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Abstract: The cardiac conduction system (CCS) propagates electrical impulses, generates cardiac
contractions, and ultimately ensures regular heartbeats. Disruptions within the CCS lead to cardiac
arrhythmias, which are known to be the leading cause of cardiac-related mortalities in humans. The
sinoatrial node (SAN) is a key component of the CCS and functions as the natural cardiac pacemaker to
initiate normal cardiac impulse and conduction. The SAN is characterized by significant heterogeneity and
contains various cell types, including pacemaker cells that spontaneously generate action potentials to
maintain a constant beating rhythm. The fundamental Hippo signaling pathway plays a key role in heart
development and regeneration. Recently, the Hippo signaling pathway is indicated as a critical pathway for
maintaining SAN homeostasis, suggesting therapeutic targets for SAN disorders. This mini-review focuses
on the recent molecular and mechanistic findings of Hippo’s involvement in regulating SAN homeostasis
and discusses potential new therapeutic targets for SAN pathologies.
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1. The Heterogeneous Sinoatrial Node

The cardiac conduction system (CCS) is a tissue network of specialized muscle cells within the heart
that propagates electrical impulses and orchestrates synchronized contractions of the cardiac chambers [1].
The CCS comprises distinct components: the sinoatrial node (SAN), the atrioventricular node (AVN), the
bundle of His, bundle branches, and Purkinje fibers [1] (Figure 1). Pathologies affecting the CCS, known as
cardiac conduction disorders, including sinoatrial node dysfunction (SND), atrioventricular block, and bundle
branch block, can give rise to cardiac arrhythmias and constitute a significant cause of mortality worldwide
[2]. SND (also known as sick sinus syndrome, sinus node dysfunction, or sinus node disease) causes various
cardiac arrhythmias such as atrial fibrillation, cardiac arrest, and even sudden death [3,4]. SND’s prevalence
significantly increases with age and is projected to double in the next 50 years [5]. However, the
pathophysiological mechanisms underlying these diseases are largely unknown due to the intricate nature of
the CCS and technological limitations in studying the SAN. Lineage studies in mouse have led to the
discovery of specific CCS markers and development of genetic tools to study the CCS such as the tamoxifen-
inducible Hen4CreERT2 [6], which is CCS-specific and primarily targets the pacemaker cells within the
SAN.

https://www.sciltp.com/journals/ijddp
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Figure 1. Summary of Hippo signaling-mediated mechanisms in pacemaker cells for maintaining SAN homeostasis
and pathologies contributing to sinoatrial node dysfunction. The cardiac conduction system is comprised of the
sinoatrial node (SAN), the atrioventricular node (AVN), the bundle of His, bundle branches, and Purkinje fibers [1].
When Hippo signaling is on, the core Hippo kinases Lats1/2 phosphorylate Yap/Taz, leading to increased 14-3-3
binding, followed by degradation in the cytoplasm [7]. Knockout of Lats1/2 in the pacemaker cells of the SAN in adult
mice results in increased nuclear Yap/Taz proteins levels, consequently causing transcriptional changes in Hippo Target
genes such as Tgffs and Ryr2 [8]. Inhibition of the Hippo signaling gives rise to pathologies in the SAN, leading to
cardiac arrhythmias, fibrosis, and disrupted calcium activity [8]. The figure was created using BioRender (https://
biorender.com/).
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The first generated electrical impulse originates within the heart’s natural pacemaker, known as the
SAN (also known as sinus node), which is a small yet complex structure characterized by high structural and
functional heterogeneity [9]. The SAN is a crescent-shaped structure that consists of a head and a tail. The
head is situated at the junction of the right atria and superior vena cava, while the tail extends out near the
crista terminalis [1]. This heterogeneous structure contains specialized cardiomyocytes known as pacemaker
cells, a microvascular structure that varies regionally, a meshwork of interconnected cell types, including
interactions with the sympathetic and parasympathetic nervous system, as well as connective components
such as cardiac fibroblasts. All these components in the SAN collectively contribute to the modulation of
heart rate and rhythm [9].

