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Abstract

BACKGROUND: The sinoatrial node (SAN) functions as the pacemaker of the heart, initiating
rhythmic heartbeats. Despite its importance, the SAN is one of the most poorly understood cardiac
entities because of its small size and complex composition and function. The Hippo signaling
pathway is a molecular signaling pathway fundamental to heart development and regeneration.
Although abnormalities of the Hippo pathway are associated with cardiac arrhythmias in human
patients, this pathway’s role in the SAN is unknown.

METHODS: We investigated key regulators of the Hippo pathway in SAN pacemaker cells

by conditionally inactivating the Hippo signaling kinases LatsZ and Lats2 using the tamoxifen-
inducible, cardiac conduction system (CCS)-specific Cre driver HcndeERTZ ith LatsI and Lats2
conditional knockout (CKO) alleles. In addition, the Hippo signaling effectors Yapand 7azwere
conditionally inactivated in the SAN. To determine the function of Hippo signaling in the SAN
and other CCS components, we conducted a series of physiologic and molecular experiments
including telemetry electrocardiogram recording, echocardiography, Masson’s Trichrome staining,
calcium imaging, immunostaining, RNAscope, Cleavage Under Targets and Tagmentation
(CUT&Tag) sequencing using antibodies against Yapl or H3K4me3, quantitative real-time PCR,
and Western blotting. We also performed comprehensive bioinformatics analyses of various
datasets.

RESULTS: We found that Lats1/2inactivation caused severe sinus node dysfunction. Compared
with the controls, Lars1/2 CKO mutants exhibited dysregulated calcium handling and increased
fibrosis in the SAN, indicating that Lats1/2function through both cell-autonomous and non—
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cell-autonomous mechanisms. It is notable that the Larts1/2 conditional knockout phenotype was
rescued by genetic deletion of Yapand 7azin the cardiac conduction system. These rescued

mice had normal sinus rhythm and reduced fibrosis of the SAN, indicating that Lazs2/2 function
through Yapand 7az. Cleavage Under Targets and Tagmentation sequencing data showed that
Yap potentially regulates genes critical for calcium homeostasis such as Ryr2and genes encoding
paracrine factors important in intercellular communication and fibrosis induction such as 7gfb1
and Tgfb3. Consistent with this, Lats1/2 CKO mutants had decreased Ryr2 expression and
increased 7gfbland 7gfb3expression compared with control mice.

CONCLUSIONS: We reveal, for the first time to our knowledge, that the canonical Hippo-Yap

pathway plays a pivotal role in maintaining SAN homeostasis.

Keywords
Hippo signaling; sinus node dysfunction; fibrosis; TGF-B; calcium homeostasis

INTRODUCTION

The cardiac conduction system (CCS) initiates and propagates electrical depolarization,
which coordinates the synchronized contraction of the cardiac muscle. Disturbances in

the CCS give rise to cardiac arrhythmias, a major cause of morbidity and mortality
worldwide.1=3 The CCS consists of the sinoatrial node (SAN, or sinus node), atrioventricular
node (AVN), bundle of His, bundle branches, and Purkinje fibers. > The SAN is the
primary pacemaker structure of the heart, and is a heterogeneous tissue characterized

by clusters of pacemaker cells (PCs) encompassed within fibrotic components including
collagens, elastin, and cardiac fibroblasts (CFs).6 PCs are characterized as highly specialized
cardiomyocytes, which can generate electrical impulses to spontaneously and directly
control the heart rate.”- 8 SAN intranodal fibrotic tissue provides important structural and
functional integrity for PCs, along with electrically insulating PCs from the surrounding
atrial myocardium to efficiently regulate normal sinus rhythm.% 10 However, increased SAN
fibrosis under pathologic conditions may cause cardiac arrhythmias such as tachycardia-
bradycardia arrhythmias, cardiac arrest, atrial fibrillation, and ventricular arrhythmias. The
function of the SAN is highly sensitive to changes in ionic currents, such as those regulated
by intracellular calcium signaling!! and energy metabolism12 in the adult heart. In addition,
the risk for sinus node dysfunction (SND, also known as sick sinus syndrome) increases
with other factors including aging, hypertension, and concomitant conduction disease.13 The
incidence of SND is predicted to double over the next 50 years.1# Therefore, understanding
the molecular machinery controlling SAN homeostasis in adulthood has considerable
clinical significance.

Hippo signaling is a highly conserved kinase cascade that plays critical roles in

cardiac development, regeneration, and homeostasis. When Hippo signaling is active, the
downstream Hippo effectors Yap/Taz are phosphorylated by the Hippo core kinases Lats1/2.
Phosphorylated Yap/Taz are retained in the cytoplasm and are eventually degraded. When
Hippo signaling is off, Yap/Taz act as transcriptional cofactors that can translocate into

the nucleus and interact with other transcription factors such as TEA domain transcription
factor family members (TEADS) to regulate gene expression.1> 16 Hippo signaling plays
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critical roles during both embryonic and postnatal stages, including the regulation of
cardiomyocyte proliferation and renewal.17-23 According to the DECIPHER (DatabasE

of genomiC varlation and Phenotype in Humans using Ensembl Resources) database,
patients with sequence variants in Hippo pathway components had cardiac defects and
arrhythmias. Altered Hippo pathway activity has been found in patients with arrhythmogenic
and hypertrophic cardiomyopathy heart failure.2%: 24. 25 Compared with normal human
heart samples, myocardial samples from patients with arrhythmogenic cardiomyopathy had
greater Hippo signaling activity and increased phosphorylated YAP level.24 Analysis of
RNA-seq data indicated that expression of MstZ, a core kinase of Hippo signaling and an
upstream regulator of Lats1/2 was significantly less in the SAN of failing human hearts
than in SAN of donor hearts without heart failure or a history of arrhythmia.2 Recent
bioinformatics analysis of gene expression profiles predicted that Hippo signaling was the
most significantly enriched pathway in the left atrium of atrial fibrillation patients.2” These
studies suggest the potential role of Hippo signaling in the CCS. Hippo signaling has been
studied in different cardiac contexts, yet its function in the CCS has not been investigated.

