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Abstract

Background: Elevated intracardiac pressure due to heart failure induces electrical and structural
remodeling in the left atrium (LA) that begets atrial myopathy and arrhythmias. The underlying
molecular pathways that drive atrial remodeling during cardiac pressure overload are poorly
defined. The purpose of this study is to characterize the response of the ETV1 signaling axis in the
LA during cardiac pressure overload in humans and mouse models and explore the role of ETV1
in atrial electrical and structural remodeling.

Methods: We performed gene expression profiling in 265 left atrial samples from patients who
underwent cardiac surgery. Comparative gene expression profiling was performed between two
murine models of cardiac pressure overload, transverse aortic constriction (TAC) banding and
Angiotensin Il (Angll) infusion, and a genetic model of £#vI cardiomyocyte-selective knockout
(EtvI7"Mic2aCre).

Results: Using the Cleveland Clinic biobank of human LA specimens, we found that £7V1
expression is decreased in patients with reduced ejection fraction. Consistent with its role as

an important mediator of the Neuregulin-1 (NRGL1) signaling pathway and activator of rapid
conduction gene programming, we identified a direct correlation between £7 V1 expression level
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and NRG1, ERBB4, SCN5A, and GJA5 levels in human LA samples. In a similar fashion to

heart failure patients, we showed that left atrial ETV1 expression is downregulated at the RNA
and protein levels in murine pressure overload models. Comparative analysis of LA RNA-seq
datasets from TAC and Angll treated mice showed a high Pearson correlation, reflecting a highly
ordered process by which the LA undergoes electrical and structural remodeling. Cardiac pressure
overload produced a consistent downregulation of £ErbB4, Ftv1, Scn5a, and Gja5 and upregulation
of profibrotic gene programming, which includes 7gfbr1/2, lgf1, and numerous collagen genes.
EtvI7TMIc2aC"®* mice displayed atrial conduction disease and arrhythmias. Correspondingly,

the LA from Etvi?iMic2a"®* mice showed downregulation of rapid conduction genes and
upregulation of profibrotic gene programming, whereas analysis of a gain-of-function ETV1
RNA-seq dataset from neonatal rat ventricular myocytes transduced with ££vZ showed reciprocal
changes.

Conclusions: ETV1 is downregulated in the LA during cardiac pressure overload, contributing
to both electrical and structural remodeling.

Keywords

heart failure; pressure overload,; atrial remodeling; cardiac conduction disease; transcriptional
biology; atrial fibrillation; ETV1/Er81

Introduction

Heart failure (HF), which affects more than 5 million Americans and approximately

23 million patients globally?, is a complex clinical syndrome caused by functional or
structural defects of the cardiovascular system that result in elevated intracardiac pressure?.
Chronic pressure overload induces a series of electrical and structural changes, known

as remodeling, in the heart that allow arrhythmias to initiate and perpetuate. The left
atrium (LA) is particularly vulnerable to the remodeling process when exposed to pressure
overload. Biophysical changes in the LA give rise to slow conduction and increased atrial
ectopy, while increased fibrosis synergizes with electrophysiological changes to create the
substrate for reentrant arrhythmias, such as atrial tachycardia, atrial flutter (AFL), and
atrial fibrillation (AF). AFL and AF are highly prevalent in the HF population, increasing
stroke risk, morbidity, and mortality. Defining the molecular pathways that drive adverse
remodeling in the LA during cardiac pressure overload is essential for the development of
therapies that can halt or reverse the remodeling process.

Atrial myocardium has rapid conduction features due to enriched expression of the pore
forming subunit of the cardiac sodium channel, Nay/1.5 (encoded by Scn54) and the high
conductance gap junction protein, Cx40 (encoded by Gja5). Nay1.5 mediates the influx of
the fast sodium current (In3), which is the principal determinant of membrane excitability
and conduction in atrial myocytes. Cx40 is a major contributor to passive conductance

in the atrial myocardium that ensures rapid impulse propagation. The remodeled atrium
exhibits reduced conduction velocity as a result of decreased In,3, diminished expression of
Cx40% 5, and increased atrial fibrosis®, which impairs conduction by disrupting muscle
fiber continuity. Together, these electrical and structural alterations in the LA create
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the substrate that sustains atrial rhythm abnormalities. What remains unresolved is how
upstream signaling and transcriptional pathways orchestrate the remodeling process.

We recently discovered that the Neuregulin-1 (NRG1)/ Erb-B2 Receptor Tyrosine Kinase
4 (ErbB4)/ E twenty-six variant 1 (ETV1) signaling axis is a key determinant of rapid
conduction gene programming in the atria and His-Purkinje system (HPS)” 8. NRG1
secreted from endocardial cells binds to its cognate receptor ErbB4 in atrial and Purkinje
myocytes, turning on the expression and activity of transcription factor ETV1, which
upregulates the expression of Scnsaand Gja5"-8. Etv deficient mice exhibit conduction
disease in the atria and HPS due to a reduction in Scnbaand Gja5, in addition to
hypomorphism of the HPS. Moreover, loss of ETV1 disrupts the normal enrichment and
biophysical heterogeneity of Iy, present in atrial and Purkinje myocytes’: 8.

Based on the importance of ETV1 in establishing rapid conduction physiology in atrial
myocytes, we hypothesized that alterations in the ETV1 signaling axis would play an
important role in remodeling the LA during cardiac pressure overload. Our results show
that ETV1 expression is significantly down-regulated in the LA from patients with reduced
ejection fraction and from two pressure overload mouse models. Using both loss-of-function
and gain-of-function models, we demonstrate an important role for the ErbB4/ETV1
signaling axis in both electrical and structural remodeling in the LA.

Materials and Methods

A detailed description of all materials and methods including RNA sequencing (RNA-seq)
data preparation and analyses, electrocardiography (ECG), echocardiography, and Western
blot is provided in the online Data Supplement. Genetically modified animals are available
from the corresponding author on reasonable request.