Pacemaker cells in the SAN are specialized cells responsible for initiating and maintaining the rhythmic
contractions of the heart. These specialized cells can spontanecously generate action potentials through
diastolic membrane depolarization, which then spread to the surrounding myocardium, leading to
synchronized atrial contractions [4]. Pacemaker cells have distinct expression profiles of ion channels and
conduction properties [10]. The generation of spontaneous action potentials and the maintenance of SAN
automaticity depend on an interdependent coupled-clock system. This coupled-clock system requires
interactions between two subsystem clocks: the membrane ion channels, known as the “membrane clock” (M
clock), and ion channels located on the sarcoplasmic reticulum (SR), known as the Ca*" clock [11]. The M
and Ca®" clocks collaborate through numerous interactions to drive normal pacemaker cell automaticity.
During each cardiac cycle, local Ca*" release from the SR occurs in response to specific signals [11]. These
Ca®" ions further interact with various ion channels and proteins to regulate the surface membrane potential
and create an action potential [11].

The complexity and heterogeneity within the coupled-clock system has been observed in numerous
studies. Distinct ion current rates, amplitudes, frequencies, and distributions have been found to regulate the
electrical activity to varying extents between pacemaker cells and among cells on the SAN periphery [11-13].
Variation within SAN microvascular structure has been recently identified to play an important role in action
potential firing rates. Notably, higher firing rates were observed within the superior region of the SAN, which
exhibited higher vessel densities [14]. In isolated human pacemaker cells, clock-coupling could be restored in
arrested pacemaker cells by stimulating 3 -adrenergic receptors, which are part of the sympathetic nervous
system [11]. Furthermore, researchers have discovered a novel interstitial cell type expressing S100 calcium-
binding protein B (S100B) within the SAN [15]. SI00B is a protein known to regulate action potential firing
rates and neural circuit rhythm in glial cells, and its presence has been observed to influence Ca®" regulation
within the SAN [15].

In addition, the fibrotic components of the SAN are significant and necessary for maintaining normal
SAN homeostasis. Cardiac fibroblasts play a crucial role in providing structural and functional support to
help regulate the conduction of electrical impulses by insulation [16]. However, in the context of cardiac
conduction disorders, it is recognized that an increased SAN fibrosis can lead to cardiac arrhythmias and is
implicated in human-related diseases such as SND [16]. Furthermore, the adult SAN responds differently to
changes in ionic currents and energy metabolism, both of which are known to change with age [17,18].
Therefore, it is imperative to understand the molecular mechanisms that control adult SAN function and
stability.

Transcriptional regulatory networks in the CCS were studied throughout embryonic development. The
CCS are derived from shared precursor cells of atrial and ventricular working myocardium but diverge later
during heart formation. Notable CCS-specific transcription factors such as Shox2 and Tbx3, along with core
cardiac transcription factors during cardiac development such as Nkx2.5, Gata4/6, and TbxS5, also play
essential roles in maintaining adult CCS function [19]. Signals such as Notch, AMPK, and Natriuretic Peptide
Receptor signaling regulate SAN homeostasis and are implicated with SAN dysfunctions in humans [20].
Recently, the Hippo signaling pathway, recognized for its important role in cardiac development and
regeneration, now has been identified as a critical pathway involved in preserving homeostasis of the SAN.
This discovery has provided new insights into the molecular mechanisms through which the Hippo pathway
regulates normal SAN function.
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2. The Hippo Signaling Pathway in the Heart

The Hippo signaling pathway is an evolutionarily conserved pathway that plays essential roles in
cardiac development, size, regeneration, and homeostasis [21—23]. The Hippo signaling is a kinase-driven
cascade that includes the vital proteins: Salvador homolog 1 (Savl) and Large tumor suppressor kinase 1/2
(Lats1/2) [7]. In the canonical Hippo-Yap pathway, the Hippo signaling functions through downstream
effectors Yes-associated protein 1 (Yap) and WW-domain-containing transcription regulator 1 (Taz) [7].
When the Hippo signaling is activated, Lats1/2, the core Hippo kinases, will phosphorylate Yap/Taz, causing
them to retain within the cytoplasm and later degrade due to the increase of 14-3-3 binding affinity [7]. On
the other hand, when the Hippo signaling is deactivated, Yap/Taz can translocate into the nucleus and bind to
the transcriptional enhanced associate domain (Tead), thereby regulating the expression of Hippo target genes
[7] (Figure 1).