To uncover the function of Hippo signaling in the SAN, we conditionally deleted Lats

and Lats2in the CCS in the HcndCreERTZ: | ats1/2Mox/flox ([ ats1/2 CKO) mouse model.
Hcn4CreERTZ s 3 tamoxifen-inducible CCS-specific Cre,28 which is specifically expressed
in the developing and adult SAN and in the other components of the conduction system
from fetal stages onward. We found that Lats1/2 CKO mice developed cardiac conduction
disorders such as sinus pauses, atrioventricular (AV) blocks, irregular RR intervals,

and abnormal P-waves. Furthermore, Lats1/2 deletion disrupted the intrinsic calcium
homeostasis of PCs, making their spontaneous firing rate irregular. We also found that the
absence of Lats1/2increased SAN fibrosis by non—cell-autonomous fibroblast proliferation;
however, PCs in both control and Lats1/2 CKO mice were not proliferative. We further
determined that Lats1/2function through Yapand 7azand performed CUT&Tag sequencing
to uncover Yap target genes in the SAN. We found that Hippo-Yap signaling regulates the
key calcium homeostasis genes such as sarcoplasmic reticulum (SR) calcium channel Ryr2
(encoding ryanodine receptor type 2, RyR2) and important genes for cell communication
and fibrosis induction such as 7gfbZand Tgfb3. For the first time to our knowledge, we
show that Hippo-Yap signaling is required for maintaining SAN homeostasis through both
cell-autonomous and non-cell-autonomous mechanisms.

METHODS

All animal studies and procedures were conducted in accordance with the National Institutes
of Health’s Guide for the Care and Use of Laboratory Animals and were approved by

The University of Texas Health Science Center at Houston Institutional Animal Care and
Use Committee. Detailed methods and supporting data are available in the Supplementary
Material. Study materials are available from the corresponding author upon reasonable
request.
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Mice
Hen JCIeERT2 28 | ats _Zflox/f/ax 174 ats. 2f/0x/f/0x 17 Yap flox/flox 19 and 7az flox/flox 19 mouse

lines were previously described. Six- to eight-week-old mice were intraperitoneally injected
with 150 mg tamoxifen (10 mg/ml) per day for 2 days to induce Hcn4CeERTZ aetivity.

Telemetry Electrocardiography

Telemetry electrocardiograms (ECGs) were recorded over 24 hours in conscious and
ambulatory mice using telemetry transmitters ETA-F10 (Data Sciences International) as
previously described.2?

Echocardiography

Echocardiography was performed on anesthetized mice as previously described®? by using a
VisualSonics Vevo 2100 system with a 550-s probe.

Confocal Ca2* imaging of PCs

SAN tissues were isolated as previously described.1?2 Confocal Ca2* imaging studies were
performed in isolated PCs from SAN tissues as previously described.3: 32

CUT&Tag and sequencing data analysis

CUT&Tag assays in nuclei from SAN tissues were performed as previously described33
by separately using anti-H3K4me3 and anti-Yap1 antibodies. The CUT&Tag sequencing
(GSE202641) raw reads were aligned by using Bowtie23* and were further processed
with Picard and Samtools.3> Cut&Tag signals in the genome were visualized by using the
bamCoverage module of deepTools.36 SEACR37 was used to call peaks, and peaks were
annotated with Homer.38 Metascape was used for gene ontology analysis.3° For conserved
sequence analysis, the phastCons60way score? file of mm10 was downloaded from the
UCSC Genome Browser.

ATAC-seq data processing and analysis

Raw ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) reads
of PCd and right atrial cardiomyocytes ATAC-seq data (GSE14851541) were mapped to
the mm10 build of the mouse genome using BWA with default settings. For SAN-like
pacemaker cells and ventricle-like cardiomyocytes ATAC-seq data (GSE14604442), raw
ATAC-seq reads were mapped to the hg19 build of the mouse genome using BWA with
default settings.

Statistical Analysis

Quantitative data are presented as the mean+SEM. Al statistical tests, error bars, P-values,
and n numbers of sample sizes and replicates are reported in the corresponding figure
legends.
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RESULTS

Lats1 and Lats2 deletion in the CCS results in cardiac conduction disorders

To determine whether Hippo signaling functionally affects the CCS, we generated inducible
CCS-specific knockout models of the Hippo signaling kinases LatsZ and Lats2by
intercrossing the floxed Lats1/2 (Lats1 ToX/flox | atsp flox/floxy mice with the inducible
CCS-specific Cre Hen4“®ERTZ mice.28 Mice were treated with tamoxifen at 6-8 weeks

of age (Figure 1A). Both HendCERTZ and [ ats1/2M10%/flox mice were used as controls.

Yap is an effector of Hippo signaling and is phosphorylated by Lats1 and Lats2 when
Hippo signaling is active.43-45 To detect Hippo signaling activity in the SAN, we co-stained
phosphorylated (inactive) Yap-Ser127 (pYap) and the PC marker Hcn4 in sections of SAN
tissue from both control and Lats1/2 CKO mice.*6-48 Compared with control SANs (Figure
1B), SANs of Lats1/2 CKO mice had decreased pYap levels in Hcn4-positive PCs (Figure
1C). Consistent with this, active Yap (aYap) protein level was greater in the PC nuclei of
Lats1/2 CKO mice (Figure 1E) than in those of controls (Figure 1D). These data indicated
efficient CCS-specific inactivation of Lats1/2in Lats1/2 CKO mice.

To further elucidate the functional role of Hippo signaling in the CCS, we obtained
telemetry ECG recordings in both control and Lats1/2 CKO mice with implanted telemetry
transmitters for over 24 hours. Before tamoxifen treatment, we recorded ECGs from controls
(including Hen4CreERTZ and [ ats1/2110X/flox mice) and Lats1/2 CKO mice and found no
obvious ECG differences between these mice. At 8 days after tamoxifen injection, the most
frequently observed phenotypes in Lats1/2 CKO mice were cardiac conduction disorders
including AV block and SND, which manifested as lower heart rates and longer RR
intervals than in control mice (Figure 1F-1G). Poincaré plot analysis of the RR intervals
demonstrated tremendous beat-to-beat variation in Lats1/2 CKO mice (Figure 1H-11). The
heart rate was lower (Figure 1J), and the average RR interval was significantly longer in
Lats1/2 CKO mice (Figure 1K). In contrast, average P duration, PR interval, QRS complex
duration, and QTc duration were not significantly different between control and Lats1/2
CKO mice (Figure S1J-S1M), suggesting that that atrial and ventricular conduction and

the other components of the CCS were less affected by Lats1/2 deficiency. Together, these
findings indicate that the CCS-specific deletion of Lats1/2disrupts the function of the SAN.

