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Abstract

Rationale—Mutations in desmosome proteins cause arrhythmogenic cardiomyopathy (AC), a
disease characterized by excess myocardial fibro-adipocytes. Cellular origin(s) of fibro-adipocytes
in AC is unknown.

Objective—To identify the cellular origin of adipocytes in AC.

Methods and Results—Human and mouse cardiac cells were depleted from myocytes and
flow sorted to isolate cells expressing platelet-derived growth factor receptor A (PDGFRA) and
exclude those expressing other lineage and fibroblast markers (CD32, CD11B, CD45, Lys76,
Ly5¢ and Ly5¢, THY1, and DDR2). The PDGFRAPOS:Lin"9:THY 1"¢9:DDR2"eY cells were
bipotential, as the majority expressed COL1A1, a fibroblast marker, and a subset CEBPA, a major
adipogenic transcription factor, and therefore, were referred to as fibro-adipogenic progenitors
(FAPs). FAPs expressed desmosome proteins including desmoplakin (DSP), predominantly in the
adipogenic but not fibrogenic subsets. Conditional heterozygous deletion of Dsp in mouse using
Pdgfra-Cre deleter led to increased fibro-adipogenesis in the heart and mild cardiac dysfunction.
Genetic fate mapping tagged 41.4+4.1% of the cardiac adipocytes in the Pdgfra-Cre:Eyfo:DspMF
mice, indicating an origin from FAPs. FAPs isolated from the Pdgfra-Cre:Eyfo:Dsp™F mouse
hearts showed enhanced differentiation to adipocytes. Mechanistically, deletion of Dspwas
associated with suppressed canonical Wnt signaling and enhanced adipogenesis. In contrast,
activation of the canonical Wnt signaling rescued adipogenesis in a dose-dependent manner.

Conclusions—A subset of cardiac FAPs, identified by the
PDGFRAPOS;|in"®d: THY 1"9: DDR2"¢9 signature, expresses desmosome proteins and
differentiates to adipocyte in AC through a Wnt-dependent mechanism. The findings expand the
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cellular spectrum of AC, commonly recognized as a disease of cardiac myocytes, to include non-
myocyte cells in the heart.
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INTRODUCTION

Arrhythmogenic Cardiomyopathy (AC) is an enigmatic hereditary disease characterized
pathologically by excess fibro-adipocytes in the myocardium and clinically by ventricular
arrhythmias, heart failure, and sudden death 1-3. Molecular genetic basis of AC has been
partially elucidated. Mutations in genes encoding desmosome proteins, components of the
intercalated disks, have been identified as the main causes of AC 2 4. Cardiac myocytes
(CMs), thus far, are the only cell type in the heart known to express desmosome proteins.
However, CMs are differentiated cells and are not expected to switch fate and trans-
differentiate to fibro-adipocytes. Thus, the molecular genetic discoveries have raised the
intriguing question of how do mutations in the desmosome proteins; expressed in the heart,
hitherto, only in CMs, lead to the unique phenotype of fibro-adipogenesis in the heart. We
surmised that cells other than cardiac myocytes in the heart express desmosome proteins and
differentiate to fibro-adipocytes in AC.

The heart is a cellularly heterogeneous organ, comprised of a number of mature and
immature cells. Among the mature cells, CMs are the only cardiac cells that are known to
express desmosome proteins. Among the resident progenitor cells, KIT+ cells have been
shown to express junction protein plakoglobin (JUP), a component of the desmosomes, and
differentiate to adipocytes °. However, KIT+ progenitors are scant in the heart and contribute
only to a small fraction of the excess adipocytes in AC °. It is unknown whether desmosome
proteins are also expressed in other resident mature and progenitor cells in the heart.

A subset of resident skeletal muscle progenitor cells, commonly identified by the expression
of platelet-derived growth factor receptor-a (PDGFRA), are considered to be fibro-adipocyte
progenitors (FAPs) 68, Skeletal FAPs are bipotential cell types that under physiological
states are quiescent but upon muscle injury are activated to facilitate muscle regeneration by
the endogenous myogenic stem cells -9, Persistent injury or failure of the skeletal muscle to
regenerate following injury leads to differentiation of the FAPs to fibroblasts and

adipocytes 68, Therefore, we surmised that the heart, similar to skeletal muscles, might
contain a subset of resident progenitor cells, which could differentiate to adipocytes in AC.
However, the presence and characteristics of the cardiac FAPs and/or their differentiation to
adipocytes in the heart have yet-to-be demonstrated. Such progenitor cells, in the context of
AC, have to express the desmosome proteins in order to differentiate to adipocytes in the
presence of the mutant desmosome protein in AC. Alternatively, such cells could
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differentiate to adipocytes through paracrine mechanisms, emanating from myocytes that
express the mutant desmosome protein. The present study is designed to identify and
characterize cardiac progenitor cells that differentiate to adipocytes in AC and determine the
responsible mechanism(s).

METHODS

The investigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health. The Institutional Animal Care and Use
Committee and Review Board approved the studies. A detailed Material and Methods
section is provided in the Online supplementary material.

Isolation and characterization of human and mouse cardiac FAPs

Steps taken to isolate cardiac FAPs are shown in Online Figure I. In brief, non-cardiac
myocyte fraction of heart cells was sorted to isolate cells that express PDGFRA and exclude
those expressing hematopoietic lineage markers CD32, CD11B, CD45, Lys76, Ly~5¢ and
Ly6¢ (Lin"e9), stem cell and fibroblast marker THY1, and fibroblast marker DDR2. The
isolated mouse PDGFRAPOS:Lin"€9: THY1"®9:DDR2"Y cells were also analyzed for the
expression of lineage markers TIE2, PDGFRB, CD146, and KIT antigen by flow cytometry
and/or immunostaining.