The canonical Hippo-Yap pathway plays crucial function in development, homeostasis, diseases, and
regeneration of the heart [21—-23]. Deleting the Hippo signaling specifically in heart results in significant
cardiomegaly (enlargement of the heart) due to increased cardiomyocyte proliferation during cardiac
development [24]. The adult mammalian heart has limited regeneration capacity, which hinders its ability to
efficiently restore contractile function after cardiac injuries like myocardial infarction (MI) [25]. Previous
studies have demonstrated that the Hippo signaling acts as a repressor for cardiomyocytes renewal and
regeneration, and conversely, constitutively activation of Yap stimulates cardiomyocyte proliferation [26—33].
Deletion of Hippo signaling genes, Salv and Latsi/2, in adult mouse hearts and injured hearts induced
cardiomyocyte renewal and regeneration by restoring the proliferative capacity [26]. In Salv-deficient mouse
hearts, a decrease in pathological fibrosis and enhanced vasculogenesis at the scar border were observed
following injury [33]. Heart function also improved following adeno-associated virus 9 (AVV9) mediated
gene therapy, involving the knock down of Salv either at the time of injury or after ischemic heart failure
[34]. Mice with conditional overexpression of Yap5sa, an active form of Yap with all Lats1/2 phosphorylation
sites inhibited, were found to partially reprogram the adult heart to proliferative fetal-like state. This
reprogramming was achieved through alterations in the chromatin accessibility of cell-cycle genes and fetal
genes [35]. Furthermore, forced overexpression of another mutated active form of Yap (S112A) in adult
mouse hearts upon injury also promoted cardiomyocyte regeneration and improved cardiac function [27].
Extensive research has been conducted on the Hippo signaling pathway, revealing its critical roles in various
cardiac contexts, including the myocardium [26—35] and fibroblasts [36,37], yet its role in the CCS remains
largely unknown.

Chromosome abnormalities and sequence variants of the components of Hippo pathway have also been
linked to cardiac defects and arrhythmias in human patients according to the patient DNA resource and
database DECIPHER (Database of Genomic Variation and Phenotype in Humans using Ensembl Resources)
[8]. This suggests a potential role of Hippo signaling in the CCS. However, the function of Hippo signaling in
the CCS has only recently been explored.

3. Canonical Hippo Signaling Regulates Sinoatrial Node Homeostasis

New insights into the molecular mechanisms that maintain SAN homeostasis were recently recognized.
A study conducted by Zheng et al. found that the Hippo signaling pathway is critical for adult SAN
homeostasis. The core Hippo kinases Lats!/2 were conditionally knocked out in the CCS using a tamoxifen-
inducible Hcn4CreERT2 mouse [6] to assess roles of the Hippo signaling. Deletion of Lats/2 resulted in an
increase of the active Yap protein in pacemaker nuclei in the adult SAN, indicating efficient inactivation of
the Lats1/2 [8].

Lats1/2 mutant mice developed cardiac conduction disorders including SND presenting lower heart
rates and irregular RR intervals, and atrioventricular (AV) block indicated by 24 h spontancous ECG
recording using implanted telemetry transmitters [8] (Figure 1). It was further found that calcium and fibrotic
homeostasis within the SAN is regulated through the canonical Hippo signaling mediated by the downstream
effectors Yap/Taz. This was confirmed through CCS specific Yap/Taz deletion, which rescued the phenotypes
observed in Lats1/2 mutant mice [8]. Yap/Taz knockout rescued the cardiac conduction disorders observed in
Lats1/2 mutant mice and reduced SAN fibrosis and fibroblast proliferation caused by Lats1/2 deficiency [8].
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The Hippo effector Yap plays a pivotal role in the regulation of various Hippo target genes. To gain
insights into the specific molecular mechanisms that control SAN homeostasis, Zheng et al. utilized
CUT&Tag (Cleavage Under Targets and Tagmentation) sequencing in the SANs of control and Latsi/2
mutant mice. This genome-wide method allows for the identification of protein-DNA interactions and
downstream target genes. The analysis unveiled notable differences in Yap binding peaks, and subsequent
gene ontology analysis indicated that Yap likely regulates genes involved in cell-cell communication,
adhesion, calcium ion activity, proliferation, and action potential [8].

