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BACKGROUND: Up to 50% of the adult human sinoatrial node (SAN) is composed of dense connective tissue. Cardiac diseases
including heart failure (HF) may increase fibrosis within the SAN pacemaker complex, leading to impaired automaticity and
conduction of electric activity to the atria. Unlike the role of cardiac fibroblasts in pathologic fibrotic remodeling and tissue
repair, nothing is known about fibroblasts that maintain the inherently fibrotic SAN environment.

METHODS: Intact SAN pacemaker complex was dissected from cardioplegically arrested explanted nonfailing hearts (non-
HF; n=22; 48.7+3.1 years of age) and human failing hearts (n=16; 54.94£2.6 years of age). Connective tissue content was
quantified from Masson trichrome—stained head-center and center-tail SAN sections. Expression of extracellular matrix
proteins, including collagens 1 and 3A1, CILP1 (cartilage intermediate layer protein 1), and POSTN (periostin), and fibroblast
and myofibroblast numbers were quantified by in situ and in vitro immunolabeling. Fibroblasts from the central intramural SAN
pacemaker compartment (= 10x5x2 mm?) and right atria were isolated, cultured, passaged once, and treated * transforming
growth factor B1 and subjected to comprehensive high-throughput next-generation sequencing of whole transcriptome,
microRNA, and proteomic analyses.

RESULTS: Intranodal fibrotic content was significantly higher in SAN pacemaker complex from HF versus non-HF hearts
(B7.7£2.6% versus 44.0£1.2%; F<0.0001). Proliferating phosphorylated histone 3*/vimentin*/CD31~ (cluster of
differentiation 31) fibroblasts were higher in HF SAN. Vimentin*/a-smooth muscle actin®/CD31~ myofibroblasts along with
increased interstitial POSTN expression were found only in HF SAN. RNA sequencing and proteomic analyses identified
unique differences in mRNA, long noncoding RNA, microRNA, and proteomic profiles between non-HF and HF SAN
and right atria fibroblasts and transforming growth factor $1—induced myofibroblasts. Specifically, proteins and signaling
pathways associated with extracellular matrix flexibility, stiffness, focal adhesion, and metabolism were altered in HF SAN
fibroblasts compared with non-HF SAN.

CONCLUSIONS: This study revealed increased SAN-specific fibrosis with presence of myofibroblasts, CILP1, and
POSTN-positive interstitial fibrosis only in HF versus non-HF human hearts. Comprehensive proteotranscriptomic
profiles of SAN fibroblasts identified upregulation of genes and proteins promoting stiffer SAN extracellular matrix
in HF hearts. Fibroblast-specific profiles generated by our proteotranscriptomic analyses of the human SAN provide
a comprehensive framework for future studies to investigate the role of SAN-specific fibrosis in cardiac rhythm
regulation and arrhythmias.
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Human SAN Fibrotic Signatures

Clinical Perspective

What Is New?

» The study provides a quantitative atlas of unique
transcriptomic and proteomic signatures of non-
failing and failing human sinoatrial node (SAN)
fibroblasts.

* In the failing human SAN, myofibroblasts, CILP1
(cartilage intermediate layer protein 1), and POSTN
(periostin) are found within increased interstitial
fibrosis.

e Our data provide a comprehensive fibroblast-spe-
cific molecular framework to determine the mecha-
nisms and role of SAN-specific extracellular matrix
composition in SAN function and dysfunction.

What Are the Clinical Implications?

» These comprehensive human fibroblast-specific
data sets can be used to define the contribu-
tion of intranodal fibrotic content to SAN normal
pacemaker function and for designing biological
pacemakers.

* Isolated fibroblasts identify a novel cellular platform
to study SAN and atrial fibrosis and arrhythmias in
human heart failure.

* Proteotranscriptomic data sets can be used to iden-
tify novel human SAN fibroblast-specific molecular
and protein targets to develop antifibrotic strategies
targeting SAN dysfunctions and atrial arrhythmias.

of the human heart, is a heterogeneous composi-

tion of specialized pacemaker cardiomyocytes and
nonexcitable cells (eg, fibroblasts)."? Histologic post-
mortem evaluations® and recent structural in vivo and ex
vivo 3D electrostructural imaging of human hearts have
demonstrated that the distinctive 3D intramural struc-
ture of the human SAN pacemaker complex is primarily
composed of dense connective tissue."*® Even healthy
human SANs are composed of 35% to 55% dense
connective tissue, from ~24% in infants with age-
induced increases up to *60% in elderly hearts,® which
is unique for humans versus animals.*” Such high lev-
els of extracellular matrix (ECM) would be considered
pathologic in any other cardiac region, which could lead
to arrhythmias and conduction impairments. In contrast,
the distinctive high level of ECM in the SAN is required
to electrically insulate pacemaker cardiomyocytes to
maintain source—sink balance leading to activation of
the large right atrial (RA) myocardium by the relatively
small SAN pacemaker complex.* The cellular basis and
molecular mechanisms driving the naturally high fibrotic
levels in human SAN is a terra incognita. No study has
examined SAN fibroblasts, the primary cellular source
of connective tissue, to determine whether there are
quantitative and qualitative characteristics that uniquely

The sinoatrial node (SAN), the primary pacemaker
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Nonstandard Abbreviations and Acronyms

Akt protein kinase B

aSMA a-smooth muscle actin

CADH2 cadherin2

CD31 cluster of differentiation 31

CILP1 cartilage intermediate layer protein 1

COL3A1  collagen 3A1

ECM extracellular matrix

HF heart failure

ITA4 integrin-a4

ITPR2 inositol 1,4,5-trisphosphate receptor

JAK Janus kinase

KEGG Kyoto Encyclopedia of Genes and
Genomes

IncRNA  long noncoding RNA

LTBP2 latent transforming growth factor bind-
ing protein

miRNA microRNA

PHH3 phosphorylated histone H3

PI3K phosphoinositide 3-kinase

POSTN periostin

RA right atrium

RET1 retinol binding protein

SAN sinoatrial node

STAT1 signal transducer and activator of tran-
scription 1

STAT2 signal transducer and activator of tran-
scription 2

SYNE1 nesprin

TGFp1 transforming growth factor 31

TLN1 talin1

enable them to secrete and maintain the high levels of
connective tissue found in the SAN.