Experimental animals and study design

All animal experimental procedures were approved by the Institutional Animal Care and Use
Committee of New York University Grossman School of Medicine, protocol #1A16-01599
and the animals received humane care in accordance with the Guide for the Care and Use
of Laboratory Animals by National Institutes of Health. C57BL/6J mice (8—10-week-old
males) were purchased from The Jackson Laboratory (Farmington, CT). £tvI7 mice (a
generous gift from Dr. Silvia Arber, University of Basel, Switzerland), were crossed with
Mic2aCre* mice® (Myl7mL(ere)Kre g generous gift from Dr. Kenneth R. Chien, Karolinska
Institutet, Stockholm, Sweden and kindly shared by Dr. Xu Peng, Texas A&M University,
TX, USA) in a C57BL/6J background. Etvi7 MiIc2aC"e* were used as £tv1 cardiomyocyte
knockout mice, and littermate £rv7' mice as control. £tv12/* 8,10 was a generous gift
from Dr. Silvia Arber (University of Basel, Switzerland).

Mouse model of pressure overload by Angiotensin Il (Angll) infusion

Mini-osmotic pumps (Alzet model 2004, DURECT Corporation, Cupertino, CA) were
implanted subcutaneously in the interscapular region! in six £7v™Z* mice and twenty
six C57BL/6J mice under inhaled 2 % isoflurane. Angll solution was continuously infused
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at the rate of 2 mg/kg/day for 2 weeks for the £¢v2"%* and C57BL/6J mice. Saline was
given to control mice (four ££v2%* mice or thirteen C57BL/6J mice).

Mouse model of pressure overload by transverse aortic constriction (TAC) procedure

Constriction of the transverse thoracic aortal? was performed on six £tv2%* and thirty five
male C57BL/6J mice. Anesthesia was maintained with 1-2 % isoflurane by endotracheal
intubation. Buprenorphine was given subcutaneously at 0.1 mg/kg dose every 12 hours

till 72-hours post-procedure. After a midline sternotomy, 7-0 silk suture was tightened
against a 27-gauge needle placed adjacent to the aorta distal to the brachiocephalic artery.
Sternotomy and skin closure were performed using 6-0 polypropylene suture. Twenty sham
mice underwent aforementioned procedure but without TAC.

Whole-mount staining & imaging for p-galactosidase activity

Hearts were perfusion-fixed with 2 % paraformaldehyde and stained with solution
containing 5 bromo-4-chloro-3-indolyl-B-d-galactopyranoside, as previously described®.
Bright-field images of hearts were taken using the Zeiss Discovery V8 microscope equipped
with a Zeiss AxioCam Color camera interfaced with Zeiss Zen 2012 software (ZEISS,
Oberkochen, Germany).

Human subjects and RNA-seq

As previously reported by Hsu, et al.13, polyA+RNA sequencing was performed on

left atrial appendage (LAA) tissues from a total of 265 subjects (235 subjects of

European descent, and 30 of African descent, mean age 60+12 years, 181 males). Clinical
characteristics of the patients are summarized in Table 1. All surgical patients provided
informed consent for research use of discarded atrial tissue in a process approved by

the Cleveland Clinic Institutional Review Board (IRB). The IRB approved the studies
included in this report (#2018-1501, D.V.W). Library generation for RNA-seq was done at
the University of Chicago Genomics Facility. Gene read counts are available in the Gene
Expression Omnibus database (GSE69890).

Rodent RNA-seq

Total RNA extracted from the left atrial tissue of TAC banded and sham mice were

used for RNA-seq. For detailed methods for rodent RNA sample preparation, sequencing,
and analysis, see online supplementary materials and methods. RNA-seq datal4 from
EtvIMLCCre (presented here as EtvI7"MIc2aC™*) and pressure overload model mice with
Angll infusion for 2 weeks were reanalyzed for this study. Details about the genetically
modified mouse model and sample preparation are described in Rommel, et al.1* RNA-seq
data from ETV1-transduced neonatal rat ventricular myocytes (NRVMs) were reanalyzed
from our published data for this study”.

Whole-cell Ing recordings

Left atrial myocytes were isolated from Etvi7"Mic2a°"¢'* or littermate control (£tvi7h
hearts that were Langendorff perfused and enzymatically digested for Iy, recordings as
previously described”: 8. All recordings were obtained three times to verify reproducible
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recordings and within 15 minutes after establishing whole-cell configuration at room
temperature with voltage step protocols using an Axon multiclamp 700B Amplifier coupled
to a pClamp system (v10.2, Axon Instruments).

Statistical Analysis

Statistical analyses were conducted using JMP 11 (SAS Institute, Cary, NC) for human
RNA-seq data and Graph Pad Prism 8 (GraphPad Software, San Diego, CA) for other
experiments. Simple linear regression analyses were performed to examine the correlation
between £7VIand left ventricular ejection fraction (LVEF), NRG1, ERBB4, SCN5A, and
GJAS. One-way analysis of variance was used for the comparison between £7VZ and

AF diagnosis/subtype. For quantitative data, Shapiro—Wilk test was used to test a normal
distribution. A two-tailed unpaired Student’s #test was used for Western blot and cardiac
physiological assessment, Iy, measurements, and fibrosis assessment unless otherwise
mentioned in the figure legend. Differences were considered to be statistically significant
at P <0.05.

Data availability

Results

The mouse lines will be made publicly available through a mouse repository. RNA-seq
data has been deposited with the NCBI; for Angll mouse model and E£rviMLCCre (Epy17f
Mic2a°"€/*) mice, under the BioProject ID: PRINA470522; for NRVMs, under the Gene
Expression Omnibus (GEO) accession number: GSE115061; for human in the GSE69890.

ETV1is downregulated in human heart disease

To study the role of ETV1 in human heart disease, we analyzed a left atrial RNA-seq
database containing 265 patient samples (251 patients who underwent heart surgery

and 14 heart donors unmatched for heart transplant) from the Cleveland Clinic. Patient
characteristics are presented in Table 1. Of the 251 study subjects, 184 patients (73 %)

had New York Heart Association (NYHA) functional classification 11 or higher, the mean
LVEF was 51+12 %, and 213 patients had a diagnosis of AF (85 %). The analysis showed
a significant association between reduced LVEF with lower left atrial £7V1 expression
(Figure 1A). We also examined the relationship between E7VI expression levels and AF
diagnosis/active rhythm at the time of cardiac surgery. There was no significant association
between ETV1 expression in the LA and AF diagnosis (R = 0.05, P = 0.78; Figure 1B) or
AF subtype (Figure | in the Supplement), which differs from a previous report that suggested
an increase in £7VI expression with AF in a very small sample sizel4.