Lats1 and Lats2 deficiency in the CCS does not cause altered heart contractile function

Hippo signaling is known to play an important role in regulating cardiomyocyte proliferation
and heart size in mouse embryos, as well as cardiomyocyte size in adult mice.21 49-51
Therefore, we further determined whether Lats1/2 deletion in the CCS alters heart size,
SAN PC size, and general cardiac function. No obvious difference was observed in the
size of Lats1/2 CKO hearts and control hearts (Figure SIA-S1B). Co-staining of wheat
germ agglutinin (WGA, plasma membrane marker) and Hcn4 (Figure S1C-S1D) indicated
no significant difference in PC size between Lats1/2 CKO and control mice (Figure

S1E). Likewise, echocardiography data showed no obvious between-group differences

in cardiac contractile function and dimensions (Figure S1F-S11). Further analysis of
echocardiographic measurements indicated no significant differences between control and
Lats1/2 CKO in parameters such as left ventricle internal diameter, left ventricle posterior
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wall thickness, left ventricle volume, stroke volume, cardiac output, ejection fraction, and
fractional shortening (Table S1). Together, these results indicated that the CCS-specific
deletion of Lars1/2did not affect overall heart size, pacemaker cell size, or cardiac function,
suggesting that phenotypes caused by Lats1/2 deletion were intrinsic to the CCS rather than
secondary effects.

Loss of Lats1/2 in PCs promotes fibrosis in the SAN

To investigate whether SND in Lats1/2 CKO mice was associated with structural
abnormalities of the SAN region, we evaluated collagen deposition and fibrosis in the SAN
region. Masson’s Trichrome staining revealed that compared with control SANs (Figure
2A), Lats1/2 CKO SANSs (Figure 2B) exhibited an increase in blue-stained collagen content,
although no obvious differences were observed between control and Lats1/2 CKO mice

in other cardiac components such as the right atria, cardiac valves, and ventricular septal
regions (Figure S2A-S2B). We further performed immunohistochemistry (IHC) experiments
to label the extracellular matrix protein collagen 1 (Collal) in tissue sections of control

and Lats1/2 CKO mice and used the co-staining of Hecn4 to indicate the SAN region.
Collal levels were significantly greater in SANs of Lats1/2 CKO samples than in those of
controls (Figure 2C-2E), indicating that Lats1/2 deficiency increased collagen deposition.
Expression level of the fibroblast marker vimentin (Vim) was also higher in the SAN region
of Lats1/2 CKO hearts than in that of control hearts (Figure 2F-2G). These data revealed
fibrotic remodeling and increased fibrosis in the SAN caused by the deletion of Lats1/2in
PCs.

Loss of Lats1/2 promotes fibroblast but not pacemaker cell proliferation in the SAN

Hippo signaling has a well-known and critical role in cell proliferation. Therefore, to
determine the impact on proliferation caused by loss of Lats1/2, we injected control

and Lats1/2 CKO mice with 5-ethynyl-2’-deoxyuridine (EdU) for four consecutive days
before the heart was harvested at 8 days after tamoxifen injection. EdU signal was barely
detectable in cardiac troponin-T (cTnT)-positive PCs of both control and Lats1/2 CKO
hearts, indicating that PCs were not proliferative after Lats1/2deletion (Figure 2F-2H).
However, EdU labeling indicated that vimentin-positive fibroblast cells were significantly
more proliferative in the SAN region of Lats1/2 CKO hearts than in control hearts (Figure
2F-2H). To examine expression of fibrosis-regulated genes, we isolated RNA from dissected
SAN tissues of control and Lats1/2 CKO mouse hearts. qRT-PCR analysis revealed that
MRNA expression of the fibrosis-associated genes Collal, Vimentin, ActaZ (encoding
alpha-smooth muscle actin, aSMA\) and Periostin (Postn) were upregulated in Lats1/2 CKO
SANs compared to control SANs (Figure 21-2L). These data suggested that Lats1/2 deletion
in the CCS increased SAN fibrosis and non—cell-autonomous fibroblast proliferation.

Lats1/2 deficiency disrupts calcium homeostasis in SAN PCs

Spontaneous beating and rhythmic electrical impulses of the SAN are regulated by the
k-dependent voltage membrane clock and the intracellular Ca2* clock, which is controlled
by the localized subsarcolemmal Ca2* release via RyR2 on the SR.52: 53 Therefore to
study potential mechanisms responsible for SND at the cellular level, we evaluated cellular
Ca?* activity by performing confocal Ca2* imaging in isolated PCs of control (Figure 3A)
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and Lats1/2 CKO mice (Figure 3B). We found that PCs isolated from Lats1/2 CKO mice
exhibited greater variability in the spontaneous Ca2* transient rates and presented with an
overall reduced frequency of spontaneous firing (Figure 3C-3F). No obvious difference
was observed in the amplitude of the caffeine-induced Ca2* transients between control

and Lats1/2 CKO PCs (Figure 3C-3D), indicating that the control and Lats1/2 CKO PCs
have similar SR Ca2* content. However, compared with controls, PCs isolated from Lats1/2
CKO hearts had weaker activity and decreased response to caffeine challenge (Figure 3C-
3D). Quantification of spontaneous Ca?* transient rates (Figure 3E) and distribution of
spontaneous Ca2* transient rates (Figure 3F) in isolated PCs of control and Lats1/2 CKO
mice further indicated the irregular and overall reduced frequency of spontaneous firing.
These data revealed that Lats1/2 deficiency disrupted PC Ca2* activity, suggesting a critical
role of Lats1/2in maintaining PC Ca2* homeostasis.

Lats1/2 maintains SAN homeostasis through the canonical Hippo-Yap/Taz pathway

To determine whether Yap/Taz, the downstream effectors of Lats1/2, were critical

for SAN homeostasis, we specifically deleted Yap/7azin the CCS of Lats1/2 CKO

mice by generating Hcn4CeERTZ: [ ats1/27F: yap/Taz"f mice. After tamoxifen injection,

we confirmed ablation of Yap/Tazin Lats1/2 CKO mice by the reduction in pYap
immunofluorescence (IF) staining (Figure 4A-4C). Just as Lats1/ 2 deficiency caused no
obvious cardiac structure and function changes in the CCS, Yapand 7azdeletion in the
CCS of Lats1/2CKO did not alter cardiac structure, contractile function and SAN PC size
(Figure S3). Notably, ablation of Yap/Tazin Lats1/2 CKO mice rescued cardiac arrhythmias
observed in Lats1/2 CKO mice to an extent comparable to that of control mice (Figure 4D—
4K). These results suggested that restriction of Yap/Taz activity by Lats1/2 kinases-mediated
phosphorylation was essential for SAN homeostasis. Masson’s Trichrome staining showed
that SAN fibrosis was suppressed in Hcn4CeERTZ: [ ats1/27F: yap/Taz"f mice compared

to Lats1/2 CKO mice (Figure 5A-5C). We also observed reduced levels of Collal and
vimentin immunostaining in SANSs of HcndCeERTZ. | ats1/27F: yap/Taz"f mice compared
with Lats1/2 CKO mice (Figure 5D-5I).