Isolation of mouse adult cardiac myocytes (CMs)

To isolate CMs, explanted mouse heart was perfused with a calcium free perfusion media
and a digestion buffer containing collagenase 11 19. CMs were isolated from the digested
tissue by filtration and low speed centrifugation and were gradually introduced to calcium at
the final concentration of 1.5 mM. CMs were plated in culture dishes or cover glasses coated
with laminin and incubated immediately in a 2% CO2 incubator at 37 °C. The isolation
procedure is expected to exclude non-myocyte cardiac cells 10,

Isolation and culture of smooth muscle cells (SMCs), endothelial cells (ECs), and cardiac
fibroblasts (CFs)

Mouse aortic SMCs were isolated from the mouse aortic tissues and cultured as previously
published 1. Mouse primary cardiac microvascular ECs were purchased from a commercial
source and grown on plates pre-coated with gelatin-based coating solution in M1168 mouse
endothelial cell growth medium. Cardiac fibroblasts were isolated as previously

published 12,

Immunofluorescence (IF), immunoblotting (IB), immunohistochemistry (IH), and
quantitative PCR (qPCR)

IF, IB, IH, and qPCR were performed, as published 13-15 {Lim, 2001 #103}.

Detection of apoptosis: Apoptosis was detected by TUNEL assay, as previously
described 16,

Lineage tracer mice: Pagfra:Egfp reporter mice were purchased from Jackson
Laboratory 17.
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These mice express the H2B-eGFP fusion protein from the endogenous Pdgfra locus,
leading to expression of H2B-eGFP mimicking the expression pattern of the endogenous
Pdgfragene 1. Myh6-Cre, Dsg'F and R26-FSTOPF-Eyfo mice have been

published 16.18-21 pgpfra-Cre BAC transgenic mice were from Jackson Laboratory.
Oligonucleotide primers used in genotyping by PCR are listed in Online Table I.

Echocardiography

Left ventricular dimensions and function in mice were assessed by B-mode, M-mode and
Doppler echocardiography using a HP 5500 Sonos echocardiography unit equipped with a
15-MHz linear transducer, as published > 1415 \Wall thicknesses and left ventricular (LV)
dimensions were measured from M-mode images using the leading-edge method on 3
consecutive cardiac cycles. LV fractional shortening and mass were calculated as previously
described ® 14,15,

Morphometric and histological analyses

Ventricular/body weight ratio, H&E, Masson Trichrome, Picrosirius Red, and Oil Red O
staining were analyzed, as published 5 1415, To quantify extent of fibrosis, collagen volume
fraction (CVF) was determined from Sirius Red stained thin myocardial sections using
ImageTool 3.0 software.

Induction of adipogenesis

Isolated cardiac FAPs were treated with an Adipogenesis Induction Medium for 2 to 7 days,
as published 5 14. 15,

Activation of the canonical Wnt signaling pathway

To activate the canonical Wnt signaling pathway, cells were treated with 2 different
concentrations (5 and 10 pM) of 6-bromoindirubin-3’-oxime (BIO), a known activator of the
canonical Wnt signaling, as described 5 22. 23,

Statistical analysis

Normally distributed continuous variables between the two groups were compared by t-test
or Mann-Whitney U test. Differences among multiple groups were analyzed by one-way
ANOVA or multivariate analysis of variance (MANOVA). Pairwise comparisons were
performed by Bonferroni multiple comparisons test. Differences among the categorical
values were compared by Kruskall-Wallis test.

RESULTS

Isolation and characterization of cardiac FAPs

A subset of progenitor cells in skeletal muscles, referred to as FAPs, are characterized by the
expression of cell surface marker PDGFRA and exclusion of other cell types known to
express PDGFRA, such as bone marrow-derived progenitors & 8:24.25 |n the heart presence
and characteristics of FAPs and the subset that differentiate to adipocytes are unknown. To
isolate cardiac FAPs, human and mouse myocyte-depleted cardiac cells were sorted by flow
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cytometry to isolate cells that expressed PDGFRA but not the hematopoietic progenitor
markers CD32, CD11B, CD45, Lys76, Ly~5¢ and Ly5¢, stem cell and fibroblast marker
THY1, or fibroblast marker DDR2 (Figure 1 and Online Figure 1). The findings were also
corroborated by IF staining of human and mouse FACS isolated
PDGFRAPCS;Lin"®d; THY 1"€9;DDR2"®9 cells for the lack of expression of THY1 and DDR2
(Figure 1). Myocyte-depleted cardiac cells were analyzed for co-expression of PDGFRA and
additional lineage markers TIE2; a marker for endothelial cells, KIT antigen; a marker for
progenitor cells, CD146; a marker for pericytes, and PDGFRB; a marker for progenitor cells
and pericytes. As shown in Online Figure I1, less than 1% of cardiac PDGFRAP®S cells
expressed TIE2, KIT, CD146, and PDGFRB lineage markers.

To determine whether isolated human and mouse PDGFRAPOS;Lin"€9: THY 1"€9: DDR2"¢9
cells were bipotential for fibrogenesis and adipogenesis, similar to FAPs in skeletal muscles,
they were stained for the expression of COL1A1 and CEBPA, markers for fibrogenesis and
adipogenesis, respectively. As shown in Figure 2, PDGFRAPOS;Lin"€9: THY 1"€9: DDR2"¢9
cells showed bimodal expression patterns of these two markers, as the majority
predominantly expressed COL1A1 COL1A1 (62.3 + 10.4% in mouse; 66.9 £ 8.5 in human)
and a minority subset (16.8 + 7.2% in mouse; 17.6+3.7 in human) predominantly expressed
CEBPA (Figure 2). These findings collectively suggest
PDGFRAPOS;Lin"®d: THY 1"€9:DDR2"¢9 cells isolated from the heart are bipotential cells,
expressing either adipogenic or fibrogenic markers. Henceforth, they were referred to as
cardiac FAPs.

