue
was added at the C-termini to allow maleimide conjugation to a
fluorescent dye.

4.3. Expression, purification, and Affimer
labelling

Affimer expression was as described previously (23, 25). Cells
from the expression cultures were harvested, pellets were frozen
and then thawed on ice and lysed by addition of 1ml lysis Buffer
(50 mM NaH,POy; 500 mM NaCl; 30 mM Imidazole; 20% Glycerol;
pH 7.4, supplemented with 1x HALT protease inhibitor cocktail
(Promega), 0.1mg/ml lysozyme (Sigma), 1% Triton X-100 and 10
U/ml DNAse) for one hour on a rotor mixer at room temperature.
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TABLE1 A summary of the details of the LV samples used in this report.

SHBcode | Sex/Age (y) LVEF% | NYHA LR/RV co-morbidities

4.100 Male/22 15-20 TTNtv No CAD (26, 48)

4125 Male/36 DCM 15 v TTNtv Dilated LV-RV. LAD 50% (27, 49)
occluded

6.038 Male/25 Donor 50+ NA None No CAD (cervical dislocation) (50, 51)

The Sydney Heart Bank (SHB) code is an anonymised patient label. Patients were diagnosed with familial Dilated Cardiomyopathy (DCM) with both carrying a truncating mutation of the giant
TTNtv gene. The clinical records for patient 4.100 included an unsupported note suggesting it may be “post-viral” but otherwise he exhibited no co-morbidities. The Pathology report for patient
4.125 confirmed he had 50% occlusion of the left anterior descending (LAD) artery only. Publications listed support the DCM and donor status of these patients (column 3). SHB: LVEF: left

ventricular ejection fraction. NYHA: New York Heart Association classification of heart failure. (IV: class IV - severe).

Low stability E. coli proteins were denatured by heating to 50°C
for 20 min (Affimers are stable at 50°C) and the insoluble fraction
was pelleted at 16,000 g for 20 min. The supernatant was mixed
with 300 mL Ni-NTA resin at room temperature for 1 h, washed in
wash buffer (50 mM NaH,POy; 500 mM NaCl; 20 mM Imidazole;
20% Glycerol; pH 7.4) and then eluted in the same buffer with
300 mM Imidazole. The concentration of Affimer eluted from the
column was monitored by absorbance at Ajgy on a NanoDrop
spectrophotometer.

Affimer labelling was performed immediately after elution from
the Ni-NTA column. Affimers were diluted to 1.0 mg/ml in PBS
(phosphate buffered solution) and cysteine activated by mixing
with immobilised TCEP (tris(2-carboxyethyl)phosphine) denaturing
gel (Thermo Scientific) for 1 h at room temperature. Following a
brief centrifugation of 1,000 rpm for 1 min, 130 pl of supernatant
was removed and mixed in a 1.5 ml tube with 6 nl of a
2 mM stock maleimide-fluorescent dye (Abberior STAR 580- or
STAR 635P-maleimide, Abberior) for 2 h at RT or overnight
at 4°C. The reaction was quenched by the addition of 1.3 pl
of B-mercaptoethanol for 15 min at room temperature. Labelled
Affimers were dialysed against PBS to removed unbound dye
(Snakeskin Dialysis Tubing molecular weight cut off 3.5, Pierce)
or purified using PD SpinTrap G-25 columns (Cytivia) following
manufacturers’ instructions. SDS-PAGE was performed to assess
Affimer purity and labelling.

4.4. Tissue preparation, staining, and
imaging of samples

Each of the 8-10 Affimers, isolated for each of the three protein
targets (ACTN2, Z1Z2 and ZASP) were tested for their ability to
label Z-discs in heart sections, and from these, the Affimer that gave
the best signal, specific Z-disc labelling with low background, was
taken forward for the remaining experiments presented here. To
prepare sections, frozen left ventricular heart tissue was embedded
in O.C.T (optimal cutting temperature) compound and brought
up to cryosection temperature of -20°C. 10 pwm thick sections
were cut using a cryostat (Leica Biosystems) and adhered directly
to SuperFrost Plus slides (Fisher Scientific). A PAP pen was
used to draw a hydrophobic barrier around the section and the
tissue was fixed in 4% paraformaldehyde for 60 min at room
temperature before washing three times in PBS containing Tween-
20 for 5 min each.

To label sections, the sections were first blocked in in phosphate
buffer (PBS) containing 0.5% Triton X-100 and 10% BSA (bovine
serum albumin) for 1 h, then incubated with 10 mg/ml Affimer
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or primary antibody, diluted in blocking buffer, for 1 h at RT or
O/N at 4°C. Following washing, in PBS -Tween, samples were either
incubated for an hour with secondary antibody diluted in blocking
buffer and either washed again or (for Affimer staining only, where a
second incubation step is not required) mounted directly by adding
a drop of ProLong Gold Antifade (Invitrogen) onto the section,
then placing a cleaned glass coverslip [#1.5: (Scientific Laboratory
Supplies)] on top of the samples. All the samples were labelled for
identification using an alphanumeric code, to avoid bias in imaging
and subsequent analysis.

Confocal imaging used an inverted Zeiss LSM880 in Airyscan
mode, using the x40 N.A 1.4 objective lens and the same laser
power settings for each sample. STED imaging used an Abberior
STEDYCON and a x100, N.A. 1.4 objective lens, with the depletion
laser set for ~50nm resolution.

In addition to the Affimers, commercial mouse monoclonal
anti-actinin antibody EA-53 (Sigma-Aldrich, 1:500: raised to the
full length ACTN protein) and a mouse monoclonal antibody
to human desmoglein-2 (CCSTEM28; eBiosciences from Thermo
Scientific, 1:200) were used followed by secondary anti-mouse
StarRed antibodies (Abberior, 1:100). The rabbit polyclonal titin Z1Z2
antibody was generously provided by Bang et al. (14) (raised against
the NH2-terminal 195 residues of the human cardiac titin) and used
with secondary anti-rabbit Star Red antibodies. Affimers used in these
experiments were directly labelled with STAR 580.

4.5. Sarcomere analysis

STED images were deconvolved using the deconvolution
wizard in Huygens software (SVI, Netherlands). For sarcomere
length measurements, straight lines were drawn across a run
of 10-20 sarcomeres in Image], beginning and ending at a
Z-disc. To estimate the average sarcomere length, the lengths
of these lines were measured and divided by the number of
sarcomeres (Z-discs). Measurements were repeated for a minimum
of 50 times with specimens from 3 separate experiments, using
a minimum of 3 sections per control and for each of the
two DCM patients. Samples were labelled alpha-numerically to
prevent user bias.

Z-disc width, intercalated disc length and diameter of the
intracellular storage vesicles were also measured using Image] using
the deconvolved STED images. A thick line (74pt) was drawn
across the structures, and plot profile was used to determine the
intensity profile and derive the average widths (or lengths) of the
structures. To determine the expression levels of desmoglein-2, the
average fluorescent intensity along intercalated discs was measured
with Image] using Airyscan confocal images where the settings
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remained constant for each sample. Data was collected from 3
separate experiments using a minimum of 3 sections per control and
for each of the two DCM patients. All data was analysed and plotted
using Prizm (Graph Pad). Significant changes between samples were
tested by Anova with post hoc analysis.

4.6. Aphafold2

Affimer:protein complexes were generated using the ColabFold
implementation of AlphaFold (46, 47). Models of the ACTN:Affimer
complex were compared with the published CH domain
from actinin in complex with an Affimer crystal structure

(6SWT) in Chimera.
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Background: Patients with chronic kidney disease (CKD) have a high risk of left
ventricular hypertrophy (LVH). Fibroblast growth factor 23 (FGF23) and indoxyl sulfate
(IS) are associated with LVH in patients with CKD, but the interactions between
these molecules remain unknown. We investigated whether IS contributes to LVH
associated with FGF23 in cultured cardiomyocytes and CKD mice.

Methods and results: In cultured rat cardiac myoblast H9c2 cells incubated with IS,
mMRNA levels of the LVH markers atrial natriuretic factor, brain natriuretic peptide,
and B-myosin heavy chain were significantly upregulated. Levels of mRNA of the
polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3), which regulates FGF23
O-glycosylation, and FGF23 were also upregulated in H9c2 cells. Intact FGF23
protein expression and fibroblast growth factor receptor 4 (FGFR4) phosphorylation
were increased in cell lysates by IS administration. In C57BL/6J mice with
heminephrectomy, IS promoted LVH, whereas the inhibition of FGFR4 significantly
reduced heart weight and left ventricular wall thickness in IS-treated groups. While
there was no significant difference in serum FGF23 concentrations, cardiac FGF23
protein expression was markedly increased in IS-injected mice. GALNT3, hypoxia-
inducible factor 1 alpha, and FGF23 protein expression was induced in H9c2 cells by
IS treatment and suppressed by the inhibition of Aryl hydrocarbon receptor which is
the receptor for IS.

Conclusion: This study suggests that IS increases FGF23 protein expression via an
increase in GALNT3 and hypoxia-inducible factor 1 alpha expression, and activates
FGF23-FGFR4 signaling in cardiomyocytes, leading to LVH.

indoxyl sulfate, fibroblast growth factor 23, fibroblast growth factor receptor 4, left
ventricular hypertrophy, aryl hydrocarbon receptor

Introduction

Patients with chronic kidney disease (CKD), including those with end-stage kidney disease,
have a high risk of cardiovascular disease, which is the major cause of death in these patients (1-
5). Traditional cardiovascular risk factors for the general population, such as diabetes mellitus,
high blood pressure, and dyslipidemia, are more common in patients with CKD, but cannot
entirely explain the increased cardiovascular risk (6). Left ventricular hypertrophy (LVH), which
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is a typical pathological feature of uremic cardiomyopathy, is an
independent risk factor for mortality in patients with CKD (7).

Dysregulated phosphorus metabolism is a common complication
of CKD and is associated with adverse cardiovascular and renal
outcomes. Fibroblast growth factor 23 (FGF23), which is a hormone
secreted by osteocytes, controls the rate of urinary excretion of
phosphate and inhibits renal production of 1,25-dihydroxyvitamin
D. This process helps to mitigate hyperphosphatemia in patients
with kidney disease. Increased circulating FGF23 concentrations are
associated with LVH, kidney disease progression, and mortality in
patients with dialysis, predialysis CKD, or non-CKD, independent
of risk factors, such as high phosphate and parathyroid hormone
concentrations (8-14).

Indoxyl sulfate (IS) is an important uremic solute, which is
derived from tryptophan in dietary protein. IS is converted in the
liver and excreted into the urine by proximal tubular secretion via
organic anion transporters (15). Serum IS greatly and progressively
increases with increasing CKD stages, and is a predictor of overall
and cardiovascular mortality. In addition, the serum IS concentration
is independently associated with LVH in patients with CKD (16).

FGF23 and IS are associated with LVH in patients with CKD,
but the interactions between these molecules remain unknown.
Therefore, we examined whether IS is associated with FGF23 and
induces LVH in vivo and in vitro.

Materials and methods

Cell culture

Rat cardiac myoblast (H9c2, 2-1) cells were acquired from the
American Type Culture Collection (Manassas, VA) and cultivated
in Dulbecco’s Modified Eagle Medium (GIBCO, Dublin, Ireland)
containing 10% fetal bovine serum (HyClone; GE Healthcare, Bucks,
UK), 100 U/mL penicillin, and 100 mg/mL streptomycin (Life
Technologies, Carlsbad, CA), in a humidified atmosphere with 5%
CO; at 37°C. The cells were cultured until 70-80% confluence
and were then serum deprived for 24 h before each experiment.
The cells were incubated with 0, 0.25, or 1.0 mM IS or 0, 50, or
100 ng/mL recombinant mouse FGF23 (2629-FG; R&D Systems,
Minneapolis, MN) diluted in normal saline (NS) and collected
after 24 and 72 h for real-time reverse transcription-polymerase
chain reaction and western blotting, respectively. To perform small
interfering RNA (siRNA) knockdown, the cells were transfected
with On-TARGETplus SMARTpool siRNA [non-targeting control,
aryl hydrocarbon receptor (AhR), and FGF23; Horizon Discovery,
Cambridge, UK] using Dharmafect 1 reagent (Horizon Discovery) in
accordance with the manufacturer’s instructions.

Animal experiments and ethics statement

All animal experiments were conducted in accordance with the
animal use protocols approved by the Committee on Ethics of Animal
Experimentation at Kyushu University Graduate School of Medical
Sciences (Approval number: A19-274-0). We used C57BL/6]cl mice
(CLEA Japan, Inc., Tokyo, Japan). They were maintained in an air-
conditioned specific pathogen-free room at 21°C and 65% humidity,
with a 12:12-h light and dark cycle (lights on at 8:00 a.m., off at 8:00
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p-m.) with free access to chow and water. Experiments were reported
according to the ARRIVE guidelines.

Experimental procedures for LVH in mice

To induce LVH, 8-week-old male mice were fed a high
phosphorus diet, which contained modified AIN-93G, lactose 20.0%,
sucrose 2.023%, B-corn starch 20.3486%, a-corn starch 7.0%, CaCO3
0.55%, Ca(H2POy4)2 5.05%, and phosphate 1.5g/100g (Oriental Yeast,
Tokyo, Japan) 1 day after left heminephrectomy (removal of the
whole left kidney). This diet was provided for the induction of
FGF23 and was administered with a continuous subcutaneous dose
0f 100 mg/kg IS (I3875; Sigma-Aldrich, St. Louis, MO) or 28 pl/day of
NS (Otsuka Pharmaceutical Factory, Tokushima, Japan) for 4 weeks
using a micro-osmotic pump (2002-0000296; Alzet, Cupertino, CA).
Half of the mice were treated with a continuous intraperitoneal dose
of 7.5 mg/kg H3B-6527 (H3B), which is an FGFR4 inhibitor (58675;
Selleck Biotech, Tokyo, Japan), or 3.6 wl/day of NS using a micro-
osmotic pump (1004-0009922; Alzet) for 4 weeks. The 2,002-pumps
were replaced biweekly. To examine the effect of IS administration
on cardiac hypertrophy and fibrosis, the mice were divided into
the five following groups: sham; control; IS + NS; NS + H3B; and
IS + H3B. Sham mice were treated with anesthesia, skin incision,
and laparotomy, but did not have pumps inserted and were fed
a normal phosphorus diet (CRF-1LID10; Oriental Yeast, Tokyo,
Japan). The mice were operated on day 0, observed for 4 weeks, and
euthanized on day 28. The mice were anesthetized intraperitoneally
with medetomidine hydrochloride (0.3 mg/kg body weight; Wako,
Osaka, Japan), midazolam (4 mg/kg body weight, Sandoz, Tokyo,
Japan), and butorphanol tartrate (5 mg/kg body weight, Wako). The
body temperature of the mice was maintained at 37°C during the
whole procedure.

Sample collection

The mice were euthanized on day 28. Blood samples were
collected from the inferior vena cava. Serum was separated by
centrifugation at 3,000 x g for 10 min, aliquoted for later analysis,
and stored at —80°C. Immediately after blood collection, 50 mL
ice-cold phosphate-buffered saline (14249-24; Nacalai Tesque Inc.,
Kyoto, Japan) (pH 7.4) was slowly perfused to harvest the heart and
kidney. We separated the right kidney in half cross-sectionally for
obtaining coronal sections. One half of the kidney and most of the
heart were immersed in 10% formaldehyde neutral buffer solution
(37152-51; Nacalai Tesque Inc.) for histological analysis. The other
half of the kidney and the apex of the heart (one quarter of the heart)
were snap-frozen in liquid nitrogen and stored at —80°C for protein
and RNA analysis.

Heart histology

The hearts of mice were immersed in 10% formaldehyde neutral
buffer solution for at least 48 h before being sectioned. The hearts
were cut horizontally into four equal sections. The thickest wall of the
left ventricle from the four sections was evaluated. Sections from each
sample were subjected to hematoxylin-eosin staining using standard
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methods. Histological images were captured by light microscopy
(Eclipse E800 microscope; Nikon, Tokyo, Japan).

RNA extraction and quantitative real-time
polymerase chain reaction

Total RNA was extracted from H9c2 cells using the
MAXWELL®16 LEV simply RNA tissue Kit (Promega, Madison,
WI) and the MAXWELL® 16 instrument (Promega) in accordance
with the manufacturer’s instructions. Complementary DNA was
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synthesized from 1 pg of total RNA with the PrimeScript RT
Reagent Kit (Takara Bio Inc., Shiga, Japan). Real-time polymerase
chain reaction (PCR) was performed using SYBR Premix Ex Taq™
(Takara Bio Inc.) and the Applied Biosystems 7,500 Real Time
PCR System (Applied Biosystems, Foster, CA). Rat Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was amplified as an internal
control. Expression analysis was performed by the Delta-Delta Ct
method using 7500 Software v2.3 (Applied Biosystems). The primers
used for these experiments were as follows: rat atrial natriuretic factor
(ANF), forward 5'-ATGGGCTCCTTCTCCATCAC-3' and reverse
5-TTCATCGGTATGCTCGCTCA-3'; rat brain natriuretic peptide
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Fibroblast growth factor 23 increases mRNA levels of markers of hypertrophy and fibrosis. Rat cardiac myoblast cells (H9c2) were cultured with 0, 50, or
100 ng/mL fibroblast growth factor 3 (FGF23) for 24 h, and mRNA expression levels were analyzed by real-time PCR. (A) Atrial natriuretic factor (ANF)

(n = 6). **P < 0.05 versus 0 ng/mL. (B) Brain natriuretic peptide (BNP) (n = 6). *P < 0.01 versus 0 ng/mL. (C) B-myosin heavy chain (beta MHC) (n = 6).
**P < 0.05 versus 0 ng/mL. (D) Alpha smooth muscle actin (alpha SMA) (n = 6). *P < 0.01 versus 0 ng/mL. (E) Collagen | (n = 6). *P < 0.01 versus

0 ng/mL. (F) FGF23 (n = 6). *P < 0.01 versus 0 ng/mL. Data were analyzed by one-way analysis of variance
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(BNP), forward 5-TGGGAAGTCCTAGCCAGTCT-3' and reverse
5'-GATCCGGTCTATCTTCTGCC-3'; rat B-myosin heavy chain
(beta MHC), forward 5-CTAGGAGGCGGAGGAACAG-3' and
reverse 5'-CTTGGCGCCAATGTCACG-3'; rat alpha smooth muscle
actin (alpha SMA), forward 5'-GACACCAGGGAGTGATGGTT-3
and reverse 5-GTTAGCAAGGTCCGATGCTC-3'; rat collagen I,
5-TGCCGTGACCTCAAGATGTG-3 and
5'-CACAAGCGTGCTGTAGGTGA-3'; rat FGF23, forward
5-GCAACATTTTTGGATCGTATCA-3" and reverse 5-GATGCTT
CGGTGACAGGTAGA-3;

forward reverse

rat N-acetylgalactosaminyltransferase

A ANF
— .‘. b
8 .
< 31
: T
© 2+ A
z A
- ° Py
7z 14 o ] u®
- [ ]
£
0 v T v
0 mM 0.25 mM 1.0 mM
IS
c beta MHC
- 201 “
b~ A
a
Z 1.5 . T
sl T
T 1.0{ -
z L ]
‘;: X
Z 0.59
&
£
0.0 T T v
0 mM 0.25 mM 1.0 mM
IS
E collagen 1
— 5. *:
a
& 44
<
&)
: 3‘ T
;E 2- =
-
z 14 o AA
:é °® un
0 T v v
0 mM 0.25 mM 1.0 mM
IS

FIGURE 2

10.3389/fcvm.2023.990422

3 (GALNT3), forward 5-GTTGCTAGGAGCAACAGTCGCA-3’
and reverse 5-AGTTCACCGTGGTAGTATTGTAGT-3'; and rat
GAPDH, forward 5-GGCACAGTCAAGGCTGAGAATG-3" and
reverse 5 -ATGGTGGTGAAGACGCCAGTA-3'.

Western blot analysis

To perform western blot analysis, H9c2 cells were harvested
with cell lysis buffer (Mammalian Protein Extraction Reagent,
78501; Pierce Thermo Scientific, Tokyo, Japan) containing protease
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Indoxyl sulfate increases mRNA levels of markers of hypertrophy and fibrosis. H9c2 cells were cultured with 0, 0.25, or 1.0 mM indoxyl sulfate (IS) for
24 h, and mRNA expression levels were analyzed by real-time PCR. (A) Atrial natriuretic factor (ANF) (n = 6). *P < 0.01 versus O mM. (B) Brain natriuretic
peptide (BNP) (n = 6). *P < 0.01 versus 0 mM. (C) B-myosin heavy chain (beta MHC) (n = 6). **P < 0.05 versus 0 mM. (D) Alpha smooth muscle actin
(alpha SMA) (n = 6). **P < 0.05 versus 0 mM. (E) Collagen | (n = 6). **P < 0.05 versus 0 mM. (F) FGF23 (n = 6). **P < 0.05 versus 0 mM. Data were

analyzed by one-way analysis of variance.
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inhibitors (#04080-11; Nacalai Tesque Inc.) and phosphatase
inhibitors (#07575-51; Nacalai Tesque Inc.) on ice for 15 min.
The supernatants of protein lysates were collected after 10 min of
centrifugation at 10,000 x g The protein concentrations of cell
lysates were determined using a bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher Scientific). The samples (5 pg) were

10.3389/fcvm.2023.990422

separated on 5-20% sodium dodecyl sulfate-polyacrylamide gels
(#2331830; Atto, Tokyo, Japan) and transferred onto polyvinylidene
difluoride membranes (BioRad, Hercules, CA) using Trans-Blot
Turbo (BioRad). After being blocked with Blocking One (#03953-
95; Nacalai Tesque Inc.) for 30 min at room temperature, the

membranes were washed in Tris-buffered saline containing 0.1%
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FIGURE 3
Indoxyl sulfate increases fibroblast growth factor 23 protein expression and fibroblast growth factor receptor 4 phosphorylation. (A,B) Western blotting
of fibroblast growth factor 3 (FGF23) protein expression in H9c2 cells. H9c2 cells were cultured with 0, 0.25, or 1.0 mM indoxy! sulfate (IS) for 72 h. Alpha,
beta-tubulin protein expression was examined as an internal control (n = 5). *P < 0.05 versus IS 0 mM. (C,D) Western blotting of fibroblast growth factor
receptor 4 (FGFR4) protein expression and FGFR4 phosphorylation in H9c2 cells. H9c2 cells were cultured with 0, 0.25, or 1.0 mM IS for 72 h. Alpha,
beta-tubulin protein expression was examined as an internal control (n = 5). *P < 0.05 versus IS 0 mM. (E=G) Western blotting of furin protein in H9c2
cells. H9c2 cells were cultured with 0 or 1.0 mM IS for 72 h. The images are from different parts of the same gel. Beta actin protein expression was
examined as an internal control (n = 6). Furin stained as two bands, furin precursor (96 KDa) and mature (90 KDa) forms. *P < 0.05 versus IS 0 mM. Data
were analyzed by one-way analysis of variance.
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Tween 20 (polyoxyethylene sorbitan monolaurate, 35624-15; Nacalai
Tesque Inc.) three times for 10 min and incubated with primary
antibodies at 4°C overnight. The following antibodies were used
as primary antibodies: monoclonal anti-rat FGF23 antibody (1:500,
MAB2629; R&D Systems); polyclonal anti-goat FGF23 antibody
(1:1000, ab123502; Abcam, Cambridge, UK); polyclonal anti-rabbit
FGFR4 antibody (1:1000, ab119378; Abcam); polyclonal anti-rabbit
FGFR4 (phospho Y642; pFGFR4) antibody (1:1000, ab192589;
Abcam); polyclonal anti-rabbit furin antibody (1:1000, PA1-062;
Thermo Fisher Scientific); polyclonal anti-rabbit hypoxia-inducible

10.3389/fcvm.2023.990422

factor 1 alpha (HIFla) antibody (1:1000, NB100-134; Novus
Biologicals, Centennial, CO); polyclonal anti-rabbit polypeptide
GALNTS3 antibody (1:1000, SAB2106736; Sigma-Aldrich); and anti-
rabbit a/f tubulin (1:1000, CST#2148; Cell Signaling Technology,
Danvers, MA). After being washed in Tris-buffered saline containing
0.1% Tween 20 three times, the membranes were incubated
with the following horseradish peroxidase-conjugated secondary
antibodies: donkey anti-rabbit IgG antibody (1:5000, NA934; GE
Healthcare, Bucks, UK) and goat anti-rat IgG antibody (1:10,000,
NA935; GE Healthcare) for 1 h. The bands were detected by the
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Indoxyl sulfate induces LVH in mice with CKD. (A) Mouse hearts were cut horizontally and stained with hematoxylin—eosin. Representative images are
shown. Scale bar = 500 um. (B) After hematoxylin—eosin staining, we measured the LV wall thickness for each sample (n = 3-6). *P < 0.01, **P < 0.05.
(C) The relative heart weight was markedly increased in indoxyl sulfate (IS)-treated mice and this increase was reduced by FGFR4 inhibition (n = 3-6).
*P < 0.01, **P < 0.05. Data were analyzed by one-way analysis of variance.