SAN ECM is known to increase in several human dis-
eases, including heart failure (HF), which is associated
with cardiac arrhythmias and impairment of SAN automa-
ticity, eventually leading to SAN dysfunction.48° Recent
ex vivo near-infrared optical mapping studies of diseased
human hearts show that SAN fibrosis could specifically
interrupt automaticity and introduce conduction blocks by
disrupting electric connectivity between SAN pacemaker
clusters and conduction pathways®'%'" (Figure 1A).
Whereas clinical and experimental studies have clearly
emphasized the critical role of SAN fibrosis as a causal
factor of SAN dysfunction, the cellular and molecular
basis for the intriguing levels of dense connective tissue
in the healthy SAN and pathophysiologic HF-induced
SAN fibrosis upregulation has never been studied.

Almost all of our understanding regarding cardiac
fibrosis, fibroblasts, and their differentiated states,
including myofibroblasts, comes from studies of acute
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Figure 1. Project description and overview of workflow.
A, Three-dimensional models of nonfailing human sinoatrial node (SAN) pacemaker complex (Ieft) and heart failure (HF; right) depicting

their functional/dysfunctional and structural characteristics. The green arrow shows preferential conduction from the leading pacemaker in
the SAN to atria through the SAN conduction pathway (SACP) in non-HF hearts; the blocked green arrow indicates exit block in HF hearts. B,
Description of the project work flow. BGS indicates bovine growth serum; CT, crista terminalis; IAS, interatrial septum; IVC, inferior vena cava;
LC-MS/MS, liquid chromatography with tandem mass spectrometry; miRNA, microRNA; RA, right atrium; SVC, superior vena cava; and TGFp1

transforming growth factor 1.
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injury responses including myocardial infarction''® and
chronic disease states. Hence, we aimed to develop an
in-depth understanding of the phenotypic and molecular
landscape of SAN fibroblasts in vitro and in situ together
with intranodal ECM composition in nonfailing (non-HF)
and HF human hearts, which could ultimately be used
to target pathologic SAN fibrosis. We isolated and cul-
tured human SAN and surrounding RA fibroblasts from
human non-HF and HF hearts and subjected the same
samples to quantitative proteomics and next-generation
sequencing of the whole cellular transcriptome to gen-
erate, for the first time, a comprehensive atlas of pro-
tein expression, coding mRNA, and noncoding RNAs
including long noncoding RNA (IncRNA) and microRNA
(miRNA,; Figure 1B).

METHODS

Detailed methods are provided in the Supplemental Methods
in the Data Supplement. Proteomics data are publicly available
at MassIVE (MSV000086692; https://doi.org/doi:10.256345/
CBDNBP). RNA sequencing data have been deposited
in National Center for Biotechnology Information’s Gene
Expression Omnibus'* and are accessible with GSE164794
(https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=
GSE164794).

Human Cardiac Tissue Collection

Explanted failing hearts from transplant recipients (n=16;
549426 years of age) with nonischemic or dilated cardio-
myopathy with or without implantable cardiac defibrillator and
left ventricular assist device and donor human hearts (non-HF;
n=292; 48.7+3.1 years of age) without history of cardiac dys-
function and with intact SAN pacemaker complexes (Table |
in the Data Supplement) were obtained from The Ohio State
University Cardiac Transplant Team or LifeLine of Ohio Organ
Procurement Organization, respectively, in accordance with the
approved Ohio State University institutional review board with
informed consent.

SAN and RA Fibroblast Isolation

Explanted human hearts were arrested and dissected in
ice-cold cardioplegic solution (Figure 1B). Fibroblasts were
isolated from the intramural SAN pacemaker compartment
(<10x5x1.5 mm?) and neighboring RA tissues by enzymatic
digestion (Table Il in the Data Supplement), cultured, passaged
once, and synchronized in Dulbecco Modified Eagle Medium
with 0.5% bovine growth serum for 24 hours. Subsequently,
cells were treated with 5 ng transforming growth factor 31
(TGFB1) for 48 hours, after which the resulting pellet was used
for RNA sequencing and proteomics.

Quantitative Proteomics and Next-Generation
Sequencing
Mass spectrometry data were acquired from 3 pg peptides

per sample. Database search of mass spectra from all sam-
ples (Excel File | in the Data Supplement) was performed with
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the OpenMS platform and X!Tandem search engine against a
reviewed UniProt human proteome (downloaded September
4, 2019). RNA for next-generation sequencing was isolated
from fibroblast cell pellets using the miRNeasy Kit (QIAGEN)
according to the manufacturer's instructions (Excel File Il in the
Data Supplement). All data analyses were performed with R
and various packages (full analysis pipelines and quality control
are available in the Data Supplement).

Gene Ontology and KEGG Network Analyses
KEGG analysis (Kyoto Encyclopedia of Genes and Genomes)
was performed with kegga and topKEGG functions in R for
the top 20 terms. Data were filtered for significant enrichment
only (F<0.05).

Statistical Analyses

Results are presented as meantSEM in scatterplots with
bars. The Shapiro-Wilk method was used to test normality of
the group. Paired or unpaired Student t test (2-tailed) and 1-
or 2-way analysis of variance (with Tukey test) were used to
compare 2 or multiple groups where A<0.05 was considered
statistically significant.

RESULTS
Fibrotic Content Increases in the HF SAN

Fibrotic content in the SAN pacemaker compartments
and adjacent RA tissue was determined by quantifying
fibrotic areas identified by Masson trichrome staining
(non-HF=15, HF=13; Figure 2A). Analyses showed that
percentage of dense fibrotic content was significantly
higher across the SAN compartments versus RA in non-
HF hearts (44.0£1.2 versus 24.741.7%:; £<0.0001) and
HF hearts (67.6+2.6 versus 34.4+1.3%; £<0.0001). Fi-
brotic content in SAN and RA in HF hearts was signifi-
cantly higher than in non-HF hearts.