To test whether the ablation of Yap/7az inhibited proliferation of fibroblasts in the SAN,

we injected EdU in control, Lats1/2 CKO, and HcndCeERTZ: | ats1/2%F: Yap/Taz" mice. In
SANSs of Hcn4CreERTZ: | ars1/2%F. Yap/Taz"”f mice, vimentin-positive fibroblasts showed less
EdU incorporation than those in SANs of Lats1/2 CKOs, while Yap/Taz deletion rescued
EdU-positive fibroblasts in SANs to a level comparable with that in the control mice (Figure
5G-5I). Taken together, these data indicated that Lats1/2 in the CCS function through the
canonical Hippo signaling pathway mediated by Yap/Taz.

Yap regulates genes essential for intercellular communication, cell-cell adhesion, and
calcium homeostasis

To decipher molecular mechanisms underlying cardiac arrhythmias and to identify the
downstream targets of the Hippo-Yap pathway involved in SAN homeostasis, we performed
CUT&Tag sequencing33 in SANSs of control and Lats1/2 CKO mice using antibodies against
Yapl, H3K4me3 (as positive control), and 1gG (as negative control) (Figure 6A). The
heatmaps showed significantly enriched Yap binding sites in Lats1/2 CKOs when compared
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to controls (Figure 6A). H3K4me3 marks, indicative of active gene expression,>* were
significantly greater in Yap binding sites from Lats1/2 CKO than in those from control
(Figure S4A), suggesting that Yap in Larts1/2 CKO SANSs interacts with promoters/enhancers
that are more transcriptionally active. We further examined genomic occupancy by Yap, and
found that in control SANSs, Yap binding peaks were preferentially located in intergenic and
intronic regions, whereas a small fraction of Yap binding peaks were located in promoter,
untranslated region (UTR), and exonic regions (Figure 6B). Yap binding peaks in Lats1/2
CKOs were still preferentially located in intergenic and intronic regions, but a higher
percentage of peaks were detected in promoter and exonic regions of Lats1/2 CKOs than

in those of controls (Figure 6B). When we overlapped and compared Yap binding peaks

in controls and Lats1/2 CKOs, we found that Yap binding peaks that exhibited significant
differences still had the majority of their genomic occupancy in intergenic and intronic
regions, but further increased their genomic occupancy in promoter, exonic, and UTR
regions (Figure 6B). Motif analysis of YAP CUT&Tag peaks showed 35 known motifs that
were specifically enriched in Lats1/2 CKO (Figure 6C). Notably, TEAD4 (TEA Domain
Transcription Factor 4) binding motif is shown among them in Lats1/2 CKO (Figure 6C).
TEADA4 is a transcription factor which contains a C-terminal YAP-binding domain®® to
interact with Yap and form a transcriptional complex for the regulation of gene expression.
We further performed gene ontology (GO) term analysis of genes associated with Yap
binding peaks that were significantly changed in Lats1/2 CKOs compared with controls.
The top GO terms revealed that Yap-bound genes were involved in cell-cell communication,
cell-cell adhesion, calcium ion activity, cell proliferation, action potential and rhythmic
process (Figure 6D).

Yap regulates the expression of Ryr2 and TGF-p family members

Because of the molecular phenotypes observed in Lats1/2 CKO mice, including disruption
of Ca2* homeostasis in PCs and enhanced fibroblast proliferation in the SAN, we visualized
enriched Yap binding peaks of genes reported to regulate these events. CUT&Tag seq data
suggested that Yap potentially regulates many genes that function in cell-cell communication
and response to calcium ion regulation. For instance, Yap binding peaks were identified in
different genomic regions of the key calcium regulator Ryr2 (encoding RyR2, the major
component of the SR Ca%* channel) (Figure 6E-6F) and the paracrine fibrosis inducers
Tgfb1and Tgrfb3 (encoding the profibrotic signaling factors TGF-beta ligands TGF-p1

and TGF-B3) (Figure 6G—6H), suggesting their potential regulation by Yap. Importantly,
multiple alignment sequence analysis indicated that overall, the Yap binding peaks at Ryr2,
Tgfbl, and Tgfb3genes were evolutionarily conserved among vertebrate species including
humans (Figure S4B-S4D).

We further evaluated whether expression of these genes is regulated by Yap. We performed
fluorescence in situ hybridization by using RNAscope for 7gfb1 and found that 7gfb2
transcripts were significantly increased in the SAN in Lats1/2 CKOs compared with controls
(Figure 7A-7C). Consistently, IF staining showed that the phosphorylated Smad3 (pSmad3,
an indicator of TGF-P pathway activation) signal was increased in Lats1/2 CKO SANs
compared with control SANs (Figure 7D-7E, SSA-S5B), and Yap/Taz deletion in Lats1/2
CKO SANs rescued pSmad3 to a level comparable with that in control SANs (Figure S5C).
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gRT-PCR analysis indicated that expression of 7gf-81 (Figure 7F) and Tgf-B3 (Figure 7G)
was significantly upregulated, whereas expression of Ryr2was significantly downregulated
(Figure 7K) in Lats1/2 CKO SANs compared with control SANs. Western blot (WB)
analyses confirmed greater pSmad3 levels in Lats1/2 CKO SANs (Figure 7J), further
confirming that Lats1/2 deletion enhanced TGF- signaling in the SAN. Consistently, the
results of WB and IHC showed less RyR2 in Lats1/2 CKO SANSs (Figure 7H-7J). In
summary, Yap in the SAN PCs likely functions as an activator of 7gf-gand a repressor of
Ryr2.