4. Hippo Signaling is Required for Calcium Homeostasis in the Sinoatrial Node

Pacemaker cells function as specialized cardiomyocytes that generate spontaneous action potentials
through distinct expression profiles of ion channels [10]. The voltage-dependent calcium ion channels are
critical for maintaining and influencing pacemaker activity. As mentioned above, the coupled-clock system,
which regulates SAN automaticity, consists of an M clock and a Ca" clock, each having distinct expression
profiles of ion channels [11]. In pacemaker cells, the calcium ion channel ryanodine receptor 2 (RyR2), is
located on the SR, a specialized endoplasmic reticulum that regulates the flow of calcium during muscle
contraction [38]. Given the importance of Ca®" transient rates in the proper function of pacemaker cells, and
considering the aforementioned data derived from the Cut&Tag experiment showing Yap regulates calcium
ion activity, further investigation revealed an impairment in calcium homeostasis within the SAN of Lats!/2
knockout mice. This impairment resulted from decreased Ca®* transient rates and reduced RyR2 levels within
pacemaker cells [8]. This was validated through calcium imaging of isolated pacemaker cells during caffeine-
induced treatment, revealing that the expression of RyR2 was decreased in Lats{/2 knockout compared to the
control [8]. Together, these findings suggest that the Hippo-Yap signaling pathway is likely responsible for
maintaining calcium homeostasis by regulating RyR2 expression and the spontaneous firing rates of calcium
(Figure 1).

5. Hippo Signaling Inhibition Increases Sinoatrial Node Fibrosis

As mentioned above, cardiac fibroblasts are an essential cell type within the SAN microenvironment.
They provide structure and functional support as well as electrical conduction. However, under pathological
conditions, CCS remodeling and excessive proliferation of fibroblasts are lead drivers of cardiac
arrhythmias [16].

Cardiac fibroblasts play a crucial role in maintaining the cardiac structural integrity by disposing of
extracellular matrix (ECM) proteins that provide scaffolds for both functional and structural support
throughout the heart [39]. Among these proteins, collagens are particularly important, but excess amounts can
lead to abnormalities. Within the heart, two dynamic forms of cardiac fibrosis exist: reparative and reactive.
Reparative fibrosis emerges as a response to cardiomyocyte loss, triggering the proliferation of the
surrounding fibroblasts [39]. Reactive fibrosis, on the other hand, occurs when mediators from the
myocardium stimulate fibroblasts to deposit the ECM proteins [39]. Canonical Hippo signaling has been
implicated in cardiac fibroblast development and differentiation from embryonic epicardial precursors.
Deletion of Lats1/2 in the epicardium Cre driver Wt1CreERT resulted in abnormal Yap activation, disrupting
the transition from epicardial to mature cardiac fibroblasts [37]. Hippo signaling also plays a critical role in
adult cardiac fibroblast homeostasis. Conditional deletion of Lats//2 in mature cardiac fibroblasts induced
proliferation and led to cardiac dysfunctions [36].

In the context of the SAN, Hippo signaling has been demonstrated to play a critical role in fibroblast
regulation upon Lats1/2 deletion in pacemaker cells. Fibrosis-regulation genes, such as Collagen 1, Vimentin,
Smooth Muscle Actin, and Periostin, were found to be upregulated at both mRNA and protein levels in the
SANs of Latsi/2 knockout mutants compared to controls [8]. The Cut&Tag experiment further revealed
paracrine fibrosis inducers 7gf5! and Tgfp3 (transforming growth factor-f3), as specific Yap-Tead targets and
potential modulators for SAN fibrosis [8]. The loss of Latsi/2 promoted fibroblast remodeling and
proliferation within the SAN [8], substantiated by an increase in proliferative vimentin-positive fibroblasts
and the accumulation of the ECM protein Collagen 1 [8]. This increase in SAN fibrosis has the potential to
disrupt proper pacemaker function by impairing conduction and electrical activity, potentially contributing to
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the observed cardiac dysfunctions (Figure 1).