We previously showed that ETV1 is regulated at the transcriptional and post-translational
levels by the NRG1/ERBB4/mitogen-activated protein kinase (MAPK) signaling pathway in
the rodent heart8. We also showed that ETV1 is sufficient to turn on SCN5A and GJA5in
rodent and human cardiomyocytes’- 8. Based on these findings, we next examined if £7V1
exhibits a conserved relationship with the ERBB4 signaling pathway and rapid conduction
genes in the human LA. ETV1 levels directly correlate with NRGI1, ERBB4, SCN5A, and
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GJAS5 (Figure 1C). These results support a conserved role for the NRG1/ERBB4/ETV1
signaling pathway in regulating rapid conduction physiology in the human LA.

Downregulation of Etvi"'Z* reporter gene expression in cardiac pressure overload models

Etvl is robustly expressed in the atria and HPS as delineated by the £tv1%* reporter
mouse8. To assess whether £tvI expression levels are altered in the LA during

cardiac pressure overload, we performed TAC banding in wildtype (WT) C57BL/6J and
EtvI™2/* reporter mice. TAC banding surgically elevates intracardiac pressure in the left
ventricle (LV) and LA by creating a fixed afterload obstruction, which results in left

atrial enlargement (Figure 1A, B in the Supplement), concentric LV hypertrophy, and
reduced systolic function (Figure 1B in the Supplement). ECG assessment demonstrated
significantly prolonged P wave duration (18.4+1.0 ms, n = 8 vs.17.2+0.6 ms, n =5, TAC vs.
sham, P = 0.0333), QRS interval duration (14.2+3.5 ms, n = 8 vs.10.7£0.6 ms, n = 5, TAC
vs. sham, P = 0.0109) and corrected QT interval (QTc) (50.4+£17.6 ms, n = 8 vs.36.8+1.4 ms,
n =5, TAC vs. sham, P = 0.0031) in TAC banded mice compared to sham mice (Figure IIC
in the Supplement). After two weeks of TAC banding, EtvI-nlz reporter gene expression was
significantly reduced in the LA with little to no change in the right atrium (RA) (Figure 2A,
B).

We next treated WT C57BL/6J and Etv1?* reporter mice with Angll, which induces high
systemic blood pressure. Angll infusion caused left atrial enlargement and left ventricular
hypertrophy (Figure I11A, B in the Supplement). Compared to control mice, Angll treated
mice showed significantly increased heart rate (545+44 beats/min, n = 8 vs. 488+16 beats/
min, Angll vs. control, n = 8, P = 0.0044), P wave duration (18.7+0.9 ms, n = 8 vs. 17.4+0.3
ms, n = 8, Angll vs. control, P = 0.0015), QRS interval duration (11.6£0.8 ms, n =8
vs.10.1+0.4 ms, n = 8, Angll vs. control, P = 0.0014) ) and QTc (41.9£2.7 ms, n = 8 vs.
36.2+2.3 ms, n = 8, Angll vs. control, P = 0.0004) (Figure I1C in the Supplement). Similar
to TAC banded mice, Angll treatment reduced E£fvI-nlzreporter gene expression in the LA,
whereas no change was evident in vehicle control treated mice (Figure 2C). Angll treatment
showed reduced expression of E£fvI-n/zreporter gene expression in the RA but to a lesser
extent than in the LA (Figure 2C, D).

Cardiac pressure overload with TAC or Angll induces a highly ordered remodeling process

in the LA

We next performed comparative, differential gene expression analysis of left atrial RNA-seq
datasets generated from TAC banded and AnglI14 treated mice. The RNA-seq datasets
showed considerable overlap in gene expression changes between the two model systems.
Of the 4126 genes that are differentially expressed with Angll treatment, 3364 genes
overlap with TAC banding (Figure 3A). Notably, the 3364 overlapping genes from both
model systems decrease (1694 genes) and increase (1670 genes) in a highly similar manner
(Pearson correlation R = 0.88, P < 2.2e-16) (Figure 3B).

Differentially expressed genes that were significantly downregulated and upregulated
in both pressure overload models were then analyzed using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis. The biological processes that are
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significantly downregulated are involved in neuronal pathways (Parkinson’s, Alzheimer’s,
and Huntington’s), oxidative phosphorylation pathways, and metabolic processes (TCA
cycle, Fatty acid metabolism, Glycolysis/Gluconeogenesis, Amino Acid biosynthesis) (Table
I in the Supplement). The signaling pathways that are significantly downregulated are
involved in adrenergic signaling, cGMP-PKG signaling, cAMP signaling, calcium signaling,
ErbB signaling, and MAPK signaling pathways (Figure 3C). Network analysis of the
downregulated signaling pathways reveal interactions between pathways involved in sodium
channel regulation (Adrenergic signaling: Scn5a'®, Scn4b'% and MAPK signaling: Fgf127,
Fof1348.19) calcium handling?® (CacnalH, Cacna2D3, CacnalD, CacnalS, CacnB2, Pin,
Ryr2), and the ErbB48 signaling pathway (Figure IVA in the Supplement).

The biological processes that are most significantly upregulated in the LA of pressure
overload models are related to hypertrophic and dilated cardiomyopathy as well as pathways
involved in collagen deposition, such as extracellular matrix (ECM), focal adhesion,

protein digestion and absorption, and cancer pathways (Table Il in the Supplement).

Notably, the signaling pathways that are significantly upregulated are involved in PI3K-

Akt signaling, p53 signaling, Rap1 signaling, Ras signaling, HIF-1 signaling and TGF-B
signaling pathways (Figure 3D). Interestingly, many of these pathways have in common the
upregulation of insulin-like growth factor | (/g7Z). As shown in the network plot (Figure IVB
in the Supplement) and in Table 111 in the Supplement, /gfZ links hypertrophic and dilated
cardiomyopathy with profibrotic biological processes (focal adhesion, pathways in cancer)
and important signaling pathways (PI3K-Akt signaling, p53 signaling, Rap1 signaling, Ras
signaling, and HIF-1 signaling pathways). The central role of IGF1 in left atrial pressure
overload is particularly interesting given a recent study by Wang et al.2! that found that IGF1
upregulation is an important determinant of atrial fibrosis through regulation of PI3K-Akt
signaling in a rat atrial tachy-paced model.