TGF-g inhibitor treatment partially rescues the fibroblast phenotype in Lats1/2 CKO SANs

Because the increased fibrosis and fibroblast proliferation phenotypes observed in Lats1/2
CKO mice may be mediated partially through increased TGF-p signaling, we further
evaluated this possibility by treating Lats1/2 CKO mice with SB431542, a TGF-B1 receptor
inhibitor. Lats1/2 CKO mice were injected with SB431542 and compared with DMSO-
treated Lats1/2 CKO mice and control mice. Although Lats1/2 CKO mice treated with
SB431542 (Figure 7N) still showed increased pSmad3 signals compared with control mice
(Figure 7L), those pSmad3 signals were greatly reduced compared with Lats1/2 CKO mice
treated with DMSO (Figure 7M), indicating an efficient inhibition of TGF- signaling

by SB431542. To test whether TGF- inhibitor treatment hindered the proliferation of
fibroblasts in the SAN, we injected EdU in control mice, Lats1/2 CKO mice treated with
DMSO, and Lats1/2 CKO mice treated with SB431542. Significantly more vimentin*EdU™*
proliferating fibroblasts were observed in SANs of Lats1/2 CKO mice (Figure 7P) than

in SANs of control mice (Figure 70), while treatment with TGF-f inhibitor rescued this
fibroblast phenotype (Figure 7Q-7R). Together, these data further suggested that blocking
TGF-B signaling in Lats1/2 CKO mice inhibits Lats1/2 deficiency induced fibroblast
proliferation in the SAN.

Yap regulation varies in different cardiac contexts and at different ages

To gain more insight into Yap regulation, we also performed a comprehensive comparative
analysis of our Yap CUT&Tag seq data from adult mouse SANSs, with published ATAC-seq
datasets including PCs and right atrial cardiomyocytes (RACM) from neonatal mouse
hearts,*! as well as human embryonic stem cell-derived SAN-like pacemaker cells
(SANLPCs) and ventricle-like cardiomyocytes (VLCM).#2 We checked all Yap peaks
identified from CUT&Tag sequencing and mapped them to ATAC-seq at a genome-wide
level. We found that overall, Yap peaks frequently coincide with the ATAC-seq peaks in

all ATAC-seq datasets, suggesting that Yap binding is associated with increased chromatin
accessibility at a genome-wide level (Figure S6A-S6B). However, chromatin accessibility
and Yap binding activity varied among different ATAC-seq datasets (Figure SEA-S6B). As
shown in the alignment of adult mouse SAN Yap CUT&Tag data with neonatal mouse PC
ATAC-seq datasets (Figure STA-S7C), Yap interaction with chromatin varies at different
ages. Although some overlap occurred between Yap binding sites and accessible chromatin
regions (examples are shown in red-boxed regions) in Ryr2 (Figure S7A), Tgfb1(Figure
S7B), and Tgfb3 (Figure S7C), variability and differential binding events also occurred
(examples are shown in green-boxed regions in Figure S7TA-S7C). We also converted human
SANLPC and VLCM ATAC-seq datasets by using CrossMap (0.6.1) and aligned them

Circulation. Author manuscript; available in PMC 2023 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 11

with mouse Yap CUT&Tag data. For examples, Yap binding peaks at Ryr2 (Figure S8A),
Tgfb1 (Figure S8B), and 7gfb3 (Figure S8C) regulatory elements varied between PCs

and ventricular myocytes (green-boxed regions), with some overlapping peaks (red-boxed
regions). Together, these findings suggested that Yap regulation is complicated and varies in
different cardiac contexts and at different ages.

DISCUSSION

In this study, we discovered that the CCS-specific deletion of Larts1/2 causes SND and
elucidated the mechanisms associated with SND due to Lats1/2 deficiency (Figure 8). Our
results indicated that altered Ca2* homeostasis in SAN PCs and fibrotic remodeling in the
SAN are likely causes of SND in Lats1/2 CKO mice. Using CUT&Tag sequencing, we
found that Yap potentially regulates genes involved in cell communication and adhesion,
as well as in calcium homeostasis. We further found that the reduced expression of the
calcium-handling protein RyR2 in the SAN and increased expression of the secreted proteins
TGF-p1 and TGF-B3 were likely causes of SND in the context of CCS-specific Lats1/2
deficiency. Moreover, using a double-knockout strategy, we showed that the CCS-specific
deletion of Yap/7azrescued SND and SND-associated fibrotic remodeling caused by
Lats1/2 deficiency. Altogether, our study provided the first evidence of an essential role
for canonical Hippo signaling in the homeostatic maintenance of the SAN.

Although accumulating evidence suggests that Hippo signaling plays pivotal roles in

heart development, disease, and regeneration, no other study has provided insight into
Hippo signaling in the SAN. The SAN is composed of clusters of PCs controlling heart
rhythm. PCs are encompassed by the extracellular matrix, which is required for electrically
insulating PCs to maintain regular heartbeats.® However, excessive fibrosis can block

the propagation of pacemaking activity initiated from the PCs.% 56 Qur study reveals

that Lats1/2 deficiency in the SAN led to increased fibrosis in the SAN, which could
impair electrical conduction both within the SAN and from the SAN to the surrounding
atrium. Hippo signaling was previously reported to play an essential role in the transition
of epicardial cells to CFs during CF development.>’ Deletion of Lats1/2in adult CFs
resulted in CF proliferation and spontaneous self-sustaining fibrosis.3? Previous work also
showed that paracrine signaling may be one of the mechanisms of fibroblast-induced

PC dysfunction®8 59 and that 7gfb2/3are transcriptional targets of Yap/Taz.%0 Loss of
Lars1/2in primary hepatoblasts increases biliary epithelial cell and fibroblast proliferation
by upregulating TGF-B signaling during and after liver development.61 In our study,
because Lats1/2were ablated only in SAN PCs in Lats1/2 CKO mice, it is likely that

the upregulation of 7gfbIand 7gfb3in PCs led to an increased release of the fibrosis
inducers TGF-p1 and TGF-B3. Evidence of TGF-f pathway activation was demonstrated
by increased levels of pSmad, ultimately promoting fibrotic remodeling and fibroblast
proliferation. In addition to increased pSmad in PCs, increased pSmad was detected in
fibroblasts in the SAN, which is an interesting non—cell-autonomous effect caused by
Hippo signaling deletion. Importantly, treatment with TGF-B1 receptor inhibitor efficiently
inhibited fibroblast proliferation in the SAN of Lats1/2 CKOs, suggesting that Lats1/2
deficiency caused fibroblast proliferation in the SAN through the activation of TGF-f
signaling. Here, we have dissected the mechanistic regulation of SAN homeostasis by
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Lats1/2, however, given the complexity of the CCS, potential roles of Lats1/2in other
components of the CCS should be further investigated in future studies.

