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Abstract: Hypertrophic cardiomyopathy (HCM), primarily involving mutations in sarcomeric proteins, is
the most common form of inherited heart disease and a leading cause of sudden death in young adults and
athletes. HCM patients present with cardiac hypertrophy, fibrosis, and diastolic dysfunction often in a
progressive manner. Despite significant progress made in understanding the molecular genetic basis of
HCM, there remains a lack of effective and specific treatment for preventing disease progression in HCM.
This article first provides an overview of recent progress in understanding the pathogenic basis of disease
progression in HCM, in particular dysfunctional calcium handling, mitochondrial impairment, and
endoplasmic reticulum stress. This article then analyses the evidence for critical roles of the multifunctional
enzymes P21-activated kinase-1 and 2 (Pak1/2) in the heart and our opinion on their therapeutic value as a
promising druggable target in pathological hypertrophy and associated ventricular arrhythmias.
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiac disease with a prevalence of
1:250—-1:500 and is a leading cause of sudden death in young adults and athletes particularly [1]. Genetic
studies indicated that HCM-causing mutations are commonly found in sarcomere genes (e. g, MYH7,
MYBPC3, and ACTC1) [2]. Significant progress has been made in identifying HCM disease-causing gene
mutations and in developing clinical interventions for symptoms and risk mitigation of sudden death [3].
However, there is still a lack of effective and specific treatments for mitigating disease progression in HCM [4].
This may reflect the major challenge of treating genetic mutations and the resulting complicated pathogenesis
of the disease. Furthermore, nearly two third of patients with HCM do not have a known pathogenic sarcomere
gene variant, but instead have, primarily polygenic, non-sarcomeric gene contributions [5]. Gene therapies
currently are not positioned to target polygenic traits and promising sarcomere-targeting pharmacological
interventions may also fail to treat these patients [6]. Thus, there is a need to develop a new therapeutic strategy
targting the pathogenesis of disease progression in HCM beyond the canonical sarcomere focus.

2. Recent Developments in Understanding HCM Pathogenesis

The initial discovery of causative sarcomeric mutations originally provided insight into the hereditary
nature of HCM. However, the pathogenesis of HCM from a single mutation to comprehensive myocardial
remodelling, responsible for the disease onset and progression, has not yet been well elucidated. Existing
evidence suggests that cellular and subcellular abnormalities triggered by myofilament Ca*" hypersensitivity
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in HCM-affected cardiomyocytes play a key causal role in the pathogenesis of HCM [7—10]. However, a
number of previously unrecognised non-myofilament dysfunctional subcellular compartments are
increasingly implicated in HCM pathogenesis [10—14]. The major pathogenic contributors, canonical and
recently discovered, are discussed below:

2.1. Dysfunctional Calcium Handling Contributes to Pro-hypertrophic Signalling and Contractile Dysfunction

Commonly, HCM-related mutant sarcomere proteins, especially mutations in thin filament proteins,
induce a persistent increase in myofilament response to Ca*" with a hypercontractile phenotype [15]. Aberrant
myofilament Ca®" sensitivity has been regarded as the most important initiator for dysfunctional calcium
handling in HCM cardiomyocytes [7]. Schober et al. [7] showed that increased myofilament Ca®" sensitivity
in mutant myocytes isolated from mice expressing HCM-associated troponin T (TnT) mutants (TnT-I79N,
TnT-F110I, TnT-R278C) produced an increase in cytosolic Ca*" binding and end-diastolic (Ca®",) during
steady-state pacing. These changes were accompanied by an increase in afterdepolarizations and triggered
activity, which was likely a result of excessive SR Ca®" release and cytosolic Ca®" accumulation. These
defects ultimately appear to converge on energy deficiency and altered Ca*" handling as major common paths
leading to the anatomic (hypertrophy, myofiber disarray, and fibrosis) and functional features (pathological
signalling and cardiac systolic and diastolic dysfunction) characteristic of HCM [16]. Consistently, the
Watkins Group also demonstrated that mutant cardiomyocytes have higher Ca*" buffering, increased diastolic
(Ca®") and slowed Ca”" reuptake in guinea pig ventricular myocytes expressing HCM-causing mutant variants
of human troponin-T, troponin-I, and a-tropomyosin (R92Q, R145G, and D175N) [8]. These changes are
coupled with a significant decrease in basal sarcomere length and slowed relaxation. Furthermore, such
altered Ca®* homeostasis is associated with hypertrophic calcineurin/NFAT and extracellular signal-regulated
kinase pathways [8]. Similarly, abnormal Ca*" handling in induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) from HCM patients with diastolic dysfunction has been reported by Wu et al.
[17]. The importance of altered Ca®" homeostasis in disease progression of HCM has been also demonstrated
via neonatal gene transfer of SercaZa delaying and/or preventing development of hypertrophy and improving
cardiac function in Tm180 HCM mice by Pena et al. [18]. Thus, these findings implicate, primarily diastolic,
Ca®* cycling dysfunction as a causative mechanism in HCM pathogenesis in a conserved manner across
species.