\olcano plots displaying the variance in differentially expressed transcripts from TAC
banded and Angll infused cardiac pressure overload models are shown in Figure 3E and

3F, respectively. Etvi, ErbB4, Scnba, and Gjas were significantly downregulated in both
models, whereas TGF- receptors 1 and 2 (7gfor and Tgfbr2), lgf1, and numerous collagen
genes were significantly upregulated.

Prior work by Rommel et al.1# suggested that ETV1 increases in a small sampling of human
RA biopsies in patients with AF. To address the differences between our findings and the
previous work, we tested several antibodies for their ability to detect ETV1 protein in the
heart and cerebellum of germline £tv knockout (EtvI™2/72) ys WT littermate controls.

As shown in Figure V in the Supplement, an anti-ETV1 (ER81, ab184120) antibody from
Abcam was confirmed to detect ETV1 in the heart and brain. ETV1 is expressed in WT atria
but not in WT LV apex or germline E£#vI knockout atria. The antibody that was used by
Rommel et al. shows no specific detection of ETV1 protein in the heart or brain samples.

Using the Abcam anti-ETV1 (ab184120) antibody, we showed that ETV1 is significantly
reduced in the LA of TAC banded mice (Figure 4A, B), whereas RA ETV1 levels were
unchanged (Figure V1 in the Supplement). Protein levels of ErbB4 and Nay/1.5 were also
significantly downregulated, while TGFBR2 was significantly upregulated in the LA of
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TAC banded mice. To quantify the burden of fibrosis in the LA of TAC banded hearts,
histological analysis was performed on Masson’s trichrome stained sections using ImageJ
(NIH, Bethesda, MD). The left atrial sections from TAC banded hearts showed increased
fibrosis compared to sham hearts (Figure 4C). Similar to the TAC banded model, the

LA samples from Angll treated mice showed significant decrease in ETV1, ERBB4, and
Nay1.5, and increase in TGFBR2 and left atrial fibrosis (Figure 4D-F). Therefore, cardiac
pressure overload alters left atrial transcriptional programming in a highly ordered process
that includes a downregulation of the ErbB4/ETV1 signaling axis.

Etv1 loss-of-function contributes to electrical and structural remodeling during cardiac
pressure overload

To assess the contribution of £#vZ loss-of-function to the atrial remodeling process,

we generated an £tvZ cardiomyocyte knockout (EtvI”IMic24£¢*) mouse model that
selectively targets £zvI exon 11 for deletion (Figure 5A). Left atrial ETV1 expression is
significantly reduced at the protein level (Figure 5B, C). Surface ECG was performed on
sedated EtvI7MIc2aC™* and control (£tvI” mice at 8-12 weeks of age (Figure 5D).
EtvI?'MIc2aC"®"* mice had significantly longer P wave (18.5+0.9 ms, n = 13, vs. 17.6+0.8
ms, n = 17, EtvI? MIc2&Cmel vs. Ervi™ P = 0.0049) and QRS wave durations (11.6+0.7
ms, n = 13, vs. 10.8+0.8 ms, n = 17, EtvI”TMIc24L™!* vs. Etvi?f P = 0.0056) than

those observed in littermate controls. PR interval was also longer in Etv7IMic2aCe* mice
than in £tvI” mice. Figure 5E shows representative ECG traces from Etvi7 Mic2acre*
mice showing atrial and ventricular arrhythmias. None of the £v17 mice showed
arrhythmia episodes. Table 1V in the Supplement summarizes ECG rhythm assessment of
EtvI? MIc2aCre*, TAC banded and Angll infused models. While EtvI7Mic2aCre* mice
demonstrated cardiac conduction abnormalities and arrhythmias, they showed no gross
structural or functional changes on echocardiographic assessment compared to £tvZ7 mice
(Figure VII in the Supplement).

To explore the molecular mechanisms underlying the observed electrophysiological defects
in EtvI” \MIc22C7* mice, we used a left atrial, cardiomyocyte-purified, RNA-seq list from
a previous report using the same Etvi-deficient (Etv1?'Mic2a°"/*) mouse model4, which
demonstrated efficient knockout of exon 11 at the transcript level (data not shown). We
performed principal-component analysis and Euclidean distance analysis on the 3 models
to assess the robustness of the data (Figure V111 in the Supplement). The analysis of the
EtvI”IMIc2aCre* A dataset revealed 495 differentially expressed genes, of which 433
genes overlapped with TAC banded and/or Angll treated models. Of these 433 genes,

281 overlapped with ErvI7 MIc2a"e"* and both pressure overload models (Figure 6A).
The expression pattern of the 281 differentially expressed genes was notable for the

high degree of similarity between all three model systems (Figure 6B). KEGG analysis

of the 281 overlapping genes revealed a downregulation of adrenergic signaling, MAPK
signaling, ErbB signaling, and calcium signaling pathways (Figure 6C). Specific genes that
were downregulated included ErbB4, Etvi, Scnba, and Gja5 (Figure6D, E). Upregulated
pathways included the PI3K-Akt pathway as well as numerous pathways with significant
collagen gene enrichment, such as ECM-receptor interaction, focal adhesion, proteoglycans
in cancer, and protein digestion and absorption pathways (Figure 6C). Specific genes that
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were upregulated include 7gfbri, Tgfor2, lgf1, and numerous collagen genes (Figure 6D,
E). Importantly, adenoviral-mediated overexpression of ETV1 in neonatal rat ventricular
myocytes (NRVMs)’ showed a reciprocal relationship, with an upregulation of fast
conduction genes and a downregulation of Tgfbri, Tgfor2, Igf1, and collagen genes (Figure
6F).