Expression of desmosome proteins in FAPs

To determine whether cardiac FAPs express desmosome proteins, expressions of
Desmoplakin (DSP), junction protein plakoglobin (JUP), plakophilin 2 (PKP2), and
desmoglein 2 (DSG2) were determined by IF and IB 226, As shown in Figure 3, DSP, JUP,
PKP2, and DSG2 were expressed in cardiac FAPs(Figure 3). To exclude potential
contamination of the isolated FAPs with CMs, hitherto, the only cardiac cell type known to
express desmosome proteins, isolated cardiac FAPs cells were examined for the expression
of sarcomere proteins myosin heavy chain 6 (MYH6) and myosin binding protein C3
(MYBPC3). As shown in Figure 3, MYH6 and MYBPC3 were not expressed in cardiac
FAPs, indicating that the isolates were devoid of contamination with CMs.

Expression of DSP protein in cardiac adipogenic FAPs

To determine whether both subpopulations of cardiac FAPs expressed DSP, isolated human
and mouse PDGFRAPOS;Lin"€9: THY 1"®9:DDR2"¢Y cells were co-stained for the expression
of DSP and CEBPA or COL1A1. As shown in Figure 4, DSP protein was predominantly co-
expressed with CEBPA but not with COL1A1.

Expression of PDGFRA in other cardiac cell types

As a prelude to genetic fate mapping, we determined whether PDGFRA was expressed in
other major cardiac cell types, namely, CMs, CFs, SMCs, and ECs. Neither CMs, ECs, nor
SMCs expressed PDGFRA protein as detected by IF staining of isolated cells and 1B of
extracted proteins (Online Figure I11). Likewise, PdgframRNA was undetectable in isolated
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adult CMs (Online Figure I1IC). In contrast 71.1 £+ 20.2 % of isolated CFs, identified by the
expression of COL1AL, also expressed PDGFRA (Online Figure I11), a finding that is in
accord with the literature and immunostaining of the FAPs for COL1A1 (Figure 2) 27-29, In
accord with these findings, immunostaining of thin mouse myocardial sections also showed
expression of the PDGFRA in CFs but not in CMs. SMCs, or ECs (Online Figure 1V).

In a complementary set of studies and to corroborate detection of expression of PDGFRA in
cardiac cell types, we determined expression of the reporter protein enhanced green
fluorescent protein (EGFP) in the heart in the Pagfra-Egfp reporter mice. In this model
expression of EGFP is transcriptionally regulated by the Pdgfralocus 17. Approximately
51.3 + 9.8% of CFs was tagged with the EGFP (Online Figure V), a finding that was in
accord with the expression of PDGFRA in isolated adult CFs (Online Figure I11) and
immunostaining of cardiac FAPs for COL1A1 (Figure 2). However, expression of the
reporter protein EGFP was not detected in CMs, SMCs, and ECs, indicating that Pdgfra
locus was transcriptionally inactive in these mature cardiovascular cells (Online Figure V).

Absence of expression of DSP in CFs, SMCs, and ECs

To determine whether DSP was expressed in CFs, ECs, and SMCs in the heart, isolated
murine CFs, SMCs, and ECs were stained for the expression of DSP and analyzed by IB. As
shown in Online Figure VI, DSP protein was not expressed in isolated CFs, SMCs, and ECs,
while it was expressed in isolated cardiac myocytes, as expected.

Lineage tracing upon genetic deletion of Dsp gene in cardiac FAPs

To determine whether deficiency of DSP affects differentiation of FAPs to adipocytes, Dsp
gene was conditionally deleted upon expression of cre recombinase in cardiac FAPs. In this
strategy, crossing of Pdgfra-Cre deleter with Dsp™F:R26-F STOP"-Eyfo mice led to
expression of the cre recombinase in cardiac FAPs, deletion of the floxed exon 2 of the Dsp
gene, and deletion of the STOP sequence upstream of the £y7p gene. The former led to
inactivation of Dspand the latter to expression of EYFP in FAPs in the Pdgfra-

Cre:R26-F STOP"-Eyin:Dsp"™"/F lineage tracer mice (hitherto Pdgfra-Cre:Eyfo:DspV/F)
(Online Figure VII).

To determine efficiency of the cre-mediated recombination, FAPs were isolated from the
hearts of Pdgfra-Cre:Eyfo:DspW/F lineage tracer mice and analyzed by flow cytometry for
the expression of EYFP, as an indicator of recombination efficiency (Figure 5A and B).
Expression of EYFP was detected in ~ 84.3 + 5.6 % of the cardiac FAPs (Figure 5). Direct
examination of isolated cardiac FAPs under fluorescence microscopy also confirmed
expression of EYFP in 84.8 + 7.9% of the isolated FAPs (Figure 5). To complement the data
on the recombination efficiency, thin myocardial sections from the Pagfra-Cre:Eyfo:DspV/F
lineage tracer mice were co-stained for the expression of PDGFRA and EYFP.
Approximately 68.2 £ 9.2% of PDGFRA expressing cells also expressed EYFP (Figure 5).