6. New Perspectives for Therapeutics Targeting Sinoatrial Node-related Diseases

To further understand potential mechanisms of SAN fibrosis, previously discussed CUT&Tag
experiment revealed that paracrine fibrosis inducers Tgff] and Tgf3 were upregulated due to increased Yap
binding activities in LatsI/2 knockout mice [8]. Furthermore, LatsI/2 knockout mice exhibited significantly
increased expression of Tgffl and pSmad3 (indicator for TgfB pathway activity), suggesting that the
increased active Yap upon Lats1/2 knockout in the SAN functions as a Tgfp signaling activator, mediating
fibroblast proliferation and remodeling [8]. TgfP is known to play diverse roles in cardiac diseases, including
cardiac abnormalities, hypertrophy, remodeling, and fibrosis [40]. Upon treatment with the TgfB1 receptor
inhibitor: SB431542, Lats1/2 knockout mice had partially rescued fibrosis. This finding suggests that Lats/2
deficiency induces SAN fibrosis through activation of the Tgfp signaling pathway (Figure 1). The TgfP
pathway activity has been extensively studied as a shared mediator for cancer progression and a promoter for
fibrotic conditions in multiple organs, including the heart [41]. Targeting this pathway has been considered
for antifibrotic therapies, and recent developments have centered on small molecule inhibitors for treating
cardiac fibrosis [41]. Understanding the role of TgfP pathway and the confirmed efficacy of treatment using a
TgfP1 receptor inhibitor offers new and promising treatment strategies for treating SAN fibrosis.

Maintaining homeostasis in the adult SAN is crucial for the proper function of pacemaker cells. Several
intracellular signals such as Notch, AMPK, Natriuretic Peptide Receptor [20], and now Hippo signaling [8],
have been identified as essential for maintaining the function of the CCS. Disruptions in these pathways have
been linked to pathologies consistent with SAN dysfunction in humans [20]. Given the correlation of the
Hippo pathway with cardiac regeneration, development [26—35], fibrosis [36,37], and its role as a regulator of
SAN homeostasis [8], the Hippo pathway has garnered significant attention as a potential therapeutic target.
Recent efforts have focused on activation of Yap proteins or inhibition of upstream Hippo signaling using
various strategies. Drug development has also aimed to inhibit the core Hippo kinases; however, it should be
noted that these kinases have additional roles in various cell signaling pathways and may lead to adverse
effects [42,43].

The Hippo pathway was studied extensively within the context of cardiac regeneration following injury.
Inhibition of the Hippo signaling by manipulation of core Hippo proteins has emerged as a promising target
for promoting cardiomyocyte renewal. A study by Liu et al. used adeno-associated virus 9 (AVV9) mediated
gene therapy to knock down Sav/ in cardiomyocytes post-MI in pigs [33]. The viral vector, AAV9-Sav!-short
hairpin RNA (shRNA), was administered two weeks after the injury and was found to alleviate abnormal
systolic function by increasing cardiomyocyte renewal [33]. Notably, inhibition of the Hippo signaling upon
cardiac injury promoted cardiomyocyte proliferation, aided in the formation of new cardiac blood vessels,
and reduced pathological fibrosis [33]. MI often induces cardiac arrhythmias, such as refractory ventricular
arrhythmias, which are prevalent in MI patients and a leading cause of heart failure and mortality [32]. In a
later study by Zhang et al. utilizing the same viral vector, AAV9-Sav/-shRNA, it was demonstrated that
inhibition of the Hippo signaling attenuated MI-related cardiac arrhythmias, specifically refractory
arrhythmias [32].

7. Conclusion

The components of the CCS play a crucial role in generating electrical impulses and synchronized
contractions of the cardiac chambers, which ultimately creating your heartbeat. Maintaining homeostasis
within this system is vital to prevent fatal cardiac dysfunctions including SND. Various factors, such as
metabolism and ionic currents within the adult SAN, are recognized to change with age [17,18], potentially
disrupting normal SAN automaticity and leading to heart failure. Understanding the cellular and molecular
mechanisms that underlie pathologies related to SND can advance our understanding of the complex
signaling within the CCS and offer potential therapeutic targets with minimal adverse effects.

The Hippo pathway, known to be linked with human patients with cardiac defects and already an active
target for therapies in the context of MI, now holds promise as a potential target for CCS therapies,
particularly in studies related to aging. Additionally, the regulation of Tgfp activity by Hippo pathway



42 of 43

suggested other novel treatment strategies by targeting downstream signaling pathways modulated by Hippo.
Further investigation is needed to understand the cellular mechanisms responsible for maintaining
homeostasis in other CCS components, such as the atrioventricular node (AVN) and different CCS cell types.
Moreover, age-related studies that focus on Hippo’s involvement in the SAN and therapies specifically
targeting Hippo in the SAN require further evaluation in aged mice and other model systems to pave the way
for future studies.