We next validated these findings at the protein level using immunoblot assay from the

LA of EtvI?'MIc2a"®* mice (Figure 7A, B). ERBB4, Nay/1.5, and TGFBR2 showed
similar changes in accordance with the RNA-seq result. Similar to the two pressure overload
models, EtvI7MIc2ace* left atria showed increased fibrosis compared to £¢v27/ littermate
controls at 16—-20 weeks of age (Figure 7C). Together, these findings support the hypothesis
that the downregulation of ETV1 contributes to both electrical and structural remodeling in
the LA during pressure overload.

Whole cell patch clamp was performed on left atrial myocytes from Etvi?iMic24mel

and control (£rvI™ mice to characterize I, (Figure 7D-G). The current density was
significantly decreased in Etv17 Mic2aC/* compared to EtvI7f (Figure 7D). At 40 mV,
the peak I, density was decreased from —38.4+1.6 to —27.7+1.3 pA/lpF in Etvi”TMic2aCre’*
(P < 0.0001 vs. Etvi™. Although voltage dependence of steady-state activation did not
significantly differ between the groups (Figure 7E), sodium channels in Etvi?Mic2aCre*
underwent steady-state inactivation at less negative potentials compared to £tv7 (V1/2
inactivation: —86.2+1.1 mV in EtvI"'MIc2a€"* vs. -90.9+1.1 mV in EtvI”' P = 0.004,
Figure 7F). Additionally, sodium channel recovery from inactivation was slower in
EtvI7TMIc2aCTe* compared to ErvI™f(2.9+0.2 ms in EtvI7TMIc2aCTe* vs. 1.940.2 ms in
Etvi™ P = 0.003, Figure 7G). Similar changes in the Iy, were noted in Etvi? Mic2dCrel
right atrial myocytes (data not shown), which corroborate our previous report’ using

the a MHC-Cre restricted £1v1 knockout (EtvI7Myh6¢T¢*) mouse model. These results
emphasize the importance of ETV1 in maintaining the unique biophysical properties of Iy,
in right and left atrial myocytes.

Discussion

This study provides evidence that cardiac pressure overload induces a highly ordered process
of electrical and structural remodeling in the LA. Pressure overload in the LA leads

to downregulation of the ErbB4/ETV1 signaling pathway that simultaneously decreases
expression of rapid conduction genes and increases expression of pro-fibrotic genes. Our
data provide a novel paradigm of atrial remodeling that suggests that electrical and structural
changes are linked by common transcriptional pathways, such as ETV1, that are established
during development.

This paradigm is quite plausible from a developmental perspective as regions of slow
conduction, namely the sinoatrial and atrioventricular nodes, are immediately juxtaposed
to rapidly conducting atrial myocardium, indicating that the transcriptional programs for
slow or fast conduction are segregated into nearly binary terms in the atrial chambers.

A distinguishing feature of the slowly conducting nodal regions is enhanced fibrosis,
which serves two main functions: i) to maintain slow impulse propagation as a result
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of poor cellular coupling and ii) to shield regions of slow conduction/automaticity from
the hyperpolarizing influence of neighboring atrial myocytes. Taken from this perspective,
the ability of ETV1 to drive rapid conduction gene expression while simultaneously
repressing pro-fibrotic gene programs makes biological sense and reflects the efficiency
of transcriptional programs.

Our approach to understanding left atrial electrical and structural remodeling from cardiac
pressure overload was to focus our analysis on differentially expressed signaling pathways
from two pressure overload models. By focusing our analysis on shared signaling
pathways, we were able to identify higher order processes that govern the remodeling
process. Using this approach, we identified that the major downregulated pathways

include the ErbB signaling pathway, MAPK signaling pathway, adrenergic signaling in
cardiomyocytes, and calcium signaling pathway. Combining the pressure overload models
with the EtvI7 MIc2aC7/* model dataset shows that ETV1 links ErbB4/MAPK signaling
with excitability and calcium handling genes. These data are consistent with our prior work
showing that the ErbB4/MAPK signaling pathway regulates ETV1, which in turn drives the
expression of rapid conduction genes, Scnsaand Gja5, in atrial myocytes’: 8. The ability

of ETV1 to also regulate ErbB4 expression points to a feed forward mechanism, whereby
ErbB4/ETV1 signaling reinforces itself to maintain a rapid conduction phenotype in atrial
myocytes. Cardiac pressure overload interrupts this feedforward loop, decreasing both ETV1
and ErbB4 expression.

Major upregulated pathways that network together in the pressure overloaded LA include
pathways involved in collagen deposition, such as ECM-receptor interaction, focal adhesion,
PI3K-Akt signaling pathway and TGF-B signaling pathway. Combined analysis of the
pressure overload models with the £tvI7 Mic2ace* RNA-seq dataset reveals how a loss
of ETV1 coordinates the upregulation of pro-fibrotic gene programs through enhanced
expression of Tgfbri, Tgfbr2, and Igrfi. Conversely, adenoviral-mediated overexpression
of ETV1 in NRVMs reduced expression of Tgfbrl, Tgfor2, Igf1, and numerous collagen
genes, showing a repressive role for ETV1 on cardiomyocyte fibrosis pathways. TGF-f
signaling has a well-accepted role in enhancing fibrotic pathways in numerous disease
states, including cardiac diseases?? 23, Verrecchia et al.2* demonstrated that TGF-B target
genes include select collagen genes, including Co/lal, CollaZ, Col3al, Col5aZ2, and Col6al.
It is notable that these select collagen genes as well as 7gfbr1 and Tgfbr2 are co-regulated
by ETV1. The importance of IGF1 in atrial fibrosis was recently reported by Wang et
al.2! using a rat tachypacing model. Similar to our results, they reported a significant
upregulation of IGF1 in the LA that corresponded with increased fibrosis. When IGF1
was down-regulated using shRNA-based gene silencing, the degree of atrial fibrosis with
tachypacing was significantly attenuated. Taken together, our data suggests that ETV1
downregulation during cardiac pressure overload de-represses 7gfbri, Tgfor2, and Igfl
expression in the LA, enhancing pro-fibrotic gene programming. Whether ETV1 regulates
the expression of 7gfborl, Tgfor2, and /gfI through direct or indirect mechanisms is the
subject of ongoing research.