To determine functional deletion of the Dsp gene in cardiac FAPs, mMRNA and protein levels
of Dspwere determined by gPCR and IB, respectively. Transcript levels of Dsp were
reduced by 52.8 + 3.3 % and that of DSP protein by approximately 56.0 £ 0.7 % in cardiac
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FAPs isolated from the Pdgfra-Cre:Eyfo:Dsp"/F lineage tracer mice as compared to control
mice (Figure 5).

To exclude fortuitous deletion of Dsp in other cardiac cells in the lineage tracer mice, mMRNA
and protein levels of Dsp gene as well as expression of EYFP were determined in CMs
isolated from the hearts of WT and Pdgfra-Cre:Eyfo:Dsp"/F mice. Surprisingly, 17.9

+ 0.3 % of CMs isolated from the hearts of Pdgfra-Cre:Eyfo:DspVF mice expressed EYFP
suggesting, to our knowledge for the first time, developmental heterogeneity of CMs in the
mouse heart (Online Figure VI1I1). The finding suggests transcriptional activity of the Pdgfra
locus in a subset of CMs during development. To determine, whether genetic tagging of a
subset of CMs under the transcriptional activity of the Pdgfralocus affected expression
levels of Dsp mRNA and protein, their levels were quantified in isolated CMs. Dsp mRNA
and protein levels were not significantly altered in CMs isolated from the lineage tracer mice
as compared to control CMs (Online Figure VI1II). Likewise, IF staining of isolated CMs
showed localization of DSP to the junctional areas (Online Figure V1I1). Considering that
adult CMs do not express PDGFRA (Online Figures IlI, 1V, and V), tagging of a subset of
CMs with EYFP in the reporter mice suggests transient transcriptional activity of the Pagfra
locus during CM development but not persistent active transcription.

Expression of EYFP was also analyzed in myocardial sections from the Pagfra-
Cre:Eyfo:Dsp"F mice stained for EYFP and specific markers for CFs, SMCs and ECs.
Only CFs but not SMCs or ECs expressed EYFP (Online Figure IX). This finding is in
accord with the data in the Pdgfra-Egfp reporter mice (Online Figure V) as well as with the
data showing /n vitroand in vivo expression of PDGFRA in isolated CFs from wild type
mice (Online Figures 11l and 1V)

Phenotypic consequences of deletion of Dsp in cardiac FAPs

Echocardiographic data on left ventricular dimensions and function in 9 months old wild
type, Pdgfra-Cre, and Pdgfra-Cre:Eyfo:DspW/F mice are shown in Online Table 1. As
shown, Pdgfra-Cre:Eyfo:Dsp™"/F mice exhibited mild cardiac dilatation and dysfunction as
compared to wild type and Pdgfgra-Cre control mice. There was no discernible cardiac
dysfunction in the Pdgfra-Cre:Eyfo or R26-FSTOP"-Eyfo or Dsp™F mice.

Ventricular/body weight ratio was modestly increased in the Pdgfra-Cre:Eyfo:DspW/F mice
as compared to wild type mice or Pdgfra-Cre mice (Online Figure X). Picrosirius staining of
thin myocardial sections showed increased myocardial interstitial fibrosis in the Pdgfra-
Cre:Eyfo:Dsp"F mice, comprising 3.8 + 1.1 % of the myocardium (Online Figures X and
XI). Similarly, Oil Red O staining of thin myocardial sections showed a 13 * 8 -fold increase
in the number of adipocytes in the heart of the Pagfra-Cre:Eyfo:DspW/F mice, as compared
to control mice (Online Figures X and XI). Moreover, the number of cells expressing
adipogenic transcription factor CEBPA was also increased significantly in the hearts of
Pdgfra-Cre:Eyfo:DspW/F mice, as compared to the control groups (Online Figure XD and G
and Figure XI). To further explore fibro-adipogenesis, FAPs were isolated from wild type
and Pdgfra-Cre:Eyfo:DspF mouse hearts and along with thin myocardial sections were
stained for pro-fibrotic transforming growth factor 1 (TGFB1). As shown in Online Figure
XI1I, TGFB1 expression levels were increased in isolated FAPs and myocardial sections from
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the Pdgfra-Cre:Eyfo:DspW/F mice. Finally, considering that deletion of Dspin cardiac
myocytes induces apoptosis 16, we determined whether deletion of Dsp in cardiac FAPs also
induced apoptosis. The number of cells stained positive in the TUNEL assay was not
significantly different between the wild type and Pdgfra-Cre:Eyfo:DspV/F mice (Online
Figure XIII).

Origin of adipocytes from cardiac FAPs

To determine whether excess adipocytes in the heart originated from FAPs, thin myocardial
sections were immunostained with antibodies against EYFP and adipogenic transcription
factors CEBPA or PPARG. Approximately 41.4 + 4.1 % of cells in the heart of lineage tracer
mice that expressed CEBPA also expressed EYFP (Figure 6). The results were similar for
the co-expression of PPARG and EYFP (41.2 + 2.6 %) as shown in Figure 6. These data
collectively indicate that close to half of the excess adipocytes in DSP-deficient mouse
model originate from FAPs. To determine whether increased number of adipocytes in the
heart of Pdgfra-Cre:Eyfo.Dsp"V/F mice was because of proliferation of the adipocytes, thin
myocardial sections were co-stained for the expression of CEBPA, to mark adipocytes, and
Ki67 protein (MKI67), to mark proliferating cells. As shown in Online Figure XIV, while
the number of adipocytes was greater in the Pdgfra-Cre:Eyfo.Dsp™VF mice, percent of
adipocytes that were stained positive for the proliferation marker did not differ significantly
between the wild type and lineage tracer mice.