2.2. Role of Mitochondrial Impairment in HCM Pathogenesis

The importance of mitochondrial dysfunction in HCM pathogenesis is also supported by a number of
studies. Metabolic perturbation has been well-integrated into the discussion of HCM pathogenesis. The major
consequences of increased sarcomeric Ca®* sensitivity are increased cross-bridge turnover and high actin-
activated ATPase activity [19]. HCM mutations were therefore predicted to generate higher-energy metabolic
costs to produce a given tension (“tension cost”) with consequential metabolic energy stress [11-13]. Earlier
work first suggested this perturbation was associated with subcellular abnormalities: mitochondrial
ultrastructural abnormalities were found in cardiomyocytes from HCM mice with a mutant myosin heavy
chain gene (MyHC) [9] or with a mutant cardiac troponin T (R92Q) gene [10]. Decreases in mitochondrial
respiration rate and the activity of NADH-linked electron transport chain complex I were observed in mutant
MyHC cardiac mitochondria and such decreases preceded cardiac hemodynamic dysfunction [9]. Such work
implicates mitochondrial dysfunction across monogenic HCM animal models. More recently, a study by
Ranjbarvaziri et al. [10] demonstrated that perturbed metabolic signalling and mitochondrial dysfunction are
common features also in cardiac tissue from patients with HCM. Decreases in oxidative phosphorylation
capacity and the activity and expression of several mitochondrial complex components were also observed
[10]. Furthermore, disease-associated mitochondrial DNA (mtDNA) variants were detected in 11% of HCM
patients in a previous study [20]. We have also recently identified a new monogenic mutation in C/QBP in a
14-year old boy presenting with myocardial hypertrophy, exercise intolerance, ptosis, and increased serum
lactate [21]. The 9-year old brother has similar clinical manifestations apart from ptosis. In both patients the
symptoms began from infancy [21]. C/QBP is a gene encoding a promiscuous protein involved in many
processes, but is important in mitochondrial biogenesis [21]. A recent study identified mitochondrial-related
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multigene variants in HCM patients without sarcomere gene mutations. Among the 212 patients, although
they found pathogenic variants in sarcomere-associated genes were more prevalent in non-apical HCM than
apical HCM, MT7-RNR2 mutations positively correlated with apical HCM [22]. Thus, there is growing
evidence that mitochondrial dysfunction contributes to and may even be a hallmark of HCM pathogenesis
across: species, monogenic versus polygenic forms, and sarcomeric versus non-sarcomeric mutations.

2.3. Role of Endoplasmic Reticulum (ER) Stress in HCM Pathogenesis

ER stress is likely another important mechanism that underlies disease progression in HCM. Beyond the
role of the ER in protein synthesis and folding, the ER regulates vast transcriptional and translational
programmes responsible for protein translocation, calcium homeostasis, and biosynthesis of lipids and steroids
[23,24]. ER function is intimately connected with that of the mitochondria through Ca®* signalling and stress
signalling cascades [25]. ER stress has not yet been comprehensively investigated in HCM. Nevertheless, a
HCM mouse model has been generated by cardiac-specific overexpression of a constitutively active form of
calcineurin A (CNA). Bousette et al. [14] used this ER stress HCM model to demonstrate disease-associated
upregulation of prominent ER chaperone proteins involved in ER stress response including Grp78, Grp94, and
calreticulin, along with upregulation of other markers/mediators of ER stress, including Pdial, phosphorylation
of elF2a, and splicing of Xbpl. Our unpublished observations in hearts from HCM mice with cardiac actin 1
mutation (4ctcI™*®) supports the presence of ER stress in HCM hearts including the changes in expression and
activity of: protein kinase-like ER kinase (PERK); the ER heat shock protein 70 (Hsp70) family member BiP;
and C/EBP homologous protein (Chop) for apoptosis. Thus, ER stress presents a previously poorly
characterized pathogenic element in HCM with diverse vital cellular functions likely compromised.