Altered cardiac metabolism in the LA is notable in the pressure overload models. It has
been reported that in hypertrophied and failing ventricular myocytes, cardiac substrate
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utilization switches to a fetal-like metabolism, characterized by increased reliance on
glucose and decreased fatty acid oxidation (FAO)2°. Increased glucose utilization fuels
aspartate production, which drives synthesis of nucleotides, RNA, and proteins that increase
biomass needed for myocyte hypertrophy. Recent work by Ritterhoff et al.26 shows that
preservation of FAO by knocking down ACC2 (Acetyl-CoA carboxylase 2, encoded by
Acacbh) prevents glucose utilization needed for anabolic metabolism and cardiomyocyte
hypertrophy. Our data suggest that atrial myocytes may undergo a similar switch in fuel
metabolism, as evidenced by a decrease in fatty acid metabolic pathways. However, atrial
myocytes do not undergo marked myocyte hypertrophy as seen in ventricular myocytes.

It is worth noting that Acacb is downregulated in atrial myocytes in both pressure
overload models and whether this prevents a more robust switch to glucose utilization

and therefore, hypertrophic signaling, will need to be explored further. Moreover, whether
altered metabolism in the pressure overloaded atrium contributes to the downregulation of
Erbb4/ETV1 signaling will be investigated in future work.

A recent report from Rommel et al.}4 suggested that atrial ETV1 increases in human and
mouse heart disease. In contrast, our data shows significantly lower levels of left atrial
ETV1in patients with lower LVEF and in mouse models of cardiac pressure overload,

and no significant relationship between £7VI level and AF in patients who had cardiac
surgery for different etiologies. The discrepancy between our results and that of Rommel

et al.14 can be explained by several factors: i) the low number of patient samples used

in the Rommel study (three right atrial samples for RNA analysis and nine right atrial
samples used for protein analysis), ii) the use of right atrial instead of left atrial samples for
human dataset, and iii) use of an antibody that we here show does not detect ETV1 protein
on immunoblot analysis (Figure V in the Supplement). Reinforcing our findings from the
human LA dataset that showed lower £7VZ in HF patients, cardiac pressure overload using
TAC banding or Angll infusion resulted in significant reduction of EtvI-n/zreporter gene
expression in the LA. Intriguingly, comparative analysis of the Angll treated LA RNA-seq
dataset generated by Rommel et al.14 was in complete agreement with our TAC banded
dataset, showing £¢vZ is downregulated in both model systems. Furthermore, a cardiac
Etvi knockout (EtvI7 MIc2aC*) left atrial, cardiomyocyte-purified, RNA-seq dataset'4
from the same group showed significant overlap and agreement with both pressure overload
model systems, again in support of the hypothesis that cardiac pressure overload induces

an EtvI loss-of-function gene profile. In our study, the £tvI7"Mic2a“"¢* model showed
cardiac conduction abnormalities and arrhythmias in both atria and ventricles, of which the
conduction phenotype was previously reported with £#vZ cardiac knockout by a MHC-Cre’.
Lastly, Rommel et al. used an aMHC promoter driven £tvI transgenic (EtvI¢MHC) mouse
to support their gain-of-function hypothesis. The Etv1@MHC transgenic mouse showed
marked atrial and ventricular structural and functional abnormalities. ETV1 is a known
oncogene that has been implicated in numerous cancers, including gastrointestinal stromal
tumors?’, prostate cancer?8 29, and breast cancer3?. As aMHC has a transcript abundance of
over 1 million copies compared to ~650 copies of £#v1 in the LA, this is likely to have been
highly oncogenic. No assessment or description was made of the proliferative state of atrial
or ventricular myocytes in the £tv1@MHC transgenic hearts.
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Our results support the hypothesis that cardiac pressure overload induces an ETV1 loss-of-
function state that contributes to adverse electrical and structural remodeling in the LA. The
molecular pathways that result in ETV1 downregulation at the transcriptional level is an area
of research that we are actively pursuing. As current pharmacotherapy for rhythm control

of AF has been largely disappointing, novel therapies aimed at addressing the underlying
remodeling process, such as ETV1 downregulation, will be of keen interest.

This study evaluated the gene profiling on total RNA extracted from LA tissue from two
cardiac pressure overload models. It is known that there are multiple cardiac cell populations
including cardiomyocytes, fibroblasts, endothelial cells, macrophages, and other leukocytes.
Therefore, the individual cellular contributions to the global effect on gene expression
changes will need to be delineated by single cell RNA-seq in the future. It is possible that a
portion of the prolongation in QRS duration is contributed by M/c2a haploinsufficiency

or Cre transgene expression in the M/c2a“"®* mouse, as some non-significant QRS
prolongation was noted in another model31. However, significant prolongation in P wave,
PR interval, and QRS wave duration measured in the £tvI” MIc2aCr¢* mouse recapitulates
the findings of £tv germline knockout mice8. The biophysical changes in the I, seen in
EtvI? MIc2aCre* LA and RA myocytes also recapitulates the findings of our previously
published £tvI knockout models’: 8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

AF atrial fibrillation

AFL atrial flutter

Angll angiotensin 11

ErbB4 Erb-B2 Receptor Tyrosine Kinase 4
ETV1 E twenty-six variant 1

HF heart failure

HPS His-Purkinje system

LA left atrium
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Clinical Perspective

What is New?

This is the first demonstration that the left atrium (LA) undergoes remodeling
in a highly conserved fashion using two murine models of cardiac pressure
overload.

Transcription factor ETV1 is downregulated in the LA in both cardiac
pressure overload mouse models and in patients with reduced ejection
fraction.

Cardiomyocyte-selective E£fvI deficient mice show downregulation of rapid
conduction genes, reduced sodium current density, and upregulation of
profibrotic gene programming, contributing to both electrical and structural
remodeling in the LA.

What are the Clinical Implications?

Our findings suggest that left atrial electrical and structural remodeling
during cardiac pressure overload may be the result of downregulation of
developmentally established transcriptional programs, such as ETV1.

Our data identifies the ErbB4/ETV1 signaling pathway as a potential target
for reverse atrial remodeling therapy in patients with reduced ejection
fraction.
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Figure 1. Transcription factor ETV1 expression is reduced in patients with reduced ejection
fraction.