Enhanced differentiation of Dsp-deficient FAPs to adipocytes

To further support differentiation of cardiac FAPs to adipocytes, FAPs were isolated from
the hearts of wild type and Pdgfra-Cre:Eyfo:Dsp"/F mice and treated with an adipogenic
induction medium, as published 5 13, Adipogenesis was analyzed serially at multiple time
points by quantifying the number of Oil Red O and CEBPA stained cells. The number of Qil
Red O- and CEBPA-stained cells (Figure 7) was consistently higher in cardiac FAPs isolated
from the Pdgfra-Cre:Eyifo:Dsp"/F mice as compared to cells isolated from the wild type
mice at all time points. Likewise, quantification of transcript levels of selected adipogenic
genes by gPCR showed marked increases in the transcript levels of Fabp4, Cebpa, Pparyg,
Dgatl, and Dgat2in FAPs isolated from the Pdgfra-Cre:Eyfo:Dsp"V/F as compared to control
mice (Figure 7). Similarly, protein levels of FABP4, CEBPA, and PPARG were increased in
FAPs isolated from the lineage tracer mice (Figure 7). To corroborate the findings based on
Oil Red O staining, cells were stained for perilipin, a marker of mature adipocytes. The
number of cells expressing perilipin was significantly increased in the Pdgfra-
Cre:Eyfo:DspW/F as compared to wild type mice (Online Figure XV).

To extend the findings in the mouse models to human AC, thin myocardial sections from the
hearts of human patients with AC were stained for the expression of PDGFRA and the
adipogenic transcription factors PPARG (Figure 7G). Approximately 43.6 + 0.8 % of
adipocytes in the human hearts with AC co-expressed PDGRFA and PPRAG, suggesting a
transitional state of cardiac FAPs to adipocytes in the human hearts with AC.
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Exclusion of a paracrine mechanism for differentiation of cardiac FAPs to adipocytes

Considering that CMs are the main cardiac cells that are known to express desmosome
proteins and given that lineage tracing identified about half of the adipocytes as originating
from FAPs, a new set of lineage tracing was performed to test for paracrine mechanisms in
differentiation of FAPs to adipocytes in AC. According to the paracrine hypothesis, the
stimulus has to originate from cells that express desmosome proteins, mainly CMs and target
cardiac resident cells that differentiate to adipocytes. To test this hypothesis, Pdgfra-Egfp
reporter mice, whereby EGFP is expressed under transcriptional regulation of the Pdgfra
locus, was crossed to the Myh6-Cre:Dsp™F mouse model of AC. These mice are
heterozygous for Dspin CMs. The Pdgfra-Egfo:Myh6-Cre:DspW/F mice afford the
opportunity to test a paracrine effect(s), emanating from the Dsp-deficient CMs and
targeting resident EGFP-labeled FAPs for differentiation to adipocytes. Cardiac phenotype
in the Pdgfra-Egfo:Myh6-Cre:Dsp™F lineage tracer mice was comparable to that published
for the Myh6-Cre:DspW/F mice 16. As would be expected, the phenotype was notable for
enhanced fibro-adipogenesis and cardiac dysfunction (Online Figure XVI and Online Table

11).

To detect whether adipocytes in the heart of Pdgfra-Egfo:Myh6-Cre:DspV/F expressed
EGFP, thin myocardial sections were stained for EGFP and CEBPA. The findings are
notable for the increased number of adipocytes in the hearts of Pdgfra-Egfo.Myh6-
Cre:Dsp"W/F mice (Online Figure XV11,), which is in accord with the finding in the Myh6-
Cre:Dsp/F mice 16. However, the percentage of adipocytes expressing EGFP in the control
Pdgfra-Egfo and Pdgfra-Egfo:Myh6-Cre:Dsp™F mice was not significantly different
(Online Figure XV1I). The finding excludes differentiation of cardiac FAPs to adipocytes
due to paracrine effects of Dsp-deficient CMs.

Suppression of the canonical Wnt signaling as a mechanism for enhanced
differentiation of cardiac FAPs to adipocytes

Because canonical Wnt signaling, a major determinant of cell fate and differentiation, has
been previously implicated in the pathogenesis of adipogenesis in AC > 13.18  transcript
levels of established targets of the canonical Wnt signaling pathways in the heart were
analyzed by gPCR. As shown in Figure 8, transcript levels of several canonical Wnt target
genes were significantly reduced in the Pdgfra-Cre:Eyfo:Dsp™V/F mice.

To determine the pathogenic role of suppressed canonical Wnt signaling in differentiation of
Dsp-deficient FAPs to adipocytes, FAPs were isolated from the hearts of Pagfra-Cre.Eyfo
Dsp™/F mice, and treated with 6-bromoindirubin-3’-oxime (BIO) to activate the canonical
Wht signaling > 23. Treatment with BIO rescued adipogenesis in FAPs in a dose-dependent
manner, as determined by Oil Red O and IF staining for CEBPA (Figure 8). Likewise,
treatment of cardiac FAPs, isolated from the Pdgfra-Cre:Eyfo DspW/F mice, with BIO
normalized transcript levels of several adipogenic genes (Figure 8).
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DISCUSSION

A subset of human and mouse resident cardiac progenitor cells, identified as

PDGFRA POs:Lin"®9: THY 1"€9:DDR2"¢9 cells, referred to as cardiac FAPs, is a major source
of adipocytes in AC caused by Dsp haploinsufficiency. Cardiac FAPs exhibit bimodal
expression patterns for the adipogenic transcription factor CEBPA and the fibroblast marker
COL1A1. Desmosome proteins including DSP are expressed only in a subset of FAPs that
predominantly express CEBPA but not in cells expressing COL1AL. Genetic deletion of Dsp
in cardiac FAPs leads to their differentiation to adipocytes in the mouse heart through a
canonical Wnt-dependent mechanism. Cardiac FAPs give origin to ~ 40% of the adipocytes
in the heart of a mouse model of AC, a finding that indicates a heterogeneous cellular origin
of excess adipocytes in AC. Thus, the finding of the present study by showing expression of
desmosome proteins in cardiac FAPs expand the cellular basis of AC, which is
conventionally considered a disease of CMs, to include non-myocyte cells, namely FAPs, in
the heart.