As summarised in Figure 1, maladaptive responses in Ca*" handling, mitochondrial respiration, and ER
stress alongside myofilament Ca®" hypersensitivity in HCM-affected cardiomyocytes present a less well-
characterised pathogenic signature resulting in the disease phenotype of HCM. Targeting this less well-
characterised signature may provide a potential new therapeutic direction for designing treatment to mitigate
disease progression in HCM.
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Figure 1. Crosstalk between endoplasmatic reticulum (ER) stress and mitochondrial associated reactive oxygen
species (ROS). During the pathological conditions, aggregated proteins result in accumulation of misfolded proteins in
the ER lumen, which enhances unfolded protein response induction. ROS are generated in the ER as a part of an
oxidative folding process, then ER-induced oxidative stress is further tuned for the generation of mitochondrial ROS
through uncoupled mitochondrial respiration. Ca® release from the IP3R is stimulated, which increases the production
of mitochondrial ROS. Moreover, Ca*" ions augment the myofilament Ca* sensitivity. SERCA, SR Ca*" -ATPase;
IP3R, inositol trisphosphate receptor; GSSG, glutathione disulfide; GSH, glutathione.
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3. Current Treatments

Hypertrophic cardiomyopathy often presents in a progression manner and with a high risk in sudden
death. The current existing HCM therapies were designed for the purposes of either preventing sudden
cardiac death in high-risk patients via implantation of an ICD [26] and/or improving the symptoms. The
current medication consists of beta-blockers, calcium channel blockers [27], which reduce myocardial energy
demand and preventing cytosolic Ca*" overload and other alternative drugs, such as perhexiline and
trimetazidine that affect the myocardial energy metabolism at different levels [28] or inhibit angiotensin (e.g.
losartan) [29].

For patients whose symptoms persist, there are also invasive therapies available such as surgical
myectomy, alcohol septal ablation, or right ventricular pacing.

A new cardio-selective drug emerged during the past few years, mavacamten, which inhibits myosin
binding to actin with good tolerance and has yielded promising results reducing obstruction and improving
functionality. Mavacamten was approved in 2022 by the US FDA for the disease specific treatment of
obstructive HCM [30,31].

4. PAK1/2 As Therapeutic Targets for the Management of HCM

Group I p21-activated kinases (Paks) are members of the serine/threonine protein kinase family. Paks
are encoded by three genes (Pak1-3) and are involved in the regulation of various biological processes [32].
Pakl and Pak2 are most homologous isoforms by sharing 91% sequence identity in their kinase domains.
Recent studies have shown that Pak1/2 protect the heart from various types of stresses [32]. Activated Pak1/2
participate in the maintenance of normal cellular homeostasis and metabolism, thus enhancing the resilience
of cardiomyocytes to adapt to stresses [32]. Over the past decade, a series of studies, including ours, have
demonstrated the critical roles of the multifunctional Pak1/2 in the heart and their therapeutic potential as a
drug target in pathological hypertrophy and associated ventricular arrhythmias [33—45].

4.1. Pakl Regulates Contractility, Ca’" Handling, and Ca’" Homeostasis

The Solaro Group first demonstrated that activation of Pakl modulates sarcomeric Ca*"-sensitivity by
modification of ¢Tnl protein phosphorylation via PP2A-mediated dephosphorylation [46]. We later identified
Pak] is required to maintain ventricular Ca*" homeostasis and electrophysiological stability: lack of Pakl in
mice with cardiomyocyte-conditional deletion of Pakl (Pak1®°) ventricular myocytes led to abnormal Ca**
homeostasis including increased diastolic (Ca*" ), altered SR Ca®' content, and SERCA dysfunction,
exacerbated by B-adrenergic stress [41]. Such altered Ca** homeostasis is associated with high incidences of
electrophysiological instability and ventricular arrhythmias during either acute B -adrenergic or chronic
hypertrophic challenge in Pak1®°hearts [41]. Over-expression of constitutively active Pakl altered Ca*"
transient decay constant (t.,) [47], and promoted anti-adrenergic signalling through attenuation of
isoprenaline-induced increases in I.,; and PLN phosphorylation - both likely through PP2A activation. We
also showed that a bioactive peptide (PAP) derived from the Pakl auto-inhibitory region increases Pakl
activity and counteracts angiotensin II-induced pathological hypertrophy and ventricular arrhythmias [40].
We also demonstrated that FTY720 (Fingolimod), an FDA-approved immuno-modulatory agent, activates
Pakl and reverses existing cardiac hypertrophy and fibrosis caused by pressured overloaded stressor induced
by transversal aortic constriction (TAC) [37]. Compared with vehicle-treated TAC hearts, FTY-720
significantly reduced ventricular hypertrophy, ameliorated fibrosis, and improved cardiac performance,
further mechanistic studies led to discover that FTY-720 appreciably inhibited nuclear factor of activated T-
cells (NFAT) activity [37]. These findings highlight the regulatory role of Pakl, and its potential to reverse
cardiac hypertrophy and remodelling.