TABLE 1 Body weight, blood pressure, and laboratory data from animal experiments.

IS(-)H3B(-) IS(-)H3B(+) IS(+)H3B(-) IS(+)H3B(+)
Body wight (g) 24.76 £ 1.25 22414191 23.07 +£0.74 24.18 £0.98 2344 +191 0.181
Blood pressure (mmHg) 121.03 £ 15.5 135.8 £ 14.7 127.9 £ 19.0 116.1 +£13.4 1333 £ 13.8 0.243
Cre (mg/dL) 0.55 4 0.38 0.224+0.17 0.314+0.22 0.18 £0.03 0.31 4+ 0.24 0.189
Ca (mg/dL) 10.20 £ 1.04 9.46 £ 0.59 9.76 £ 0.47 10.28 +0.78 9.88 +0.63 0.359
P (mg/dL) 13.17 £ 1.32 12.96 £+ 1.95 16.28 +3.29 17.47 £+ 5.56 17.24 £ 1.77 0.161
Intact FGF23 (pg/mL) 104.4 £ 88.5 857.8 + 339.5% 728.0 + 238.2% 832.7 + 257.6% 658.7 £ 175.1* 0.0047
Indoxyl sulfate (jug/dL) 3.48 £0.99 296 +1.13 6.51 4+ 0.99 11.81 &+ 1.11** 9.15 4+ 1.35 0.0072

Data are presented as the mean = standard error. IS, indoxyl sulfate; H3B, H3B-6527; Cre, creatinine; Ca, calcium; P, phosphorus. Comparisons of groups were analyzed with one-way analysis of

variance followed by Tukey’s test. *P < 0.01 versus the sham group. **P < 0.05 versus the sham group and the IS(-)H3B(-) group.
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(A,B) IS increases intact FGF23 expression in the heart. The expression
of intact FGF23 in the heart was significantly increased after IS
treatment. This effect was abrogated by FGFR4 inhibition as shown by
Western blotting (n = 3-6). Data were analyzed by one-way analysis
of variance. *P < 0.05.

enhanced chemiluminescent method (ECL prime; GE Healthcare
or Chemi-Lumi One Ultra; Nacalai Tesque Inc.), captured using
a chemiluminescence imaging system (AE-9300 Ez-capture MG;
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Atto), and analyzed with Image] Software (National Institutes of
Health, Bethesda, MD).

Statistical analysis

Data were analyzed using the JMP 14.0 software program
(SAS Institute, Tokyo, Japan). Continuous variables are expressed
as the mean =+ standard error. Differences between two groups
were compared by Student’s ¢-test. Differences among groups were
compared by one-way analysis of variance followed by Tukey’s honest
significant difference tests. P < 0.05 was considered statistically
significant for all tests.

Results

FGF23 Promotes hypertrophic and
pro-fibrotic signaling in cultured
cardiomyocytes

To determine if FGF23 is associated with hypertrophic signaling
in cultured rat cardiac myoblast cells (H9¢2), we incubated H9c2
cells with 0, 50, or 100 ng/mL recombinant mouse FGF23. These
concentrations were chosen on the basis of previous reports (17-19).
The cells were collected after 24 h for real-time PCR. The mRNA
levels of FGF23, the LVH markers ANF, BNP, and beta MHC, and
the fibrotic markers alpha SMA and collagen I were upregulated
(Figure 1).

B BNP
6_ * *
=
= n
«
1
©
i I
&
— A
=2 =
4
M
1S T + ¥
H3B - - +

IS increases hypertrophic markers via FGFR4 in vitro. H9c2 cells were cultured with 0 or 1 mM IS and 0 or 10 pM H3B-6527 (FGFR4 inhibitor) for 6 h.
(A) ANF mRNA levels were significantly increased by IS and downregulated with H3B-6527 (n = 6). *P < 0.01, **P < 0.05. (B) BNP mRNA levels were
significantly increased by IS and downregulated with H3B-6527 (n = 6). *P < 0.01. (C) beta MHC mRNA levels were significantly increased by IS and

downregulated with H3B-6527 (n = 6). *P < 0.01, **P < 0.05. Data were analyzed by one-way analysis of variance.
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FIGURE 7

IS induces FGF23 via AhR in vitro. H9c2 cells were cultured
with 0 or 1 mM IS for 6 h (for mRNA) or 48 h (for protein)

after pretreatment with AhR siRNA or control siRNA (ctrl).

(A) FGF23 mRNA levels were significantly increased by IS and
downregulated with AhR siRNA (n = 11). *P < 0.01, **P < 0.05.
(B,C) Western blotting of FGF23 protein expression in H9c2 cells.
Alpha, beta-tubulin protein expression was examined as an
internal control (n = 6). *P < 0.01, **P < 0.05. (D,E) Western
blotting of HIF1a protein expression in H9c2 cells. The images
are different parts of the same gel. Alpha, beta-tubulin protein
expression was used as an internal control (n = 6). *P < 0.01,
**P < 0.05. (F) H9c2 cells were cultured with 0, 50, or 100 ng/mL
FGF23 for 24 h, and mRNA expression levels were analyzed by
real-time PCR. Levels of polypeptide
N-acetylgalactosaminyltransferase 3 (GALNT3) mRNA (n = 6).
*P < 0.01, **P < 0.05. (G) H9c2 cells were cultured

with 0, 0.25, or 1.0 mM IS for 24 h, and mRNA expression
levels were analyzed by real-time PCR. Levels of GALNT3
MRNA (n = 6). *P < 0.01, **P < 0.05. (H) Levels of GALNT3
mMRNA (n = 9). *P < 0.01, **P < 0.05. (I,d) Western blotting of
GALNT3 protein expression in H9c2 cells. Alpha, beta-tubulin
protein expression was used as an internal control (n = 6).

*P < 0.01, **P < 0.05. Data were analyzed by one-way analysis
of variance.
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IS upregulates hypertrophic and
pro-fibrotic signaling and increases FGF23
expression in cultured cardiomyocytes

We determined the underlying mechanisms by which IS induces
cardiomyocyte hypertrophy by treating H9¢2 cells with IS. The H9¢2
cells were cultured with 1 mM IS for 24 h, which has been reported
as a clinically relevant concentration of IS in severe CKD (20-23).
The mRNA levels of beta MHC, BNP, alpha SMA, collagen I, and
FGF23 were upregulated (Figure 2). We also examined whether IS
affects the cell size in cultured cardiomyocytes. We found that IS
induced hypertrophy in H9¢2 cells (Supplementary Figure 1). IS
is known as a protein-bound toxin (20). Therefore, we examined
whether IS induces hypertrophic and pro-fibrotic signaling in H9c2
cells with 4% albumin-containing medium as previously reported
(23). IS induced hypertrophic and pro-fibrotic signaling in H9¢2 cells
in the 4% albumin-containing medium (Supplementary Figure 2).

In H9c2 cells cultured with 1 mM IS for 72 h, FGF23 protein
expression and FGFR4 phosphorylation were elevated in cell lysates
(Figures 3A-D). This FGFR4 phosphorylation by IS also occurred
even in the 4% albumin-containing medium (Supplementary
Figure 3). Furin, which is a protein that cleaves intact FGF23, was
not downregulated by IS (Figures 3E, F).

These data suggest that IS increases FGF23 protein expression
and FGFR4 phosphorylation in cardiomyocytes, and induces
hypertrophic and pro-fibrotic signaling in cardiomyocytes.

IS induces LVH and FGFR4 inhibition
reduces this effect

In our mild CKD mouse model, we observed a heavier heart
weight and greater left ventricular wall thickness in IS + NS mice
than in the other mice (Figures 4A-C). Body weight, blood pressure,
creatinine concentrations, calcium concentrations, and phosphate
concentrations were not significantly different among the groups
(Table 1). Serum IS concentrations tended to be increased in the
IS-treated groups (Table 1). Inhibition of FGFR4 reduced heart
weight and left ventricular wall thickness in the IS-treated groups
(Figures 4A-C). Although serum FGF23 concentrations were not
significantly different among the experimental groups (Table 1),
FGF23 protein expression in the heart was markedly increased
in IS-injected mice (Figures 5A, B). To examine the relationship
between IS and FGFR4, we treated H9c2 cells with IS with or without
an FGFR4 inhibitor for 24 h (Figure 6). IS upregulated mRNA
expression levels of the hypertrophic markers ANF, BNE and beta
MHC, and FGFR4 inhibition reduced their expression.

IS stimulates AhR and the FGF23-FGFR4
signaling pathway

To examine the relationship between IS and FGF23, we
suppressed AhR, which is the receptor of IS, by siRNA in H9¢2 cells
and then treated cells with 1 mM IS for 6 h (for mRNA) or 48 h (for
protein expression). The increase in FGF23 expression in IS-treated
myocytes was suppressed by AhR siRNA (Figures 7A-C). HIFla,
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which is a hypoxic stress marker that regulates FGF23 production
(24), was upregulated by IS. This effect was suppressed by AhR siRNA
(Figures 7D, E). GALNT3, which regulates FGF23 O-glycosylation
(25), was also upregulated by FGF23 and IS (Figures 7F, G).
The increased expression of GALNT3 in IS-treated myocytes was
suppressed by AhR siRNA (Figures 7H-J). These data suggest that
IS affects FGF23 processing by upregulating GALNT3 and by an
inflammatory effect.

The increase in hypertrophic and
pro-fibrotic signaling by IS depends on
FGF23 in cultured cardiomyocytes

To examine the relationship between IS and FGF23, we
suppressed FGF23 by siRNA in H9c2 cells and then treated cells
with 1 mM IS for 24 h (for mRNA) or 48 h (for protein expression)
(Figures 8F, 9A). The increase in mRNA levels of ANE beta
MHC, BNP, alpha SMA, collagen I, and FGF23 was suppressed by
FGF23 siRNA (Figures 8A-F). The increase in FGF23 and FGFR4

10.3389/fcvm.2023.990422

phosphorylation in IS-treated myocytes was suppressed by FGF23
siRNA (Figures 9A-D).

Discussion

In this study, we investigated the relationship between IS and
FGF23 in LVH. We found that IS increased levels of FGF23 mRNA
and markers of hypertrophy in cardiomyocytes. These data suggest
that IS leads to LVH by increasing FGF23 expression.

IS is an endogenous agonist for AhR, (26) which is required
for GALNT3 gene expression. GALNTS3 inhibits furin proprotein
convertase processing by O-glycosylation of tyrosine at residue 178 of
FGF23, which suppresses degradation of FGF23 and increases intact
FGF23 (25, 27). Our study showed that IS upregulated GALNT3 and
FGF23, and that this effect could be controlled by suppressing AhR
(Figures 2, 7), supporting the above-mentioned pathways. Although
FGF23 expression increased with IS treatment, furin was also mildly
upregulated by IS. This finding suggests that FGF23 is likely to be
upregulated by the GALNT3 pathway, not by a reduction in furin,
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FIGURE 8

IS increases hypertrophic markers via FGF23 in vitro. H9c2 cells were cultured with O or 1 mM IS for 24 h after pretreatment with FGF23 siRNA or control
siRNA (ctrl), and mRNA expression levels were analyzed by real-time PCR. (A) ANF, (B) BNP, (C) beta MHC, (D) alpha SMA, (E) collagen |, and (F) FGF23
mMRNA levels were significantly increased by IS and downregulated with FGF23 siRNA (n = 6). Data were analyzed by one-way analysis of variance.

*P < 0.01, **P < 0.05.
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IS increases FGFR4 via FGF23 in vitro. H9c2 cells were cultured with 0 or 1 mM IS for 48 h after pretreatment with FGF23 siRNA or control siRNA (ctrl).
(A,B) Western blotting of FGF23 protein expression in H9c2 cells. (C,D) Western blotting of FGFR4 protein expression and FGFR4 phosphorylation in
H9c2 cells. Alpha, beta-tubulin protein expression was examined as an internal control (n = 6). Data were analyzed by one-way analysis of variance.
*P < 0.01, **P < 0.05.
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Potential mechanism by which IS may induce LVH via the FGF23-FGFR4 pathway. IS upregulates FGF23 mRNA via AhR and HIFla. IS also increases
GALNT3 gene expression, preventing furin-mediated degradation of intact FGF23. Increased FGF23 induces myocardial hypertrophy by
FGFR4-dependent activation.

and that increased expression of FGF23 may upregulate furin for Furthermore, we demonstrated that IS increased intact FGF23

negative feedback (Figures 3E, F). IS treatment also accelerated  protein expression in the heart, but not in the serum (Table 1
FGFR4 phosphorylation and induced cardiomyocyte hypertrophy. and Figure 5), suggesting that the effect of IS on FGF23 may be
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limited to organs such as the heart. A recent report also showed
that FGF23 expression in the heart was associated with LVH using
autopsy samples collected from patients with CKD (28). Additionally,
rats that undergo nephrectomy show FGF23 expression in the heart
(18). This evidence supports the notion that FGF23 expression in the
heart is induced by the uremic condition containing higher serum IS
concentrations.

In this study, IS increased not only FGF23 protein expression,
but also FGF23 mRNA expression. GALNT3 induced by IS inhibited
the degradation of FGF23 protein expression. Therefore, another
mechanism was involved in increased FGF23 mRNA induced by
IS. Recent studies showed that inflammatory cytokines were direct
regulators of FGF23 production in cardiac fibroblasts (29) and
osteoblasts (24, 30). The induction of HIFla in osteoblasts and
osteocytes, in response to iron deficiency or hypoxia, increases
FGF23 production (31). IL-1p significantly increases FGF23 mRNA
expression through a HIF1a-dependent mechanism (24). Therefore,
some inflammatory cytokines induce FGF23 mRNA via HIFla. In
this study, IS increased HIF1a via the IS-AhR pathway (Figures 7D,
E), which suggested that the increase in FGF23 mRNA induced by
IS was partly mediated by HIFla. On the basis of these findings,
we propose a novel hypothesis on the role of the IS-FGF23-FGFR4
signaling pathway in uremic cardiomyopathy (Figure 10).

FGFR4 is one of four family members harboring tyrosine kinase
domains and is most likely expressed only in cardiomyocytes and
not in other cardiac cell types (17). Three FGF19 subfamily members
(FGF19, FGF21, and FGF23) have the potential to bind FGFR4.
H3B-6527 is a selective FGFR4 inhibitor (32). Faul et al. (33)
showed that FGF23 caused LVH by FGFR-dependent activation of
the calcineurin-NFAT signaling cascade, but it did not require klotho
as a coreceptor. FGFR inhibition can reduce LVH caused by FGF23
independent of blood pressure. In our study, IS increased FGFR4
phosphorylation, and FGFR4 inhibition prevented IS-induced LVH,
which suggested that IS affected the FGF23-FGFR4 signaling pathway
in cardiomyocytes.

A previous report showed that active vitamin D inhibited
FGF23-FGFR4 signaling and hypertrophy (18). Paracrine FGF23
activates FGFR tyrosine kinase, and induces activation of the renin-
angiotensin system-mitogen-activated protein kinase, phospholipase
C-gamma, phosphatidylinositol 3-kinase-AKT, and STAT pathways
(34). Active vitamin D also inhibits expression of renin-angiotensin
system-associated gene expression and cardiac fibrosis (35).
Therefore, active vitamin D may have a role in preventing LVH.
However, in our study, IS did not decrease active vitamin D in H9¢2
cells (data not shown).

We used the LVH model with heminephrectomy in this study
because this model shows mild CKD. Therefore, the elevation in
serum FGF23 concentrations is not extremely high. Consequently,
we could investigate the IS-FGF23 pathway without the confounding
effect of other uremic toxins in this model. In sham mice, serum intact
FGF23 concentrations were lower than the other groups. The sham
mice were fed a normal phosphorus diet and experienced less stress
than the other mice treated by a micro-osmotic pump (Table 1).

Previous studies have shown that FGF23 promotes myocardial
fibrosis (36, 37). We also evaluated cardiac fibrosis in the mice in this
study, but we found no significant difference among the groups (data
not shown). The mouse model in this study is different from that
used in previous studies (36, 37). Therefore, we speculate that cardiac
fibrosis may occur later than cardiac hypertrophy or via another
pathway in our model. A possibility is that B-catenin or the local
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renin-angiotensin system may induce cardiac fibrosis associated with
FGF23 (36, 37).

In summary, this study shows that IS induces LVH via AhR
and the FGF23-FGFR4 signaling pathway in vitro and in vivo. IS
also upregulates GALNT3 and HIFla through AhR, leading to the
stabilization of FGF23. These data suggest that blocking the IS-
AhR-FGF23-FGFR4 pathway is a new strategy to prevent LVH in
patients with CKD.
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were analyzed by one-way analysis of variance. *P < 0.01, **P < 0.05.
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and FGFR4 phosphorylation.
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Myofibroblast Ccn3 is reqgulated by
Yap and Wwtrl and contributes to
adverse cardiac outcomes

Michael A. Flinn'*, Santiago Alvarez-Argote™’, Makenna C. Knas'?,
Victor Alencar Almeida'?, Samantha J. Paddock'?, Xiaoxu Zhou’,
Tyler Buddell*, Ayana Jamal**, Reiauna Taylor’, Pengyuan Liu®’,
Jenny Drnevich’, Michaela Patterson®, Brian A. Link** and
Caitlin C. O'Meara"***

'Department of Physiology, Medical College of Wisconsin, Milwaukee, WI, United States, *Cardiovascular
Center, Medical College of Wisconsin, Milwaukee, WI, United States, *Institute of Translational Medicine,
Zhejiang University School of Medicine, Hangzhou, China, “Department of Cell Biology, Neurobiology,
and Anatomy, Medical College of Wisconsin, Milwaukee, WI, United States, *High Performance
Computing in Biology (HPCBio) and the Roy J. Carver Biotechnology Center, University of Illinois,
Urbana-Champaign, Champaign, IL, United States, “Genomics Sciences and Precision Medicine Center,
Medical College of Wisconsin, Milwaukee, WI, United States

Introduction: While Yap and Wwitrl regulate resident cardiac fibroblast to
myofibroblast differentiation following cardiac injury, their role specifically in
activated myofibroblasts remains unexplored.

Methods: We assessed the pathophysiological and cellular consequence of
genetic depletion of Yap alone (Yap™™:Postn™“M) or Yap and Wwtrl (Yap™™:
Wwtr1™*;postn™“") in adult mouse myofibroblasts following myocardial
infarction and identify and validate novel downstream factors specifically in
cardiac myofibroblasts that mediate pathological remodeling.

Results: Following myocardial infarction, depletion of Yap in myofibroblasts had
minimal effect on heart function while depletion of Yap/Wwtrl resulted in
smaller scars, reduced interstitial fibrosis, and improved ejection fraction and
fractional shortening. Single cell RNA sequencing of interstitial cardiac cells 7
days post infarction showed suppression of pro-fibrotic genes in fibroblasts
derived from Yap™® Wwtr1™*;Postn™“™ hearts. In vivo myofibroblast depletion
of Yap/Wwtrl as well in vitro knockdown of Yap/Wwtrl dramatically decreased
RNA and protein expression of the matricellular factor Ccn3. Administration of
recombinant CCN3 to adult mice following myocardial infarction remarkably
aggravated cardiac function and scarring. CCN3 administration drove myocardial
gene expression of pro-fibrotic genes in infarcted left ventricles implicating
CCN3 as a novel driver of cardiac fibrotic processes following myocardial
infarction.

Discussion: Yap/Wwtrl depletion in myofibroblasts attenuates fibrosis and
significantly improves cardiac outcomes after myocardial infarction and we
identify Ccn3 as a factor downstream of Yap/Wwtrl that contributes to adverse
cardiac remodeling post MI. Myofibroblast expression of Yap, Wwtrl, and Ccn3
could be further explored as potential therapeutic targets for modulating
adverse cardiac remodeling post injury.

KEYWORDS

myofibroblast, pathological remodeling, adverse remodeling, hippo pathway, CCN3 (NOV),
YAP, WWTR1, cardiac fibroblast
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Introduction

Following cardiac injury such as myocardial infarction (MI),
adverse ventricular
Resident

fibroblasts, which directly produce the pro-fibrotic response, are a

progressive fibrosis can contribute to

remodeling and ultimately heart failure. cardiac
heterogeneous population of stromal cells. When activated
following injury, a subset of resident fibroblasts adopt a
myofibroblast phenotype (1, 2) characterized by expression of
Periostin (Postn) and alpha smooth muscle actin [aSMA (1)],
increased production of extracellular matrix (ECM) proteins
[primarily collagens (3, 4)], and secretion of metalloproteases (1),
cytokines (5, 6). While

myofibroblast function is critical for wound contraction, initial

inflammatory = chemokines, and
scar formation, and to prevent catastrophic heart rupture (1, 7),
extended myofibroblast proliferation and activation can lead to
persistent matrix protein secretion causing exacerbated scar
formation, myocyte uncoupling, decreased cardiac compliance, and
progressive heart failure (5). There is currently an un-met need to
identify molecular mediators of myofibroblast activity so that we
can therapeutically target these pathways and regulate the fibrotic
response following cardiac injury.

The Hippo-Yap/Wwtrl pathway (herein referred to as “Hippo-
Yap”) is a highly conserved signaling pathway consisting of core
protein kinases; Stk3, Stk4, Latsl, and Lats2, and scaffolding
Savl, Mobla, and Moblb, whose kinase activity
suppresses function of the transcriptional co-activators Yap and
Wwtrl (8). Phosphorylation of Yap and Wwtrl by the Hippo
pathway kinases prevents nuclear localization and promotes

proteins;

phospho-degradation of Yap and Wwtrl, thereby inhibiting nuclear
transcriptional activity. It has been demonstrated in mice Lats1/2
deletion specifically in resident cardiac fibroblasts promotes Yap
and Wwtrl activity, driving proliferation and cell fate transition to
a myofibroblast state in a cell autonomous manner and resulting in
deleterious fibrosis in mice (9, 10). Inhibiting the Hippo-Yap
pathway by verteporfin following myocardial infarction reduces
fibrosis and injury size (11). Furthermore, depletion of Yap/Wwtrl
in Tcf21 or Collagen (Colla2 or Colllal) positive cells attenuated
pathological remodeling and improved cardiac function (9, 10, 12,
13). However, Tcf21, Colla2 and Colllal target all fibroblast
populations and the role of endogenous Yap and Wwtrl in
differentiated cardiac myofibroblasts specifically has not been
investigated. Here, we take the novel approach of investigating the
role of endogenous Yap/Wwtrl expression in activated cardiac
(Postn+) following MI We
cooperative role for myofibroblast Yap and Wwtrl in scar size,

myofibroblasts demonstrate a
interstitial fibrosis, and cardiac function post MI.