Multiple cell surface and lineage-specific markers were used to identify and isolate cardiac
FAPs in the human as well as in the mouse hearts. Likewise, expression of multiple
desmosome proteins were detected in cardiac FAPs and confirmed by complementary
methods. The data also show two distinct subsets of FAPs with regards to expression of the
adipogenic and fibrogenic markers, likely serving as progenitors for their respective
lineages. Notably desmosome protein DSP was predominantly expressed in the adipogenic
but not the fibrogenic subset of cardiac FAPs. In accord with this observation, DSP was not
expressed in CFs and other common cardiac cell types such as SMCs and ECs, a finding that
was confirmed at multiple levels and /n vitro studies as well as /n vivo mapping studies
using reporter mice. Thus, although a subset of CFs originate from cells transcriptionally
regulated by the Pdgfralocus, CFs and a subset of FAPs that predominantly express
COL1A1 do not express DSP. Therefore, in the genetic fate mapping studies expression of
the cre recombinase under the transcriptional control of the Pagfralocus is expected to lead
to specific deletion of the Dsp gene in a subset of cardiac FAPs that express DSP but not in
CFs and other cell types in the heart.

Because PDGFRA is also considered a fibroblast marker, we excluded cells expressing other
fibroblast markers THY 1P and DDR2PS cells. Nevertheless, despite exclusion of such
cells, approximately 70 % of cardiac FAPs also expressed COL1AL1, which is a marker for
CF lineage. Whether COL1A1P% cells are true fibroblast progenitor cells or mature CFs was
not discerned in the presence study, as DSP, which was targeted for deletion, was not
expressed in CFs or in the subset of COL1A1P% FAPs. Heterogeneous origin of CFs further
cofounds their effective identification and isolation, by a defined set of markers 3°. In accord
with the data on the developmental heterogeneity of CFs 2729, genetic fate mapping using
the Pdgfra-Cre mice tagged approximately 50% of CFs as originating from cells that are
transcriptionally regulated by the Pagfralocus.

Approximately half of cardiac adipocytes in the Dsp heterozygous mice originated from
cardiac FAPs. This finding might in part reflect an incomplete recombination efficiency,
which was estimated to be ~ 80%. It also suggests a heterogeneous origin of the excess
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adipocytes in AC. We have previously shown that a small fraction of cardiac adipocytes
originate from cells that express the KIT antigen °. FAPs are distinct from KITPOS cells, as
shown in cell sorting and immunostaining data (Online Figure I1). Thus, additional cell types
including other mesenchymal progenitor cells might give rise to excess adipocytes.
Alternatively, resident cardiac adipocytes might simply proliferate in response to yet-to-be
defined mechanism(s) in AC. The latter seems unlikely, as the number of proliferating
adipocytes were not significantly different between the wild type and the Dsp-deficient
lineage tracer mice. It is also important to note that the mouse models of AC, caused by
mutations in the desmosome proteins, do not truly recapitulate the human phenotype, as the
extent of fibro-adipocyte infiltration in the myocardium is rather modest, as compared to AC
in humans. Incomplete recapitulation of the human phenotype in model organisms is not
unusual and rather expected 31 32, Nevertheless, the finding of a subset of adipocytes in the
hearts of human patients with AC co-expressing PDGFRA and PPARG offer additional
credence to relevance of the findings to human AC.

An intriguing finding of the present study is the developmental heterogeneity of CMs.
Accordingly, genetic fate mapping identified a minority fraction of CMs (~ 20%) that was
transcriptionally regulated by the Pdgfralocus sometimes during development. Considering
that PDGFRA is not transcriptionally active in adult CM, as shown by multiple sets of data
in the present study, the finding indicates transient transcriptional activity of the Pdgfralocus
during cardiac development and subsequent silencing of the locus in the adult CMs. It is
important to note despite labeling of a subset of CMs with EYFP, protein and mRNA levels
of Dsp gene were unchanged in CMs. This finding might simply indicate that heterozygous
deletion of Dspin ~ 20% of CMs is not sufficient to reduce levels of Dsp mRNA and protein
in the whole heart, particularly considering transcriptional compensation from the wild type
allele 33. In addition, a modest reduction might not be within the resolution of gPCR and IB.
Nevertheless, the Pdgfra-Cre:Eyfo:Dsp"W/F mice exhibited mild cardiac dilatation and
dysfunction, which might reflect the role of FAPs in supporting cardiac function or the
effects of modest and yet undetectable changes in the expression level of Dsp gene in ~ 20%
of CMs. Biological and functional significance of developmental heterogeneity of CMs,
nevertheless, remains to be determined.

The findings also implicate suppressed canonical Wnt signaling in the heart as a mechanism
for enhanced differentiation of resident FAPs to adipocytes, which is also in accord with the
previous findings ° 13. 16, The mechanisms responsible for suppression of the canonical Wnt
signaling were not directly tested in the present study but presumably are similar to those
published 5 13. 16 The second set of genetic fate-mapping, whereby EGFP protein was
expressed under transcriptional activity of the Pagfralocus in the background of deletion of
Dsp gene in CMs, excluded a possible paracrine mechanism(s) for differentiation of FAPs to
adipocytes in the Dsp-deficient mice. Mechanistic studies, however, are not comprehensive
of various putative mechanisms that might be involved in the pathogenesis of AC and its
perplexing histopathological phenotypes.