Author Contributions: Julianna N. Quinn wrote the original draft. Julianna N. Quinn and Jun Wang reviewed and edited
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Institutes of Health (ROIHL142704 to J.W.) and the American Heart
Association (970606 and 23EIA1039128).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Park D.S.; Fishman G.I. The cardiac conduction system. Circulation 2011, 123, 904—915. DOLI: https://doi.org/10.
1161/CIRCULATIONAHA.110.942284

2. da Silva R.M.F.L.; de Souza Maciel A. Conduction Disorders: The Value of Surface ECG. Curr. Cardiol. Rev. 2021,
17, 173-181. DOL: https://doi.org/10.2174/1573403X16666200511090151

3. John R.M.; Kumar S. Sinus Node and Atrial Arrhythmias. Circulation 2016, 133, 1892—1900. DOI: https://doi.org/10.
1161/CIRCULATIONAHA.116.018011

4. Easterling M.; Rossi S.; Mazzella A.J.; et al. Assembly of the Cardiac Pacemaking Complex: Electrogenic Principles
of Sinoatrial Node Morphogenesis. J. Cardiovasc. Dev. Dis. 2021, 8, 40. DOI: https://doi.org/10.3390/jcdd8040040

5. Jensen P.N.; Gronroos N.N.; Chen L.Y.; et al. Incidence of and risk factors for sick sinus syndrome in the general
population. J. Am. Coll. Cardiol. 2014, 64, 531-538. DOL: https://doi.org/10.1016/j.jacc.2014.03.056

6. Liang X.; Wang G.; Lin L.; et al. HCN4 dynamically marks the first heart field and conduction system precursors.
Circ. Res. 2013, 113, 399—407. DOL: https://doi.org/10.1161/CIRCRESAHA.113.301588

7. FuM.; HuY,; Lan T.; et al. The Hippo signalling pathway and its implications in human health and diseases. Signal/
Transduct. Target. Ther. 2022, 7, 376. DOI: https://doi.org/10.1038/s41392-022-01191-9

8. Zheng M.; Li R.G.; Song J.; et al. Hippo-Yap Signaling Maintains Sinoatrial Node Homeostasis. Circulation 2022,
146, 1694-1711. DOL: https://doi.org/10.1161/CIRCULATIONAHA.121.058777

9. Boyett M.R.; Honjo H.; Kodama I. The sinoatrial node, a heterogeneous pacemaker structure. Cardiovasc. Res. 2000,
47, 658-687. DOI: https://doi.org/10.1016/S0008-6363(00)00135-8

10. Linscheid N.; Logantha S.J.R.J.; Poulsen P.C.; et al. Quantitative proteomics and single-nucleus transcriptomics of
the sinus node elucidates the foundation of cardiac pacemaking. Nat. Commun. 2019, 10, 2889. DOI: https://doi.org/
10.1038/s41467-019-10709-9

11. Tsutsui K.; Monfredi O.J.; Sirenko-Tagirova S.G.; et al. A coupled-clock system drives the automaticity of human
sinoatrial nodal pacemaker cells. Sci. Signal. 2018, 11, eaap7608. DOI: https://doi.org/10.1126/scisignal.aap7608

12. Bychkov R.; Juhaszova M.; Tsutsui K.; et al. Synchronized Cardiac Impulses Emerge from Heterogeneous Local
Calcium Signals Within and Among Cells of Pacemaker Tissue. JACC Clin. Electrophysiol. 2020, 6, 907-931. DOI:
https://doi.org/10.1016/j.jacep.2020.06.022

13. Monfredi O.; Tsutsui K.; Ziman B.; et al. Electrophysiological heterogeneity of pacemaker cells in the rabbit
intercaval region, including the SA node: insights from recording multiple ion currents in each cell. Am. J. Physiol.
Heart. Circ. Physiol. 2018, 314, H403—H414. DOI: https://doi.org/10.1152/ajpheart.00253.2016

14. Grainger N.; Guarina L.; Cudmore R.H.; et al. The Organization of the Sinoatrial Node Microvasculature Varies
Regionally to Match Local Myocyte Excitability. Function (Oxf) 2021, 2, zqab031. DOI: https://doi. org/10.1093/
function/zqab031

