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Arrhythmogenic	right	ventricular	dysplasia/cardiomyopathy	(ARVC)	is	a	genetic	disease	caused	by	muta-
tions	in	desmosomal	proteins.	The	phenotypic	hallmark	of	ARVC	is	fibroadipocytic	replacement	of	cardiac	
myocytes,	which	is	a	unique	phenotype	with	a	yet-to-be-defined	molecular	mechanism.	We	established	atrial	
myocyte	cell	lines	expressing	siRNA	against	desmoplakin	(DP),	responsible	for	human	ARVC.	We	show	sup-
pression	of	DP	expression	leads	to	nuclear	localization	of	the	desmosomal	protein	plakoglobin	and	a	2-fold	
reduction	in	canonical	Wnt/b-catenin	signaling	through	Tcf/Lef1	transcription	factors.	The	ensuing	pheno-
type	is	increased	expression	of	adipogenic	and	fibrogenic	genes	and	accumulation	of	fat	droplets.	We	further	
show	that	cardiac-restricted	deletion	of	Dsp,	encoding	DP,	impairs	cardiac	morphogenesis	and	leads	to	high	
embryonic	lethality	in	the	homozygous	state.	Heterozygous	DP-deficient	mice	exhibited	excess	adipocytes	and	
fibrosis	in	the	myocardium,	increased	myocyte	apoptosis,	cardiac	dysfunction,	and	ventricular	arrhythmias,	
thus	recapitulating	the	phenotype	of	human	ARVC.	We	believe	our	results	provide	for	a	novel	molecular	mech-
anism	for	the	pathogenesis	of	ARVC	and	establish	cardiac-restricted	DP-deficient	mice	as	a	model	for	human	
ARVC.	These	findings	could	provide	for	the	opportunity	to	identify	new	diagnostic	markers	and	therapeutic	
targets	in	patients	with	ARVC.

Introduction
Cardiomyopathies are primary cardiac myocyte disorders with 
a diverse array of phenotypic expression that encompass heart 
failure and sudden cardiac death (SCD). Arrhythmogenic right 
ventricular dysplasia/cardiomyopathy (ARVC) is an uncommon 
cardiomyopathy with distinct pathological and clinical features 
(1, 2). The characteristic pathological hallmark of ARVC is fibro-
adipocytic replacement of cardiac myocytes that typically occurs in 
conjunction with myocyte apoptosis and cardiac dysfunction (1, 
2). Clinically, ARVC is responsible for approximately 5% of unex-
plained SCD cases in young athletes in the United States and up to 
27% of such cases in Italy (1, 3, 4). Cardiac dysfunction is common 
and often initiates from the right ventricle but is usually global in 
advanced stages of the disease (1). In a subset of the cases, the left 
ventricle is the predominant site of involvement (5, 6).

ARVC is a familial disease, with a Mendelian pattern of inheri-
tance in approximately one-third to one-half of the cases (2). 
The mode of inheritance is typically autosomal-dominant with 
variable penetrance. However, autosomal-recessive forms also 
have been described that occur in conjunction with hair and skin 
disorders and are referred to as cardiocutaneous syndromes (2). 

Naxos disease is a syndrome of autosomal-recessive ARVC, non-
epidermolytic palmoplantar keratoderma, and woolly hair, which 
was described in families from the island of Naxos in Greece (7). 
Another form of cardiocutaneous syndrome, referred to as Car-
vajal syndrome, is characterized by dilated cardiomyopathy pre-
dominantly involving the left ventricle (5, 6).

The genetic basis of ARVC is partially known. Several loci have been 
mapped, and 4 causal genes encoding desmosomal proteins desmo-
plakin (DP), plakoglobin (PG), plakophilin 2 (PKP2) and desmoglein 
2 have been identified (reviewed in ref. 2; ref. 8). Thus ARVC in a sub-
set of families is considered a disease of desmosomal proteins.