We also showed that Lats1/2function through the canonical Yap/Taz-mediated Hippo
pathway in the SAN. Blocking Hippo signaling in cardiomyocytes can activate Yap to
reduce fibrosis and promote heart regeneration after injury or under pathologic conditions
such as myocardial infarctionl8 or heart failure in mice.20 In contrast, under physiologic
conditions, induction of YAP5SA (an active version of YAP) in cardiomyocytes did not
induce interstitial fibrosis in adult mice.52 Notably, one month of YAP overexpression in
cardiomyocytes did not induce measurable fibrosis; however, four months of overexpression
caused a slight but statistically significant increase in myocardial fibrosis.53 These findings
suggested the complexity of fibrosis in response to Hippo signaling under different
pathologic and physiologic conditions. Further, the Yap/Taz/Tead complex commonly
interacts with other transcription factors to regulate gene expression in different contexts.
For instance, in breast cancer cells, Yap/Taz/Tead bind to chromatin with activator protein-1
(ap-1) at composite cis-regulatory elements (CRES) containing Tead and ap-1 motifs.54 In
two recent studies, ATAC-seq data showing the mouse and human chromatin accessibility
landscape of PCs and cardiomyocytes revealed SAN-specific CRES containing Thx3,

Isl1, and Shox2 motifs.41: 42 The possibility remains that the Yap/Taz/Teads transcription
complex can interact with SAN-specific transcription factors to regulate gene expression in
the SAN. Our comprehensive comparative analysis of these published ATAC-seq datasets
and our Yap CUT&Tag seq data (Figure S6-S8) suggested that Yap regulation varies in PCs
and cardiomyocytes, as well as in PCs from mice of different ages. Yap regulation is an
interesting yet complicated area of study worthy of more in-depth investigation in the future.

Intracellular calcium concentration is a critical regulator of cardiomyocyte function.55: 66
For the spontaneous firing of PCs, automaticity essentially relies on the integrated activity
of SR Ca?* release, voltage-gated ionic currents, and Ca2* pumps/transporters.>2: 53. 67, 68
Our CUT&Tag data suggested potential Yap target genes regulating calcium ion activity
and the 4-dependent voltage membrane clock, such as Camk2 genes (encoding CaMKI|,
calcium/calmodulin-dependent protein kinase I1). CaMKI|I is a serine/threonine-specific
protein kinase,%9: 70 which also regulates Ca2* homeostasis in SAN cells.” CaMKII can
catalyze the phosphorylation of RYR2,72 increasing Ca2* release from phosphorylated
RYR2. Increased oxidized CaMKII in the SAN induced by angiotensin 11 led to SAN

cell apoptosis and SND.”3 Recently, Hippo-Yap signaling has been implicated in calcium
homeostasis. In cardiomyocytes, several studies indicated that Yap/Tead can function as
direct transcriptional activators of sarcoplasmic/endoplasmic reticulum Ca?* ATPase-2a
(SERCAZ2a), which is required for SR calcium cycling.”#~78 An in vitro study identified the
calcium channel PIEZO1 as a transcriptional target of YAP in oral squamous cell carcinoma
cells.”” However, the role of Hippo signaling in calcium activity regulation remains largely
unknown. In this study, we discovered that Hippo signaling maintains the spontaneous firing
rate and calcium activity of PCs. PCs in the SAN of Lats1/2 CKO mice showed abnormal
calcium activity compared with controls. Here, we determined that Ryr2was decreased

in the SAN consequent to Lats1/2 deletion. Consistent with our findings, the Ryr-specific
inhibitor ryanodine inhibited the beating rate of PCs.”® In addition, Ryr2 was found to

be downregulated in cardiomyocytes overexpressing YAP5SA (a constitutively active Yap)
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compared with expression in control adult mice.52 Although deregulation of Ryr2expression
may partially lead to the abnormal calcium activity in Lats1/2 CKO SANSs, the altered
calcium homeostasis is probably a concerted change that includes other genes, given that
there are other Yap potential target genes implicated in calcium regulation. Therefore, it will
be important to further study and understand how Yap regulates calcium homeostasis in the
SAN.

Cell-cell adhesions, including tight junction and gap junction, are required for

normal cardiac conduction development and function.”®-83 Disruption of cell-cell
adhesion molecules results in abnormal cardiac conduction, arrhythmias, and
cardiomyopathies.> 84 85 Zebrafish hearts lacking TAZ (WWTR1) were shown to exhibit
abnormal cell-cell junctions.8® Yap CUT&Tag seq data indicated that many genes that
regulate cell-cell communication and adhesion are potentially regulated by Yap. For
instance, TJP1 (tight junction protein 1, also known as zona occludens 1 [ZO-1]) is

an important intercellular tight junctions protein, and its CCS-specific deletion caused

AV blocks.87 Cah2, which encodes CDH?2 (also known as N-cadherin) is a direct Yap
target88 89 and is important for cell-cell junction formation in the myocardium.% Mice
with the cardiac-specific deletion of Cah2had diminished QRS complex amplitudes®® and
sudden death due to ventricular tachyarrhythmias.9! Hippo signaling may also regulate
electrical and physical coupling between SAN cells and other cell types through cell-cell
adhesion molecules, which we believe could be an important and interesting area of future
investigation.

In conclusion, our study reveals a novel and essential role of the canonical Hippo signaling
pathway in maintaining CCS homeostasis. Our findings provide a better understanding of
the molecular and genetic regulation of calcium homeostasis and fibrosis homeostasis in
the SAN, which could benefit preclinical research and lead to novel approaches for the
prevention and treatment of cardiac arrhythmias in human patients.
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Clinical Perspective

What Is New?
. We identified Hippo signaling as an important regulator of SAN homeostasis.
. Deletion of the essential Hippo kinases Lats1/2 causes increased fibroblast
proliferation and fibrosis in the SAN involving non—cell-autonomous TGF-f
signaling.
. Hippo signaling regulates calcium homeostasis in pacemaker cells that may

be partially mediated by the regulation of genes encoding key calcium
handling proteins such as Ryr2.

. Deletion of the Hippo effectors Yapand 7azin the SAN can rescue defects
caused by Lats1/2 deficiency, revealing that the canonical Hippo signaling
pathway plays vital function in SAN homeostasis.

What Are the Clinical Implications?