In summary, we have identified a subset of human and mouse resident cardiac progenitor
cells, characterized by the expression of PDGFRA but lacking expression of other cell
lineage markers, and referred to as cardiac FAPs, as a cell source of excess adipocytes in
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AC. A subset of cardiac FAPs that express adipogenic transcription factor CEBPA also
express desmosome proteins including DSP and differentiate to adipocytes in a mouse
model of AC caused by Dsp haplo-insufficiency, through a mechanism that involves the
canonical Wnt signaling pathway. The findings expand the cellular basis of AC to include
cardiac FAPs and indicate a heterogeneous cellular basis of the complex phenotype of AC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

AC Arrhythmogenic Cardiomyopathy
BIO 6-bromoindirubin-3’-oxime

CD146 cluster of differentiation 146
CEBPA CCAAT/enhancer-binding protein a
CFs Cardiac fibroblasts

CMs Cardiac myocytes

COL1A1 Collagen 1 alpha 1

CVF Collagen volume fraction

DAPT N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
DDR2 Discoidin Domain Receptor 2
DGAT1 Diacylglycerol O-Acyltransferase 1

DGAT?2 Diacylglycerol O-Acyltransferase 2

DSC2 Desmocolin 2
DSG2 Desmoglein 2
DSP Desmoplakin
ECs Endothelial cells
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Novelty and Significance
What Is Known?

. Arrhythmogenic cardiomyopathy (AC), an inherited genetic disease, is an
important cause of sudden cardiac death in the young.

. Mutations in genes encoding desmosome proteins cause AC.

. Cardiac myocytes, hitherto, are the only cardiac cell type known to express
desmosome proteins.

. A Pathological hallmark of AC is excessive fibro-adipogenesis in the heart,
which contributes to both cardiac dysfunction and arrhythmias.

What New Information Does This Article Contribute?

. We have identified a subset of resident cardiac cells, fibro-adipocyte
progenitors (FAPS), that express the cell surface marker platelet derived
growth factor alpha receptor (PDGFRA), and exhibit a bimodal pattern for
the expression of either an adipogenic transcription factor CEBPA or a
fibroblast marker COL1A1.

. The sub-fraction of cardiac FAPs that express adipogenic markers also
express desmosome proteins, including DSP.

. Deletion of Dsp gene in FAPSs leads to their differentiation to adipocytes.

. FAPs give origin to approximately half of the excess cardiac adipocytes in
AC.

. Canonical Wnt signaling pathway regulate differentiation of cardiac FAPs

to adipocytes in AC.

We found that in addition to cardiac myocytes, desmosome proteins are expressed in t
FAPs, and these cells contribute to the pathogenesis of the unique phenotype of fibro-
adipogenesis in arrhythmogenic cardiomyopathy.
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Figure 1. Isolation of FAPs from human and mouse hearts
A, C. Flow cytometry plots showing the multi-step approach used to isolate FAPs from

human (A) and mouse (C) hearts: non-myocyte fraction of cardiac cells were sorted to
isolate cells positive for PDGFRA but negative for the hematopoietic progenitor markers
CD32, CD11B, CD45, Lys76, Ly-6¢ and Ly6c, the stem cell and fibroblast marker THY 1,
and the fibroblast marker DDR2. Positive gates were set by analyzing signals from negative
control samples, which were stained only with the corresponding 1gG isotype for each
marker. B, D. Immunofluorescence panels confirming the lack of expression of THY1 and
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DDR2 in human (B) and mouse (D) FACS isolated PDGFRAPOS:Lin"€9: THY 1"¢9:DDR2"¢9
cells.
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Figure 2. Fibrogenic and adipogenic potential of FAPs isolated from the human and mouse
hearts

A-H. IF staining and relative quantifications of human (A-D) and mouse (F-I) cardiac
FAPs, identified by expression of PDGFRA (in green), for the fibrogenic marker COL1A1
(A, F) and the adipogenic marker CEBPA (C, H) (both in red). About 65% of FAPs
expressed COL1AL1 (B, 66.9+8.5%, N=4, ~150 cells counted in each experiment in human;
G, 62.3 = 10.4%, N=8, ~200 cells counted in each experiment in mouse: N=8) while a
smaller percentage expressed CEBPA (D, 17.6+3.7% in human; I, 16.8 = 7.2% in mouse).
E, J. Co-Immunofluorescence staining of human (E) and mouse (J) cardiac FAPs for
COL1A1 and CEBPA showing that a subset of FAPs express COL1A1, but not CEBPA and
another subset express CEBPA but not COL1AL.
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Figure 3. Expression of desmosome proteins in FAPs isolated from the mouse heart
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A, B. Detection of expression of desmoplakin (DSP, 2 different antibodies), junction protein
plakoglobin (JUP), plakophilin 2 (PKP2) and desmoglein 2 (DSG2) by immunofluorescence
(A) and immunoblotting (B) in FACS isolated cardiac FAPs. C. Absence of expression of
the sarcomeric proteins MYH6 and MYBPC3 in isolated FAPs by immunoblotting to
exclude potential contamination with CMs. Heart tissue is included as a positive control.
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Figure 4. Expression of DSP protein predominantly in adipogenic FAPs from human and mouse
heart
A, B. Co-IF staining for the expression of DSP and CEBPA or COL1ALl in cardiac FAPs

from human (A) and mouse (B). DSP protein was predominantly co-expressed with CEBPA
but not with COL1A1 in both, human and mouse cells.
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Figure 5. Efficiency of the cre-mediated recombination in the Pdgfra-Cre:Eyfp: DspW/F lineage
tracer mice