Interstitial ECM and Fibroblast Remodeling in
the HF SAN

The first goal of our study was to determine ECM pro-
tein composition and characteristics of non-HF versus
HF SAN fibroblasts in situ. Sections of non-HF and HF
SAN were stained for collagen 1 and COL3A1 (colla-
gen 3A1), CILP1 (cartilage intermediate layer protein
1), and POSTN (periostin), components of the ECM in
pathologic remodeling and scars (Figure | and Table IlI
in the Data Supplement). Collagen 1 to COL3A1 ratio
was lower in SAN HF versus non-HF. CILP1 was higher
(non-HF=1.0+0.2%; HF=3.7%0.4% [R<0.0001]) in
HF SAN; ratios of CILP1 to collagen 1 and COL3A1
were higher in HF compared with non-HF SAN (Fig-
ure 2B). Interstitial POSTN expression in the SAN pace-
maker compartments was found only in HF SAN; it was
negligible in non-HF (Figure 2C). Cryosections from non-
HF and HF SAN were immunostained with a-actinin,
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Figure 2. Quantification of dense connective tissue and composition of extracellular matrix (ECM) in human sinoatrial node (SAN).
A Left, Representative images show dense connective tissue and fibrosis (blue) identified in Masson trichrome—stained paraffin-embedded
human nonfailing (no heart failure [nHF]; n=15) and failing (heart failure [HF]; n=13) SAN sections, respectively. Right, Quantification of dense
connective tissue from sections of SAN head, center, and tail compartments. Each dot is an average of at least 3 measurements per SAN and
right atrium (RA). B, Left, Representative images of ECM proteins COL1 (collagen 1; red), COL3A1 (collagen 3A1; green), and CILP1 (cartilage
intermediate layer protein 1; white) staining in nHF and HF SAN cryosections (see also Figure IA in the Data Supplement). Right, Summary data
of their ratios (nHF [n=3] and HF [n=4]; each dot is an average of measurements from 4 fields of view per SAN). C, Left, nHF and HF SAN
cryosections stained with vimentin (red) and POSTN (periostin; green). Cell nuclei were stained with DAPI (4’,6-diamidino-2-phenylindole; blue).
Right, Summary data of POSTN staining density ("HF [n=3] and HF [n=3]; each dot represents measurement from each SAN). All data were
analyzed with analysis of variance (2- or multiple-group comparison, as applicable) and expressed as mean+SEM (P<0.05). CT indicates crista
terminalis; Endo, endocardial; Epi, epicardial; and IAS, interatrial septum.
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vimentin, and CD31 (cluster of differentiation 31) anti- of vimentin*/CD31- cells were quantified as fibroblasts,
bodies to identify cardiomyocytes, fibroblasts, and en-  which was comparable between non-HF (66+6%) and
dothelial cells, respectively (Figure 3A). A percentage HF (61£5%) SAN sections (P=0.18). However, vimen-
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Figure 3. Composition of fibroblasts in non-heart failure (nHF) and heart failure (HF) human sinoatrial node (SAN).

A Left, Fibroblasts in the nonfailing (n=7) and failing (n=8) SAN stained in cryosections with vimentin (green), cardiomyocytes with a-actinin
(red), and DAPI (4’,6-diamidino-2-phenylindole; blue). Right, Summary data of vimentin-positive cells relative to all cells. Each dot is an average of
measurements from 3 to 4 fields of view per SAN. B, Left, Sections from nHF and HF SAN stained for vimentin (green), PHH3 (phosphorylated
histone 3; red), CD31 (cluster of differentiation 31; white), and DAPI (blue). Right, Summary of proliferating fibroblasts quantified as a ratio of
PHH3-positive cells to vimentin*/CD31- cells (nHF [n=5] and HF [n=5]; each dot is an average of measurements from 3 fields of view per SAN).
All data were analyzed with analysis of variance and expressed as mean+SEM (P<0.05). RA indicates right atrium.

Circulation. 2021;144:126-143. DOI: 10.1161/CIRCULATIONAHA.120.051583 July 13,2021 131



=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

Kalyanasundaram et al

tint/CD31~ cells positive for the proliferation marker
PHH3 (phosphorylated histone H3) were higher in
HF compared with non-HF SAN (0.46+0.05 versus
0.12£0.02; £=0.001; Figure 3B).

In Situ, Myofibroblasts Are Present in the HF
SAN but Not in Non-HF SAN

Next, we examined the composition of fibroblasts and
myofibroblasts in situ to determine inherent qualita-
tive differences between the SAN and RA, which could
correlate with their fibrotic content. Cryosections were
stained for vimentin, CD31, and a-smooth muscle actin
(aSMA; n=3; 3 fields of view/heart) to identify differen-
tiated myofibroblasts in the SAN (Figure 4A and Figure
Il in the Data Supplement). Thirty-nine percent aSMA*/
vimentin*/CD31~ myofibroblasts were found in HF
SANs relative to aSMA~/vimentin®/CD31~ fibroblasts,
but no definitive myofibroblasts were found in non-HF
SAN sections.

In Vitro, HF Fibroblasts Show Robust
Myofibroblast Differentiation and Fibronectin
Secretion

We studied the composition of non-HF and HF SAN and
RA cultured fibroblasts = TGFp1. TGFB1 was used to
activate myofibroblast transdifferentiation in these popu-
lations and determine whether it would be increased in
HF-derived cells, because we predicted that SAN and
RA fibroblasts from HF hearts would already be activat-
ed in situ compared with non-HF hearts. We also hypoth-
esized that SAN fibroblasts from non-HF hearts would
have an inherently higher propensity to transdifferenti-
ate than corresponding RA cells (Figure 4B). In line with
this rationale, aSMA-positive myofibroblasts were found
in untreated non-HF SAN and HF SAN and RA fibro-
blast cultures. TGFB1 treatment significantly increased
the number of myofibroblasts in non-HF and HF SAN
and non-HF RA (Figure 4C). Fibronectin staining was
higher in untreated HF versus non-HF SAN fibroblast
cultures; it increased after TGFB1 treatment only in non-
HF SAN fibroblast cultures. Untreated HF SAN cultures
also showed higher fibronectin staining compared with
non-HF SAN cells.