. Our comprehensive studies of various mouse models provide novel insight
into the molecular genetic regulation of SAN homeostasis and reveal new
potential therapeutic targets for recovery from cardiac arrhythmias.

. Dysregulation and genetic variants of the genes encoding Hippo signaling
pathway components are associated with human arrhythmias, and here we
present a preclinical model for sinus node dysfunction, which may provide
mechanistic insights applicable to the treatment of patients with bradycardia
disorders.
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Figure 1. Inducible cardiac conduction system (CCS)-specific Latsl/2 deletion induces cardiac
arrhythmias.

A. Experimental strategy for CCS-specific Cre activation and tissue collection. Cre activity
was induced with 2 consecutive intraperitoneal injections of tamoxifen. B-C. Representative
images of immunofluorescence staining of pYap in the SAN after tamoxifen induction in
control (B) and Lats1/2 CKO (C) mice. Hcn4 (green) was used to label pacemaker cells
(PCs) in the SAN. pYap (red) is an indicator of Hippo signaling activity. Nuclei were
labeled with DAPI (blue). Lower panels show higher-magnification views of the boxed
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areas in the upper panels. Scale bar, 25 pm and 5 um. D-E. Representative images of
immunofluorescence staining of aYap in the SAN after tamoxifen induction in control

(D) and Lats1/2 CKO (E) mice. aYap was stained with red; Hcn4 (green) was used

to label PCs in SAN. Nuclei were labeled with DAPI (blue). Lower panels show higher-
magnification views of the boxed areas in the upper panels Scale bar, 25 pm and 5 pm.

F-G. Representative electrocardiogram (ECG) recordings in control and Lats1/2 CKO mice.
Star, irregular RR intervals (g); triangle, AV blocks (g’); arrows, abnormal P waves (g”).
H-1. Representative Poincaré plots showing beat-to-beat RR interval variability from control
(n=5) and Lats1/2 CKO (n=6) mice. Each color represents individual RR/RR+1 intervals
from a different mouse. J-K. Heart rates and RR intervals of control and Lats1/2 CKO mice.
Control, n=5; Lats1/2 CKO, n=6. Data are shown as means * s.e.m. Statistical significance
was determined by t-test, *p<0.05.
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Figure 2. Lats1/2 deletion in CCS results in SAN fibrosis and fibroblast proliferation.
A-B. Masson’s Trichrome staining in control and Lats1/2 CKO SANSs. Panels on the right

show higher magnification of the boxed area from the panels on the left. Scale bar, 100

um. C-E. Representative immunofluorescence confocal images from control (C) and Lats1/2
CKO (D) SANSs after Hen4-Cre activation showing collagens (Collal, red), PCs (Hcn4,
green), and nuclei labeling (DAPI, blue). Panels on the right show higher magnification

of the boxed area in panels on the left. Collagen 1 quantification (E), measured by pixel
intensity. Data in (E) represent means * s.e.m; statistical significance was determined by
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Mann-Whitney test. Scale bar, 25 pm and 5 pm. F-H. Representative images of EdU-labeled
control (F) and Lats1/2 CKO (G) SANs. Samples were pulse-chased with EdU (white);
fibroblasts and PCs were labeled with vimentin (red) and cTnT (green) respectively. Nuclei
were stained with DAPI (blue). Arrows point to EdU-positive cells. Panels on the right

show higher magnification of the boxed area in panels on the left. (H) Quantification of
fibroblast proliferation. Representative image of proliferating fibroblast cells shown in F

and G. Statistical significance was determined using the Mann-Whitney test (P<0.05). Scale
bar, 25 um and 5 pm. I-L. Quantitative real-time polymerase chain reaction validation of
Collagen 1 (1), Periostin (Postn) (J), Vimentin (Vim) (K), and ActaZ (a-SMA) (L) in control
and Lats1/2 CKO SANs. Each dot represents an independent biological replicate (n=4). Data
are shown as means * s.e.m. Statistical significance was determined by Mann-Whitney test.
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Figure 3. Latsl/2 deficiency disrupts the calcium homeostasis of pacemaker cells.
A-D. Ca?* transient recordings obtained from control (A, C) and Lats1/2 CKO (B, D) PCs

in the presence of caffeine (Caff). A-B. Representative confocal line-scan images. C-D
Spatial average of fluorescence signal normalized to baseline (F/F0) over the entire field

of observation of isolated PCs from control and Lats1/2 CKO. PCs from Lats1/2 mutant
showed reduced and irregular frequency of spontaneous firing rate compared to controls.
During caffeine challenge, Lats1/2 CKO PCs also had a weaker response and reduced
activity of the caffeine-induced Ca2* signal compared to controls. Caff, caffeine. E-F.
Summary data for spontaneous firing rate. (E) Quantification of spontaneous Ca?* transient
rates in SAN cells of control and Lats1/2 CKO mice (n=12 cells/3 mice in control, n=18
cells/6 mice in Lats1/2 CKO, P=0.036 by Student t-test). (F) Distribution of spontaneous
Ca?* transient rates in isolated PCs from control and Lats1/2 CKO.
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Figure 4. Yap/Taz deletion rescues arrhythmic phenotype in Latsl/2 mutants.
A-C. Representative images of immunofluorescent staining of pYap in SAN after tamoxifen

induction in control (A), Lats1/2CKO (B), and Lats1/2; Yap/Taz CKO (C) mice. Hcn4
(green) was used to label PCs in SAN. pYap (red) is an indicator of Hippo signaling activity.
Nuclei were labeled with DAPI (blue). Panels on the right show higher magnification of the
boxed area in the panels on the left. Stars, pYap staining. Scale bar, 25 pm and 5 ym. D-F.
Representative ECG recordings in control (D), Lats1/2 CKO (E), and Lats1/2; Yap/Taz CKO
(F) mice. Triangle, AV blocks (e); star, irregular RR intervals (e’); arrows, abnormal P waves
(). G-1. Representative Poincaré plots, showing beat-to-beat RR interval variability, from
control (n=8), Lats1/2CKO (n=7) and Lats1/2; Yap/Taz CKO (n=5). Each color represents
individual RR/RR+1 intervals from a different mouse. J-K. Heart rate and RR interval of
control, Lats1/2 CKO, and Lats1/2; Yap/Taz CKO mice. Data are shown as means + s.e.m.
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Statistical significance was determined by one-way ANOVA analysis. *p<0.05, **p<0.01,
***n<0.001.
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Figure 5. Yap/Taz deletion in Latsl/2 CKO rescues SAN fibrosis and fibroblast proliferation.
A-C. Masson’s Trichrome staining in control (A), Lats1/2 CKO (B), and Lats1/2; Yap/Taz