The downstream pathways modulated by Hippo-Yap activity in
myofibroblasts are poorly understood. We found that depletion of
Yap/Wwtrl in myofibroblasts both in vivo and in vitro strongly
suppresses expression of the secreted matricellular protein Ccn3
(also known as nephroblastoma overexpressed— Nov), suggesting
Ccn3 expression might contribute to adverse outcomes post ML
Indeed, global administration of recombinant CCN3 to mice post
MI significantly exacerbates adverse cardiac function and scarring.
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CCN3 signaling to myocardial tissue post MI promoted expression
of pro-fibrotic genes. Collectively, we identify a novel factor
expressed downstream of Yap/Wwtrl in cardiac fibroblasts that
independently promotes adverse cardiac wound healing dynamics.

Methods
Animals

The following mouse lines from The Jackson Laboratory were
utilized: stock 027929 Yap', 029645 Postn™“™, 030532 Yap™
Wwtrl", and 004077 Rosa26-eGFP". Sprague Dawley neonatal
rats (Charles River Laboratories) were used for cardiac fibroblast
cell isolation. Adult mice were euthanized by administration of
isoflurane and subsequent thoracotomy, neonatal mice and rats
were euthanized by decapitation.

Isoflurane administration

During echocardiography, surgical MI, or euthanasia, adult
mice were anesthetized via inhalation of 1%-3% isoflurane
vaporized with compressed O2 at a flow rate of 1 L/min.

Myocardial infarction

Six- to ten-week-old mice were used for adult MI studies. The left
anterior descending (LAD) coronary artery was ligated using the
“Rapid Method” originally described by Gao et al. (14). Briefly, a
1-2 cm incision was made in the skin on the left lateral side of the
thorax. The heart was retracted from the thoracic cavity via the 5th
intercostal space and a surgical needle with 6-0 prolene suture was
inserted under the LAD artery. The vessel was then tied off to
create a permanent infarction. The heart was returned to the thorax
and the chest wall compressed along the sternal midline to force
out excess air. The outer incision of the skin was closed using
monofilament nonabsorbable nylon suture. The mouse was
removed from anesthesia and returned to a cage to recover under a
warming lamp. Immediately following surgery animals were
administered
following day received oral administration of 5 mg/kg Meloxicam.

1.5 mg/kg slow-release Buprenorphine and the

P6 neonatal MI surgeries were performed as described in
Mahmoud et al. (15). Briefly, methods were similar to that of
adult MI except P6 mice were anesthetized on ice. Following
surgery, mice recovered under a heat lamp. When animals were
sternal and active, they were returned to their mother.

Tamoxifen treatment

Mice of all genotypes were treated with tamoxifen to induce
Cre expression and excision of floxed genes following MI. Cre
negative controls received identical tamoxifen dosing. For
neonatal mice, tamoxifen (Sigma) was dissolved into a mixture of
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25% ethanol and 75% sunflower oil at a concentration of 1.5 mg/ml
and injected subcutaneously at a dosage of 30 mg/kg. Postnatal day
6 (P6) neonatal mice were administered with tamoxifen 1, 3, and 5
days post injury (dpi). For adult mice, a diet of 0.4 g/kg tamoxifen
citrate chow (Envigo) was provided ad libitum starting immediately
after MI and continued for the duration of the study.

CCN3 mouse administration

Following MI in 8 week-old C57/B6] mice, recombinant CCN3
(R&D Systems 1640-NV- 050) was resuspended in PBS at a
concentration of 0.01 pg/ul, and 6 pg/kg was administered by
intraperitoneal injection following surgical MI (Tuesday) and
subsequently three times weekly (Monday, Wednesday, Friday) as
described in Riser et al. (16) over the course of 28 days. At this
concentration, intraperitoneal injection of CCN3 was shown to
localize to the heart, liver, and kidneys and to elicit renal
phenotypes but not overt adverse effects in mice (16). PBS was
administered by intraperitoneal injection to vehicle control animals.

Echocardiography

Echocardiograms were obtained from adult mice using a Vevo
770 with an RMV 707 transducer or Vevo 3,100 with an MX550D
transducer. Scans were taken of the parasternal long axis and short
axis at the papillary muscle level in triplicate and measured in a
genotype or treatment blinded manner. We calculated ejection
fraction (%EF) based on measurements from tracing the
circumference of the LV chamber in long axis mode during
systole and diastole. Measurements based on internal diameters
in short axis mode at the mid-papillary level were used to
calculate fractional shortening (%FS), left ventricular internal
diameter during diastole (LVID-d), and systole (LVID-s).

Histological analysis
Hearts were fixed in 10% formalin for 48 h at room
temperature prior to processing and paraffin embedding.
Sectioning was performed starting at the apex and progressing
towards the base of the heart in 250 pM steps. 4 uM sections
were collected at each level. Gomori trichrome staining was
performed to assess scar size. Slides were scanned using a Super
Coolscan 9,000 (Nikon) or for higher resolution slides were
scanned using a NanoZoomer 2.0-HT (Hamamatsu Photonics
KK.). For scar size quantification, four sections starting at
1,000 um from the apex and proceeding every 500 um toward
the papillary muscles were averaged to quantify fibrotic area and
midline percentage using MIquant (17). Interstitial fibrosis was
quantified from five representative images in the remote region
of the left ventricle and quantified using Fiji Image] colorimetric
analysis. Immunohistology was evaluated using a Nikon Al
confocal microscope or Eclipse 80i fluorescent microscope
(Nikon) and Panda sCMOS camera (PCO). Immunostaining was
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performed with antibodies described in Supplementary
Table S1. Click-iT (Thermo Fisher) 5-ethynyl-2’-deoxyuridine
(EdU) staining was performed according to the manufacturer’s
recommendations. Two to five regions within the scar were
averaged per heart to assess EdU incorporation in non-myocyte
scar associated cells. Wheat germ agglutinin (WGA) staining was
used to identify the cell surface of cardiomyocytes to assess cross
sectional area from five representative images within the remote
region of the left ventricle. For denatured collagen assessment,
serial sections of the left ventricle containing robust scar regions
(~2,000 pm from the treated with
hybridizing peptide with Cy3 conjugate (3Helix) according to the

apex) were collagen
manufacturer’s recommendations. Representative images of the
injury were quantified for presence of Cy3 vs. scar area. Yap and
Wwtrl staining was assessed by confocal microscopy and
intensities were quantified by mean grey value via Image] in
either the cytoplasm or nuclei, delineated by DAPI, in GFP+
cells. Confocal microscopy was used to verify measured nuclei

were inside of GFP+ cells.

siRNA knockdown in cultured rat cardiac
fibroblasts

Primary cardiac fibroblasts were isolated from 2-day-old rats
(Miltenyi  Biotec)
according to the manufacturer’s protocol, followed by percoll

using a neonatal heart dissociation kit

gradient separation. 24 h after plating, cultured cells were
transfected for 48 h with 25 nM siRNAs designed against Yap
and/or Wwtrl, or with universal negative control siRNAs
(Supplementary Table S2) as detailed in Flinn, et al. (18).
Untreated cells were cultured in Dulbecco’s modified eagle
medium (DMEM, Life Technologies) supplemented with 7.5%
fetal bovine serum without siRNA.

3H thymidine incorporation in cultured rat
cardiac fibroblasts

Forty-eight hours post siRNA transfection cells were treated
with DMEM containing *H thymidine for DNA synthesis
quantification. Cells were exposed to *H thymidine treated media
for 16 h, fibroblasts were then washed with PBS and lysed with
0.IM NaOH+0.1% Sulfate  (SDS). °H
thymidine incorporation was quantified on the LS 6,500

Sodium Dodecyl

MultiPurpose Scintillation Counter (Beckman Coulter).

CCN3 administration to cultured rat cells

Twenty-four hours after plating P2 neonatal rat cardiac
fibroblasts or cardiomyocytes, cells were serum starved for 1h and
then administered CCN3 at either 0.1 ug/ml or 1.0 ug/ml or PBS
as a control. Cells were incubated for 5h after which they were
collected and stored in TRIzol (Thermo Fisher) for RNA extraction.
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Single cell RNA sequencing (scRNAseq)

To identify differentially expressed genes (DEGs) in cardiac
myofibroblasts between Postn™M and Yapﬂ/ﬂ;thrI ﬂ/Jr;PostnMCIVI in
vivo we performed scRNAseq on interstitial cells from hearts
following MI. Both strains carried R26-eGFP transgene. MI was
performed on 8-10 week old mice as described above and animals
were put on tamoxifen citrate chow immediately following surgery. At
7 dpi hearts were extracted and retrograde perfused with 50 ml of
1 mg/ml Collagen type II to digest hearts. Following digestion, atria
and valves were removed and ventricular tissue was resuspended in
PBS and filtered through a 40um cell strainer to remove
cardiomyocytes and undigested tissue. Single cells were resuspended
in Iml of ACK (ammonium-chloride-potassium) lysis buffer
(Thermofisher Cat# A1049201) for 2 min at room temperature and
washed with 2 ml of FACS buffer— 1% fetal bovine serum, 0.1%
NaN3 Dulbecco’s Phosphate Buffered Saline (DBPS) without Calcium
and Magnesium (Lonza). Cells were resuspended in 4 ml of FACS
buffer for cell counting, which was performed using the LUNA™
automated cell counter (Logos Biosystems) using 0.4% trypan blue
(Thermofisher Cat# T10282) and the LUNA™ cell counter bright
field feature. Subsequently,
concentration of one million cells per 100 ul of FACS buffer. Samples
were stained with 3 uM of [4’,6-Diamidino-2-Phenylindole, Dilactate
(DAPI, Biolegend Cat# 422801)], in a volume of 1 ml of DAPI-FACS
buffer per sample for 15 min. Then samples were washed with 1 ml of
FACS buffer and resuspended again in 1 ml of FACS buffer for cell
sorting. Samples were sorted using BD FACS Aria II Cell Sorter (BD
Bioscences) and collected in 3-5 ml of FACS bulffer.

Single cell capture, cDNA synthesis, barcoding, and library

samples were resuspended to a

preparation was performed using the 10x Chromium system using
V3.1 chemistry according to the manufacturer’s recommendation
(10x Genomics). Each sample was loaded onto a single lane of a
Chromium Next GEM chip G to target 3,000 cells per sample.
Cells were captured in single GEMs and lysed followed by cDNA
synthesis using 12 amplification cycles, followed by library
construction per manufacturer’s protocol. An i7 multiplex single
index kit was used to generate the libraries over 14 cycles of
sample index PCR. Fragment size of cDNA and libraries was
assessed using Agilent’s 5,200 Fragment Analyzer System.

scRNAseq data analysis

Libraries were sequenced at the Roy J. Carver Biotechnology
Center at the University of Illinois, Urbana Champaign on a
NovaSeq 6,000 using one S4 lane with 2X150nt reads. Samples
were demultiplexed using Cell Ranger v6.1.1 (10X Genomics). A
custom reference was made using NCBI's GRCm39 genome and
Annotation Release 109, along with Cloning vector pEGFP-1
(GenBank: U55761.1) and SA-betageo synthetic construct [full
details of modifications in Supplemental R file, (19)]. The
“cellranger count” pipeline with default parameters was run
separately on each sample to call cells and collapse reads to unique
molecular identifiers (UMIs). Both samples were combined using
“cellranger aggr” with “~normalize = none”.
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The UMI counts per gene for all called cells were read into R
[v4.1.2, (20)] and analyzed using Seurat [v4.0.6, (21)].
were filtered out if they did not have at least 1 UMI in at least
20 cells, leaving 16,855 genes. Initial quality control involved

Genes

performing sctranform normalization (22), principal components
analysis, shared nearest neighbor cluster calling, and Uniform
[UMAP, (23)]
dimension reduction (hereafter referred to as the “Seurat

Manifold Approximation and Projection
pipeline”). One cluster of cells had extremely high percentage of
UMIs in mitochondrial genes (likely dead/dying cells) and two
other clusters had extremely low numbers of genes detected and
total number of UMIs (likely stripped nuclei). These 3 clusters
were removed completely along with a few other cells that had
total numbers of UMIs>54,742 or percentage of UMIs in
mitochondrial genes >4.58 (thresholds set at 6 median absolute
deviations). The remaining cells were re-run through the Seurat
pipeline to create the final clustering and dimension reduction.
Marker genes per cluster were found by recursively comparing
each cluster’s cells against all other clusters combined using a
Wilcoxon Rank Sum test. Within each cluster, gene expression
differences between Yap™"Wwtr1?*;PostnM™ and Postn™M cells
were tested also using a Wilcoxon Rank Sum test. The cells that
expressed Postn were overwhelmingly in one cluster, so this one
cluster was run by itself through the Seurat pipeline to find sub-
clusters of cells. Sub-cluster marker genes and within-subcluster
Yapﬂ/ﬂthrlﬂ/*;PostnMCM and PostnM™ DEGs were calculated as
before. Full R codes for all Seurat analyses are in the Supple Methods.

Western blot

Cultured rat cardiac fibroblasts or mouse left ventricles were
collected in RIPA buffer. Rat cardiac fibroblasts were collected 48 h
post siRNA transfection. Protein lysates were combined with
Laemmli buffer and separated on a 4%-15% Mini-PROTEAN TGC
precast gel (Bio-Rad) by electrophoresis. Proteins were then
transferred to a 045 um pore size nitrocellulose membrane (Bio-
Rad). Western blots were processed according to Li-Cor’s Near-
Infrared Western Blot Detection protocol and blocked using TBS
based Intercept buffer (Li-Cor Biosciences). Protein detection was
(Li-Cor
Biosciences). Uncropped blots are provided in the supplemental data.

performed wusing an Odyssey-CLx infrared imager

RNA extraction and qRT-PCR

Twenty-four hours post siRNA transfection media was
changed to DMEM with 7.5% FBS, and forty-eight hours later
cells were collected for gene expression analysis by either qRT-
PCR or RNAseq. CCN3 administered cells were collected 5h
after treatment. Cells were washed in PBS and collected in
TRIzol for RNA extraction according to the manufacturer’s
recommendations. For qRT-PCR analysis RNA was reverse
transcribed using a high-capacity cDNA reverse transcription kit
(Applied Biosystems). qRT-PCR was performed with SybrGreen
(Invitrogen) and primers listed in Supplementary Table S3 and
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amplification was detected on the QuantStudio 6 Flex (Thermo
Fisher). Gene expression was normalized to I8s ribosomal RNA
expression and analyzed in QuantStudio (Thermo Fisher).

Bulk RNAsequencing

Two methods were used to attain bulk RNAseq data. First,
primary cardiac fibroblasts were isolated from 2-day-old rats,
treated with siRNA or a universal negative control, and RNA was
extracted from cells using TRIzol extraction protocol according
to the manufacturer’s recommendations. This process was
repeated with separate litters to achieve 3 biological replicates per
group. RNA quality was determined using an Agilent
BioAnalyzer. RNA libraries were prepared by BGI Americas.
Sequencing was performed using a DNBSEQ-G400 platform at
20 M reads per sample. Adapter sequences were removed from
the output sequence and reads with low base quality (<13) were
further v0.6.5 (Babraham

Bioinformatics). Trimmed reads were then aligned to the rat

trimmed using Trim_Galore
genome (rn6) using Hisat2 v 2 2.1. Transcripts were assembled
from RNA-seq alignments using Stringtie2 v2.1.5. Expression was
quantified by fragments per kilobase of transcript per million
reads mapped (FPKM). DEGs for each experimental group, as
compared to the negative control, were detected using DESeq2.

Second, left ventricles were obtained from 4 dpi adult mice
treated with either 6 pug/kg CCN3 or PBS daily starting at 1 dpi.
RNA gqas extracted from homogenized tissue by TRIzol
extraction. RNA libraries were prepared by the Roy J. Carver
Biotechnology Center at the University of Illinois with the Kapa
Hyper mRNA library kit (Roche) and sequenced with a NovaSeq
6,000 with V1.5 sequencing kits. Fastq files were generated and
demultiplexed with the bcl2fastq v2.20 Conversion Software
(Ilumina). Salmon version 1.4.0 was used to quasi-map reads to
the GRCm39 transcriptome (NCBI) and quantify the abundance
of each transcript. Data was normalized by removing unwanted
variation by a factor of 2 (24). Differential gene expression
analysis was performed using the edgeR-quasi method using a
model of treatment+2 RUV factors plus False Discovery Rate
(FDR) correction on the P-values.

For both methods, analysis using the Ingenuity Pathway
Analysis (IPA, Qiagen) and Database for Annotation, Visualization
and Integrated Discovery [DAVID, (25)] was performed.

Statistics

Data were analyzed using Prism 8.2.0 (GraphPad). Two-way
ANOVA followed by Tukey’s multiple comparisons tests were
performed on samples with two experimental factors. For data
series consisting of two experimental factors assessed at multiple
Two-way ANOVA was
performed followed by Sidak multiple

timepoints, a repeated measures
comparisons  test.
Statistical comparisons between two groups were analyzed by
Student’s t-test, or between three or more groups by one-way

ANOVA followed by Tukey’s or Dunnett’s multiple comparisons
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test. Welch’s correction was utilized when the variance differed
significantly in groups. Assessment of survival curves was
performed using a Logrank Mantel-Cox test. Error bars in
graphical data represent standard error.

Study approval

All protocols in these studies were approved by the local
Animal Care and Use Committee and conform to the Guide for
the Care and Use of Laboratory Animals published by the
National Institutes of Health.

Results

Yap and Wwtrl are expressed in
myofibroblasts after MI

After an ischemic injury, resident cardiac fibroblasts differentiate
into myofibroblasts which aggregate at the site of injury as soon as
1 dpi with a robust presence around 4-7 dpi (1). By comparison,
uninjured hearts show little signs of myofibroblast differentiation
(<1% of interstitial cells). To assess whether the Hippo-Yap
pathway was active in myofibroblasts, we leveraged a myofibroblast
specific and tamoxifen inducible Postn Cre [Postn™“M(1)] crossed
to a transgenic reporter line containing a floxed stop codon prior
an enhanced green fluorescent protein (eGFP) in the Rosa26 locus
(R26-eGFP"*) to express eGFP in myofibroblasts following
tamoxifen induction (Figure S1A). This reporter model facilitates
reliable identification of myofibroblasts by eGFP expression in
tissue sections. R26-eGFP" +;PostnMCM mice were crossed to Yap
and Wwtrl floxed mice to generate Yapﬂ/ﬂ;thrlﬂ/ Wt;R26-eGFPﬂ o

MCM
Postn™©

reporter mice that are depleted for Yap and Wwitrl
expression in Postn cells following tamoxifen
administration (Figure S1B). We performed MI followed by

tamoxifen treatment in both postnatal day 6 (P6) and in 8-10

expressing

week old adult mice to investigate expression patterns of Yap and
Wwtrl 1A and
Supplementary Figure S1C). At 7 dpi we identified a robust

at two developmental timepoints (Figure
population of GFP +cells at the site of injury, but not in remote
cardiac tissue, in R26-eGFP" *Postn™M  mice (Figure 1B and
Supplementary Figures S1 D,E). At both timepoints we observed
nuclear Yap and Wwtrl expression in GFP+ myofibroblasts in
R26-eGEP"*;Postn™M while Yapﬂ/ﬂ;thrl i+, R26°CF,

Postn™M showed marked decrease

mice
mice in nuclear Yap

(Figures 1B,C) and Wwtrl (Figures 1D,E) expression.

Depletion of Yap in myofibroblasts results in
modest protection against ventricular
dilation post Ml

To test if Yap deletion in myofibroblasts influences cardiac

function we performed MI on Yap™'Postn™™ and Yap™'
animals followed by tamoxifen administration provided ad
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FIGURE 1

Yap and Wwtrl expression is detected in myofibroblasts after ischemic injury. (A) Experimental timeline of adult Mls and subsequent tamoxifen
administration. (B—E) Representative confocal data of the scar region in R26-eGFP”*:Postn™“™ and Yap™™ Wwtr1™*,R26-eGFP"*;Postn™M mice at
7 dpi. Scale = 100 pm. (B) Immunostaining with o-GFP and o-Yap antibodies and DAPI. Yellow arrows denote Yap co-localization in GFP positive cells,
red arrows denote absence of Yap colocalization in GFP positive cells, white arrows denote nuclear localized Yap in GFP negative cells. (D)
Immunostaining with a-GFP and o-Wwtrl antibodies and DAPI. Yellow arrows denote Wwtrl co-localization in GFP positive cells, red arrows denote
absence of Wwtrl colocalization in GFP positive cells, white arrows denote nuclear localized Wwtrl in GFP negative cells. (C,E) Quantification of Yap
and Wwtrl signal from histological staining in adult mice following MI. n =13 randomly selected GFP + cells. Unpaired student’s t-test with Welch's
correction. **P <0.01. ****P <(0.0001.

libitum in chow. We found no difference between genotypes in  (Supplementary Figure S2A). At 28dpi Yap™";Postn™™
cardiac function at baseline (3 days before MI) or at 3dpi animals had significantly smaller left ventricular internal
indicating similar degree of injury in both groups  diameters during diastole (LVID-d) compared to Yap"
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f(Supplementary Figures S2A,B). LVID-s by comparison was not
significantly different (P=0.27). While the Yap™";Postn™M
genotype conferred modest protection against left ventricular
dilation, %EF and %FS were not significantly different between
Yap™";Postn™™  and  Yap™"
S2A) nor were heart body weights
(Supplementary Figures S2C,D). At the histological level we

animals  (Supplementary

Figure weights  or
found no significant difference in CM cross sectional area
between experimental and control animals, suggesting reduced
ventricular dilation does not correlate with attenuated CM
hypertrophy in our model (Supplementary Figures S2E,F).

Together, these data illustrate that Yap depletion from
myofibroblasts imparts a slight protection against adverse
ventricular dilation after MI, but functional contractility

parameters such as %EF and %FS remain comparable to control
animals.

Considering  Yap™";Postn™“™  animals showed a slight
improvement in ventricular dilation following injury, we sought
to investigate if cell proliferation or scarring differences could be
observed. To assess cell cycle activity, following MI we
administered a single dose of EdU at 6 dpi, a time when Postn
expression and myofibroblast proliferation is high in the heart (1,
2). We found a 70% decrease in EdU+ nuclei in the scar region
of Yapﬂ/ ﬂ;Posl‘nMCM

Figures S2G,H). Based on the known role of Yap in promoting

mice compared controls (Supplementary

cell proliferation, we postulated that the significant reduction of
scar associated cell EAU incorporation is the result of decreased
myofibroblast proliferation. However, despite the reduction in
purported myofibroblast proliferation, we did not observe any
change in scar size after injury as assessed by both midline scar
percentage and the percentage of collagen content within the left
trichrome  stained serial sections

ventricle of Gomori

(Supplementary Figures S2L,J).