Whole Transcriptomic Profiles in SAN and RA
Cultured Fibroblasts

Our next goal was to evaluate and quantify the global ex-
pression of all fibroblast-specific transcripts in the SAN
and RA cultured fibroblast groups. Enrichment of fibro-
blasts excluding other cell types (endothelial cells and
macrophages) was confirmed by immunostaining for all
samples. Immunostaining with cyclins A2, D1, and PHH3
antibodies confirmed that fibroblasts from both nonfailing
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and failing cultures are not actively cycling or proliferating
(Figure Ill in the Data Supplement). Whole transcriptome
of SAN and RA samples was sequenced for 40 samples
from 5 non-HF and b HF hearts (samples from 3 hearts
[2 non-HF and 1 HF] were removed from the sequencing
and proteomics analyses because of low protein spectral
counts from complementary proteomics analyses; Excel
File | in the Data Supplement). Genes expressed lower
than the minimum count per million of 0.569 (equivalent to
10 counts) in at least 3 samples in 1 group were filtered,
and the resulting sequenced reads were normalized with
trimmed mean of M values. Across the 8 test groups, av-
erages of total counts revealed that majority of the genes
detected were protein coding mRNAs (14415 genes
[63%)]); then, in decreasing prevalence, IncRNA (56876
[26%]), miscellaneous RNA (1254 [5%]), miRNA (677
[3%]), and other types of RNA (577 [3%]; Figure 5A and
Table IV in the Data Supplement).

Protein coding mRNA and IncRNA were further
analyzed to determine their distinctive patterns in SAN
versus RA fibroblasts; Venn diagrams in Figure 5B rep-
resent analyses of mMRNA counts in SAN and RA fibro-
blasts from non-HF and HF hearts and reveal different
patterns of unique versus commonly expressed mRNAs
between non-HF SAN versus RA and HF SAN versus
RA. Unique and common mRNAs were detected after
TGFB1 treatment.

Fibroblast-Specific SAN mRNA Profiles

In addition to differences in mMRNA profiles across the
groups (Figures IV=VIIl in the Data Supplement), we
first examined the expression of several mRNAs as-
sociated with fibrosis and with the TGF pathway in
SAN and RA fibroblasts (Figure 5C). Scaled expres-
sion levels (z scores of count per million) of these se-
lected profibrotic genes across the data sets showed
differing patterns between SAN and RA samples from
non-HF hearts, indicating specific differences in these
cultured fibroblasts and TGFf 1-induced myofibroblast
samples (Figure 5C). mRNAs including Smad2/3,
Tgfbr3, and other profibrotic proteins, including fibu-
lin3 (FbIn3), sulfatasel (Sulfl), keratin8 (Krt8), tenas-
cin X (Tnxb), laminin2 (LamaZ2), and Cx45 (Gjc1), de-
creased in both SAN non-HF and HF myofibroblasts
after TGFB1 treatment. Similarly, mMRNA counts of col-
lagens (Col3A1, Col1A9), elastin (Eln), LTBP2 (latent
transforming growth factor binding protein; Ltbp2),
Postn, cartilage oligomeric matrix protein (Comp),
Cilp1, and fibrillin 1 (Fbn1) were increased in TGFB1-
treated non-HF and HF SAN fibroblasts. These trends
indicate similar transcriptional activation patterns in
non-HF and HF SAN fibroblasts. In contrast, smooth
muscle actin (Acta?) and Lysl oxidase (Lox) were in-
creased only in TGFB1 HF SAN fibroblasts, supporting
increased myofibroblastic differentiation in the setting
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Figure 4. Composition of in situ and in vitro non-heart failure (nHF) and heart failure (HF) human sinoatrial node (SAN)

fibroblasts.

A, Representative images of nonfailing (nHF; n=3) and failing (HF; n=3) human SAN cryosections stained for aSMA (a-smooth muscle actin;
red), vimentin (vim; green), and CD31 (cluster of differentiation 31; white) identifying vimentin®/aSMA- fibroblasts (Fb), vimentin*/aSMA*
myofibroblasts (myoFb), and CD31*/aSMA* endothelial cells (EC). Each dot is an average of measurements from 3 fields of view per SAN. B,
Representative images of isolated SAN and right atrium (RA) fibroblasts from nHF or HF hearts cultured for 48 hours * transforming growth
factor 1 (TGFB1). Cells were stained with aSMA (green) and fibronectin (red). C, Summary data of myofibroblast percentages in the cultures
and quantification of fibronectin staining (nHF [n=6] and HF [n=6]; each dot is a measurement from SAN/RA £ TGFB1 cultures). Cell nuclei
were stained with DAPI (4,6-diamidino-2-phenylindole; blue). Data were analyzed with analysis of variance (2- or multiple-group comparison, as

applicable) and expressed as mean+SEM (P<0.05).
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Figure 5. Whole transcriptomic profiles of human sinoatrial node (SAN) fibroblasts.

A, Distribution of major coding and noncoding transcript groups detected across untreated nonfailing (no heart failure [nHF]) and failing (heart failure
[HF]) SAN fibroblasts. B, Venn diagrams show unique and shared mRNAs between SAN comparison groups. C, Heatmaps show scaled expression
levels of selected profibrotic genes in nHF and HF SAN vs right atrium (RA) £ transforming growth factor 31 (TGFB1) groups. (Continued)
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Figure 5 Continued. D, Volcano plots of mRNAs and long noncoding RNAs (IncRNAs) differentially expressed between groups shown at
P<0.05 and log, fold change (FC)>1.3. E, Differentially expressed (DE) genes (¢<0.05) enriched within 3 gene ontology (GO) analysis terms

in nHF and HF untreated vs TGFR1 fibroblasts (selected terms are presented). F, Circos plots show differentially expressed genes (P<0.05)
associated with Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in nHF and HF untreated vs TGF31 SAN fibroblasts (nHF=3;
HF=4). Magnified images of GO and KEGG plots are presented in Figure IX in the Data Supplement. Akt indicates protein kinase B; BP,
biological process; CC, cellular component; CPM, count per million; ECM, extracellular matrix; ER, endoplasmic reticulum; IRE1, inositol-requiring
transmembrane kinase/endonuclease; MF, molecular function; miRNA, microRNA; Misc, miscellaneous; mRNA, coding messenger RNA; and

PI3K, phosphoinositide 3-kinase.

of HF. Similarly, hyaluronan synthase 3 (Has3) and
Cx43 (Gjal) transcripts were detected in untreated
non-HF and HF SAN fibroblasts, but decreased in
TGFp1-treated fibroblasts.