The molecular pathogenesis of ARVC — particularly the basis 
for adipocytic replacement of cardiac myocytes, the hallmark of 
ARVC — is completely unknown (1, 2). Desmosomes are complex 
intercellular junctions assembled through cooperative interactions 
among multiple proteins. Desmosomal protein PG is a member of 
the armadillo repeat proteins with a well-established role in regu-
lation of gene expression (9, 9–12). PG, also known as g-catenin, 
has structural and functional similarities to b-catenin, which is the 
effector for canonical Wnt signaling (13). PG is known to interact 
and compete with b-catenin at multiple cellular levels with a net 
negative effect on the canonical Wnt/b-catenin signaling pathway 
through T cell/lymphoid-enhancing binding (Tcf/Lef) transcrip-
tion factors (9–12). Accordingly, we hypothesized that mutating 
desmosomal protein by impairing desmosome assembly could 
free PG from the desmosomes, which could translocate into the 
nucleus and through competition with b-catenin suppress sig-
naling through the canonical Wnt/b-catenin–Tcf/Lef pathway. 

Nonstandard	abbreviations	used: ARVC, arrhythmogenic right ventricular dyspla-
sia/cardiomyopathy; C/EBP-a, CCAAT enhancer–binding protein–a; CPTV, catechol-
aminergic polymorphic ventricular tachycardia; DP, desmoplakin; a-MHC, a–myosin 
heavy chain; PG, plakoglobin; PKP2, plakophilin 2; SCD, sudden cardiac death; Tcf/
Lef, T cell/lymphoid-enhancing binding.
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Suppression of Wnt/b-catenin signaling provokes adipogenesis, 
fibrogenesis, and apoptosis (14–16), the characteristic hallmark of 
human ARVC. We tested the hypothesis initially in cultured atrial 
myocyte (HL-1) cell lines using sequence-specific siRNA targeted 
to Dsp and subsequently in cardiac-restricted DP-deficient mice 
generated using the Cre-LoxP system. Suppression of expression 
of DP led to nuclear localization of PG, reduced canonical Wnt 
signaling, enhanced myocyte apoptosis, excess fibrogenesis and 
adipogenesis, myocardial dysfunction, and ventricular tachycar-
dia. The results establish what we believe to be a novel molecular 
mechanism for the pathogenesis of ARVC and a mouse model that 
recapitulates the phenotype of human ARVC.

Results
Suppression of DP expression in HL-1 cells through stable transfection 
using sequence-specific siRNA. Stable transfection of cultured HL-1 
cells with pSilence 2.1-U6 neo plasmid expressing siRNA DP-799 
or siRNA DP-1102 (the numbering refers to the position of the 
first nucleotide of each siRNA in Dsp mRNA) led to near total sup-
pression of DP isoform expression compared with control non-
transfected cells or HL-1 cells transfected with siRNA against GFP  
(Figure 1A). There were no significant changes in the expression 
levels of PG, b-catenin, or a-tubulin. The HL-1 cells transfected 
with siRNA DP-799 had a slower doubling time, as compared with 
nontransfected control cells (33.4 ± 3.5 h versus 21.6 ± 1.7 h, respec-
tively; P = 0.001) and a lower number of proliferating cell nuclear 
antigen–positive cells (16.8 ± 2.6% in siRNA DP-799 transfected 
cells versus 25.7 ± 1.1% in nontransfected control cells; P < 0.01).  

Similarly, TUNEL-positive cells comprised 0.79% ± 0.56% of the 
DP-deficient cells as opposed to 1.42% ± 0.97% of the control 
DP-competent cells (P = 0.191). There was no discernible DNA 
laddering in any of the experimental groups. In addition, expres-
sion levels of the p19 kDa fragment of caspase 3 protein were not 
significantly different among the experimental groups (Supple-
mental Figure 1; supplemental material available online with this 
article; doi:10.1172/JCI27751DS1).

Nuclear localization of PG in DP-deficient HL-1 cells. To deter-
mine subcellular compartmentalization of PG in DP-deficient 
HL cells, two complimentary methods of immunoblotting on 
subcellular protein fractions and immunofluorescence were 
performed. The results of immunoblotting were notable for the 
predominant localization of PG to the cytoplasmic protein frac-
tion in the control HL-1 cells or cells transfected with siRNA 
against GFP (Figure 1B). In contrast, PG was predominantly 
localized to the nuclear protein fraction in DP-deficient cells. 
Immunofluorescence staining also localized PG predominantly 
to nuclei in DP-deficient cells, in contrast to the cytoplasmic 
localization in DP-competent cells (Figure 1C).