Depletion of both Yap and Wwtrl in
myofibroblasts improves cardiac function
followingMI

Yap and Wwtrl share overlapping roles in various cell types. In
some cases, depletion of Yap can be compensated by increased
Wwtrl activity and vice versa (26). In vitro knockdown of either
Yap or Wwtrl in neonatal rat cardiac fibroblasts demonstrated a
significant decrease in DNA synthesis compared to negative
siRNA or non-treated cells while an additive effect was observed
with knockdown of both genes suggesting redundant role for
Yap and Wwtrl in fibroblasts (Supplementary Figure S3). We
hypothesized that depletion of both Yap and Wwtrl in
post MI
compared to Yap depletion alone. To test this hypothesis, we

myofibroblasts would improve cardiac outcomes
used a genetic mouse model were both copies of Yap and a
single copy of Wwtrl are floxed, as both Postn™“™ and Wwtrl
are located chromosome 3 in mice at approximately 3 million
base pairs apart. This genetic linkage made generating a
homozygous floxed Wwtrl line with the Cre driver locus
impractical, either alone or in combination with Yap.
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We subjected Yapﬂ/ﬂ;thrl U+, postn™M or Yapﬂ/ﬂ;thrl fl/+
littermate controls to MI and subsequently fed a continuous diet
of tamoxifen citrate chow (Figure 2A). Similar to the loss of Yap
alone, depletion of Yap and Wwtrl did not affect heart weight or
body weight at 60 dpi (Figures 2B,C). While we found no
difference in cardiac function between genotypes at baseline or
3dpi, Yap™;Wwir1V*;Postn™“™ mice showed significantly
improved cardiac function at 60 dpi compared to control
(Figures 2D,E). While %FS and %EF declined to ~10% and
~17% respectively in Yapﬂ/ﬂ;thrl U+ animals, %EF and %FS in
Yapﬂ/ﬂ;thrI v *Postn™™ were maintained at ~18% and ~35%
respectively. Both LVID-s and LVID-d also trended downward in
Yapﬂ/ﬂ;thrlﬂ/ *Postt™™  mice at 60 dpi, but were not
statistically different from control mice (P=0.17 and 0.22
respectively, Supplementary Figure S4). In contrast, when
allowed to progress to the 60 dpi timepoint, Yap™;Postn™M still
showed no difference in %EF or %FS or fibrosis compared to
Yap™" littermates and heart weight and body weight were not
affected (Supplementary Figures S5-S7). We tested if the
preservation in cardiac function in Yapﬂm;thrlﬂ/ *;Postn™“M as
compared to Yap;Wwtrt* controls was the result of Cre
expression in within myofibroblasts alone by repeating the MI

study on Postn™M

transgenic mice and wildtype littermate
controls. We found no difference in %FS or %EF between these
genotypes indicating that preserved cardiac function is due to
depletion of Yap and Wwtrl, and not due to Cre expression in
myofibroblasts (Figure 2E). Together, these data illustrate that
depletion of both Yap and Wwtrl attenuate adverse cardiac
remodeling and improve cardiac function after ischemic injury.
Despite the improved cardiac function of Yap™,wwtr?"*;

MCM

Postn mice after surgical MI, no difference in cardiomyocyte

cross sectional area was observed between genotypes
(Figures 3A,B). We next tested whether depletion of both Yap
and Wwtrl from myofibroblasts resulted in modulation of cell
proliferation, scar formation, or fibrosis in our model. To
quantify proliferation of cells within the scar region, adult mice
subjected to MI were administered a single dose of EdU at 3 dpi.
Consistent with results observed in Yapﬂ/ﬂ;PostnMCMmice, Yapﬂ/ ﬂ;
Wwtrl ﬂ/J';Postn]VICMmice exhibited a 60% decrease in EdU+ scar
associated cells compared to controls, whereas the percentage of
EdU+ interstitial cells remained unchanged (Figures 3C,D and
Figure  S8). Yapﬂ/ﬂ;
Postn™~"'mice which showed no difference in scar size at 28 or

60 dpi (Supplementary Figures S2L]J, S5, S6), Yapﬂ/ﬂ;thrlﬂ/ i
MCM

Supplementary unlike

MCM.

However,

Postn™”~"'mice displayed significantly reduced scar size as
assessed by scar midline length (38% reduction) and fibrotic
percentage of the left ventricle (38% reduction) (Figures 3E,F)
and a 43% reduction in interstitial fibrosis compared to control
(Figure 3G,H). We further characterized scar composition by
quantifying denatured collagen, which is more easily turned over
and can reduce deleterious fibrosis in the heart, using collagen
hybridizing peptide Cy3 conjugate (CHP) (27). CHP binds to the
unfolded triple-helix of collagen fibers, thus marking denatured
collagen. CHP has been shown to correlate with other assays
assessing degradation of collagen post MI such as matrix
metalloproteinase activity in vivo and zymography (28, 29).
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FIGURE 2
Depletion of Yap and a single copy of Wwtrl from myofibroblasts improves left ventricular function in response to ischemic injury. (A) Experimental
timeline of echocardiography, Mls, tamoxifen chow administration, and EdU administration in adult Yap™™ Wwtr1"*and Yap™"-wwtr1"*postn™<"
mice. Quantification of (B) heart and (C) body weights at 60 dpi. n =7 Yap™ :Wwtr1™* and 4 Yap™*:Wwtr1"*;Postn™M. Unpaired student’s t-test. (D)
Representative M-mode echocardiograms of left ventricles 60 dpi. Short axis view at mid papillary muscle. Horizontal bar = 500 ms. Vertical bar =
5 mm. (E,F) Quantification of %FS and %EF analyzed by repeated measures two-way ANOVA and Sidak multiple comparisons test. n =7 Yap™™:Wwwtr1"
* 4 Yap"-Wwirl™* ;Postn™M, 5 R26-eGFP”*, 4 R26-eGFP”*;Postn™“M. A separate subset of animals establishing a baseline for Yap™™-Wwtr1™*
animals as denoted by the hashed lines and assessed by un-paired student’s t-test. n=4 Yapﬂm;W\/\/trlﬂ” and 5 Yapﬂm;W\/\/trlﬂ/‘;PosmMCM. ns = not
significant, *P < 0.05.

1. postn™Mmice showed no difference in

CHP binding compared to controls (Figures 3L)), Yapﬂ/ﬂ;

While scars from Yap

Wwtr1"V*;Postn™™ mice displayed ~2.5 fold increase in the
amount of denatured collagen in the scar region as compared to
Yapﬂ/ﬂ;thrIﬂ/ ™ littermates (Figures 3K,L). Thus, depletion of
both Yap and Wwtrl significantly modulated scar size and also
collagen composition following MI.

Prior studies have demonstrated that genetic ablation of Postn
expressing cells (i.e., myofibroblasts) results in a stark decreased
survival post MI due to lack of scar deposition and subsequent
rupture (1). Importantly, neither depletion of Yap and Wwtrl
nor expression of Cre itself significantly affect survival of
infarcted mice (Figure 3M). Collectively, combined depletion of
Yap and Wwtrl in myofibroblasts attenuates fibrosis and
improves functional outcomes following ML

Single cell analysis defines Yap and Wwitrl
downstream targets in cardiac
myofibroblasts post Ml

We next performed transcriptomic profiling on interstitial cells
MEM and Yap" " Wwtr1™*;Postn™“M hearts post injury
to identify transcriptional changes and differential infiltration of

from Postn

Frontiers in Cardiovascular Medicine

cell types between genotypes. At 7 days post MI, hearts were
extracted, digested into single cell suspension, and FACS sorted
for live nucleated cells. We targeted cDNA and library
construction of 3,000 cells per genotype on the 10x Chromium
Controller for sequencing. We obtained a total of 6,063 high
quality sequenced cells, 2,930 from Postn™“™ and 3,133 from
Yapﬂ/ﬂ;thrIﬂ/ *;Postn™“M hearts, at an average sequencing
depth of 47,945 reads per cell. Cluster analysis of interstitial cells
revealed 18 main populations consisting of neutrophils (clusters
1, 18), B cells (cluster 2), macrophages/monocytes (clusters 0, 3,
11, 12, 13), T cells (clusters 4, 7, 8, 10), fibroblasts (cluster 5),
natural killer cells (cluster 14), and dendritic cells (cluster 17)
(Figures 4A,B and Supplementary Tables S4, S5). Two small
clusters (15 and 16) could not be identified or expressed mixed
cell type markers. While cells from each genotype were
represented in most clusters, clusters 6, 9, and 10 were primarily
derived from Yapﬂ/ 1. Wwtr 1+, Postn™MM (Figures 4C). Cluster 6
and 10 were enriched for proliferation markers (Top2a and
Mki67), suggesting a population of proliferative T cells infiltrate
myocardial injury in response to Yap/Wwtrl myofibroblasts
depletion.

We were primarily interested in fibroblast gene expression
profiles in Yapﬂ/ﬂ;thrlﬂ/ *Postn™M  hearts following MI

compared to control, as this comparison could provide insights
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FIGURE 3

Depletion of myofibroblast Yap and Wwtrl decreases fibrosis at 60 dpi. (A) Representative images of WGA staining in the remote zone of the left ventricl
at 60 dpi. Scale = 50 um. (B) Quantification of cardiomyocyte cross sectional area. n =7 Yap™™:Wwtr1™* and 4 Yap™™ Wwtr1"* Postn™“M. Unpaired
student’s t-test. (C) Representative images denoting EdU+ nuclei within the scar area. White arrows indicate EdU+ scar associated nuclei. Scale =
100 pm. (D) Quantification of EdU+ scar associated nuclei. n=6 Yap™":Wwtrt™* and 4 Yap™™Wwir1™*;Postn™“M. Unpaired student’s t-test. (E)
Representative serial sections of Gomori trichrome stained hearts measured from the apex. Scale =5 mm. (F) Quantification of infarct scar size by
either total fibrotic area or midline size of the left ventricle. n=7 Yap™":Wwtr1™* and 4 Yap™™"-Wwtr1"* Postn™“M. Unpaired student's t-test. (G)
Representative images depicting interstitial fibrosis within the remote zone of Gomori trichrome stained hearts. Scale = 50 um. (H) Quantification of
the % blue fibrotic area vs. total ventricular tissue. n=7 Yap™"Wwtrt"* and 4 Yap™™:Wwitr1"*;Postn™™. Unpaired student's t-test. (I,K)
Representative images of CHP staining within the scar region of 60 dpi mice. Scale =100 pm. (J,L) Quantification of CHP as a % area of the scar
region. n=4 Yap™" 3 Yap™":Postn™M, 7 Yap™":wwtr1™*, and 4 Yap™™Wwtr1"* Postn™“M Unpaired student's t-test. (M) Survival curve comparing
Yapﬂ/ﬂ;l/\/wtrlﬂ/* and Yapﬂ/ﬂ,‘thrlﬂ/*,'PosmMCM or R26-eGFP”* and R26-eGFP”*;Postn™““mice after M| until the 60 dpi end point. Animals that died

during surgery were not included. n =9 Yap™"-Wwtr1™*, 7 Yap™":-Wwwtr1™*;Postn™“™ 8 R26-eGFP”*, 10 R26-eGFP”*;Postn™“™. Logrank Mantel-Cox
test. Ns, not significant, *P < 0.05, and **P < 0.01.

into the mechanisms downstream of Yap and Wwtrl that mediate
adverse cardiac remodeling or fibrotic phenotypes. Notably, Yap
and Wwtrl expression was almost exclusively detected in  showed significant negative activation scores for Yap, Wwtrl,
fibroblasts (cluster 5) (Figure 4D). Differential expression and Teadl as upstream regulators (—0.427, P-value 1.56E—16;
analysis on fibroblasts (cluster 5) revealed 319 differentially = —1.026, P-value 7.05E—03; and —1.739, P-value 2.44E—07
expressed genes (DEGs) between Yap™™;Wwitr1™*;Postn™“™ and  respectively) compared to Postn™“™ fibroblasts, indicating
Postn™ ™ genotypes (Supplementary Table S6). Upstream  downregulation of reported Yap/Wwtrl/Teadl target genes in
regulator analysis of DEGs indicated fibroblasts from Yapﬂ/ﬂ; conditional knockout fibroblasts (Supplementary Figure S9).
Wwtr1V*;Postn™™  mice upregulated pathways related to  Amongst the most strongly upregulated genes in fibroblasts from
proinflammatory cytokines (IFNy, Statl, Tnf) and downregulated  Yap™™; Wwtr1"*;Postn™ ™ hearts included genes associated with

pathways related to cell cycle activation (Myc (30) and Trim24  collagen secretion and pro-tumorigenic fibroblast properties

(31)) and pro-fibrotic cytokine activation such as IL4 (32)
(Figure 4E). Furthermore, Yapﬂ/ﬂ;thrlﬂ/ *Postn™“M fibroblasts
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[Saa3, Mpp6, Pdgfra (33, 34)]. Amongst the most downregulated
genes included proto-onco genes (Laptm4b (35), Clec3b (36))
and the myogenic marker, Desmin [Des (37)]. Of particular
interest, the secreted matricellular protein Ccn3 was amongst the

most

strongly

suppressed

in  Yap"wwtrl
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ﬂ/+;POStl’lMCM

152

fibroblasts (average Log, fold change=—1.69, adjusted P-value
1.24 x 10™'). While CCN family members, Ccnl [Cyr61 (38)]
and Ccn2, [Ctgf (39, 40)] are well known transcriptional targets
of Yap and Wwtrl, Ccn3 expression has not been previously
linked to the Hippo-Yap pathway.
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To improve resolution of fibroblast phenotypes, we re-clustered
cells from fibroblast cluster 5 which resulted in 6 distinct clusters
0-5 (Figure 4F). Cells from both Yapﬂ/ ﬂ;thrl fir *Postn™M and

MCM
Postn™€

genotypes populated clusters 3 and 5 while cluster 0,
2, and 4 were derived primarily from Postn™“™ hearts and
cluster 1 derived primarily from Yap""Wwtr1™*;Postn™M
hearts (Figure 4G). Cluster 0 was highly enriched for anti-
proliferative and pro-fibrotic IGF binding proteins [Igfbp5, Igfbp6
Igfbp3 (41, 42)] as well the epicardial marker Dmkn (41, 43-45).
Cluster 2 was enriched for genes encoding chemotactic genes
(Cxcl13, Cxcll, Cxcll2, Apln), and Cluster 4 was strongly
enriched for matrifibrocyte markers (Angptl7, Thbsl, Sfrp2)
described by Forte et al. as well as Vegfc (46). Thus, fibroblasts

derived primarily from Postn™“M

control hearts appear to be
enriched for pro-fibrotic and pro-inflammatory genes and more
closely resemble matrifibrocyte phenotype designed to support a
rigid scar (2). Cluster 1 was enriched for epicardial markers
[Saa3, Mpp6 (46)] suggesting distinct activation of epicardial
derived fibroblasts in Yap™®;Wwtr1™*;Postn™ ™ hearts. Cluster 3
contained cells from both genotypes and was strongly enriched
for genes described by Forte et al. as proliferating myofibroblasts
[Cenpa, Hmgb2, Cdc20, Birc5, Cks2, Stmnl, Top2a, among others
(46)]. Cluster 5 contained genes from both genotypes and was
strongly enriched for genes encoding ECM components (Mfap4,
Col8al, Coll4al, Coll5al) and contractile proteins (Postn, Acta2,
Tagln) suggesting a secretory myofibroblast phenotype (47).
Collectively, differential gene expression and marker analysis of
fibroblast sub-clusters indicates fibroblasts from Yapﬂ/ ﬂ;thrl i *
Postn™™ hearts are less proliferative and secretory, and display
distinct inflammatory chemokines compared to Postn™“™ hearts.

Yap and Wwtrl co-depletion synergistically
modulates Ccn3 gene expression in cardiac
fibroblasts

We next sought to address if gene expression changes observed
in vivo in Yapﬂ/ﬂ;thrlﬂ/ *Postn™M cells were associated with
depletion of either Yap or Wwtrl individually or required
depletion of both factors. We performed siRNA mediated
knockdown of Yap and/or Wwtrl in cultured primary rat
neonatal cardiac fibroblasts which resulted in greater than ~70%
depletion of Yap and Wwtrl as verified by qRT-PCR
(Figure 5A). Compared to the negative control and single
knockdowns of either Yap or Wwtrl, we identified distinct
genetic profiles for Yap/Wwtrl double knockdown cells as
evident by a principal component analysis (PCA) of DEGs
(Figure 5B). A relatively large set of significantly DEGs (P <.05)
with Log, fold change (Log2FC) >2 or <—2 were unique to Yap/
Wwitrl double knockdown cells (252 genes) while Yap or Wwirl
knockdowns shared the DEGs
(Figure 5C), suggesting high functional redundance of Yap and

single majority of their
Wwtrl in cardiac fibroblasts. A large gene cluster that was
activated only when both Yap and Wwtrl were knocked down
contained genes primarily related to the immune response
(Figure 5D). A gene cluster that was significantly downregulated
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in the Yap/Wwtrl knockdown group contained genes primarily
regulated by TgfB-1 and related to “hepatic fibrosis”, Stat3
pathway, and Th2 pathway— illustrating suppression of pro-
fibrotic genes with depletion of Yap and Wwtrl. Gene ontology
analysis of DEGs unique to Yap and Wwtrl co-depletion were
related to extracellular space (Figure 5E) indicating modulation
of matrix or secreted proteins. We specifically measured
expression of genes that were most strongly differentially
expressed in the fibroblast cluster (cluster 5) from our in vivo
scRNAseq experiment to determine if their expression was
regulated by depletion of Yap, Wwtrl, or both Yap and Wwtrl.
Out of the top five downregulated genes from the in vivo
scRNAseq experiment, Ccn3 was the most highly expressed in
negative siRNA treated cultured cardiac fibroblasts (Figure 5F).
Of these genes, only Ccn3 was robustly suppressed with Yap +
Wwtrl siRNA mediated depletion (Figure 5G). While expression
of most genes tested showed a synergistic (Cfb, Mgp, Prss23) or
additive (B2m, Irf7, Isgl5, Tnfrsf11b) response to Yap and Wwitrl
depletion, Anxa2 appeared primarily regulated by Yap while
Ccn3 and S$100a10 more regulated by Wwtrl
(Supplementary Figures S10A,B). From these data we observed

strongly

a synergistic role between Yap and Wwtrl regulating gene
expression in cardiac fibroblasts, with Ccn3 expression of
particular interest given its prominence in the datasets and
function as a matrix element.

CCN3 administration contributes to adverse
ventricular remodeling and fibrosis post Ml
in mice

Ccn3 was the most strongly downregulated gene in Yap™";
WwtrlV*Postn™™  fibroblasts at 7 dpi  (Supplementary
Table S6 and Figures S11A,B) that was also significantly and
robustly decreased following in vitro knockdown of Yap + Wwtrl
fibroblasts, but not Yap knockdown
(Figure 5G). To confirm our results from scRNAseq and bulk
RNAseq of cultured fibroblasts, siRNA
knockdown experiment in neonatal rat cardiac fibroblasts and

in cardiac alone

we repeated the

measured Ccn3 protein levels. In agreements with our
RNAsequencing, knockdown of Yap alone showed no change in
Ccn3 Yap + Wwtrl  knockdown

significantly decreased Ccn3 protein expression (Figures 6A,B

protein levels, whereas
and Supplementary Figure S12). Ccn3 is a member of the CCN
(Cyr61, Ctgf, Nov) family of secreted extracellular proteins (48).
While studies have linked Ccn3 to integrin and Notchl mediated
signaling (49) and prevention of renal fibrosis (16), the role of
Ccn3 in the heart post injury is virtually unexplored. Ccn3
protein is more abundant in infarcted hearts at 14 dpi compared
to uninjured hearts and its expression is decreased in Yap™™;
Wwtr1 ", Postn™M Yap Lt

(Figure 6C and Supplementary Figure S13). These data mirror

compared  to mice

observations in human patients suffering from dilated
cardiomyopathies, who also show elevated cardiac CCN3
expression (50). Furthermore, Ccn3 expression is strongly

enriched in cardiac fibroblasts when compared to other
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FIGURE 5
Gene expression following Yap and/or Wwtrl depletion in vitro. (A) Relative RNA expression of Yap and Wwtrl after siRNA knockdown in primary cardiac
fibroblasts. n = 3 negative control, n =4 Yap, n=4 Wwtrl, n =4 Yap + Wwtrl. Each data point represents a biological replicate derived from cells from
independent pooled litters. One-way ANOVA comparing experimental groups to negative siRNA control by Dunnett's test. (B) PCA of DEGs from
RNAseq from siRNA treated cells n =3 per group. (C) Venn Diagram denoting unique and common DEGs with pAdj <0.05 and log2FC >2 or <-2
from Yap, Wwtrl, and Yap/Wwtrl knockdown (D) Heat map showing relative DEGs with pAdj <0.05 and log2FC >2 or <—2. The top three canonical
pathways and top three upstream regulators identified for each gene cluster by IPA are listed. (E) The top cellular component terms derived from
genes uniquely differentially expressed after Yap/Wwtrl knockdown. (F) Table depicting the top downregulated differentially expressed genes between
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FPKM values of the genes depicted in (F) following siRNA treatment. Ns, not significant, *P < 0.05, and ***P < 0.001.

interstitial cells (Figures 6D and Supplementary Figure S14,
Tables S5, S7) suggesting fibroblasts are the primary source of
CCN3 in the heart. We hypothesized that Ccn3 downregulation
in Yapﬂ/ ﬂ;thrI fir *Postn™M fibroblasts contributes to improved
cardiac functional outcomes post MI, and therefore CCN3
overactivation would promote adverse cardiac remodeling. To
test this hypothesis, we performed MI on adult C57/B6 mice and
subsequently administered mice with either recombinant CCN3
or vehicle (PBS) by intraperitoneal injection 3 times per week,
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beginning at 1 dpi (Figure 7A). A prior study performed same
protocol to investigate the role of CCN3 on fibrosis linked to
diabetic nephropathy, demonstrating its efficacy in localizing to
the heart following interperitoneally injection (16). Strikingly, we
found at just 3 dpi that compared to vehicle, mice receiving
CCN3 already started to show a decline in cardiac function, and
by 14 and 28dpi cardiac function was substantially and
significantly worse (Figure 7B and Supplementary Figure S15).
LVID-s increased significantly with administration of CCN3 over
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Ccn3 abundance decreases with depletion of Yap/Wwtrl. (A) Western blots depicting protein abundance of Yap, Wwtrl, or Ccn3 following siRNA
treatment in cultured neonatal rat cardiac fibroblasts with Gapdh loading controls. (B) Quantification of Ccn3 protein from neonatal rat cardiac
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clusters 5 and 16. Ns, not significant and *P < 0.05.

the 28-day experiment while LVID-d trended towards being larger
(P =0.08 at 28 dpi, Figure 7B). Heart weight and body weight were
not significantly different between groups (Figure 7C). Histological
analysis at 28 dpi revealed significantly larger scars (Figures 7D,E)
and increased proliferation of scar associated cells in response to
CCN3 administration (Figures 6F,G) but no difference in
cardiomyocyte cross sectional area (Figures 6H,I).

We next assessed whether CCN3 administration in mice
following infarction resulted in transcriptional changes that
We performed MI and
administered CCN3 or PBS for 3 consecutive days starting at
1 dpi. Hearts were collected 4 h after the final injection and left
ventricular tissue was processed for bulk RNAsequencing.

promote adverse remodeling.