Comparing non-HF SAN and RA gene expressions,
20 mRNAs were found upregulated (£<0.05 and log
fold change>1.3) in SAN fibroblasts, including kera-
tin8 (Krt8), and 14 different mRNAs were upregu-
lated in RA fibroblasts, including myosin heavy chain
11 (Myh11; Figure 5D, top left; Excel File Ill in the
Data Supplement). SAN fibroblasts from HF hearts
showed 13 mRNA upregulated in SAN fibroblasts,
including Ly6/Plaur domain-containing 1 (Lypd7) and
potassium channel tetramerization domain containing
8 (Kctd8), and 36 upregulated in the RA fibroblasts,
including the large-conductance potassium channel b
subunit (Kenmb1; Figure 5D, top right; Excel File IV in
the Data Supplement). Differential expression analy-
ses comparing the activated response of untreated
non-HF SAN fibroblasts with TGF31 showed 241
mRNAs to be different between the groups (£<0.05,
log fold change>1.3; Figure bD, bottom left; Excel
File V in the Data Supplement). Between untreated
HF SAN versus TGFpB1-treated SAN fibroblasts, 124
were upregulated in the untreated group, including
myozenin 2 (Myoz2; Figure 5D, bottom right; Excel File
VI in the Data Supplement), and 56 in TGFB1-treated
HF SAN fibroblasts, including Cilp1 and mesenchyme
homeobox 1 (Meox1).

Gene ontology analyses of differentially expressed
mRNAs in treated versus untreated non-HF SAN
revealed 16 significantly enriched categories (¢<0.05),
including endoplasmic reticulum—related functions,
proteinaceous ECM, and positive regulation of cell
migration. Differentially expressed mRNA in treated
versus untreated HF SAN were statistically enriched
in 21 categories, including epithelial to mesenchymal
transition, focal adhesion, collagen, and ECM matrix
organization (Figure 5E and Excel File VIl in the Data
Supplement). Analyses with the KEGG database
showed differentially expressed mRNAs in TGFB1-
treated non-HF SAN fibroblasts in 1 signaling pathway
related to protein processing in endoplasmic reticulum
(Figure IX in the Data Supplement). ECM-receptor
interaction, focal adhesion, and PI3K (phosphoinositide
3-kinase)—Akt (protein kinase B) signaling pathways
were enriched in HF groups compared with non-HF
SAN (Figure 5F).

Circulation. 2021;144:126-143. DOI: 10.1161/CIRCULATIONAHA.120.051583

Fibroblast-Specific SAN LncRNA Profiles

Similar to mRNA profiles, several IncRNAs were also
found to be differentially expressed between the SAN
and RA groups (Figure 5D). We found several annotat-
ed but uncharacterized IncRNAs to be differentially ex-
pressed in these groups. Moreover, multiple common and
unique IncRNAs were detected in all groups (Figure 6A).
We also compared scaled expression of IncRNAs previ-
ously associated with fibrosis or cardiac diseases''®"""
(Figure 6B). Although we did not find significant differ-
ences, scaled expression of z scores showed that Malat1
was higher in untreated non-HF SAN versus TGFpT,
whereas it increased only after TGFf1 in RA relative to
untreated; TGFB1 increased Neat! only in non-HF RA
but not in the SAN.

Fibroblast-Specific SAN miRNA Profiles

miRNA quantitation identified >12 million reads/
sample. In non-HF and HF hearts, both common and
unique miRNAs were detected in RA and SAN fibro-
blasts (Figures X and Xl in the Data Supplement). Dif-
ferential expression analyses revealed that 4 miRNAs
(mIRNA-615-3p, miRNA-10b-3p, miRNA-10b-5p, and
miRNA-1292-5p) were upregulated in the non-HF
SAN and 51 miRNAs in the non-HF RA (Figure 6C, top
left). In HF hearts, 41 miRNAs were highly expressed
in the SAN and 41 miRNAs were highly expressed in
the RA (Figure 6C, top right). When comparing differ-
ential expression of miRNAs between SAN fibroblasts
in non-HF versus HF hearts, a different pattern was
found, with 19 differentially expressed miRNAs: 13
miRNAs were upregulated in the HF SAN fibroblasts
and 6 in non-HF fibroblasts. In contrast, 13 miRNAs
were upregulated in RA HF fibroblasts; only 3 miRNAs
were upregulated in non-HF fibroblasts (Figure Xl in
the Data Supplement).

miRNA profiles showed different patterns between
non-HF and HF SAN fibroblasts in response to TGFB1.
Only miRNA-1306-bp was upregulated in untreated
non-HF SAN fibroblasts, but 25 miRNAs were found
upregulated in TGFB1-treated non-HF SAN fibroblasts
(Figure 6C, bottom left). On the other hand, in HF SAN,
31 miRNAs were upregulated after TGF1 compared
with 20 miRNAs upregulated in untreated fibroblasts
(Figure 6C, bottom right). Hierarchical cluster analyses
(P<0.05; Figure 6D and Excel File VI in the Data Sup-
plement) also revealed that both HF and TGFB 1 affected
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Figure 6. Differential expression of long noncoding RNAs (IncRNA) and microRNAs (miRNAs).

A, Distribution of IncRNAs across untreated nonfailing (no heart failure [nHF]) and failing (heart failure [HF]) untreated and + transforming
growth factor $1 (TGFB1) sinoatrial node (SAN) fibroblast comparison groups. B, Heatmaps show scaled expression levels of selected profibrotic
IncRNAs in nHF and HF SAN vs right atrium (RA) £ TGFf1 groups. C, Volcano plots of miRNAs differentially expressed between shown groups
at P<0.05 and log, fold change (FC)>1.3. D, Heatmaps show scaled expression levels of miRNAs differentially expressed (P<0.05) in nHF and
HF SAN vs RA £ TGFB1 groups (nHF=3; HF=4). CPM indicates count per million.
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expression patterns of miRNAs differently in the SAN
and RA fibroblasts.