A. Expression of enhanced yellow fluorescent protein (EYFP)) in FAPs isolated from the
heart of wild type and Pdgfra-Cre:Eyfo:Dsp"W/F lineage tracer mice by FACS. B.
Quantitative data showing expression of EYFP in 84.3 = 5.6 % of the FAPs isolated from the
heart of the lineage tracer mice (N=5). C. Direct fluorescence microscopic panels showing
expression of the reporter protein EYFP in FAPs isolated from the heart of the lineage tracer
mice. D. Quantitative data from 3 independent isolates showing detection of EYFP in ~ 85%
of the isolated FAPs. E, F. Expression of EYFP in thin myocardial sections from the Pdgfra-
Cre:Eyfp:DspV/F lineage tracer mice (E). Quantitative data (F) show that about 68% of cells
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expressing PDGFRA also expressed EYFP (N=8 mice per group; 3 sections per mouse, 15
fields of 63X magnification per section). G-1. qPCR data and immunoblot showing reduced
Dsp mRNA (G) and DSP protein levels (H, 1) by approximately 50 % in cardiac FAPs
isolated from the Pdgfra-Cre:Eyfo:DspW/F lineage tracer mice, as compared to cardiac FAPS
from the control mice (N=3).
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Figure 6. FAPs are a cell source of excess adipocytes in the heart of the Pdgfra-Cre: Eyfp: DspW/ F

lineage tracer mice
A, B. Immunofluorescence panels showing co-expression of the reporter protein EYFP and

the adipogenic markers CEBPA (A) and PPARG (B) in the myocardium of wild type and
Pdgfra-Cre:Eyfo:Dsp"W/F lineage tracer mice. Thin myocardial sections from wild type mice
were included as controls. Approximately 41+4 % of cells expressing CEBPA also
expressed EYFP in the heart of lineage tracer mice (C) (N=5 mice per group; 4 sections per
mouse, 20 fields of 63X magnification per section). Similarly, 41+3 % of the cells that
expressed PPARG also expressed EYFP (D) (N=6 mice per group; 4 sections per mouse, 20
fields of 63X magnification per section). The data indicate genetic labeling of the adipocytes
by the Pdgfralocus in the heart of the lineage tracer mice.
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Figure 7. Enhanced adipogenesis in cardiac FAPs isolated from the DSP haplo-insufficient mice
and detection of adipogenic FAPs in the human heart

A, B. Oil Red O staining and CEBPA immunostaining showing accumulation of fat droplets
(A) and expression of the adipogenic transcription factor CEBPA (B) in cardiac FAPs
isolated from the Pdgfra-Cre:Eyfo:Dsp"V/F lineage tracer mice, as compared to wild type
mice, at 4 time points upon induction of adipogenesis with insulin, IBMX and DXM. C, D.
quantitative data showing increased number of mature (ORO+) adipocytes (C) and CEBPA+
cells (D) in the cardiac FAPs from the transgenic mice as compared with wild type mice at
each time point (N=3, ~300 cells counted at each time point for each group, *p<0.05). E.
gPCR data for selected adipogenic genes after 4 days of adipogenesis induction showing
marked increase in the transcript levels of Fabp4, Cebpa, Pparg, Dgatl, and Dgat2in cardiac
FAPs isolated from the Pdgfra-Cre:Eyfp: DspW/F mice as compared to wild type mice (N=3,
* p<0.05). F. Immunoblots showing increased protein levels of adipogenic markers FABP4,
CEBPA, and PPARG in cardiac FAPs isolated from the heart of lineage tracer mice after 4
days of adipogenic induction. G. Immunofluorescence stained panels from a control human
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heart and a human heart from a patients with arrhythmogenic cardiomyopathy (AC),
showing co-expression of PDGFRA and the adipogenic transcription factor PPARG,
suggestive of the presence of FAPs in transition to adipocytes in the human heart with AC.
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Figure 8. Suppression of the canonical Wnt and rescue of adipogenesis upon activation of the
canonical Wnt signaling pathway

A. gPCR quantification of the transcript levels of established targets of the canonical Wnt
signaling pathway showing reduced levels in the heart of Pdgfra-Cre: Eyfo: Dsp™V/F lineage
tracer mice, as compared to wild type control mice (N=3 mice per group). B-E. Rescue of
adipogenesis upon activation of the canonical Wnt pathway. ORO stained (B) and CEBPA
immunostained (C) panels showing FAPs isolated from the heart of wild type and Pdgfra-
Cre:Eyfo:Dsp/F mice, subjected to adipogenic stimulation and treated with 2 doses of BIO,
a known activator of the Wnt signaling. Quantitative data (panels D and E) show activation
of the canonical Wnt signaling reduced adipogenesis in a dose-dependent manner (N=3,
~300 cells for ORO, ~200 cells for CEBPA-IF counted in each experiment for each group).
F. gPCR data showing transcript levels of selected genes involved in adipogenesis prior to
induction of adipogenesis, upon induction with adipogenic media and following treatment
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with two increasing concentrations of BIO. Treatment with BIO normalized increased
transcript levels of the adipogenic genes Fabp4, Cebpa, Pparg, Dgatl, and Dgat2in FAPs
isolated from the heart of Pdgfra-Cre:Eyfo:Dsp"V/F mice in a dose-dependent manner (N=3
for each experiment,*p< 0.05).
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