(A—C)ETVI expression in the left atrium (LA) of 265 patients (251 patients who underwent
heart surgery and 14 donors for heart transplant) correlates with left ventricular ejection
fraction (LVEF) (A) but not with atrial fibrillation (AF) (B). Simple linear regression
analysis or analysis of variance was used. AF-/SR: patients who had no history of AF

and showed sinus rhythm (SR) at the time of surgery, AF+/SR: patients diagnosed with

AF who were in SR at time of surgery, AF+/AF: patients diagnosed with AF and were
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in AF or atrial flutter at time of surgery. (C) ETVZ1 expression correlates with the NRG1/
ERBB4 signaling pathway and rapid conduction genes, SCN5A and GJAS, by simple linear
regression analysis.
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Figure 2. Cardiac pressure overload reduces Etvl-nlz reporter gene expression in the left atrium.
(A-D) Etvi expression in the Etv1™2/* reporter mouse is reduced in the left atrium

(LA) after 2 weeks of transverse aortic constriction (TAC) banding (A, B) or 2 weeks

of angiotensin Il (Angll) treatment (C, D) compared to control. Etv1-nlz reporter gene
expression is minimally affected in the right atrium (RA) in TAC banded hearts. AnglI
treatment showed reduced expression of EfvI-nlz reporter gene expression in the RA but to a
lesser extent than in the LA. Scale bars 500 um in (A, C), 1 mm in (B, D).
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Figure 3. RNA-seq analysis shows differentially expressed genes in the mouse left atrium (LA)
with transverse aortic constriction (TAC) banding and Angiotensin 11 (Angll) infusion.

(A) Venn diagram displaying overlap of 3364 differentially expressed genes between TAC
and Angl114 experiments. (B) Pairwise correlation between log fold change of differential
gene expression in Angll vs. TAC banded experiments (R = 0.88, P < 2.2x10716), (C, D)
KEGG pathway analysis of the downregulated (C) and upregulated (D) genes involved in
signaling pathways from the group of 3364 overlapping genes in (A). (E, F) Volcano plots
of differential expression in the LA from TAC banded (E) and Angll infused (F) mice.
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All significant differentially expressed genes (P < 0.05) are labeled blue (downregulated) or
red (upregulated) and all non-significant differentially expressed genes are labeled in gray.
Downregulation of Etvi, Erbb4, Scn5a, and Gja5 and upregulation of pro-fibrotic genes
(Tgforl, TgfbrZ, Igfl, and numerous collagen genes) are similar between TAC banding and
Angll infusion.
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Figure 4. TAC banding and Angll treatment reduced ETV1, ErbB4, and Nay/1.5, and increased

fibrosis in the left atria.

Quantitative values were normalized to vinculin. Values show mean+SD. Student’s #test
was used for statistical analysis except Mann-Whitney test for ETV1 expression for TAC

vs. sham. *P < 0.05, **P < 0.01. n = 6-9 per group. (A, B) In the left atrium (LA), ETV1,
ErbB4, and Nay/1.5 are reduced, while TGFBR?2 is increased in transverse aortic constriction
(TAC) banded mice compared to sham-operated mice. Molecular weight on western blot:
ETV1 ~58 kDa, ErbB4 ~180 kDa, Nay/1.5 ~260 kDa, TGFBR2 ~55 kDa, and vinculin ~125
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kDa. (C) Masson’s trichrome staining displays fibrotic changes in the LA in TAC banded
mice. Whole LA section was analyzed for fibrosis area using ImageJ. Values are shown as
mean+SD. **P < 0.01 by Student’s #test. n = 3 per group. Scale bars 500um for top, 20um
for middle and bottom. (D, E) In the LA, ETV1, ErbB4, and Nay/1.5 are reduced, while
TGFBR?2 is increased in angiotensin 11 (Angll) infused mice compared to vehicle control
treated mice. Molecular weight on western blot: ETV1 ~58 kDa, ErbB4 ~180 kDa, Nay/1.5
~260 kDa, TGFBR2 ~55 kDa, and vinculin ~125 kDa. (F) Masson’s trichrome staining
displays fibrotic changes in the LA in Angll treated mice. Whole LA section was analyzed
for fibrosis area using ImageJ. Values are shown as mean+SD. *P < 0.05 by Student’s £test.
n = 3 per group. Scale bars 500um for top, 20um for middle and bottom.

Circulation. Author manuscript; available in PMC 2022 February 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yamaguchi et al. Page 24

A B Etv1

@]
*
*

- Etv17 Mic2aCre 5 0
1884 ETV1|' - = =5 inn 2 Em E
130 Sy E E E - 50 dKa % g
s 150 kDa & & 05 R
Etv1 fif fif vinculin B — — d- E - rgj
Mic2ace . + * En:,1fffM ig:éfe .
D Etvin Etv1"Mic2acr"
PR .L. Conduction intervals PR '—'Q‘T_I Conduction intervals
S HR 43746 bpm = 1 .. HR 416£33 bpm
B P 17.6:0.8 ms P 18.5%0.9 ms**
'_ :: PR  36.8:2.2 ms : PR  39.1#3.3 ms*
I || ' QRS 10.820.8 ms ST | F QRS 11.6£0.7 ms**
‘ : | QTc 37.5:2.0 ms b QTc 37.32.2 ms
T JL’ __Joav
P aRs ' 20 ms

Figure 5. Etvl knockout (Etvlf/fMICZacrd”) model demonstrates cardiac conduction disturbance
and arrhythmia.