4.2. Pak2 is Cardioprotective Against ER Stress

The Wang group recently found that Pak2 is abundantly localised in close proximity to the ER
membrane and acts as a controller of the IRE1/XBP1-dependent UPR for cardioprotection [44, 45]. Pak2
cardiac-specific deletion mice under tunicamycin-induced ER stress or pressure overload manifested a
defective ER stress response, cardiac dysfunction, and profound cardiac cell death. Gene array analysis
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enabled a detailed mechanistic study, which revealed that Pak2 regulation of protective and appropriate ER
stress responses was via the IRE (inositol-requiring enzyme)-1/XBP (X-box—binding protein)-1—dependent
pathway. Therapeutically, inducing Pak2 activation by genetic overexpression or viral gene delivery
improved ER function and cardiac performance, whilst reducing apoptosis and protecting the heart from
failure [44]. Thus, these findings implicate Pak2-mediated modulation of ER stress as cardioprotective in
cardiac hypertrophy.

We recently examined the key ER stress markers alongside Pak1/2 expression and phosphorylation in
4- and 7-week-old WT and Actc1*°® HCM mice (reflecting the early stages of HCM). As shown in Figure
2, the expression and phosphorylation of key molecules in 3 branches of ER responses including Atf4,
Ire1/Xbpl, and Atf6 in HCM hearts are all down regulated, indicating the ER function in HCM is
impaired. Pak1/2 expression is increased in Actc1®** HCM hearts at both 4 and 7 weeks. However, HCM
mouse Pak1/2 phosphorylation appears to be suppressed relative to its protein-level expression. Thus
phospho-Pak1 decreases between week 4 and 7, and phospho-Pak2 does not change, both despite the
increased available pool of total Pakl/2. Thus, our pilot indicates a disease progression-dependent
correlation in alteration of Pak1/2 signalling and ER function. Such preliminary data imply the importance
of impaired ER function in the pathogenesis of HCM disease progression, which mandates further detailed
interrogation.
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Figure 2. Schematic diagram of Pakl1/2 cardiac protective effect against deleterious ER stress and mitochondria
dysfunction. PAK, p21 activated kinase.

4.3. The Therapeutic Effect of PAK1 Pharmacological Activation by a Small-molecule in a Mouse HCM Model

Recently, Ryba et al. [48] treated mice, with an HCM-associated mutation in tropomyosin (Tm-E180G)
and control wild type littermates, with FTY720 or vehicle for 6 weeks [48]. Compared with vehicle-treated
mice, FTY720-treated Tm-E180G mice had a significant reduction in left atrial size and improvement in
diastolic function as assessed by echocardiography. However, these anatomical and functional improvements
were without any changes in fibrosis. The authors attributed these improvements to a downregulation of S-
glutathionylation of cardiac myosin binding protein-C (cMyBP-C) in FTY720-treated Tm-E180G mice and
reduction in oxidative stress by downregulation of NADPH oxidases. Their data support the hypothesis that
modification of sphingolipid signalling by FTY720 may present a novel therapeutic approach in HCM. An
important and novel finding described here is that FTY720 treatment can partially reverse established
diastolic dysfunction and atrial remodelling in Tm-E180G mice, by mechanisms likely to be associated with
sarcomere activation, reduced expression of NOX2 and NOX4, and decreased S-glutathionylation of cMyBP-
C [48].
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4.4. PAK1/2 as Therapeutic Target for Designing Novel Antiarrhythmic Drug for Preventing SCD in HCM

Our studies and others have demonstrated the key regulatory and electrophysiological stability in the
heart through regulation of calcium handling proteins Ryr2, Serca2a and NCX via either posttranslational and
transcriptional mechanisms [41, 50], thus providing new insights into atrial Ca*" homeostasis regulatory
mechanisms that have an implication in developing new therapeutic strategies for tachyarrhythmias in HCM
and preventing SCD.

5.Conclusions and Future Prospectives

Recent studies indicate that the dysfunctional calcium handling, mitochondrial impairment and
endoplasmic reticulum stress are critical pathogenic processes underlying the progression of HCM. Further
understanding these processes may provide a potential new therapeutic direction for designing treatment to
mitigate or even reverse disease progression in HCM. Pak1/2 activation ameliorates the cardiac remodelling
and disease progression of pathological cardiac hypertrophy, HCM, in mouse models, thus providing a new
druggable target for the treatment of HCM as proposed in Figure 2. It remains unclear exactly how Pak
activation mechanistically leads to these cardioprotective changes, and the extent of the cardioprotection.
Future work is required to investigate their downstream signalling pathways, as well as signalling
mechanisms specific to PAK1/2 activators in different HCM mouse models, which may pave the way for
therapeutic interventions in HCM and other hypertrophic cardiac disease states that currently do not have
effective therapies.
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