RNAseq data was normalized to remove unwanted variation,
resulting in distinct genetic profiles between CCN3 and PBS
control treated animals (Figure 8A). We observed extracellular
matrix associated genes were predominantly upregulated in
ventricles of CCN3 treated mice while transcripts related to
mitochondrial function were suppressed (Figures 8B-D). Thus,
we illustrate CCN3 administration following injury drives fibrotic
gene networks in myocardial tissue. Further assessment of DEGs
by IPA was performed to identify which pathways were
modulated. TgfB1, a well characterized promoter of fibrosis, was
the most while Teadl, a
transcription factor activated with Yap/Wwtrl activity, was the
most strongly inhibited (Figure 8F) (8, 51). Interestingly, while
genes mediated by Teadl predominantly
suppressed, indicating a potential repression of Yap/Wwtrl

activated upstream regulator

activity ~ were
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activity, the expression of the matrix associated genes and CCN
family members, Ccnl and Ccn2, were significantly increased
(Figure 8G). Ccnl is promoted by and subsequently drives TgfB1
activity, promoting fibrosis in the heart (52, 53) and our data
suggests a novel role for exogenously administered CCN3 in
contributing to Cenl, Ccn2, and TgfB1 signaling in the heart and
aggravating fibrotic remodeling post MI. We further assessed the
cell type on which CCN3 is acting by treating neonatal rat
ventricular cardiac fibroblasts or myocytes at two different
dosages. At the higher dose, CCN3 drove expression of the pro-
fibrotic genes Fnl, Serpinel, and Ccn2 as well as Yap in cardiac
fibroblasts (Supplementary Figure S16). CCN3 administration to
cardiomyocytes however significantly promoted expression of the
cell cycle gene Aurkb, the hypertrophic gene Nppb, as well as the
Hippo-Yap elements Ccnl, Ccn2, and Wwtrl (Supplementary
Figure S17). Together, our data implicates Ccn3 as an element
promoting adverse remodeling.

Discussion

A nuanced understanding of how myofibroblasts function
during wound healing as they proliferate (2), migrate (54), secrete
matrix and cytokines (55, 56), recruit immune cells (57), and
facilitate a multitude of other roles is salient to understanding the
complex nature of progressive heart failure. A therapeutic means
to promote the beneficial nature of myofibroblasts (early matrix
deposition after injury and recruitment of anti-inflammatory

frontiersin.org
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Ccn3 administration promotes fibrotic gene expression post MI. (A) Experimental timeline of echocardiography, Mls, CCN3 administration, and EdU
administration in adult mice. (B) Quantification of left ventricular function by fractional shortening, ejection fraction, and left ventricular internal
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immune cells) while reducing deleterious aspects (latent fibrosis)
would be beneficial to curbing heart failure. To this extent, our
studies characterize a means by which myofibroblast proliferation
and production of cell matrix genes is regulated by the Hippo-Yap
pathway. However, how Hippo-Yap signaling in myofibroblasts
affects cardiomyocyte function and whether it elicits an apoptotic
response has yet to be determined.
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Although the role of the Hippo-Yap pathway has been studied
in progenitor epicardial cells and resident cardiac fibroblasts (9, 10,
12, 13), we take the novel approach of assessing the role of
and  Wwtrl
myofibroblasts, the cell type responsible for the lion’s share of

endogenous  Yap expression specifically in
matrix deposition following MI (1). While deletion of Yap alone

did not result in observable changes in scar size or fibrosis, co-
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disruption of Yap/Wwtrl resulted in significantly improved cardiac
function as well as reduced scar size, interstitial fibrosis, and
increased denatured collagen. These results are similar to
depletion of Yap and Wwtrl in resident cardiac fibroblasts
whereby Yap and Wwtrl have been shown to regulate the
transition of cardiac fibroblasts to a myofibroblast state (12).
However, as therapeutic strategies would likely be implemented
after an injury event, once myofibroblast are already activated,
our study indicates that inhibiting Yap/Wwtrl or downstream
functional mediators after the transition has already occurred
would a reasonable approach.

We highlight the synergistic role of Yap and Wwtrl in
regulating gene expression in cardiac fibroblasts. Our in vivo data
demonstrates a significant improvement in cardiac function in
Yap" Wwtr1V*;Postn™ ™ whereas minimal improvement was
observed in Yapﬂ/ ﬂ;PostnMCM animals. However, these studies did
not include depletion of Wwtrl alone. Thus, Yapﬂ/ﬂ;thrIﬂ/ *
MEM - phenotypes could be attributed to either Wwtrl
depletion alone or to Yap and Wwtrl depletion, necessitating
further studies to verify this. Our in vitro transcriptomic data

Postn

elucidated strong synergy in gene regulation with depletion of
both Yap and Wwtrl, and enabled us to identify genes
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differentially expressed in vivo in Yap™ ,Wwtr1"*;Postn™™ that

were regulated by Wwtrl or Yap + Wwtrl, but not by Yap alone.
This cross-reference approach helped us prioritize candidate
factors that might be mediating the effects of Yap/Wwtrl in
cardiac myofibroblasts.

Our in vitro and in vivo RNA sequencing experiments pointed
to candidate genes whose function has been unexplored in the
context of cardiac remodeling. Of these genes, Ccn3 was of
particular interest. CCN family members consist of secreted
extracellular proteins which have been shown to interact with
extracellular matrix components such as Fblnl and receptors
such as integrins and Notch (49). Other members of the CCN
family include the well-studied and direct targets of Yap/Wwtrl
mediated transcription Ccnl and Ccn2 (39, 40). Literature on the
interaction between Ccn3 and Hippo-Yap signaling is sparse, but
data indicate Ccn3 expression correlates with Yap/Wwtrl
Yap/Wwtrl/Tead inhibitor
verteporfin decreases CCN3 expression in cultured human
dermal fibroblasts
transcriptionally

activity. Administration of the
(58) while a decrease in the ratio of
suppressed  phosphorylated
unphosphorylated Yap correlated with an increase in Ccn3

Yap to

during fragmentation of murine ovaries (59). Similar to our
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findings in injured mice, endomyocardial biopsies from patients
with dilated
expression of CCN3 (50). In mice, Ccn3 knockout mutants

cardiomyopathy show significantly increased
display endocardial defects and delayed ventricular septum fusion
during development, but are viable as adults (60). Adult
knockout mice exhibit cardiomyopathy denoted by hypertrophy
and calcification of the septal wall, but not overt ventricular
fibrosis (60). To our knowledge, MI studies have not been
performed in Ccn3 knockout mice. Overall, the consequence of
Ccn3 expression on fibrosis across tissues is not well defined in
the literature. While it has been documented in some models
that Ccn3 reduces fibrosis via antagonism with Ccn2 and by
extension TgfBl signaling (58, 61), this is not always the case
(50, 62, 63). Indeed, we illustrate both TgfB1 signaling and Ccnl
expression are both increased in vivo with administration of
CCN3. Furthermore,

following cardiac injury was increased. These results mirror those

proliferation of interstitial scar cells
from Lin et al. where CCN3 has been shown to promote DNA
synthesis in cultured human skin fibroblasts in the presence of
FGF2 (64). However, as systemic administration of CCN3 does
affect the renal system and potentially other organ systems and
various cell types, we cannot rule out off target effects such as
hypertension that may indirectly impact reduced cardiac function
we observed in our experiments. Future studies will be aimed at
elucidating the how Yap/Wwtrl modulates Ccn3 expression in
cardiac fibroblasts and the collective mechanisms by which Ccn3
contributes adverse cardiac remodeling.

Together, our work illustrates the intrinsic function of Yap and
Wwtrl in myofibroblast activity which promotes fibrosis and
deleterious remodeling of the left ventricle after injury. We
demonstrate that Ccn3 expression is regulated by Yap and
Wwtrl, and CCN3 administration substantially contributes to
adverse cardiac function post MI. As such, the Hippo-Yap
pathway, Ccn3, or other downstream elements expressed in
cardiac myofibroblasts could be attractive targets for modulating
adverse remodeling following MI.
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(ACE) gene with peripartum
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Irma Maghfirah', Kristin Purnama Dewi*’, Agus Subagjo’,
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'Department of Cardiology and Vascular Medicine, Faculty of Medicine, Airlangga University—Dr
Soetomo General Hospital, Surabaya, Indonesia, 2Faculty of Medicine, Duta Wacana Christian University,
Yogyakarta, Indonesia, *Department of Pulmonology and Respiratory Medicine, Faculty of Medicine,
Airlangga University—Dr. Soetomo General Hospital, Surabaya, Indonesia

Introduction: Peripartum cardiomyopathy (PPCM) is a potentially life-threatening
pregnancy-related heart disease. Genetic roles such as gene polymorphisms may
relate to the etiology of PPCM. This study analyzes the association between single
nucleotide gene polymorphism (SNP) guanine nucleotide—binding protein beta-3
subunit (GNB3) C825T and insertion/deletion (I/D) of the angiotensin-converting
enzyme (ACE) gene with the incidence of PPCM.

Methods: An analytic observational study with a case—control design was conducted
at the Integrated Cardiac Service Center of Dr. Soetomo General Hospital, Surabaya,
Indonesia. PPCM patients of the case and control groups were enrolled. Baseline
characteristic data were collected and blood samples were analyzed for SNP in the
GNB3 C825T gene and for I/D in the ACE gene by using the polymerase chain
reaction, restriction fragment length polymorphism, and Sanger sequencing. We
also assessed ACE levels among different ACE genotypes using a sandwich-ELISA test.
Results: A total of 100 patients were included in this study, with 34 PPCM cases and
66 controls. There were significant differences in GNB3 TT and TC genotypes in the
case group compared with that in the control group (TT: 35.3% vs. 10.6%, p = 0.003;
TC: 41.2% vs. 62.5%, p = 0.022). The TT genotype increased the risk of PPCM by 4.6-
fold. There was also a significant difference in the ACE DD genotype in the case group
compared with that in the control group (26.5% vs. 9.1%, p = 0.021). DD genotypes
increased the risk of PPCM by 3.6-fold. ACE levels were significantly higher in the
DD genotype group than in the ID and Il genotype groups (4,356.88 + 232.44 pg/
mL vs. 3,980.91 + 77.79 pg/mL vs. 3,679.94 + 325.77 pg/mL, p < 0.001).

Conclusion: The TT genotype of GNB3 and the DD genotype of the ACE are likely to
increase the risk of PPCM. Therefore, these polymorphisms may be predisposing risk
factors for PPCM incidence. ACE levels were significantly higher in the DD genotype
group, which certainly had clinical implications for the management of PPCM patients
in the administration of ACE inhibitors as one of the therapy options.

KEYWORDS

single nucleotide polymorphism, peripartum cardiomyopathy, PPCM, guanine nucleotide—
binding protein subunit B3, angiotensin-converting enzyme
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1. Introduction

Maternal mortality ratio (MMR) is an indicator that describes
national maternal health and welfare. Global MMR reached 214 per
100,000 live births in 2016 (1). In developing countries, MMR is 20
times higher than in developed countries (1). In 2012, Indonesia’s
MMR was 359 per 100,000 live births (2). An evaluation of the
2015 Millennium Development Goals revealed that 38 mothers
in Indonesia died from diseases or complications related to
pregnancy and childbirth every day (MMR: 305 per 100,000 live
births). The causes of maternal death are mainly bleeding,
infection, and cardiovascular disease, including hypertension
during pregnancy and heart failure (3).

Peripartum cardiomyopathy (PPCM) is a potentially life-
threatening pregnancy-related disease (4). PPCM is characterized
by left ventricle (LV) dysfunction in the late peripartum period
or in the first months of postpartum without a known history of
heart disease (5). To date, there are many hypotheses about the
etiology of PPCM, but none is considered as the primary
explanation for all cases. PPCM is known to have a pathogenesis
that involves many factors such as maternal autoimmune
response, inflammation, oxidative stress, imbalance of cardiac
proapoptotic factors and anti-angiogenic factors, micronutrient
deficiencies, and genetic causes (6). Due to the complexity of the
etiology, genetic factor, especially gene polymorphism, may play
an essential role (7). Two major PPCM registries, Investigation of
Pregnancy Associated Cardiomyopathy (IPAC) (8) and
EURObservational Research Programme (EORP) (9), reported
various incidence rates of PPCM among countries in different
regions, which may be related to genetic predisposition in
different races.

The guanine nucleotide-binding protein subunit B3 (GNB3) gene
encodes the B3 subunit of G protein (GB3) located on chromosome
12p13 that consists of 11 exons and 10 introns. The single
nucleotide polymorphism (SNP) of GNB3 at exon 10, C825T, is
associated with an increased prevalence and poor outcome of
PPCM in individuals T allele
polymorphisms in the GNB3 gene are associated with increased

of African progeny (10).

intracellular signaling, increased risk of hypertension, low plasma
renin, and cardiac remodeling (10). To date, there are no studies on
GNB3 C825T gene polymorphism, especially in Asian populations.
The role of the insertion/deletion (I/D) 287-bp sequence inside
intron 16 of the angiotensin-converting enzyme (ACE) gene and
ACE activity in the etiology, pathogenesis, prognosis, and clinical
implications of the cardiovascular system has been extensively
studied. The deletion polymorphism of the ACE allele is
associated with increased levels of ACE (11). In addition, the
ACE DD genotype is
cardiomyopathy such as

positively correlated with specific
ischemic cardiomyopathy (ICM),
hypertrophic cardiomyopathy (HCM), alcoholic cardiomyopathy,
and idiopathic dilated cardiomyopathy (IDCM) (12, 13). IDCM
with low ejection fraction (EF) has a phenotype similar to
PPCM, suggesting that there may be an association between the
I/D of the ACE gene and PPCM. This study aims to determine
the association between the SNP of the GNB3 C825T gene and

the I/D of the ACE gene in women with PPCM.
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2. Methods
2.1. Study design

An analytic observational study with a case—control study was
conducted at the Integrated Cardiac Service Center, at Dr. Soetomo
General Hospital and Institute of Tropical Diseases (ITD)
Laboratory of Airlangga University, Surabaya, Indonesia from
January 2021 to June 2022. The case group consisted of all

group
comprised women without PPCM or a history of PPCM. The

women diagnosed with PPCM, while the control

study was approved by the Dr. Soetomo General Hospital
Surabaya Ethics Committee (0151/KEPK/I1/2021). All procedures
were approved by the relevant ethics committees and written
informed consent was obtained from all study participants.

2.2. Patients and controls

All women who were 18-40 years’ old and who underwent
examination and treatment at the Polyclinic Integrated Cardiac
Service Center of Dr. Soetomo General Hospital Surabaya were
included. PPCM was diagnosed according to the criteria of the
European Society of Cardiology (ESC) Working Group on
Peripartum Cardiology in 2010 (14). The criteria were: (1) Heart
failure symptoms that appeared in the last 1 month of pregnancy
to 5 months’ postpartum; (2) No history and other identifiable
causes of heart failure; and (3) An left ventricular ejection
fraction (LVEF) <45% based on echocardiography. All PPCM
patients with previous history of heart failure, a history of
coronavirus disease 2019 (COVID-19) infection complicated with
any heart problems, and incomplete data were excluded. Controls
were women with a history of pregnancy who had never been
diagnosed with PPCM.

2.3. Detection of GNB3 C825T gene
polymorphisms and ACE gene I/D

Patients selected on the basis of inclusion and exclusion criteria
and signed a letter of informed consent to participate in the study.
A 5mL sample of cubital venous blood was collected in an
ethylenediaminetetraacetic acid (EDTA) tube and rested for
about 30 min. The tube was then centrifuged at 300 rpm for 10
min to separate the plasma. DNA extraction was carried out
using the QiaAMP DNA Blood Mini Kit (Qiagen, Hilden,
Germany) and stored at —20°C. DNA content was quantified by
spectrophotometric absorption (Nanodrop Spectrophotometer,
BioLab, Scoresby, VIC, Australia). All DNA samples were blind-
tested.

The GNB3 C825T polymorphism was examined according to
the procedure stipulated by Siffert et al. (15). We used 5’
TGACCCACTTGCCACCCGTGC 3" as a sense primer and 5’
GCAGCAGCCAGGGCTGGC 3’ as an antisense primer. The
polymerase chain reaction (PCR) was run using a Promega
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master mix reagent kit following the manufacturer’s instructions
(Promega, Madison, WI, United States). Amplifications were
carried out in the TI00TM Thermal Cycler (Bio-Rad, Hercules,
CA, United States) as follows: 35 cycles with denaturation at 94°
C for 1 min; annealing at 58°C for 45s; extension at 72°C for
1 min; and a final extension at 72°C for 7 min. Amplification
products were digested by using the restriction endonuclease
enzyme, BseDI/BsaJl (MBI Fermentas, St. Leon-Rot,
Germany), at 37°C in a water bath for 3 h and 80°C for 5 min.
DNA fragments were obtained after the restriction enzyme
was electrophoresed on a 2.5% agarose gel and stained with
ethidium bromide and the BenchTop 1,000 bp DNA Ladder
(Promega, Madison, WI, United States). The DNA fragments
were imaged under ultraviolet (UV). The T allele was not
digested by using the restriction endonuclease enzyme. It
the of 256bp (TT
genotype), whereas the C allele corresponded to 152 bp and

corresponded to cDNA fragments
104 bp (CC genotype). Thus, the CT genotype produced three
bands, 256 bp, 152bp, and 104bp (Figure 1A). Three
representative samples of each genotype (TT, TC, and CC)
were confirmed with DNA sequencing using the Sanger
method. DNA sequencing for the GNB3 C825T polymorphism
was performed by using the ABI Prism 24-capillary 3,500xL
Genetic Analyzer to confirm the PCR result. The sequence
analysis of the DNA is shown in Figure 1B. The results were

10.3389/fcvm.2023.1096514

compared with the reference strains of the sequences that were
published in GenBank using the Clone Manager Professional
version 9.0.

The I/D ACE polymorphism was examined as described by
Rigat et al. (16). To amplify the ACE, a pair of primers 5’
CTGGAGACCACTCCCATCCTTTCT 3" and an antisense
primer 5° GATGTGGCCATCTTCGTCAGA 3’ were used. The
PCR amplification was processed as described for GNB3. The
PCR product is a 490 bp fragment in the presence of the
insertion (I) allele and a 190 bp fragment in the presence of the
deletion (D) allele. Thus, each DNA sample revealed one of three
possible patterns after electrophoresis: a 490 bp band (genotype
II), a 190 bp band (genotype DD), or both 490 bp and 190 bp
bands (genotype ID) (Figure 1C).

2.4. ACE ELISA test

Plasma from the PPCM group sample was separated after
centrifugation and stored at —20°C until analysis. To determine
the level of the ACE between different alleles and the genotype of
ACE 1/D, a sandwich-ELISA test was conducted using a Human
Angiotensin-Converting Enzyme 1 ELISA (Elabscience, Hubei,
China). The resulting optical density was read by using the
BioRad ELISA Reader at 450 nm.
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chain reaction; ACE, angiotensin-converting enzyme.

(A) Visualization of GNB3 PCR products. The results from 10 samples show TT genotypes: sample nos. 2 and 27; CC genotypes: sample nos. 5 and 18; TC
genotypes: sample nos. 9, 11, 12, 14, 17, and 25. (B) DNA sequencing chromatogram and amino acid sequence restriction of GNB3. The lines point to
nucleotide 825. Chromatogram of GNB3 shows TC genotypes at the upper left, TT genotypes at the upper right, and CC genotypes at the middle
bottom. (C) Visualization of ACE gen PCR products. The results from 10 samples show DD genotypes: sample nos. 21, 37, 43, and 50; Il genotypes:
sample nos. 54 and 55; TC genotypes: sample nos. 26, 30, 49, and 53. GNB3, guanine nucleotide—binding protein beta-3 subunit; PCR, polymerase
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2.5. Statistical analysis

The data obtained were processed using SPSS (IBM Statistics
20.0) for Windows. The Hardy-Weinberg Equilibrium (HWE)
was used to estimate the number of heterozygous and
homozygous variant carriers in non-evolving populations on the
basis of allele frequency. The y> test for the degree of freedom
(dF) =1 and a p-value = 0.05 were used to determine whether the
observed genotypic distribution for GNB3 and ACE agreed with
the HWE. The genotypes and alleles of GNB3 and ACE between
the PPCM and the control groups were assessed using the x> test
or Fisher’s exact test according to the obtained data. Odds ratios
(ORs) with a 95% confidence interval (95% CI) were determined
to find the association of gene polymorphism intensity with
disease. The normality of data was assessed using the
Kolmogorov-Smirnov test. An independent Student’s t-test or a
Mann-Whitney test was used for numerical data analysis of the
two groups. For numerical data with >2 groups, analysis was
performed using one-way ANOVA or the Kruskal-Wallis test as
appropriate. Univariate and multivariate logistic regression
analyses were done to determine whether gene polymorphism
was the independent predictor of PPCM. Differences with p-

values <0.05 were considered statistically significant.

3. Results
3.1. Characteristics of patients

A total of 100 patients were included in the study, of which 34
were PPCM patients and 66 controls, and the characteristics of the
case and control group patients are presented in Table 1. The mean
BMI was higher in the PPCM group than in the control group
(29.02 vs. 26.96, p=0.037). The number of patients who had
preeclampsia or eclampsia was significantly higher in the PPCM
group than in the control group (44.1% vs. 9.1%, p <0.001). The
PPCM group had a higher mean systolic blood pressure than the

TABLE 1 Baseline characteristics of PPCM and controls.

Characteristics Control

(n=66),
n (%)

Age, mean + SD 29.09 +£6.16 27.95+5.72 0.362
BMI 29.02 +5.04 26.96 +4.09 0.037
Parity 0.155
Primiparous 15 (44.1) 39 (59.1)
Multiparous 19 (55.9) 27 (40.9)
Multifetal pregnancy 3 (8.8) 2 (3.0) 0.208
History of hypertension 6 (17.6) 4 (6.1) 0.085
Preeclampsia/eclampsia 15 (44.1) 6 (9.1) <0.001
Systolic blood pressure, mean £ SD | 142.03 +22.04 | 131.09 + 18.69 0.007
Diastolic blood pressure, mean +SD | 84.97 +16.08 | 80.83 +11.65 0.144
Diagnosis time NA
Antepartum 31 (91.2) NA
Postpartum 3(8.8) NA

PPCM, peripartum cardiomyopathy; BMI, body mass index.
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control group (143.26 mmHg vs. 131.09 mmHg, p=0.007). A
total of 91.2% with  PPCM  were diagnosed
antepartum (Table 1). We did not find any deviations from the

of patients

HWE in our population study.

3.2. GNB3 and ACE gene polymorphisms
and the risk of PPCM

Of the total number of samples, the genotypes of GNB3 were
mostly TC (n =57, 57%), followed by CC (n=24, 24%) and TT
(n=19, 19%). There were significant differences in the frequency
of TT and TC genotypes of the GNB3 gene between the PPCM
and the control groups (Table 2). Individuals with the TT
genotype had a higher odds ratio of approximately 4.59 to have
PPCM compared with those with the TC and CC genotypes
(OR: 4.59 95% CI: 1.60-13.17, p=0.003) (Table 2). Although
the frequency of T allele was higher in the PPCM group, the
difference was not statistically significant compared with that in
the control group (55.9% vs. 43.2%, p = 0.088).

Our data indicated that 15 subjects had the DD genotype, 27 had the
ID genotype, and 58 the II genotype of the ACE. The DD genotype was
significantly higher in the PPCM group than in the control group (26.5%
vs. 9.1%), and the presence of the DD genotype was associated with a
higher risk of PPCM compared with individuals with the ID and II
genotypes (OR: 3.60; 95% CI: 1.15-11.18, p=0.021) (Table 2). The
frequency of D allele was higher in the PPCM group, but the
difference was not statistically significant compared with that in the
control group (36.8% vs. 24.2%, p = 0.063) (Table 2). Univariate and
multivariate logistic linear regression analyses were done on various
variables, as presented in Table 3. The analysis from Table 3 showed
that GNB3 TT and preeclampsia/eclampsia were independent
predictors for PPCM.

3.3. Subanalysis of the GNB3 and ACE
genotypes in the PPCM group

In PPCM patients, the frequency of the GNB3 genotype was
significantly different and was based on BMI and left ventricular
internal diameter in diastole (LVIDd) (Table 4). The BMI was
higher in the TT genotype of GNB3 than in the TC and CC
genotypes (31.73 vs. 27.54 kg/m?, p = 0.018). The mean of LVIDd
was also higher in the TT genotype group than in the TC and
(539+0.80 vs. 4.86cm=0.64cm, p=0.041).
Hypertension and a history of preeclampsia/eclampsia were more

CC groups
frequent among those with the ACE DD genotype than among

those with the ID and II genotypes; 44.4% vs. 8.0%, p=0.031
and 77.8% vs. 32.0%, p =0.025, respectively (Table 4).