Predicted Interactions and Networks of miRNAs
and Their Target mRNAs

Ingenuity pathway analyses of interactions between sig-
nificantly different miRNAs and mRNAs among non-HF
SAN versus HF SAN untreated fibroblasts revealed 33
interactions, of which 9 miRNAs are inverse, suggesting
putative miRNA mediated regulation of mRNA targets
(Figure 7A and Table V in the Data Supplement). Among
the differentially expressed miRNAs between non-HF
SAN untreated versus TGFf1, 47 showed interactions
with multiple differentially expressed mRNAs; 22 inter-
actions were inversely paired in expression. Twelve dif-
ferentially expressed miRNAs were predicted to interact
with selected ECM genes, of which 10 were inversely
paired (Figure 7B and Table VI in the Data Supplement).
Among miRNAs differentially expressed between HF
SAN untreated versus TGFB1, 51 miRNAs were pre-
dicted to interact with selected ECM-related mRNAs, of
which 26 were inversely paired (Figure 7C and Table VII
in the Data Supplement).

Proteomic Profiles in SAN and RA Fibroblasts

Next, we examined the proteomic profiles in the same
cultured fibroblast populations. Data from liquid chroma-
tography with tandem mass spectrometry studies (Table
VIIl in the Data Supplement and Figures XII-XV) were
analyzed for unique and common proteins among the
groups (Figure 8A). Comparing protein expression in
SAN fibroblasts, 176 proteins were unique to untreated
non-HF and 89 to untreated HF group, indicating a dis-
tinctive protein composition between untreated non-HF
and HF SAN fibroblasts, with 51 proteins unique to both
groups (Figure 8A, middle Venn diagram). Similarly, after
TGFP1 treatment, non-HF and HF SAN groups showed
36 and 192 proteins, respectively, that were unique to
each group; 42 were shared.

Comparing scaled expression patterns in SAN versus
RA non-HF untreated fibroblasts of the selected pro-
teins associated with fibrosis and ECM secretion, SAN
fibroblasts demonstrated higher levels of COL3AT,
filamin A, reticulin1, STAT2 (signal transducer and acti-
vator of transcription 2), and focal adhesion proteins
annexinB, TLN1 (talin1), and vinculin (Figure 8B). After
TGFB1 treatment, SAN and RA non-HF fibroblasts
showed similar changes in expression of several pro-
teins; COL3A1 remained higher in SAN non-HF TGF@1
fibroblasts. SAN versus RA HF untreated cells showed
lower levels of COL3A1, caldesmonT, fibulin3, and fila-
min A/B. TGFB1 treatment similarly increased annexin6,
collagen 1A2, filamin B, LTBP2, POSTN, RET1 (retinol
binding protein), SYNE1 (nesprin), tensin1, and vinculin

Circulation. 2021;144:126-143. DOI: 10.1161/CIRCULATIONAHA.120.051583
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in both SAN and RA HF fibroblasts. COL3A1, caldes-
mon 1, fibrillin1, STAT1 (signal transducer and activator
of transcription 1), STAT2, and TLN1 were lower in HF
SAN after TGFB1 compared with RA.

We next examined the differential expression of pro-
teins in these groups. An average of 2867 proteins were
detected across the 8 comparison groups (Table VIII in
the Data Supplement) and differentially expressed pro-
teins were determined significant (P<0.05 and log fold
change>1.3; Figure 8C). Proteins including laminin and
smooth muscle myosin heavy chain 11 were upregu-
lated in untreated non-HF RA fibroblasts whereas
STAT2, VAV2, and ITPR2 (inositol 1,4,5-trisphosphate
receptor) were upregulated in untreated non-HF SAN
fibroblasts. In contrast, a different set of proteins was
upregulated in HF SAN and RA fibroblasts. TGFp1
treatment increased POSTN, LTBP2, collagen b, colla-
gen A1, and collagen 2 in non-HF SAN cells, whereas
SYNE1, RET1, CADH2 (cadherin?2), and ITA4 (integrin-
a4) were increased in HF SAN cells.

Gene ontology analyses of differentially expressed
proteins revealed 20 significantly enriched categories
in non-HF SAN untreated versus TGFB1 related to
ECM, collagen fibril organization, collagen trimers, and
epidermal growth factor receptor activation, whereas
20 categories, including cytoplasmic functions, actin
cytoskeleton, stress fiber, ECM constituents, and bio-
synthetic pathways, were enriched in HF (Figure 8D
and Figure XVI in the Data Supplement). Analysis with
KEGG database identified 10 highly enriched pathways
between untreated and TGFB 1 non-HF SAN fibroblasts
including JAK (Janus kinase)—STAT signaling and 17
signaling pathways including ECM-receptor interac-
tion, focal adhesion, arrhythmogenic right ventricular
cardiomyopathy, and metabolic pathways among dif-
ferentially expressed proteins from untreated versus
TGFB1 HF SAN fibroblasts (Figure 8E and Excel File
IX in the Data Supplement). Overall, proteomic signa-
tures in SAN and RA fibroblasts were uniquely affected
by HF or TGFB1 treatment.

DISCUSSION

In recent years, extensive research has demonstrated
cardiac fibroblasts to be equally important as cardiomy-
ocytes in their effect on structure and function of the
healthy and diseased heart.'®'® The human SAN is de-
signed to serve as the leading pacemaker, which per-
sistently generates and conducts electric activity to the
atria. For these functions, the specialized pacemaker car-
diomyocytes require the dense fibrotic fibers that form
a structural lattice and define conduction pathways into
the atria." Pathologic remodeling of ECM composition
and fibrosis preferentially increases in the SAN during
HF (Figure 2A), which can contribute to automaticity and
conduction abnormalities found in diseased hearts®
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Figure 7. Predicted interactions and networks between microRNAs (miRNAs) and profibrotic mRNAs in fibroblasts.

Ingenuity pathway analyses predicted interactions and networks between miRNAs (P<0.05; green) and selected profibrotic mRNAs (red) in (A)
sinoatrial node (SAN) untreated non—heart failure (nHF) vs heart failure (HF); (B) SAN nHF untreated vs transforming growth factor 1 (TGFB1)
fibroblasts; and (C) SAN HF untreated vs TGF1 fibroblasts (nHF=3; HF=4). Direction of arrows indicates upregulation or downregulation of the
respective transcripts. Lines indicate predicted interactions between networks.