(A) PCR analysis of DNA from left atrial tissue displaying targeted £¢vZ exon 11 deletion

in the left atrium (LA) of Etvi7"MIc22°™/* mice. The 188 and 130 bp bands represent
unrecombined and recombined f/f alleles, respectively. (B, C) Western blot assay and
densitometric analysis showing reduced ETV1 expression in the LA in Etvi7 Mic2aCre/*
mice. Molecular weight on western blot: ETV1 ~58 kDa and vinculin ~125 kDa. Values are
presented as mean+SD. **P < 0.01 by Student’s #test. (D) Representative electrocardiogram
(ECG) traces recorded from sedated EtvI7"Mic2a°"®* and control (Etvi™ mice. ECG
parameters analyzed with LabChart v8.1.9 demonstrate prolonged P duration, PR interval,
and QRS interval in ErvI?'Mic2a"¢"* mice (n = 13) compared to control (n = 17). Values
are presented as mean£SD. *P < 0.05, **P < 0.01 by Student’s #test. HR, heart rate; QTc,
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corrected QT interval. (E) Representative ECG traces in Etv17"MIc2aC™/* mice showing
abnormalities. Upper trace indicates atrial ectopic beats (red arrowhead), and lower trace
indicates non-sustained ventricular tachycardia.
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Figure 6. Comparison of gene expression between Etv1 loss-of-function, Etvl gain-of-function,
TAC banded, and Angll treated models.

(A) Venn diagram of differentially expressed genes in the left atrium from three model
systems, transverse aortic constriction (TAC) banded, angiotensin Il (Angll) treated,

and ErvI”"Mic2aCr®* models, reveals 281 overlapping genes. (B) Heatmap of the 281
overlapping genes from (A) show highly similar expression patterns between TAC banded,
Angll treated, and EtvI7 Mic22C7* models. (C) KEGG pathway analysis of the 281
overlapping genes separated into downregulated (blue) and upregulated (red) groups (18
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non-redundant categories are shown). (D) Volcano plot of differential expression from
EtvI? MIc2aCTe"* shows down-regulation of £rbb4, Scnsaand Gja5and up-regulation
of pro-fibrotic genes (7gfbri, Tgfor2, Igfl, and collagen genes) as similarly seen in
pressure overload models. All significant differentially expressed genes (P < 0.05) are
labeled blue (down-regulated) or red (up-regulated) and all non-significant differentially
expressed genes are labeled in gray. (E) Heatmap showing similar gene expression profiles
of Etvi, Erbb4, Scn5a, Gja5 and pro-fibrotic genes in the three model systems. (F) Heat
map from neonatal rat ventricular myocytes (NRVMs) transduced with Ad-Etv1-EGFP
(normalized to Ad-EGFP) demonstrates that adenoviral mediated expression of £fvZ in
NRVMs causes reciprocal changes in gene expression compared to TAC banded, AnglI
treated, and ErvI? MIc2aS"¢"* models.
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Figure 7. Protein level and functional characterization of the left atrium (LA) from Etvl
knockout (Etvi7fMIc2aC ) mice.

(A) Representative immunoblots of ErbB4, Nay1.5, and TGFBR2 in Etvi?\Mic2aCre/*

vs. littermate control (£7v17 mice. Molecular weight on western blot: ErbB4 ~180

kDa, Nay1.5 ~260 kDa, TGFBR2 ~55 kDa, and vinculin ~125 kDa. (B) Densitometric
measurements normalized to vinculin show ErbB4 and Nay/1.5 are reduced, while TGFBR2
is increased in the LA in Etvi”TMic2aC®* compared to E1vI7  mice (n = 9 per group).
Values are presented as mean+SD. **P < 0.01 by Student’s #test. (C) Masson’s trichrome
staining displays fibrotic changes in the LA in EtvI7 MIc22C™* mice at 1620 weeks

old. Whole LA section was analyzed for fibrosis area using ImageJ. Values are shown as
mean£SD. **P < 0.01 by Student’s £test. n = 4-6 per group. Scale bars 500um for top,
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20um for middle and bottom. (D-G) Whole-cell patch clamp data from dissociated left atrial
myocytes using Etv17 Mic2a"¢* and control (Etvi™ mice. (D) I-V relationship curve of
sodium currents recorded from EtvI7 Mic2aSe* (n = 17/3 cells/mice) and control (n = 15/3
cells/mice) left atrial cardiomyocytes. The amplitudes of sodium current were normalized

to cell capacitance and presented as mean+SD. (E) Voltage dependence of the normalized
conductance of Ing. (n = 17/3 cells/mice for Etvi?”iMic2aC™* and n = 15/3 cells/mice

for control). (F) Voltage dependence of steady-state inactivation (n = 16/3 cells/mice for
EtvI” MIc2aCTe* and n = 15/3 cells/mice for control) (G) Time course of recovery from
inactivation. (n = 16/3 cells/mice for Etvi?”"Mic2aC"®* and n = 13/3 cells/mice for control).
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Table 1.

Demographic and clinical characteristics of 265 human subjects

Whole Cohort (Surgical and Donor, n=265)

Age, years 60+12 (18-86)
Sex
Male 181 (68)
Female 84 (32)
Race
White 188 (71)
Black 77 (29)

Surgical Cohort (n=251)

Age, years 6112 (21-86)
Sex
Male 175 (70)
Female 76 (30)
Race
White 222 (88)
Black 29 (12)
BMI, kg/m? 28+6 (18-49)
Type of atrial fibrillation 213 (85)
Paroxysmal 58 (27)
Persistent 40 (19)
Permanent 104 (49)

Presence of Comorbidities

NYHA Functional Classification

| 67 (26)
I 128 (51)
I 53 (21)
v 3(1)
Hypertension 138 (55)
Diabetes 178 (71)
Myocardial Infarction 51 (20)
Smoking 124 (49)
Peripheral Vascular Disease 57 (23)
Chronic Obstructive Pulmonary Disease 41 (16)
Renal Disease 3(1)
Thyroid Disease 39 (16)
- Hyper 5(13)
- Hypo 34 (87)
Echocardiogram findings
LVEF, % 51+12 (13-70)
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Whole Cohort (Surgical and Donor, n=265)

LA size, mm
RVSP, mmHg
Medication use
Antiarrhythmics
Amiodarone
ACE-1/ARB

Beta-blocker

4949 (29-75)
38213 (9-99)

76 (31)
30 (39)
131 (52)
144 (57)

Page 31

Values are shown as mean+SD (range) or n (%). BMI, Body Mass Index; NYHA, New York Heart Association; LVEF, Left Ventricular Ejection
Fraction; LA, Left Atrium; RVSP, Right Ventricular Systolic Pressure; ACE-I, Angiotensin Converting Enzyme Inhibitor; ARB, Angiotensin I

Receptor Blocker.
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