15. Bychkov R.; Juhaszova M.; Calvo-Rubio Barrera M.; et al. The Heart’s Pacemaker Mimics Brain Cytoarchitecture
and Function: Novel Interstitial Cells Expose Complexity of the SAN. JACC Clin. Electrophysiol. 2022, 8, 1191—
1215. DOI: https://doi.org/10.1016/j.jacep.2022.07.003

16. Kalyanasundaram A.; Li N.; Gardner M.L.; et al. Fibroblast-Specific Proteotranscriptomes Reveal Distinct Fibrotic
Signatures of Human Sinoatrial Node in Nonfailing and Failing Hearts. Circulation 2021, 144, 126—143. DOI: https://
doi.org/10.1161/CIRCULATIONAHA.120.051583

17. Yavari A.; Bellahcene M.; Bucchi A.; et al. Mammalian y2 AMPK regulates intrinsic heart rate. Nat. Commun. 2017,
8, 1258. DOL: https://doi.org/10.1038/s41467-017-01342-5

18. Peters C.H.; Sharpe E.J.; Proenza C. Cardiac Pacemaker Activity and Aging. Annu. Rev. Physiol. 2020, 82, 21-43.
DOIL: https://doi.org/10.1146/annurev-physiol-021119-034453

19. van Eif V.W.W,; Devalla H.D.; Boink G.J.J.; et al. Transcriptional regulation of the cardiac conduction system. Nat.
Rev. Cardiol. 2018, 15, 617-630. DOI: https://doi.org/10.1038/s41569-018-0031-y

20. Zheng M.; Erhardt S.; Cao Y.; et al. Emerging Signaling Regulation of Sinoatrial Node Dysfunction. Curr. Cardiol.
Rep. 2023, 25, 621-630. DOLI: https://doi.org/10.1007/s11886-023-01885-8



43 of 43

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zheng M.; Jacob J.; Hung S. H.; et al. The Hippo Pathway in Cardiac Regeneration and Homeostasis: New
Perspectives for Cell-Free Therapy in the Injured Heart. Biomolecules 2020, 10, 1024. DOI: https://doi.org/10.3390/
biom10071024

Wang J.; Liu S.; Heallen T.; et al. The Hippo pathway in the heart: pivotal roles in development, disease, and
regeneration. Nat. Rev. Cardiol. 2018, 15, 672—684. DOLI: https://doi.org/10.1038/s41569-018-0063-3

Liu S.; Li R.G.; Martin J.F. The cell-autonomous and non-cell-autonomous roles of the Hippo pathway in heart
regeneration. J. Mol. Cell. Cardiol. 2022, 168, 98—106. DOLI: https://doi.org/10.1016/j.yjmcc.2022.04.018

Heallen T.; Zhang M.; Wang J.; et al. Hippo pathway inhibits Wnt signaling to restrain cardiomyocyte proliferation
and heart size. Science 2011, 332, 458-461. DOL: https://doi.org/10.1126/science.1199010

Bergmann O.; Bhardwaj R.D.; Bernard S.; et al. Evidence for cardiomyocyte renewal in humans. Science 2009, 324,
98-102. DOL: https://doi.org/10.1126/science.1164680

Heallen T.; Morikawa Y.; Leach J.; et al. Hippo signaling impedes adult heart regeneration. Development 2013, 140,
4683-4690. DOLI: https://doi.org/10.1242/dev.102798

Xin M.; Kim Y.; Sutherland L.B.; et al. Hippo pathway effector Yap promotes cardiac regeneration. Proc. Natl. Acad.
Sci. 2013, 110, 13839-13844. DOI: https://doi.org/10.1073/pnas.1313192110

Xin M.; Kim Y.; Sutherland L. B.; et al. Regulation of insulin-like growth factor signaling by Yap governs
cardiomyocyte proliferation and embryonic heart size. Sci. Signal. 2011, 4, ra70. DOI: https://doi. org/10.1126/
scisignal.2002278

von Gise A.; Lin Z.; Schlegelmilch K.; et al. YAP1, the nuclear target of Hippo signaling, stimulates heart growth
through cardiomyocyte proliferation but not hypertrophy. Proc. Natl. Acad. Sci. 2012, 109, 2394-2399. DOI: https://
doi.org/10.1073/pnas.1116136109

Tao G.; Kahr P.C.; Morikawa Y.; et al. Pitx2 promotes heart repair by activating the antioxidant response after
cardiac injury. Nature 2016, 534, 119-123. DOI: https://doi.org/10.1038/nature1 7959