3.4. Comparison of ACE levels based on
ACE genotypes among PPCM patients

The ACE levels were measured among 30 of 34 PPCM patients
because four subjects received ACE inhibitors that may cause bias.
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TABLE 2 Comparison of genotype and allele frequencies of the GNB3 and ACE genes in PPCM and control groups.

Gene Comparison PPCM n (%) Control n (%) (0] 95% Cl p-value

GNB3 Genotype
TT vs. TC+CC 12 (35.3) 7 (10.6) 4.59 1.60-13.18 0.003
TC vs. TT + CC 14 (41.2) 43 (65.2) 0.37 0.16-0.88 0.022
CC vs. TT+TC 8 (23.5) 16 (24.2) 0.96 0.36-2.54 0.937
Allele T vs. C
T 38 (55.9) 57 (43.2) 1.66 0.92-3.01 0.088
C 30 (44.1) 75 (56.8)

ACE Genotype
DD vs. ID +11 9 (26.5) 6 (9.1) 3.60 1.16-11.18 0.021
ID vs. DD + 1D 7 (20.6) 20 (30.3) 0.59 0.22-1.59 0.300
Il vs. DD +ID 18 (52.9) 40 (60.6) 073 0.32-1.69 0.462
Allele D vs. I
D 25 (36.8) 32 (24.2) 1.82 0.96-3.42 0.063
I 43 (63.2) 100 (75.8)

GNB3, guanine nucleotide—binding protein beta-3 subunit; ACE, angiotensin-converting enzyme; PPCM, peripartum cardiomyopathy.

TABLE 3 Predictor of the PPCM determinate by univariate and
multivariate logistic regression analyses.

Factor Univariate Multivariate
95% Cl 95% Cl p-

value

BMI 1.81 0.73-4.48 0.199

Parity 1.83 0.79-4.22 0.155

Multifetal 3.10 | 0.49-19.50 0.208

pregnancy

History of 332 | 0.87-12.70 0.085

hypertension

Preeclampsia/ 7.90 | 2.69-23.21 <0.001 7.55 | 2.49-22.88 <0.001

eclampsia

GNB3 gene 4.59 1.60-13.18 0.003 3.74 1.18-11.85 0.025

polymorphism

ACE gene 3.60 1.16-11.18 0.021

polymorphism

GNB3, guanine nucleotide-binding protein beta-3 subunit; BMI, body mass index;
OR, odds ratio; Cl, confidence interval; ACE, angiotensin-converting enzyme;
PPCM, peripartum cardiomyopathy.

Our data revealed that the ACE levels in DD, ID, and II were
4,356.88, 3,980.91, and 3,679.94 pg/mL, respectively. The ACE
levels were significantly higher in the DD genotype group than

in the ID and II genotype groups, p <0.001. The ACE levels in
individuals with the ID genotype were also higher than in
individuals with the II genotype (p =0.020) (Figure 2).

4. Discussion

Despite the growing recognition of genetic predispositions as a
risk factor for the development of PPCM, little is known about the
impact of genomic background on racial differences. Our study was
the first one to determine whether there was an association of the
SNP GNB3 C825T gene and the incidence of PPCM in an Asian
population. Although the frequency of the TT genotype was
relatively rare, this genotype increased the risk of PPCM 4.6
times compared with the other CC and TC genotypes.
Multivariate analysis also showed that GNB3 TT appeared to be
an independent predictor for PPCM. A study conducted in
North America with 97 subjects (30% were Blacks, 65% were
Caucasian, and 5% were others), which assessed the relationship
between different GNB3 genotypic backgrounds and their impact
on improvement in LV remodeling in PPCM, found that the
GNB3 TT genotype was more common in Blacks (10). GNB3 TT

TABLE 4 Comparison of GNB3 and ACE gene genotypes in the PPCM group.

Variable GNB3 ACE

TT n (%) TC+CC n (%) p-value DD n (%) ID+ 1l n (%) p-value
Hypertension
Yes 3 (25.0) 3 (13.6) 0.641 4 (44.4) 2 (8.0) 0.031
No 9 (75.0) 19 (86.4) 5 (55.6) 23 (92.0)
Preeclampsia/eclampsia
Yes 4 (30.8) 11 (52.4) 0.296 7 (77.8) 8 (32.0) 0.025
No 9 (69.2) 10 (47.6) 2 (22.2) 17 (68.0)
BMI (kg/mz), mean + SD 31.73+5.50 27.54+4.20 0.018 29.88 +4.06 28.71+5.40 0.559
Left ventricular ejection fraction (%), mean + SD 36.92+6.16 38.55 +5.50 0.437 36.78 +6.12 38.40 +5.61 0.506
Left ventricular internal diameter in diastole (cm), mean + SD 5.39+0.80 4.86 +0.64 0.041 5.12+0.85 5.02+0.71 0.726

GNB3, guanine nucleotide—binding protein beta-3 subunit; BMI, body mass index; ACE, angiotensin-converting enzyme; PPCM, peripartum cardiomyopathy.
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Comparison of ACE levels among the genotypes of the I/D ACE gene. ACE, angiotensin-converting enzyme; /D, insertion/deletion

was also associated with a much higher incidence of PPCM and
lower LVEF recovery (10).

Interestingly, our study found that the TC genotype (57%) was the
most frequent genotype and may appear to afford protection from
PPCM. However, there is limited evidence of the association
between GNB3 TC polymorphism and PPCM incidence. The exact
mechanism by which the GNB3 polymorphism contributes to the
development of PPCM has not been fully understood, but it is
thought to involve alterations in the G protein-coupled receptor
(GPCR) signaling pathway (17). The GNB3 protein plays a key role
in the signaling pathways through GPCR that control the
contraction and relaxation of heart muscle cells (17, 18).

In addition, our study found that the most common genotypes
of ACE were II (58%), followed by ID (27%) and DD (15%). The
DD genotype increased the risk of PPCM 3.6 times compared
with the other genotypes (II and ID). This result was similar to
that of a study by Yaqoob et al, which found that the DD
genotype was possibly a predisposing and independent risk factor
for the pathophysiology of PPCM in the Kashmiri Indian
population (13). The frequency of the DD genotype and D allele
was also significantly higher in the PPCM population (13). The
DD genotype was associated with poorer left ventricle systolic
function in terms of ejection fraction, dimension, and left
ventricle end-systolic and end-diastolic volumes (13).

Preeclampsia and eclampsia appear to be independent
predictors for PPCM, as revealed by multivariate analysis. The
pathophysiology of preeclampsia and eclampsia related to PPCM
is still poorly understood, but several hypotheses suggest that
hemodynamic stress caused by preeclampsia can contribute to
the worsening of this condition (19). The EORP study states that
the global preeclampsia incidence rate as a comorbid PPCM is
25%. A further investigation reveals that the rate of incidence in

Frontiers in Cardiovascular Medicine

the Asia Pacific population reaches 46% (9). A meta-analysis of
22 observational studies with a total of 979 samples also reveals
that 22% of PPCM patients develop preeclampsia/eclampsia (20).

No previous studies have reported an association of the GNB3
and ACE polymorphisms with hypertension and preeclampsia,
specifically in the PPCM population. In our subanalysis, we
found that the percentage of PPCM patients with hypertension
(44.4% vs. 8%, p=0.032) and a history of preeclampsia (77.8%
vs. 32%, p=0.025) was higher in the ACE DD genotype group
than in the other genotype groups. A review study found that
previous studies reported conflicting results, but the majority
found that the DD genotype was associated with the incidence of
hypertension and preeclampsia in pregnancy. A study of 121
pregnant women with a gestational age of 27-40 weeks reported
a higher frequency of the DD genotype in the essential
hypertension group than in the control group (21). A meta-
analysis of 40 studies with a total of 3,977 cases and 7,065
controls concluded that the DD genotype increased the risk of
preeclampsia compared with the DD and ID genotypes (52% vs.
17%), and D allele increased the risk of preeclampsia 1.29 times
more than I allele (22).

Obesity is a risk factor for PPCM. Hemodynamic alterations,
apoptosis, and inflammation are three potential causes of
pathogenesis. Obesity causes excessive levels of circulating fat to
alter blood volume, which increases stroke volume and stresses
the LV wall, which, in turn, cause eccentric LV hypertrophy and,
eventually, LV dysfunction (23). However, no previous studies
have reported an association of the GNB3 and ACE gene
polymorphisms with obesity in the PPCM population. A study of
Caucasian, Chinese, and Black populations reported that the TT
genotype had a higher mean BMI than other genotypes (TC and
CC) (24). In our study, similar results were obtained, where the
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mean BMI in the TT genotype was significantly higher than that in
the GNB3 TC and CC genotypes.

Although the mean LVEF in the GNB3 TT and ACE DD
genotype groups has been reported to be lower in previous
studies (10, 13), our data suggested no significant difference. Our
results are in line with those of other studies, which showed no
statistically significant difference in LVEF in the ACE DD
genotype, although the mean LVEF was lower in the ACE DD
genotype (13). However, the IPAC study reported that PPCM
patients with the GNB3 TT genotype showed a lower LVEF at
the initial stage of the study (10). After follow-up, LVEF was
found to be significantly lower for GNB3 TT subjects at 6
months (p =0.007) and 12 months (p < 0.001).

The geometry and thickness of the heart wall, especially the LV,
are associated with cardiovascular risk. Our study found that GNB3
genotypes were associated with LVIDd, while the ACE was not. In
contrast to our finding, a previous study by Poch et al., reported a
lower mean of LVIDd in the GNB3 CC genotype group than in the
TT and CT genotype groups in the essential hypertension
population (25). Another study by Mahmood et al., also reported
that the GNB3 TT genotype had a strong association with the
incidence of LV hypertrophy (26). Similar to our study, a
previous study found no difference in mean LVIDd among
different genotypes of the ACE gene (13).

4.1. Comparison of ACE levels in the PPCM
group

A study found that the I/D polymorphism of the ACE
influenced the level of serum ACE in a healthy population (16).
Observations of genetic polymorphisms

interindividual variability in plasma ACE. In our study, the

may explain the

highest mean ACE levels were found in the DD group, followed
by ID and II. This is in line with a study that found that the
ACE levels increased twice as high in the DD genotype group as
in the ID genotype group (16). Another study of pregnant
women with hypertension in India reported significantly higher
ACE levels in the DD genotype group than in the ID and DD
genotype groups (27). The I/D of the ACE gene affects not only
plasma ACE levels but also tissue ACE (28). Higher ACE levels
would increase angiotensin II, which affects various systems,
including the cardiovascular system (29). In the PPCM group,
elevated ACE levels in the ACE DD genotype may be associated
with the incidence of hypertension. An awareness on the part of
clinicians about the existence of differences in ACE levels in each
genotype will certainly have implications for the management of
PPCM patients, one of which is the administration of ACE
inhibitors as a therapy option in PPCM patients, especially those
with the ACE DD genotype.

4.2. Limitations

The synergistic relationship between the GNB3 and the ACE
gene could not be assessed in this study. In the PPCM group,
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only two patients had polymorphisms of both genes, while the
control group had none. In this study, we did not analyze the
levels of improvement in LVEF function in PPCM patients,
which could have provided a better understanding of the issue.
The reason for this lack of analysis was that we could not ask
these patients to visit the hospital for an echocardiography
examination because of the restrictions imposed by the COVID-
19 pandemic, which has thrown many facets of the healthcare
system out of gear.

5. Conclusion

This is a study determining the association of GNB3 C825T
and ACE gene polymorphisms and the incidence of PPCM in an
Asian population. The presence of the GNB3 TT genotype
increases the risk of PPCM 4.6 times, while the ACE DD
genotype potentially increases the risk of PPCM by 3.6 times. A
subanalysis on PPCM patients found that those with TT had a
higher BMI and LVIDd and also that those with the DD
genotype
preeclampsia/eclampsia. ACE levels were significantly higher in

were more prone to have hypertension and
the DD genotype group than in the ID and II genotype groups.
These findings highlight the importance of gene polymorphisms
in PPCM and, therefore, might be used as predictors and

management strategies in the future.
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Introduction: Obscurin (720-870kDa) is a giant cytoskeletal and signaling protein that
possesses both structural and regulatory functions in striated muscles. Immunoglobulin
domains 58/59 (Ig58/59) of obscurin bind to a diverse set of proteins that are essential
for the proper structure and function of the heart, including giant titin, novex-3, and
phospholamban (PLN). Importantly, the pathophysiological significance of the 1g58/59
module has been further underscored by the discovery of several mutations within
Ig58/59 that are linked to various forms of myopathy in humans. We previously generated
a constitutive deletion mouse model, Obscn-Alg58/59, that expresses obscurin lacking
Ig58/59, and characterized the effects of this deletion on cardiac morphology and
function through aging. Our findings demonstrated that Obscn-A/g58/59 male animals
develop severe arrhythmia, primarily manifesting as episodes of junctional escape
and spontaneous loss of regular p-waves, reminiscent of human atrial fibrillation,
accompanied by significant atrial enlargement that progresses in severity with aging.

Methods and Results: To comprehensively characterize the molecular alterations
responsible for these pathologies, we performed proteomic and phospho-proteomic
analyses in aging Obscn-A4/g58/59 atria. Our studies revealed extensive and novel
alterations in the expression and phosphorylation profile of major cytoskeletal
proteins, Ca®* regulators, and Z-disk associated protein complexes in the Obscn-
Alg58/59 atria through aging.

Discussion: These studies implicate obscurin, particularly the 1Ig58/59 module, as an
essential regulator of the Z-disk associated cytoskeleton and Ca?* cycling in the atria
and provide new molecular insights into the development of atrial fibrillation and
remodeling.

obscurin, atrial fibrillation, arrhythmia, Z-disk, Ca?* cycling, cytoskeleton

Introduction

Obscurin (720-870kDa), comprised of 65-67 tandemly arranged immunoglobulin (Ig) domains,
2-3 fibronectin-IIT motifs, and a unique assortment of signaling domains at its COOH-terminus
depending on the isoform, is a giant cytoskeletal protein that localizes to the periphery of M-bands
and Z-disks where it modulates diverse structural and regulatory functions in striated muscles (1, 2).
Given its large size, modular nature, and unique cellular distribution as a peripheral sarcomeric protein,
obscurin is ideally situated to interact with proteins localizing to different cellular compartments,
ranging from the sarcomere and the surrounding sarcoplasmic reticulum (SR) membranes to the
cytoskeleton and the sarcolemma (1, 2). Accordingly, obscurin serves essential roles in the assembly
and stabilization of the myofibril, Ca** signaling, cell adhesion, and the physical integration of the
sarcomere with the cytoskeleton and surrounding membrane structures (1, 2).
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Over the past several decades, the discovery of >20 missense,
splicing, and frameshift mutations spanning the entire length of the
obscurin gene (OBSCN) in patients with hypertrophic cardiomyopathy
(HCM), dilated (DCM), left
non-compaction (LVNC), and arrhythmogenic right ventricular

cardiomyopathy ventricular
cardiomyopathy (ARVC) has increasingly implicated obscurin in the
development of cardiac disease in humans (3-5). To date, the disease
mechanisms underlying the majority of these mutations have remained
entirely uninvestigated, with the exception of the HCM-linked R4344Q
variant residing within obscurin Ig58 which our lab has previously
characterized (6). Our findings demonstrated that mice carrying the
R4344Q variant (Obscn-R4344Q) exhibited a “gain-of-function”
phenotype wherein enhanced binding between mutant Ig58 and
phospholamban (PLN) resulted in disinhibition of the sarco-
endoplasmic reticulum Ca** ATPase (SERCA), increased Ca®* cycling
kinetics, and the development of ventricular arrhythmia through aging
(6). The direct binding between obscurin-Ig58/59 and PLN and their
enhanced association in the presence of the R4344Q variant was recently
corroborated by Fukuzawa and colleagues, reporting a~2.5-fold
decrease in the Kj; yet, the physiological relevance of the obscurin/PLN
interaction was questioned (7). As a small modulatory protein that is
extensively regulated by phosphorylation and assumes multiple
oligomeric conformations in physiological settings, PLN inherently
interacts weakly and/or transiently with its binding partners. Thus,
technical limitations of different in vitro systems perhaps mask a
complex and dynamically regulated (i.e., on a beat-to-beat basis)
interaction between obscurin-Ig58/59 and PLN.

In addition to its binding to PLN, obscurin-Ig58/59 has been
reported to interact with the extreme NH,-terminus of titin (3-4 MDa)
as well as a unique 198-amino acid long sequence of titin’s smaller splice
variant, novex-3 (~700kDa), at the level of the Z-disk (8, 9). Of note, the
obscurin/novex-3 interaction was recently contested by Fukuzawa and
colleagues (7). Nevertheless, given that obscurin-Ig58/59 may interact
with a diverse set of structural and regulatory proteins that are essential
for normal muscle function, we generated the Obscn-AIg58/59 model
that expresses obscurin constitutively lacking Ig58/59 to extensively
characterize the pathophysiological significance of this region in the
heart (10). Our studies demonstrated that sedentary Obscn-AIg58/59
males develop severe arrhythmia characterized by frequent episodes of
spontaneous junctional escape and atrial fibrillation beginning at
6-months of age accompanied by significantly increased atrial mass and
dilated left ventricles by 12-months (10).

Herein, we performed proteomic and phospho-proteomic analysis
using 6- and 12-month old Obscn-AIg58/59 atria in order to
comprehensively investigate the molecular basis for the prominent atrial
arrhythmia and remodeling in aging Obscn-AIg58/59 males. Our studies
revealed extensive and novel changes in the expression and phosphorylation
profile of the Obscn-Alg58/59 atrial proteome, mainly impacting
cytoskeletal and signaling complexes at the Z-disk and Ca** regulating
proteins. Together, these results provide new molecular insights into the
pathophysiology of spontaneous atrial arrhythmia and remodeling.

Materials and methods
Obscn-AIg58/59 constitutive deletion mice

The Obscn-AIg58/59 constitutive deletion model was generated and
genotyped as previously described (10). Animal care and procedures
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were conducted under protocols approved by the Institutional Animal
Care and Use Committee at the University of Maryland, School of
Medicine (UMSOM) and in accordance with the NIH guidelines (Guide
for the Care and Use of Laboratory Animals).

Lysate preparation and western blotting

Lysates were prepared from flash frozen cardiac tissue and protein
expression was evaluated by immunoblotting as previously described
(10). Briefly, frozen right and left atria were combined, ground to a
powder in a glass homogenizer while immersed in liquid nitrogen,
and incubated at —20°C for 20 min. The ground tissue was solubilized
in urea-thiourea lysis buffer (8 mol/L urea, 2 mol/L thiourea, 3% SDS,
0.05mol/L tris-HCl, 0.03% bromophenol blue, 0.075mol/L
dithiothreitol, pH 6.8) and 50% glycerol supplemented with protease
and phosphatase inhibitors (Halt Protease and Phosphatase Inhibitor
Cocktail, Thermo Fisher Scientific, Waltham, MA, United States) in a
60°C water bath. Homogenates were centrifuged and supernatants
were aliquoted and flash frozen in liquid nitrogen. For western
blotting, equal amounts of protein lysates were thawed at 55°C for
5min, separated by SDS-polyacrylamide gel electrophoresis,
transferred to nitrocellulose membrane, and probed with the
respective primary antibodies. Alkaline phosphatase (AP)-conjugated
or horseradish peroxidase (HRP)-conjugated secondary antibodies
and the respective chemiluminescent reagents (NovaBright; AP, or
Pierce ECL; HRP) were used to detect immunoreactive bands.
Densitometry was performed using Image] and each band was
normalized to a loading control (glyceraldehyde 3-phosphate
dehydrogenase, GAPDH; heat shock protein 90, Hsp90; or a-actinin).
At least two technical replicates of at least three different biological
samples (i.e., hearts) were quantified per genotype for each protein
evaluated. The original representative blots shown in Figures 1, 2 and
8 are included in Supplementary Image 1; please note that in some
instances, immunoblots were flipped for ease of presentation.

Antibodies

The following primary antibodies were used for western blotting:
rabbit polyclonal antibodies to obscurin 1g58/59 (1 pg/mL) (11),
obscurin Ig67 (1 pg/mL) (10), novex-3 (1:1000, a generous gift from Dr.
Henk Granzier) (9), PLN-pSer16 (1:1000; 07-052, Millipore, Temecula,
CA, United States), PLN-pThr17 (1:2000; A010-13AP, Badrilla, Leeds,
United Kingdom), sAnkl (1 pg/mL) (12), RyR2-pSer2808 (1:2000;
ab59225, Abcam, Cambridge, MA, United States), RyR2-pSer2814
(1:500; A010-31AP, Badrilla), sarcolipin (1 pg/mL, a generous gift from
Dr. Robert Bloch) (13), ERK2 (1:1000; CST-9108S, Cell Signaling
Technology, Danvers, MA, United States), ERK1/2-pThr183/pTyr185
(1:2000; CST-4370T, Cell Signaling Technology), rabbit monoclonal
antibodies to Hsp90 (1:1000; CST-4877, Cell Signaling Technology), and
mouse monoclonal antibodies to PLN (1:5000; ab2865, Abcam),
SERCA2 (1:1000; MA3-919, Thermo Fisher Scientific, Waltham, MA,
United States), RyR2 (1:1000; MA3-925, Thermo Fisher Scientific),
GAPDH (1:15000; G8795, Millipore), and a-actinin (1:2500; A7811,
Sigma-Aldrich, St. Louis, MO, United States). The following secondary
antibodies were used for western blotting: goat anti-mouse IgG (1:3000;
A3688, Sigma-Aldrich), goat anti-rabbit IgG (1:3000; AB_2337947,
Jackson Immunoresearch, West Grove, PA, United States), goat
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FIGURE 1

Expression levels of obscurin in wild-type and Obscn-4/g58/59 atria. (A,A’) Immunoblotting (A) and relative quantification (A") of giant obscurin in wild-type
12-month-old left ventricles (LV) and atrial lysates utilizing antibodies to 1g67 did not reveal significant expression differences; t-test, p=0.18.

(B) Immunoblotting of giant obscurin in 6- and 12-month-old wild-type and Obscn-AI/g5859 atria using antibodies to 1g58/59 confirmed the 1g58/59
deletion. (C,C") Immunoblotting (C) and relative quantification (C’) of giant obscurin in 6- and 12-month-old wild-type and Obscn-AIg5859 LV and atria
using antibodies to 1g67 indicated that obscurin A expression is unchanged in Obscn-AIg5859 atria compared to wild-type; t-test, p=0.32 (6-months),
p=0.36 (12-months). Notably, the up-regulation of obscurin B observed in Obscn-Alg5859 LV was barely detectable in Obscn-Alg5859 atria; n=3 animals
per group; data points represent the average of at least two technical replicas; densitometric values were normalized to Hsp90, which was used as loading

control.

anti-mouse IgG (1,3,000; CST-7076S, Cell Signaling Technology), and
goat anti-rabbit IgG (1,3,000; CST-7074S, Cell Signaling Technology).

Electrophoresis and Coomassie Blue
staining for titin

Atrial lysates prepared as described above were separated on 16 x
18 cm gels composed of 1% agarose in 1X running buffer (50 mM tris,
0.384mol/l glycine, 0.1% SDS) and 30% glycerol using the Hoefer SE600
unit system at 4°C for 3h as described previously (10). Gels were stained
with Coomassie Blue and the bands corresponding to giant titin were
quantified using Image] and normalized to myosin heavy chain (MHC)
as a loading control. Any digital adjustments to promote visualization
of the bands were applied uniformly across the entire gel. At least two
technical replicates of three different biological samples (i.e., hearts)
were quantified for each genotype. The original representative titin gels
shown in Figure 2 are included in Supplementary Image 1; please note
that in some instances, gels were flipped for ease of presentation.