We found that while CILP1?° increases, COL3A1 ex-
pression decreases, leading to higher ratios of CILP1 to
collagen 1 and COL3A1 in HF versus non-HF SAN (Fig-
ure 2B). This remodeling of ECM protein composition
may promote less flexible and stiffer SAN ECM. POSTN,

associated with pathologic fibrosis and myocardial scars,
cell-to-matrix signaling, and epithelial-mesenchymal
transition,??? was negligible in the human non-HF SAN
but detected in all HF SANs studied, and appeared as
concentrated islands within the ECM (Figure 2C). Such
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Figure 8. Differential proteomic profiles of human sinoatrial node (SAN) fibroblasts.

A, Venn diagrams show unique and shared proteins among non—heart failure ("HF) and heart failure (HF) SAN vs right atrium (RA) (left), SAN
nHF vs HF * transforming growth factor 31 (TGFB1) (middle), and RA nHF vs HF = TGFB 1 (right) fibroblast populations. B, Heatmaps show
scaled expression levels (counts per million [CPM]) of selected profibrotic proteins in nonfailing and failing SAN vs RA = TGFf1 groups. C,
Volcano plots of proteins differentially expressed at £<0.05 and log, fold change (FC)>1.3 are in red or blue. D, Differentially expressed proteins

(P<0.05) enriched within 3 gene ontology (GO) analyses terms in nHF and HF untreated vs TGFf31

fibroblasts (selected terms are presented).

E, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with differentially expressed (DE) proteins (P<0.05) in nHF and
HF untreated vs TGFB1 SAN fibroblasts ("HF=3; HF=4). Magnified images of GO and KEGG plots are presented in Figure XVl in the Data
Supplement. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; BP, biological process; CC, cellular component; ECM, extracellular

matrix; EGF, epidermal growth factor; and MF, molecular function.
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fibrotic islands/strands can create electric barriers in-
terrupting mutual entrainment between pacemaker car-
diomyocyte clusters and conduction pathways between
SAN and RA leading to tachycardia—bradycardia, chro-
notropic incompetence, and SAN conduction blocks of-
ten associated with HF8"

Little is known about SAN fibroblasts, mainly because
of the primary focus on SAN pacemaker cardiomyo-
cytes as drivers of SAN function, with no emphasis on
the fibrotic framework’s role in efficient automaticity
and conduction.?® A single report previously showed
that SAN fibroblasts form a network in a rabbit model.?*
We found similar numbers of fibroblasts in non-HF
and HF human SAN studied, indicating that disease
may not affect overall SAN fibroblast numbers (Fig-
ure 3A). However, the number of proliferative PHH3*/
vimentin*/CD31- fibroblasts were higher in HF SAN
(Figure 3B) and, in contrast to previous findings that
reported higher myofibroblasts in human HF ventricle,®
vimentin*/aSMA*/CD31- myofibroblasts were present
only in the HF SAN (Figure 4A).

In contrast to in situ findings, in vitro cultured SAN
and RA fibroblasts revealed robust myofibroblastic dif-
ferentiation and fibronectin secretion when treated with
TGFB1 (Figure 4B and 4C). Our quantitative analyses of
proteotranscriptomes of the same samples of cultured
fibroblast populations showed similarities in the over-
all expression patterns of selected profibrotic mRNAs
after TGFP1 treatment between non-HF and HF SAN
fibroblasts, indicating common signaling pathways and
mechanisms between them (Figure 5). It is possible that
these common profibrotic mMRNAs are not additionally
affected by HF. Exceptions were Lox, associated with
collagen crosslinking, and aSMA, which were upregu-
lated in HF SAN TGFf1-induced myofibroblasts, which
could promote denser and stiffer ECM properties and an
enhanced contractile phenotype, respectively. We also
found higher scaled expression of Comp and Cilp 1, mark-
ers of matrifibrocytes associated with mature scars,?® in
TGFB1-treated non-HF and HF SAN fibroblasts, impli-
cating a role for similar specialized myofibroblasts, in
addition to the classical aSMA* myofibroblasts, in the
accumulation of dense fibrotic SAN tissue.

We found a potential role for inflammation in modu-
lating SAN fibroblasts implicated with upregulation of
profibrotic cytokine IL717 mRNA after TGF@1 treatment
in both non-HF and HF SAN and RA fibroblasts (Fig-
ure 5D). In human RA fibroblasts, cytokine IL11 was
recently shown to play an important role in cardiovas-
cular fibrosis,?” suggesting similar profibroinflamma-
tory roles in the HF SAN. Myoz2 encoding calsarcint,
previously identified in slow twitch skeletal muscle and
enriched in cardiomyocytes,?®® increased in untreated
non-HF and HF SAN and RA fibroblasts, suggesting
that it is also expressed in fibroblasts and not restricted
only to myocytes. Because Myoz2 mutations have been
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shown to cause human cardiomyopathies, it would be
important to determine whether these mutations affect
nonmyocyte cells as well.3° Similarly, transcription factor
Meox1, recently shown to play a central regulatory role
in stress-induced myofibroblast activation®" was higher
in non-HF and HF SAN TGF@1 fibroblasts relative to
untreated fibroblasts.

Gene ontology and KEGG analyses in SAN HF
groups also identified enrichment of genes in pathways
of ECM-receptor interaction, focal adhesion, and the
PISK-Akt signaling pathway, which is associated with
switching TGFB1 signaling from apoptosis to epithelial—
mesenchymal transition with increasing ECM stiffness®
(Figure 5E and 5F). These gene expression patterns and
enriched pathways suggest mature myofibroblasts and
increased myofibroblastic differentiation in HF, which
could lead to higher levels of fibrosis in HF SAN.

Studies have identified several IncRNAs in the heart
and fibroblasts from cardiac tissues, but few data exist to
document their relevance in the human heart.'®%373¢ This
study is the first to document IncRNAs specific to human
SAN fibroblasts. Our study identified several unique and
common IncRNAs in all groups of fibroblasts studied
(Figures BD and 6A). LncRNAs Malat1'” and Gas5>
previously shown to activate fibroblasts, could play a
role in modulating non-HF SAN fibrotic content relative
to RA. Neat1*® may be more specific to TGFf31 activa-
tion in RA fibroblasts but not to SAN cells (Figure 6B).
Future studies should systematically investigate whether
any uncharacterized IncRNAs in our data set contribute
to SAN fibrotic content and serve as novel therapeutic
targets to treat cardiac remodeling in HF.