CKO (C) SANSs. Lower panels show higher magnification of the boxed areas from the upper
panels. Scale bar, 100 um. D-F. Representative immunofluorescence confocal images of
Collagen 1 (red) from control (D), Lats1/2 CKO (E), and Lats1/2; Yap/Taz CKO (F) SANs.
Hcn4 are stained with green, and nuclei are stained with blue. The right-hand panels show
higher magnification of the boxed areas in the left-hand panels. Scale bar, 25 pm and 5

um. G-I. Representative images of EdU-labeled control (G), Lats1/2CKO (H), and Lats1/2;
Yap/Taz CKO (1) SANs. Samples were pulse-chased with EJU (white); fibroblasts and

PCs were labeled with vimentin (red) and cTnT (green), respectively. Nuclei were stained
with DAPI (blue). Right-hand panels show higher magnification of boxed areas in left-hand
panels. Scale bar, 25 um and 5 pm.
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Figure 6. Analysis of CUT&Tag sequencing data.
A. Heatmap showing DNA binding peaks determined by CUT&Tag sequencing with Yap,

1gG, and H3K4me3 in control and Lats1/2 CKO SANs. Quantification of CUT&Tag
enrichment signal by +1 kb to the center of Yap-associated regions. B. Distribution of Yap-
associated regions. C. Motif analysis. The upper panel shows the percentage of identified
binding sites containing the consensus binding motif(s). HOMER software was used to
identify known motifs underneath Yapl CUT&Tag peaks. The Tead4 consensus motif (the
lower panel) was highly enriched and was represented as a sequence logo position weight
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matrix. D. Gene ontology (GO) analysis of direct targets of Yap. E-H. UCSC genome
browser view of Yap CUT&Tag enriched peaks for the labeled genes. Larger peaks were
seen in Lats1/2 CKO. Tead (TEA domain) motifs were also aligned.
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Figure 7. Lats1/2 deficiency activated TGF-p signaling and inhibited Ryr2 expression in the SAN.

A-C. Representative RNAscope confocal images of 7g7b1 from control (A) and Lats1/2
CKO (B) SANs. TgfbI mRNA was stained red; the cell membrane was stained green

(by using wheat germ agglutinin [WGAY]), and nuclei were stained blue. 7gfbZ mRNA
quantification (C), measured by pixel intensity. Data in (C) represent means * s.e.m;
statistical significance was determined using the Mann—-Whitney test. Scale bar, 25 pm,

5 um. D-E. Representative images of immunofluorescence staining of pPSmad3 in SAN after
tamoxifen induction in control (D) and Lats1/2 CKO (E) mice. Vimentin (green) was used
to label fibroblasts in SAN. pSmad3 (red) is an indicator of TGF-B signaling activity. Nuclei
were labeled with DAPI (blue). Right-hand panels show higher magnification of the boxed
area in the left-hand panels. Arrows, pSmad3 staining in nuclei. Scale bar, 25 pm and 5 pm.
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F-G. Quantitative real-time PCR (qRT-PCR) data indicated that expression of 7gf-g1 (F)
and 7gf-B3(G) was greater in Lars1/2CKO SAN than in control SAN. Each dot represents
an independent biological replicate (n=4). Data are shown as means * s.e.m; statistical
significance was determined using the Mann—-Whitney test. H-1. Representative images of
immunofluorescence staining of Ryr2 in SAN after tamoxifen induction in control (H) and
Lars1/2 CKO (1) mice. Ryr2 was stained with red; Hcn4 (green) was used to label PCs in
SAN. Nuclei were labeled with DAPI (blue). Scale bar, 25 um and 5 pm. J. Representative
western blot images of Ryr2, pSmad3, and corresponding GAPDH loading control. K.
gRT-PCR data indicated that expression of Ryr2was decreased in Lats1/2 CKO compared
with control SAN. Each dot represents an independent biological replicate (n=4). Data are
shown as means * s.e.m. Statistical significance was determined using the Mann-Whitney
test, p< 0.05. L-N. Representative immunofluorescence confocal images of pSmad3 from
SANs of control mice (L), Lats1/2CKO mice (M), and Lats1/2 CKO mice treated with
SB431542 (N). SB431542 is a selective inhibitor of TGF-p signaling. Vimentin (Vim) is
stained in green, pSmad3 is stained in red, and nuclei are stained in blue. Arrows, pSmad3
staining in nuclei. Scale bar, 25 pm. O-R. Representative images of EdU-labeling of SANs
of control mice (O), Lats1/2 CKO mice (P), and Lats1/2 CKO mice treated with SB431542
(Q). Samples were pulse-chased with EdU (white). Fibroblasts and PCs were labeled with
vimentin (red) and cTnT (green), respectively. Nuclei were stained with DAPI (blue). (R)
Quantification of fibroblast proliferation. Representative images of the experiment shown in
Figure 70-7Q. Statistical significance was determined by the Kruskal-Wallis test. Scale bar,
25 pm.

Circulation. Author manuscript; available in PMC 2023 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zheng et al.

Page 33

Sinoatrial node

Hippo kinases on

/
Lats1/2 Pacemaker cells

!
\Yap/\ :\ M Calciu

Fibroblast

Qo foap\i Fibrotic gene —> §(
N V4
m|signaling

Fibrotic
homeostasis

Calcium

homeostasis
& 4

|

Normal heart rhythm

Pacemaker cells

Hippo kinases off

h Fibroblast
proliferation

; Fibrosis T

l Collagen 1
h Vimentin T
Ryr2
Disrupted

K calcium homeostasis 4

|

Cardiac arrhythmias

Fibroblast ECM

Figure 8. Schematic representation of the Hippo signaling—-mediated mechanisms underlying the

development

of SND.

On one hand, the CCS-specific loss of Lats1/2(“Hippo kinases off’) can enhance the
transcription of calcium-handling protein genes such as Ryr2and cause the dysfunctional
‘Ca2* clock’ in PCs, thereby impairing their pacemaking function. On the other hand, the
upregulation of genes in the profibrotic pathway, such as 7g7-g, due to the CCS-specific
loss of Lats1/2 can promote fibroblast proliferation and increase fibrosis within and near the
SAN, which also impairs the propagation of electrical activation from the SAN to the atrial
myocardium. Figure was created with Biorender (https://biorender.com/).
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