Proteomic and phospho-proteomic analysis

Proteomic experiments were performed in the Mass Spectrometry
Center at the University of Maryland School of Pharmacy. Atrial tissues
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dissected from male wild-type and homozygous Obscn-AIg58/59 mice
(n="5 hearts per group) were homogenized in phosphate buffered saline
using the Precellys CK14 lysing kit (Bertin Corp., Rockville, MD,
United States). Proteins were extracted and purified from tissue lysates
by trichloroacetic acid precipitation. Protein concentration was
measured by bicinchoninic acid assay as described previously (14).
Lysates were reduced, alkylated, and trypsinolyzed on a 10K filter for
shotgun proteomics as in (15). Phospho-peptides were enriched by TiO,
affinity chromatography (Sigma). Tryptic peptides were separated by a
nanoACQUITY UPLC analytical column on a Waters nano-ACQUITY
UPLC system and analyzed with a coupled Thermo Scientific Orbitrap
Fusion Lumos Tribrid mass spectrometer as previously described (16).
In detail, tryptic peptides were separated on a nano-ACQUITY UPLC
analytical column (BEH130 C18, 1.7 pm, 75 pm X 200 mm, Waters) over
a 165-min linear acetonitrile gradient (3-40%) with 0.1% formic acid on
a Waters nano-ACQUITY UPLC system and analyzed on a coupled
Thermo Scientific Orbitrap Fusion Lumos Tribrid mass spectrometer as
previously reported (17). Full scans were acquired at a resolution of
120,000 and precursors were selected for fragmentation by higher-
energy collisional dissociation (normalized collision energy at 30%) for
a maximum 3-s cycle. Tandem mass spectra were searched against a
UniProt reference Mus musculus proteome using Sequest HT algorithm
(18) and MS Amanda algorithm (19) with a maximum precursor mass
error tolerance of 10ppm. Carbamidomethylation of cysteine was
treated as static modification. Phosphorylation of serine (Ser), threonine
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Expression and phosphorylation status of 1g58/59 binding partners and selected Ca?* cycling proteins are unaffected in aged Obscn-Alg58/59 atria. (AA’)
Representative Coomassie Blue stained agarose gels and immunoblots (A) and relative quantifications (A") did not reveal statistically significant alterations in
the expression or phosphorylation status of giant titins, novex-3, PLN, sAnk1, SLN, SERCA2, or RyR2 in lysates prepared from 6- and 12-month-old Obscn-
Alg5859 atria; MHC, Hsp90, and GAPDH served as loading controls; n=3-6 animals per group; data points represent the average of at least two technical
replicas; quantification of phosphorylation levels are normalized to total PLN or RyR2 levels; pent, pentamer; mono, monomer.

(Thr), and tyrosine (Tyr), and deamidation of asparagine and glutamine
were treated as dynamic modifications. Resulting hits were validated at
a maximum global false discovery rate (FDR) of 0.01 using a semi-
supervised machine learning algorithm Percolator (20). Label-free
quantifications were performed using Minora, an aligned AMRT
(Accurate Mass and Retention Time) cluster quantification algorithm
(Thermo Fisher Scientific, 2017). Label-free quantitation of protein
abundances was measured by comparing the MS1 peak volumes of
peptide ions, whose identities were confirmed by MS2 sequencing.

The above abundance values were imported into Partek GS software
for further statistical and bioinformatic analyses (Transcriptomics and
Deep Sequencing Core, Johns Hopkins University). There were two
mappings of the mass spectra: (a) to individual proteins, and (b) to
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unique phospho-peptides, wherein a phospho-peptide represents a
unique specific position within its peptide. Both the individual proteins
and unique phospho-peptide proteins were annotated with their cognate
genes approved MGI/NCBI nomenclature. Following log,
transformation, the abundance values were then quantile normalized for
each time point to minimize experimental noise among the lanes that
represent replicate samples for the two biological classes (i.e., genotypes),
and the Obscn-AlIg58/59 samples were compared to the wild type with
two-tailed one-way t-test ANOVA. Each protein or unique phospho-
peptide compared received a relative abundance and statistical value, as
a fold-change and value of p, and the log, fold changes were analyzed to
determine their standard deviation from the mean value of no change.
Proteins and phospho-peptides with a value of p of <0.05 and log, fold
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FIGURE 3
Proteomic and phospho-proteomic analysis of Obscn-41g58/59 atria at 6-months. (A,A’) Volcano plots of significantly up-regulated (green) or down-
regulated (red) proteins (A) and significantly altered phospho-peptides (blue; A") in Obscn-Alg58/59 atria at 6-months. A total of 45 proteins out of 1700
detected exhibited significantly altered expression (A), whereas 30 phospho-peptides out of 1,401 detected were significantly altered (A’) in 6-month-old
Obscn-Alg58/59 atria compared to wild-type; n=5 biological samples per genotype; grey dotted lines represent thresholds of p<0.05 and SD>2. (B,B") The
physical and functional associations of the deregulated proteins (B) and phospho-proteins (B’) in Obscn-Alg58/59 atria at 6-months were plotted using the
STRING database (v.11.0b). Line thickness corresponds to the strength of the association. Protein networks with a high confidence score (>0.7) are
highlighted in purple.

changes that differed by >2 standard deviations were deemed to
be significantly different. The precise phospho-site residues that
exhibited a probability >75% are specified, whereas ambiguous phospho-
site residues that displayed <75% probability are denoted in the
associated phospho-peptide when referenced in the text and tables.
Phosphorylation sites not previously annotated in PhosphoSitePlus (v.
6.6.0.4.) were denoted as novel. The raw mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the
PRIDE (21) partner repository with the dataset identifier PXD028904.
A complete list of all proteins and phospho-peptides that were identified
at 6-
Supplementary Data Sheets S1-S2 and S3-54, respectively.

and 12-months are listed with associated statistics in

STRING analysis

The physical and functional associations of the proteins and
phospho-proteins deemed to be significantly different between
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genotypes were plotted using the STRING database (v.11.0b) (22). To
be as inclusive as possible, protein—protein interactions with a
confidence score of >0.4 (i.e., medium confidence threshold) were
plotted for differentially regulated proteins, while those relationships
exhibiting high confidence scores (>0.7) were highlighted within the
network. Only high confidence interactions (>0.7) were plotted and
highlighted for deregulated phospho-proteins. Disconnected nodes and
clusters comprised of less than 3 proteins were excluded.

Enrichment analysis

The differentially expressed proteins and phospho-proteins were
further analyzed with the QIAGEN Ingenuity Pathway Analysis (IPA)
platform to determine their biological significance. Due to the large
number of significantly altered pathways identified, the top 10 most
significant pathways and cellular functions that are relevant to
cardiovascular physiology and associated with at least 3 deregulated
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proteins/phospho-proteins were included in the text, figures, and
tables. A complete list of all significantly altered pathways and cellular
identified at 6- and
Supplementary Data Sheets S5-S6 and S7-S8, respectively.

functions 12-months are listed in

Results and discussion

Immunoblot analysis of aging
Obscn-AIg58/59 atria did not reveal
significant differences in the levels of
obscurin, titin, or canonical Ca?* cycling
proteins

We recently generated a constitutive deletion mouse model,
Obscn-Alg58/59, that expresses obscurin lacking the Ig58/59 region and
comprehensively evaluated the effects of this deletion on cardiac
morphology and function through aging. Our studies showed that male
Obscn-AlIg58/59 mice exhibit episodes of severe atrial arrhythmia by
6-months, manifesting as junctional escape and spontaneous loss of
regular p-waves (10). By 12-months, the incidence and severity of
arrhythmias intensified accompanied by significant atrial enlargement
(10). Notably, female Obscn-AIg58/59 mice do not exhibit any structural
or functional deficiencies through aging and develop only mild
arrhythmia that occurs less frequently compared to Obscn-A1g58/59
males (10). Therefore, we focus our molecular characterization on
Obscn-AIg58/59 males only.

To investigate the mechanistic basis for the development of atrial
fibrillation and remodeling in aging Obscn-AIg58/59 males, we first
evaluated the expression levels of obscurin, the binding partners of
obscurin-Ig58/59, and a panel of Ca*" regulators that are commonly
associated with the development of atrial fibrillation. Earlier studies
assessing the expression of obscurin during embryonic development
reported reduced obscurin transcript levels in mouse atria compared to
ventricles at embryonic day 12 (23). However, comparison of obscurin
expression between adult atrial and ventricular tissues has not yet been
experimentally determined. We therefore performed immunoblotting
experiments using lysates prepared from 12-month-old wild-type hearts
but did not observe significant differences in the levels of giant obscurin
between the left ventricle and atria (Figures 1A,A)).

We next evaluated the impact of the Ig58/59 deletion on atrial
obscurin expression in sedentary aging animals. Immunoblotting
experiments utilizing antibodies to obscurin-Ig58/59 confirmed the
absence of this region in lysates generated from 6- and 12-month-old
Obscn-AIg58/59 atria (Figure 1B). Similar to our prior findings in
Obscn-Alg58/59 left ventricles (10), antibodies to obscurin-Ig67 did not
reveal significant differences in prototypical obscurin A expression
between wild-type and Obscn-AIg58/59 atria at 6- or 12-months
(Figures 1C,C’). Intriguingly, the up-regulation of obscurin B (the
largest known isoform containing two serine/threonine, Ser/Thr,
kinases) previously reported in Obscn-AIg58/59 left ventricular tissue
(10) was barely detectable in Obscn-Alg58/59 atria (Figures 1C,C’). This
finding indicated that the Ig58/59 deletion leads to distinct molecular
alterations in Obscn-AIg58/59 atria compared to the ventricle and
suggested that Obscn-AIg58/59 atria potentially lack compensatory
signaling mechanisms that could be mediated by obscurin-kinase
bearing isoforms in Obscn-AIg58/59 left ventricles.

We next evaluated the expression and phosphorylation levels of the
known binding partners of Ig58/59 in addition to select Ca** cycling
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regulators. Interestingly, there were no statistically significant differences
in the levels of giant titin, novex-3, PLN or its phosphorylation at Ser16 or
Thr17, small ankyrin 1 (sAnk1), sarcolipin (SLN), SERCA2, RyR2 or its
phosphorylation at Ser2808 or Ser2814 in Obscn-AIg58/59 atria compared
to age-matched controls at either 6- or 12-months (Figures 2A,A)).
Therefore, the atrial remodeling and arrhythmia in aging Obscn-AIg58/59
male mice cannot be explained by changes in the expression levels and/or
canonical phosphorylation sites of these proteins, as is the case for
Obscn-AlIg58/59 left ventricles (10). This suggested alternative mechanisms
in the atria, perhaps involving additional Ca** or cytoskeletal regulators
and/or less characterized/novel phosphorylation events. Along these lines,
many studies have reported the presence of phosphorylation sites on titin
(24), RyR2 (25-27), PLN (28), sAnkl (29), and SERCA2 (30), for which
their (patho)physiological impact has not been established.

Proteomic and phospho-proteomic analysis
revealed deregulated structural and
regulatory proteins in aging
Obscn-Alg58/59 atria

Given the lack of significant alterations in the levels of obscurin, the
binding partners of obscurin-Ig58/59, and canonical Ca** cycling
regulators, we performed proteomic and phospho-proteomic experiments
using 6- and 12-month-old male wild-type and Obscn-AIg58/59 atrial
tissue (1 =5 hearts per group) to obtain a more comprehensive molecular
profile of the Obscn-AIg58/59 atria. At 6-months, we identified 45 proteins
(out of 1700 detected) that exhibited significantly altered expression levels
(Figure 3A; Supplementary Table S1; Supplementary Data Sheet 1) and
30 phospho-peptides (out of 1,401 detected) originating from 27 different
proteins that displayed altered phosphorylation levels (Figure 3A};
Supplementary Table S2; Supplementary Data Sheet 2). By 12-months,
we identified 48 proteins (out of 1708 detected) with altered expression
levels (Figure 4A; Supplementary Table S3; Supplementary Data Sheet 3)
and 78 phospho-peptides (out of 2,656 detected) corresponding to 67
different proteins that exhibited altered phosphorylation levels
(Figure 4A’; Supplementary Table S4; Supplementary Data Sheet 4). Of
the 45-48 affected proteins and 27-67 affected phospho-proteins in
Obscn-AIg58/59 atria, relatively few were commonly deregulated
throughout aging (Figure 5).

In order to discover the functional relationships and/or physical
associations shared by the deregulated proteins or phospho-proteins in
Obscn-AIg58/59 atria through aging, we performed a network analysis
using the publicly available STRING database (v.11.0b) (22). At
6-months, there was a single network exhibiting a high confidence
interaction score (>0.7) among the proteins displaying deregulated
expression in Obscn-AlIg58/59 atria (Figure 3B), which consisted of
ubiquitin-specific protease 14 (Usp14) and the proteasome subunit alpha
type-2 (Psma2), possibly reflecting deregulated protein degradation
pathways. Also connected to this network, albeit with a medium
confidence interaction score (>0.4), is the purine biosynthetic enzyme,
phosphoribosylaminoimidizole ~ carboxylase/succinocarboxamide
synthetase (Paics), possibly implicating altered DNA synthesis,
intracellular signaling, and/or metabolic processes (31). On the other
hand, STRING analysis of the deregulated phospho-proteins at
6-months revealed a high confidence network (Figure 3B’) comprised
of sarcomeric proteins (i.e., titin, Ttn; myosin light chain 7, Myl7) and
cytoskeletal proteins localizing to the Z-disc (i.e., myozenin, Myoz2;
synaptopodin 2-like, Synpo2l; LIM domain binding protein 3, Ldb3).
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Proteomic and phospho-proteomic analysis of Obscn-41g58/59 atria at 12-months. (A,A’) Volcano plots of significantly up-regulated (green) or down-
regulated (red) proteins (A) and significantly altered phospho-peptides (blue; A") in Obscn-Alg58/59 atria at 12-months. A total of 48 proteins out of 1708
detected exhibited significantly altered expression (A), whereas 78 phospho-peptides out of 2,656 detected were significantly altered (A") in 12-month-old
Obscn-Alg58/59 atria compared to wild-type; n=5 biological samples per genotype; grey dotted lines represent thresholds of p<0.05 and SD>2. (B,B") The
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the STRING database (v.11.0b). Line thickness corresponds to the strength of the association. Protein networks with a high confidence score (>0.7) are

This network also included f-taxilin, a muscle-specific member of the
taxilin family of vesicular trafficking regulators that is proposed to
regulate myoblast differentiation (32). At 12-months, we observed a
significant clustering of intermediate filament proteins (i.e., keratins,
Krtl, Krt5, Krt6a, Krt14, Krt16, Krt17), in addition to a smaller high
confidence network of protein homeostasis regulators (i.e., eukaryotic
translation initiation factor 2, Eif2s3x; eukaryotic translation initiation
factor 4 gamma 2, Eif4g2; proteasome 20s subunit beta 3, Psmb3; 26S
proteasome regulatory subunit 4, Psmd4) that all exhibited reduced
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expression levels in Obscn-AIg58/59 atria (Figure 4B). Lastly, STRING
analysis of the deregulated phospho-proteins at 12-months revealed an
extensive high confidence network comprised of 23 interconnected
sarcomeric proteins, cytoskeletal proteins, ion channels, Ca** regulators,
and kinases (Figure 4B’). Of note, titin represents the most prominent
node in the phospho-proteomic network at both timepoints, forming
functional and/or physical associations with 4/6 (66%) and 10/23 (43%)
of the phospho-proteins that were deregulated at 6- or 12-months,
respectively. Given that titin is a binding partner of the obscurin Ig58/59
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FIGURE 5
Venn diagram depicting commonly deregulated proteins and phospho-proteins in Obscn-41g58/59 atria through aging. Of the 45 (6-months) and 48
(12-months) proteins that exhibited significantly deregulated expression in Obscn-Alg58/59 atria, only 1 (Cd151) was deregulated at both timepoints. In
contrast, of the 27 (6-months) and 67 (12-months) deregulated phospho-proteins in Obscn-41g58/59 atria, a total of 8 (Ttn, Cavin2, Myl7, Myoz2, Nucks1,
Srrm1, Synpo?2l, and Sorbs1) were consistently deregulated through aging, albeit at different sites and/or affected in opposite directions at 6- versus
12-months (Supplementary Tables S2, S4). Lastly, CaMKII8 exhibited deregulated expression at 6-months and altered phosphorylation at 12-months in
Obscn-Alg58/59 atria. Venn diagram generated with jvenn (84).

module, this suggests that the disruption of the obscurin/titin complex
could be integral to the deregulated phosphorylation events in
Obscn-AIg58/59 atria.

To more quantitatively delineate the major molecular pathways and
cellular functions that were impacted by the Ig58/59 deletion,
we performed an enrichment analysis on the proteins that exhibited
significantly altered expression or phosphorylation levels (Figures 6A,B,
7A,B; Supplementary Tables S5-S8). At 6-months, proteins exhibiting
altered expression were associated with the regulation of inositol
phosphate metabolism (Figures 6A,B; Supplementary Table S5), whereas
at 12-months, proteins exhibiting altered expression largely belonged to
the keratin subfamily of intermediate filaments (Figures 7A,B;
Supplementary Table S7). Additionally, proteins displaying altered
phosphorylation were primarily associated with the regulation of
cellular assembly/organization (i.e., organization of sarcomeres,
filaments, and microtubules), ion transport, and cardiac hypertrophy at
6-months (Figures 6A,B; Supplementary Table S6) and various signaling
cascades (i.e., protein kinase A; PKA, integrin, apelin, and Ca*" cycling),
striated muscle development, formation, morphology, and hypertrophy,
as well as cardiomyopathy and familial arrhythmogenic right ventricular
dysplasia at 12-months (Figures 7A,B; Supplementary Table S8).

Given the large number of deregulated proteins and phosphorylation
events identified in our proteomic screen, we decided to focus on (1)
direct alterations to obscurin, and (2) proteins that belong to enriched
molecular pathways or cellular functions and represent nodes within
high confidence protein networks identified via STRING analysis. Of
note, we discuss these deregulated proteins and phospho-proteins in
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terms of their canonical protein class since many of them belong to
multiple affected cellular processes and/or protein interaction networks.

Alterations in obscurin in aging
Obscn-Alg58/59 atria

At 12-months of age, we observed a significant, yet modest,
reduction (~1.8 fold) in the expression levels of obscurin in
Obscn-AIg58/59 compared (Figure 4A;
Supplementary Table S3). Of note, the lack of statistical significance in

atria to  wild-type
our immunoblotting analysis (Figures 1C,C’) that revealed only a trend
toward decreased obscurin expression in Obscn-AIg58/59 atria (~1.1
fold; p =0.3), is most likely due to the reduced sensitivity of the
immunoblotting technique compared to proteomics. Nevertheless,
complete knockout or down-regulation of obscurin in striated muscles
has been linked to major structural defects, including the disorganization
of the longitudinal SR (33), disrupted thick filament assembly (34) and
lateral alignment of myofibrils (35), loss of dystrophin at costameres,
and alterations in the arrangement of the subsarcolemmal microtubule
lattice (36). Therefore, this moderate reduction in obscurin expression
in aged Obscn-AIg58/59 atria could indicate a mild loss in the structural
integrity of the myofibril, the cytoskeleton, and/or the SR membranes.
Accordingly, obscurin expression levels are also reduced in human
cardiac biopsies carrying DCM-linked point mutations in OBSCN
(E963K, V2161D, or D5966N) (37), substantiating that obscurin
haploinsufficiency is pathogenic in the heart.
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Alterations in cytoskeletal and structural
regulators in aging Obscn-AIg58/59 atria

In addition to the essential cytoskeletal protein obscurin, a striking
portion of the deregulated proteins and phospho-proteins in aging
Obscn-AIg58/59 atria were canonical cytoskeletal and structural
regulators. In particular, the 1g58/59 deletion induced profound
abnormalities in the expression and/or phosphorylation of intermediate
filaments, sarcomeric proteins, Z-disk-associated and/or actin-linked
cytoskeletal modulators, and structural components of the costamere.

Intermediate filaments: Keratins
At 12-months, the expression levels of seven different keratin
isoforms, including keratins 1, 5, 6A, 14, 16, 17, and 42, were significantly
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reduced in Obscn-AIg58/59 atria (Figure 4A; Supplementary Table S3).
Although keratins have not been extensively studied in the heart, studies
evaluating keratin 19-deficient skeletal muscles show that they
contribute to the organization of the costamere and the development of
contractile force. Therefore, these findings indicate a drastic loss of
intermediate filament proteins that are integral to the organization of
costameres and force development in striated muscles (38, 39).

Sarcomeric cytoskeleton: Titin, T-cap, MyBPC-3,
and Myosin Light Chain 7

Our phospho-proteomic analysis revealed age-related alterations in
the phosphorylation status of titin in Obscn-AIg58/59 atria. In particular,
we observed decreased levels of a bi-phosphorylated peptide, Ser34063/
Ser-Thr-Tyrsye 3408 10calizing to the titin M-band interdomain
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expression or phosphorylation in 12-month-old Obscn-Alg58/59 atria. The

sequence 2 (Mis2) in Obscn-AIg58/59 atria compared to wild-type at
6-months (Figure 3A’; Supplementary Table S2). The physiological
function(s) of these phosphorylation events are not yet known, however
the titin Mis2 region has been previously established as a binding site for
DRAL/FHL2 (40). DRAL/FHL2 is a member of the four and a half LIM
domain protein family that is thought to target metabolic enzymes to
the M-band via binding to titin Mis2 (2, 40). Therefore, the deregulated
phosphorylation of titin within Mis2 in Obscn-AIg58/59 atria could
potentially influence metabolic complexes that localize to the M-band.
Along these lines, recent proteomic studies from our group and others
conducted in heart or skeletal muscle where obscurin is either mutated
(29) or deleted (41) have also reported alterations in proteins involved
in metabolism, specifically lipid catabolism and amino acid metabolism
(29) or glycogen metabolism (41).
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Titin phosphorylation was also deregulated in Obscn-AIg58/59 atria
at 12-months at three distinct locations: a bi-phosphorylated peptide
corresponding to the Mis2 region of titin (Ser33875/Ser33880), a site
within the M-band (Ser34470), and a site within titin-1g76/77 (Ser9459;
Figure 4A’; Supplementary Table S4). Interestingly, the Ser34470 residue
which exhibited enhanced phosphorylation resides within the third
Lys-Ser-Pro (KSP) motif in titin-Mis4. Of note, the KSP motifs have
been shown to be highly phosphorylated during development in muscle
and are thought to regulate the assembly of the M-band (42). Thus, these
findings are in line with the significantly increased atrial mass observed
in Obscn-AIg58/59 atria at 12-months (10) in addition to our pathway
analysis that indicated alterations in developmental processes such as
cardiogenesis, striated muscle development, and the morphology
of cardiomyocytes.
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Telethonin, also known as Titin-cap or T-cap, is a Z-disk
associated protein that binds to titin’s extreme NH,-terminal Igl/2
domains where it is proposed to regulate sarcomeric development,
stability, and stretch responses (43, 44). Our proteomic screen
revealed reduced phosphorylation of T-cap at Serl6l in
Obscn-AIg58/59 12-months 47
Supplementary Table S4). Candasamy et al. (44) previously reported

atria  at (Figure
that endogenous T-cap is constitutively bi-phosphorylated by both
protein kinase D and CaMKII at Ser157 and Ser161 in rodent
myocardia, and that disruption of these phosphorylation events
results in disorganized t-tubule structures and abnormal Ca*
cycling. Given that the COOH-terminal region of T-cap containing
Ser157/Ser161 binds accessory proteins that localize to t-tubules,
it has been further suggested that Ser157/Ser161 phosphorylation
may regulate T-cap’s ability to serve as an “adapter protein” linking
t-tubules to the Z-disk (44). An important observation is that the
obscurin-Ig58/59 binding site on titin (Ig9/10) exists in relative
proximity to T-cap’s binding site to titin (i.e., titin-Ig1/2). It is
therefore conceivable that the Ig58/59 deletion could possibly
disrupt the titin/T-cap complex at the Z-disk and/or influence the
nearby regulatory networks that mediate Ser161 phosphorylation.
Along these lines, the observed reduction of Ser161 phosphorylation
in 12-month Obscn-AIg58/59 atria could possibly lead to
disorganized t-tubule morphology, disrupted Ca**-induced Ca**-
release, and potentially contribute to the development
of arrhythmia.