Among miRNAs, miRNA-615-3p, miRNA-10b-3p,
miRNA-10b-bp, and miRNA-1292-5p, previously asso-
ciated with cancer and tumor progression®**' were
higher in the non-HF SAN compared with RA fibro-
blasts (Figure 6C). miRNA-1306-5p is known to be
released by the myocardium, and its circulating levels
are considered a biomarker of HFE*®* We found that
miRNA-1306-5p is expressed in human SAN fibro-
blasts as well, with higher levels in untreated non-HF
SAN fibroblasts. Network analyses also showed that
many of the significantly different SAN miRNAs paired
inversely with selected ECM and profibrotic genes,
which predicted potential miRNA-mediated regulation
of these genes and SAN fibrosis (Figure 7). Overall,
these putative interactions could be used to identify
candidate miRNAs to determine regulation of predicted
fibrosis-associated mRNA targets in the SAN.

Although few studies have sequenced global pro-
teomic profiles in the human heart,**** proteomic profil-
ing of human SAN fibroblasts has never been performed.
We identified an average of 15000 peptide spectral
matches across all SAN and RA samples, demonstrat-
ing both similar and distinct profiles (Figure 8A). Expres-
sion patterns of many profibrotic and ECM proteins,
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including LTBP2 and POSTN, indicate that common ECM
and myofibroblast-associated signaling pathways are
similarly regulated in both untreated and TGF@1-treated
non-HF and HF SAN and RA (Figure 8B). However,
untreated non-HF SAN fibroblasts demonstrated pro-
teomic signatures distinct from that of the non-HF RA,
with increased expression in annexinA6, COL3AT1, fila-
min B, STAT2, TLN1, and vinculin. In contrast, COL3A1
was lower in untreated HF SAN cells compared with RA.
Higher COL3A1 could suggest a more flexible SAN ECM
composition in non-HF versus HF. Overall, these results,
along with those in Figure 2B and 2C, indicate that non-
HF SAN fibroblasts may secrete proteins that promote
flexibility in the ECM, which may decrease in HF, leading
to a stiffer, less flexible composition in the HF SAN. Sub-
strate stiffness is known to modulate TGF@1 signaling
by promoting myofibroblast transition,* thereby creating
a positive feedback loop in fibrosis progression. Hence
a shift toward stiffness in HF SAN ECM could promote
myofibroblast differentiation and fibrosis within the SAN,
similar to what we found in situ (Figure 4A). Moreover,
findings from a porcine SAN ECM study identified both
stiffer and elastic components, which could withstand
higher tensile forces while reducing mechanical strain
on pacemaker myocytes.?® These findings suggest that
a balance of both stiff and elastic ECM components may
be necessary for optimal SAN function, which could be
altered in the HF SAN. Whereas increases in mechani-
cal stretch or intra-atrial pressure can increase SAN
rhythm, compression or increased arterial blood pressure
in SAN artery can slow rhythm.*6~*8 A stiffer composition
of the ECM in the HF SAN can impede this physiologic
response to changes in atrial or arterial pressures. Stud-
ies to dissect the ECM protein composition in detail in
non-HF and HF human SAN should allow us to confirm
these fibroblast-specific findings in determining the role
of in situ ECM composition in SAN automaticity and con-
duction abnormalities.

TGFP1 induced a remarkably similar pattern of pro-
tein expression among most of the selected profibrotic/
ECM genes in untreated non-HF SAN and RA fibro-
blasts, with the specific exception of COL3A1, which
was upregulated in the non-HF SAN but not RA TGFB1
cells (Figure 8B and 8C). These data suggest that acti-
vated non-HF SAN myofibroblasts may be different
from their RA counterparts in secretion of COL3A1
associated with less rigid ECM properties. Upregula-
tion of POSTN and LTBP2 in non-HF SAN fibroblasts
and CADH2 and ITA4 in HF SAN fibroblasts after
TGFB1 may imply inherently different gene programs in
untreated non-HF and HF cells that could in turn pro-
mote differentiation into distinct myofibroblasts. These
protein signatures are also supported by gene ontology
and KEGG analyses of SAN untreated versus TGFp 1
data sets (Figure 8D and 8E). Overall, our data suggest
that relative to untreated fibroblasts, activated non-HF
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SAN myofibroblasts are prone to increased secretion
of profibrotic proteins related to ECM and fibrosis,
whereas HF SAN myofibroblasts suggest pathologic
phenotypes consistent with cardiomyopathy.

Limitations

Our study was performed on a relatively small sample
of intact adult, primarily male human SANs and HF
hearts, which may not be representative of all human
hearts. Noncardiac comorbidities and lifestyle modifi-
cations, including alcohol consumption and drug abuse,
as well as presence of implanted cardiac devices and
SAN dysfunction in the HF group may affect the re-
sults. Based on the availability of ex vivo hearts for SAN
tissue and cell collection*® at The Ohio State University,
we used donor hearts with complete SAN pacemaker
complex without cardiac dysfunction for the nonfailing
group and failing hearts from transplant surgeries for
the HF group. Only those samples that met quality con-
trol and all inclusion criteria were retained for analyses
(Figure IV in the Data Supplement).

Conclusions

In human HF SAN, proliferating fibroblasts, myofibro-
blasts, ECM with stiffer properties, and POSTN-positive
fibrotic islands increase, which creates intranodal struc-
tural barriers that could interrupt normal automaticity and
conduction. In non-HF SAN fibroblasts, molecular and
protein markers are different from RA fibroblasts, which
predispose to SAN-specific impairments in ECM flex-
ibility and myofibroblast differentiation. This comprehen-
sive atlas of molecular and protein targets establishes
a valuable human SAN fibroblast-specific proteo—whole
transcriptome database that can be used to identify mo-
lecular and protein signatures, signaling pathways, and
potential therapeutic targets of SAN fibrosis and cardiac
arrhythmias in patients with HF.
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