Morikawa Y.; Heallen T.; Leach J.; et al. Dystrophin-glycoprotein complex sequesters Yap to inhibit cardiomyocyte
proliferation. Nature 2017, 547, 227-231. DOI: https://doi.org/10.1038/nature22979

Zhang S.; Liu S.; Leach J.P.; et al. Gene Therapy Knockdown of Hippo Signaling Resolves Arrhythmic Events in
Pigs After Myocardial Infarction. Circulation 2022, 146, 1558 — 1560. DOI: https://doi. org/10.1161/
CIRCULATIONAHA.122.059972

Liu S.; Li K.; Wagner Florencio L.; et al. Gene therapy knockdown of Hippo signaling induces cardiomyocyte
renewal in pigs after myocardial infarction. Sci. Transl. Med. 2021, 13, eabd6892. DOI: https://doi. org/10.1126/
scitranslmed.abd6892

Leach J.P.;; Heallen T.; Zhang M.; et al. Hippo pathway deficiency reverses systolic heart failure after infarction.
Nature 2017, 550, 260-264. DOI: https://doi.org/10.1038/nature24045

Monroe T.O.; Hill M.C.; Morikawa Y.; et al. YAP Partially Reprograms Chromatin Accessibility to Directly Induce
Adult Cardiogenesis In Vivo. Dev. Cell. 2019, 48, 765-779. DOI: https://doi.org/10.1016/j.devcel.2019.01.017

Xiao Y.; Hill M.C.; Li L.; et al. Hippo pathway deletion in adult resting cardiac fibroblasts initiates a cell state
transition with spontaneous and self-sustaining fibrosis. Genes. Dev. 2019, 33, 1491-1505. DOI: https://doi.org/10.
1101/gad.329763.119

Xiao Y.; Hill M.C.; Zhang M.; et al. Hippo Signaling Plays an Essential Role in Cell State Transitions during Cardiac
Fibroblast Development. Dev. Cell. 2018, 45, 153—169. DOLI: https://doi.org/10.1016/j.devcel.2018.03.019

Wehrens X. H.; Lehnart S. E.; Reiken S.R.; et al. Ca**/calmodulin-dependent protein kinase II phosphorylation
regulates the cardiac ryanodine receptor. Circ. Res. 2004, 94, e¢61 —e70. DOI: https://doi. org/10.1161/01. RES.
0000125626.33738.E2

Cowling R.T.; Kupsky D.; Kahn A.M.; et al. Mechanisms of cardiac collagen deposition in experimental models and
human disease. Transl. Res. 2019, 209, 138—155. DOI: https://doi.org/10.1016/j.trs1.2019.03.004

Saadat S.; Noureddini M.; Mahjoubin-Tehran M.; et al. Pivotal Role of TGF-B/Smad Signaling in Cardiac Fibrosis:
Non-coding RNAs as Effectual Players. Front. Cardiovasc. Med. 2021, 7, 588347. DOI: https://doi. org/10.3389/
fcvm.2020.588347

Parichatikanond W.; Luangmonkong T.; Mangmool S.; et al. Therapeutic Targets for the Treatment of Cardiac
Fibrosis and Cancer: Focusing on TGF-f Signaling. Front. Cardiovasc. Med. 2020, 7, 34. DOI: https://doi.org/10.
3389/fcvm.2020.00034

Shalhout S.Z.; Yang P.Y.; Grzelak E.M.; et al. YAP-dependent proliferation by a small molecule targeting annexin
A2. Nat. Chem. Biol. 2021, 17, 767-775. DOI: https://doi.org/10.1038/s41589-021-00755-0

Galan J.A.; Avruch J. MST1/MST2 KinasesProtein: Regulation and Physiologic Roles. Biochemistry 2016, 55, 5507—
5519. DOI: https://doi.org/10.1021/acs.biochem.6b00763

Citation: Quinn, J.N.; Wang, J. (2023). Hippo Signaling: Advances in Potential Therapeutic Targets for Sinoatrial Node
Disorders. International Journal of Drug Discovery and Pharmacology, 2(4), 36-43.https://doi.org/10.53941/ijddp.2023.
100014

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Copyright: © 2023 by the authors. This is an open access article under the terms and conditions of the Creative Commons
u 0y

Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