Lastly, we saw altered phosphorylation levels of proteins localizing to
the thick filament in Obscn-AIg58/59 atria through aging, including
myosin light chain 7 and myosin binding protein-C (MyBP-C). In
particular, we observed a~60-fold decrease in the phosphorylation of
(Figure 3A;
Supplementary Table S2), which is the atrial myosin regulatory light chain

Ser22 on myosin light chain 7 at 6-months

isoform. The exact function of this phosphorylation event is not
thoroughly characterized, though it was previously shown to be mediated
by myosin light chain kinase in response to a-adrenergic signaling (45).
Moreover, phosphorylation of Ser23 on myosin light chain 7, immediately
adjacent to the phosphorylation site Ser22 that was deregulated in
Obscn-Alg58/59 atria at 6-months, was significantly reduced at 12-months
(Figure 4A’; Supplementary Table S4). Furthermore, we also identified a
novel phosphorylation event on cardiac MyBP-C, Ser268, which exhibited
a~2.5-fold reduction in phosphorylation in 12-month old Obscn-AIg58/59
atria (Figure 4A%; Supplementary Table S4). Importantly, this
phosphorylation site localizes within the M-motif (between Ig domains
C1 and C2), which is well established as a phosphorylation ‘hot-spot’ for
cardiac MyBP-C. Previous studies have shown that reduced
phosphorylation of cardiac MyBP-C within the M-motif is associated with
the development of heart failure in mice and results in reduced rates of
contraction and relaxation. It is therefore possible that reduced
phosphorylation of Ser268 on cardiac MyBP-C and/or Ser23 on myosin
light chain 7 could indicate deregulation of contractility in Obscn-AIg58/59
atria at 12-months.

Actin-linked and/or Z-disk-associated
cytoskeleton: Plectin, Cortactin, Myozenin,
Synaptopodin 2-1, LIM-domain-binding protein 3,
Myospryn

Plectin, a cytoskeletal protein that forms physical links between
actin, microtubules, and intermediate filaments, exhibited increased
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phosphorylation at Ser4415 in Obscn-AIg58/59 atria at 12-months
(Figure 4A%; Supplementary Table S4). Additionally, cortactin, a scaffold
protein that regulates the polymerization and stabilization of the actin
cytoskeleton, exhibited decreased phosphorylation at a
tri-phosphorylated peptide, Thr401/Ser405/Ser407 (Figure 4A’;
Supplementary Table S4). Phosphorylation of the Thr401/Ser405
residues on cortactin, mediated by Erk (Ser405) (46), Akt (Thr401/
Ser405) (47), and/or PKCS (Ser405) (48), promotes actin polymerization
and cell migration via enhancing the interaction between cortactin and
actin nucleation promoting factors. Together, these results demonstrate
alterations in the phosphorylation status of proteins regulating the
assembly and organization of the actin cytoskeleton in 12-month
Obscn-AIg58/59 atria.

Our proteomic results indicated deregulated phosphorylation of
three additional actin-associated proteins in Obscn-AI1g58/59 atria. In
particular, phosphorylation of synaptopodin 2-like, which is a member
of the synaptopodin family of proteins that regulate actin
polymerization at the Z-disk, was altered at Ser89/Ser-Thrg; 1,6 and
Thr88/Ser97 at 6-months and 12-months, respectively (Figures 3A; 44
Supplementary Tables S2, S4). Of note, Thr88 represents a novel
phosphorylation event on synaptopodin 2-like. In addition,
LIM-domain-binding protein 3, also known as Z-band alternatively
spliced PDZ motif protein (ZASP), displayed decreased
phosphorylation at Thr119/Ser123 in Obscn-AIg58/59 atria at 6-months
(Figure 3A%; Supplementary Table S2). LIM-domain-binding protein 3
(ZASP) is a cytoskeletal protein that regulates Z-disk integrity and
signal transduction through forming complexes with an array of Z-disk
proteins, including a-actinin-2 (49, 50), myozenin (51, 52), myotilins
(myotilin, myopalladin, and palladin) (52), and telethonin/Tcap (53).
Accordingly, the phosphorylation status of ZASP-interactive myozenin
was also disrupted at phosphorylated peptides Ser95/Ser116 and
Thr111/Ser116/Ser-Thr-Tyr,, 13, at 6-months, and Thr107 at 12-months
(Figures 3A 4A’; Supplementary Tables S2, S4). Together, these findings
provide strong evidence that major cytoskeletal signaling complexes at
the level of the Z-disk/thin filament are disrupted in Obscn-A1g58/59
atria throughout aging.

Dystrophin complex at the costamere: Dystrophin,
Vinculin, Synemin
Several proteins that serve as integral components of the
dystrophin/dystroglycan complex and/or form structural links between
the costamere and the cytoskeleton exhibited altered phosphorylation
in Obscn-AIg58/59 atria at 12-months. In particular, synemin, an
intermediate filament protein that mediates the lateral transmission of
force and maintains the structural integrity of the myofibril during
mechanical stress, exhibited increased phosphorylation at Ser1087 in
Obscn-AIg58/59 atria (Figure 4A’; Supplementary Table S4). Synemin is
present at the level of the Z-disk where it interacts with «-actinin,
desmin, vinculin, and components of the dystrophin glycoprotein
complex (54). Interestingly, vinculin, which links integrins to the actin
cytoskeleton, exhibited increased phosphorylation at Ser721 in
Obscn-Alg58/59atria at 12-months (Figure 4A’; Supplementary Table S4).
Furthermore, the abundance of a phospho-peptide corresponding to
(Figure  4A%;
results

decreased
these
phosphorylation defects in protein complexes that contribute to the

dystrophin,  Ser-Thrissse ~ Was

Supplementary Table S4). Together, suggest

formation of cytoskeletal links between the sarcomere and the
extracellular matrix.
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Gap junctions: Connexin-43

We also identified altered phosphorylation levels of connexin-43,
the core protein that comprises gap junctions, in Obscn-AIg58/59 atria
at 12-months. In particular, we saw increased phosphorylation of
connexin-43 at Ser325/Thr326, and decreased levels of the phospho-
peptide, Ser-Thr;, 345 (Figure 4A% Supplementary Table S4). Notably, the
phosphorylation of Ser325 on connexin-43, along with nearby residues
Ser328 and Ser330, is mediated by casein kinase 1 and has been shown
to stabilize the formation of gap junctions at the intercalated disc (55).
Thus, up-regulation of pSer325 on connexin-43 could indicate enhanced
gap junction formation in Obscn-AIg58/59 atria at 12-months and
potentially impacting synchronous cardiomyocyte contraction therefore
underlying arrhythmic events.

In summary, our proteomic screen revealed extensive
abnormalities in the expression and phosphorylation status of major
structural regulators in aging Obscn-AIg58/59 atria, including
proteins that regulate the assembly and organization of the
myofibril, form gap junctions, physically link the sarcomere to the
surrounding membranes, and are integral components of the Z-disk
associated cytoskeleton. Notably, obscurin and titin, two key
cytoskeletal regulators, interact at the level of the Z-disk (8). Given
that the Z-disk is a region that integrates proteins of the sarcomere
and the surrounding cellular structures, including the cytoskeleton,
intercalated disc, and plasma membrane (56), it is interesting to
speculate that the disrupted binding between obscurin-Ig58/59 and
titin could severely affect the stability and/or regulation of protein
complexes that localize to this region. Moreover, many cytoskeletal
proteins that localize to the Z-disk, particularly those forming
connections to the extracellular matrix via costameres, aid in the
transmission of force and mediate mechanical transduction
pathways (56). Therefore, our proteomics and phospho-proteomics
findings could reflect pathological alterations in the stabilization of
the myofibril during mechanical stress in Obscn-AIg58/59 atria.

Alterations in regulatory proteins and
signaling mediators in aging
Obscn-Alg58/59 atria

Our proteomic and phospho-proteomic analysis also revealed
alterations in the expression and phosphorylation of regulatory proteins
and signaling mediators in aging Obscn-AIg58/59 atria. Specifically,
we observed alterations in canonical regulators of Ca®* cycling and
major protein kinases that could potentially contribute to the
development of atrial fibrillation in Obscn-AIg58/59 mice.

Calcium cycling proteins: SERCA2, SERCA3, RyR2,
HRC

Our phospho-proteomic screen and subsequent enrichment
analysis identified several differentially phosphorylated Ca** cycling
regulators in Obscn-AIg58/59 atria at 6- and 12-months. At 6-months,
we identified a novel phosphorylation site localized within the
hydrolase domain of SERCA3, Ser729, which was significantly
reduced in Obscn-AIg58/59 atria (Figure 3A%; Supplementary Table S2).
SERCA3 was originally thought to be exclusively expressed in
non-muscle tissues, however, SERCA3 isoforms were ultimately
detected in normal human LV tissue as well (57). Notably, a
significant distinction between SERCA3 and the more abundantly
expressed SERCA2a isoform is that SERCA3 is unable to bind PLN
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(58). Given that loss of binding between Ig58/59 and PLN in
Obscn-AlIg58/59 atria could lead to enhanced inhibition of SERCA2
(via loss of 1g58/59-mediated sequestration of PLN), it is possible
that the decreased phosphorylation of SERCA3 at Ser729 at 6-months
could serve as a compensatory response. Moreover, at 12-months,
we observed a significant reduction in the levels of the SERCA2
phospho-peptide, Ser-Thr-Tyr;;, 3, demonstrating potential
abnormalities in Ca®* reuptake into the SR through aging (Figure 4A’;
Supplementary Table S4).

Histidine rich Ca®* binding protein (HRC), a protein that
localizes to the SR lumen where it regulates Ca** storage and release
(59), exhibited reduced phosphorylation at Ser272 in
Obscn-AIg5h8/59 12-months 47

Supplementary Table S4). Although this phosphorylation site has

atria  at (Figure
not been experimentally characterized, previous studies have
suggested that phosphorylation of HRC by casein kinase II
regulates RyR2 function in skeletal muscle (59, 60). Importantly,
we also observed up-regulation of phosphorylated Ser2810
(Ser2811 in humans) on RyR2 in Obscn-AIg58/59 atria at 12-months
(Figure 4A’; Supplementary Table S4). Hyper-phosphorylation of
RyR2, specifically at the canonical Ser2808 and Ser2814 sites
(human notation), has been strongly linked to enhanced RyR2 open
probability and susceptibility to arrhythmia (25, 26). Although
there is still controversy regarding the roles of individual RyR2
phosphorylation sites and their potential functional redundancies,
it is generally accepted that the “phosphorylation hot-spot” in RyR2
encompassing human Ser2808 through Ser2814 (26) is an effective
modulator of Ca’** release from the SR. In addition to the Ser2808
and Ser2814 sites which are regulated by CaMKII and/or PKA,
there are two additional sites within the hot-spot, Thr2810 and
Ser2811, for which less information is known, although both are
predicted to impact RyR2 function similarly to Ser2808 and
Ser2814 (26, 27). Therefore, hyper-phosphorylation of RyR2 at
Ser2810 (human Ser2811) altered HRC
phosphorylation in Obscn-AIg58/59 atria could potentially lead to

combined with

abnormal Ca?" release and/or Ca?" leak from the SR in
Obscn-AIg58/59 atria at 12-months.

Kinases: CaMKII3, SPEG, MAPKs, myosin light chain
kinase 3

In addition to proteins directly regulating Ca** homeostasis,
we also identified alterations in the expression and phosphorylation of
several kinases in our proteomic screen including Ca**/calmodulin-
dependent protein kinase & (CaMKIIS) and striated muscle
preferentially expressed gene (SPEG). CaMKIIS is one of the major
protein kinases that regulates Ca** dynamics in the heart via
phosphorylation of Ca** handling proteins in response to physiological
and/or pathological stimuli (61, 62). Importantly, the expression level
of CaMKIIS was ~2.5 fold lower in Obscn-AIg58/59 atria compared to
wild-type at 6-months (Figure 3A; Supplementary Table S1). At
12-months, CaMKII§ abundance was no longer altered, but its
phosphorylation was increased at both Thr331 and another site within
the Ser-Thrsy; 344 region (Figure 4A’; Supplementary Table S4). The
physiological significance of pThr331 has not yet been experimentally
determined. However, the deregulation of CaMKII® in aged
Obscn-AIg58/59 male atria along with its preeminent role in cardiac
hypertrophy makes it a key target for future investigation.

Our phospho-proteomic analysis also identified a novel
phosphorylation site, Ser2200, that localizes to the inter-kinase
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region of SPEG, a paralog of obscurin that arose from gene
duplication of OBSCN, that was significantly decreased in
Obscn-AIg58/59 12-months 47’
Supplementary Table S4). SPEG, sharing high homology to

atria  at (Figure
obscurin, also possesses two tandem kinase domains at its COOH-
terminus (termed SK1 and SK2, highly homologous to obscurin
Kinl and Kin2) that have been implicated in the regulation of Ca®*
homeostasis (63). In addition to Ser2200, SPEG also exhibited
decreased phosphorylation at Ser2182, which is located within the
same inter-kinase region (Figure 4A’; Supplementary Table S4). The
functions of these phosphorylation events are not known, but they
could potentially affect the substrate specificities and/or activities
of SPEG SK1, which phosphorylates junctophilin 2, and/or SPEG
SK2, that phosphorylates SERCA2 and possibly RyR2 (63).
Additionally, phosphorylation of myosin light chain kinase 3 was
decreased at Ser155 in Obscn-AIg58/59 atria at 12-months (Figure 4A’;
Supplementary Table S4). Although the function of this site is not
precisely known, this finding could corroborate the reduction in
phosphorylation of its substrate, myosin regulatory light chain 7, that
in Obscn-AIg58/59 (Figure 4A;
Supplementary Table S4). Lastly, we observed altered phosphorylation

we also observed atria
levels of mitogen-activated protein kinase 1 (MAPKI1) and 14
(MAPK14) at Thr183/Thr188 (up-regulated) and Thr185 (down-
regulated), respectively (Figure 4A’; Supplementary Table S4). MAPKs
are a family of highly conserved signaling mediators that regulate a
diverse set of cellular processes such as proliferation, cell death/
survival, transcription, migration, and differentiation by
phosphorylating hundreds of downstream targets. In the heart,
MAPKI1 and MAPK14 isoforms regulate cardiac development and
differentiation and promote the hypertrophic response (64).
Importantly, Thr183/Thr188 and Thr185 reside within the regulatory
loop of MAPK1 and MAPK14. In fact, Thr183 in MAPKI1 is part of
the canonical Thr-Glu-Tyr motif, which is phosphorylated by the
upstream kinase, MEK1/2 (65, 66).

Lastly, tyrosine hydroxylase, the rate limiting enzyme involved in
the synthesis of catecholamines such as epinephrine and
norepinephrine, exhibited reduced phosphorylation at Thr30 in
Obscn-AIg58/59 12-months (Figure 4R

Supplementary Table S4). While not a kinase itself, alteration of

atria at

tyrosine hydroxylase could impact adrenergic activity and/or
downstream PKA signaling in Obscn-AIg58/59 atria.

Conclusion

Collectively, our proteomics and phospho-proteomics data

demonstrated extensive alterations in the expression and
phosphorylation status of proteins involved in diverse cellular
processes, including major Ca®* cycling regulators, protein kinases,
and cytoskeletal protein complexes associated with the Z-disk that
likely drive atrial structural remodeling and arrhythmogenesis in
Obscn-AIg58/59 male mice. It is interesting to note the lack of proteins
that consistently exhibit altered expression in Obscn-AIg58/59 atria at
both timepoints (Figure 5). In contrast, multiple phospho-proteins
are affected throughout aging in Obscn-AIg58/59 atria including titin
(Ttn), caveolae associated protein 2 (Cavin2), myosin light chain 7
(Myl7), myozenin 2 (Myoz2), nuclear casein kinase and cyclin-
dependent kinase substrate 1 (NucksI), sorbin and SH3 domain

containing 1 (Sorbsl), serine/arginine repetitive matrix 1 (Srrml),
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and synaptopodin 2-like (Synpo2l; Figure 5). Notably, several of these
proteins (i.e., titin, myosin light chain 7, myozenin, and synaptopodin
2-like) also constitute core components of the phospho-proteomic
STRING networks at both timepoints, comprising 4/6 of the
functionally and/or physically interconnected phospho-proteins at
6-months or contribute to a much larger network composed of 23
interconnected phospho-proteins at 12-months. Together, these
observations suggest that these commonly deregulated phospho-
proteins could represent key players in disease development due to
deletion of obscurin-Ig58/59, and that disrupted phosphorylation
events could largely contribute to the progressive pathologies that
manifest through aging.

Along these lines, our proteomics analysis revealed alterations in
the expression and/or phosphorylation status of major protein kinases
in aging Obscn-AIg58/59 atria, including CaMKIIS and MAPK1 and
14. To corroborate our proteomics findings and underscore the
contribution of deregulated phosphorylation to the Obscn-AIg58/59
disease phenotype, we performed immunoblots evaluating the
expression and phosphorylation levels of two major deregulated
kinases in Obscn-AIg58/59 atria that are amenable to validation due to
the availability of relevant (phospho)-antibodies. In contrast to our
proteomics results (Figure 3A; Supplementary Table S1), we were not
able to confirm decreased expression of CaMKIIS in Obscn-AIg58/59
atria at 6-months via immunoblot analysis (Figures 8A,A’), possibly
reflecting the reduced sensitivity of immunoblotting techniques
compared to proteomics, or a potential artifact in our proteomics data.
We next evaluated the phosphorylation levels of MAPK1 (also known
as ERK2) at pThr183/pTyrl85, given that our phospho-proteomic
screen revealed a 2.35-fold increase in the levels of the
bi-phosphorylated peptide, Thr183/Thr188, in Obscn-AIg58/59 atria at
12-months (Figure 4A%; Supplementary Table S4). Consistent with our
proteomics results, our immunoblotting analysis revealed a 2.89-fold
increase in the phosphorylation of the canonical activation motif,
pThr183/pTyrl85 (Figures 8B,B’), demonstrating up-regulated
MAPKI1 activity in 12-month Obscn-AIg58/59 atria. Given the
established role of MAPK1 in the hypertrophic response and atrial
fibrillation (64, 67-69), this may contribute to the development of
progressive remodeling aging
Obscn-AIg58/59 atria.

In addition to potential hypertrophic remodeling mediated by

and/or arrhythmogenesis in

MAPKs, the abundance of deregulated cytoskeletal proteins in
Obscn-AIg58/59 atria (particularly those localizing to the Z-disk)
suggests abnormalities in the organization of sarcomeres and the
cellular structures that form connections to the Z-disk (i.e., t-tubules,
the intercalated disc, costameres). In particular, the dramatic
reduction in keratin protein levels, and decreased phosphorylation of
residues with defined (patho)physiological functions such as T-cap
(Serl61), cortactin (Thr401/Ser405/Ser407), and connexin-43
(Ser325), implicate disrupted cytoskeletal structures, t-tubules, and
intercalated discs in Obscn-AIg58/59 atria at 12-months. Interestingly,
we did not observe any major defects in myofibril or sarcomeric
ultrastructure in our evaluation of Obscn-AIg58/59 left ventricles (10),
suggesting potential distinctions in the cellular and molecular
pathogenesis of the 1g58/59 deletion between cardiac chambers.
Along these lines, neither our immunoblotting nor our proteomics
analysis revealed reduced phosphorylation of PLN (Thr17) or RyR2
(Ser2814) in aging Obscn-AIg58/59 atria, which were both
significantly decreased in Obscn-AIg58/59 left ventricles (10). In
contrast, RyR2 was hyperphosphorylated at a distinct site, Ser2810

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1085840
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Grogan et al. 10.3389/fcvm.2023.1085840
A A
—Gmonth 150 B B Algss/50
WT Alg58/59 g
E + o
= 100
CaMKII§ 0 s e
5]
37 K
0
WT Algh8/59
B B’ MAPK1
_ MAFRL pMAPK1/MAPK1
12'm0nth -
WT Alg58/59 150 500 *
P 37 £ 100 == £
5] . s 300
o o
37 < 50 ©
a-actinin
100 0
WT Algh8/59 WT Algh8/59
FIGURE 8
Immunoblot analysis confirmed up-regulation of phosphorylated MAPK1 in 12-month old Obscn-4Ig58/59 atria. (A,A’) Representative immunoblots (A) and
relative quantifications (A") did not reveal statistically significant alterations in the expression of CaMKII3 in lysates prepared from 6-month-old wild-type
and Obscn-A1g5859 atria; t-test, p=0.62. (B,B’) Representative immunoblots (B) and relative quantifications (B’) revealed an up-regulation of
phosphorylated MAPK1 (also known as ERK2) at its canonical activation motif, pThr183/Tyrl185, in Obscn-Alg5859 atria at 12-months but no differences in
total MAPK1/ERK?2 levels; t-test, *p<0.05, a-actinin and GAPDH served as loading controls; n=3—-4 animals per group; data points represent the average of
at least two technical replicas; quantification of phosphorylation levels are normalized to total MAPK1/ERK2 levels.

(human Ser2811), in Obscn-AIg58/59 atria at 12-months. Our future
studies will more closely interrogate the cellular impacts of the
Ig58/59 deletion specifically in atrial tissues to determine how
chamber-specific molecular alterations caused by the Ig58/59 deletion
affect atrial structure and function.

Our physiological evaluations of the Obscn-AIg58/59 model
revealed the presence of severe arrhythmia characterized by episodes
of junctional escape and the sporadic loss of regular p-waves
reminiscent of atrial fibrillation (10). Atrial fibrillation represents the
most common type of sustained arrhythmia in humans and its
prevalence increases substantially with aging (70, 71). The entire
complex of structural, architectural, contractile, and
electrophysiological alterations

myocardium has recently established “atrial cardiomyopathy” as a

occurring in diseased atrial
new disease entity (72). Previous proteomic efforts aiming to
characterize the molecular changes underlying atrial fibrillation and/
or atrial cardiomyopathy in animals (73, 74) and humans (75-82)
have similarly reported alterations in structural and metabolic
proteins, ion channels and Ca** regulators (82). However
comprehensive phospho-proteomic analyses remain scarce, although
they are integral to deciphering the role of phosphorylation in the
pathogenesis of atrial fibrillation (83). Nonetheless, the discovery of
novel and/or uncharacterized phosphorylation events via phospho-
proteomic screens must be further validated in situ and in vivo and
investigated in terms of pathophysiological and functional relevance.

In summary, to our knowledge, the present study is the first to
evaluate the atrial phospho-proteome through aging using a genetic
model of spontaneous atrial arrhythmia and remodeling. Given the
presence of both structural and regulatory proteins exhibiting
deregulated expression and/or phosphorylation in aging
Obscn-AIg58/59 atria (including many phosphorylation events with
unknown functions), our present findings reveal numerous molecular
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targets associated with novel and/or uncharacterized pathways to
be interrogated in future studies and provides new mechanistic insights
into atrial remodeling and dysfunction.
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