Suppression of canonical Wnt/b-catenin signaling through Tcf/Lef1 tran-
scription factors in DP-deficient HL-1 cells. Tcf-mediated gene transcrip-
tion, as determined by the corrected ratio of pTOP-flash/pFOP-flash 
luciferase activity was increased approximately 16-fold in control 
HL-1 cells and cells transfected with siRNA against GFP. In contrast, 
the ratio was increased by 7-fold in HL-1 cells stably transfected with 
siRNAs against DP (Figure 2), indicating a 2-fold reduction in sig-
naling through the canonical Wnt/b-catenin–Tcf/Lef pathway.

Figure 1
Suppression of DP expression in HL-1 cells and nuclear 
localization of PG. (A) Immunoblots showing expression 
levels of DP, PG, b-catenin, and a-tubulin — the latter as a 
control for loading conditions — in control cells, cells stably 
transfected with siRNAs against DP, and cells transfected 
with siRNA against GFP. (B) Immunoblots of subcellular 
protein extracts probed with an anti-PG antibody. PG was 
predominantly localized to cytoplasmic protein extracts in 
control HL-1 cells or cells transfected with siRNA against 
GFP. In contrast, PG was localized predominantly in 
the nuclear subfractions in DP-deficient HL-1 cells. (C) 
Immunofluorescence detection of PG in the nuclei. Shown 
are cells stained with an anti-PG antibody (left panels), 
nuclei stained with DAPI (middle panels), and the over-
lay (right panels) in nontransfected control cells (top pan-
els), cells transfected with siRNA against GFP (middle 
panels), and DP-deficient HL-1 cells (bottom panels).  
Magnification, ×400.
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Transcriptional switch to adipogenesis and fibrogenesis in DP-deficient 
HL-1 cells. To determine whether nuclear localization of PG and 
suppression of canonical Wnt/b-catenin signaling provokes adi-
pogenesis in transfected HL-1 cells, expression levels of mRNAs 
of selected transcriptional regulators of adipogenesis and their 
target genes were determined by semiquantitative RT-PCR. The 
results were notable for a marked increase in expression levels of 
2 major regulators of adipogenesis, namely PPARg and CCAAT 

enhancer–binding protein–a (C/EBP-a) and their target genes 
adiponectin and lipoprotein lipase (Figure 3A). Furthermore, 
immunofluorescence staining with an anti-PPARg antibody con-
firmed increased expression and nuclear localization of PPARg in 
DP-deficient HL-1 cells (Figure 3C).

Because fibrosis is a major histological phenotype of ARVC, we 
determined expression levels of procollagen genes in DP-deficient 
HL-1 cells. The results showed a remarkable increase in expression 
levels of procollagen genes Col1a2, Col1a1, and Col3a1 in DP-defi-
cient cells (Figure 3B). Finally, we determined expression levels of 
selected b-catenin target genes, namely cyclin D1 and c-myc, which 
showed modest decreases in DP-deficient cells (Figure 3D).

Accumulation of fat droplets in DP-deficient HL-1 cells. To determine 
whether the observed transcriptional switch to fibrogenesis and 
adipogenesis in DP-deficient HL-1 cells was associated with 

Figure 2
TOP-flash assay. The relative luciferase activity in cells transfected 
with FOP-flash and TOP-flash vectors in controls cells, cells transfect-
ed with siRNA against GFP, and cells transfected with siRNAs against 
DP are shown. *P < 0.01; Tukey’s test.

Figure 3
Transcriptional switch to adipo-
genesis and fibrosis and fat droplet 
accumulation in DP-deficient cells. 
(A) Semiquantitative RT-PCR results 
for C/EBP-a, PPARg, adiponectin, 
lipoprotein lipase, and GAPDH, the 
latter as a control. In addition to con-
trol cells and cells transfected with 
siRNAs, RNA extracts from human 
heart and adipose tissue are also 
included. (B) Expression of procol-
lagen genes Col1a1, Col1a2, and 
Col3a1 in the experimental groups. 
(C) Immunofluorescence staining of 
DP-competent and -deficient cells 
with an anti-PPARg antibody, show-
ing expression and nuclear localiza-
tion of PPARg in DP-deficient cells. 
(D) Expression levels of mRNAs for 
selected genes involved in ARVC, 
including Wnt signaling targets. (E) 
Accumulation of fat droplets in DP-
deficient HL-1 cells treated with dexa-
methasone, insulin, and 3-isobutyl-1-
methylxanthine (Dex + Ins + IBMX).  
Magnification, ×400.
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accumulation of fat droplets, DP-deficient and -competent HL-1  
cells were treated with insulin, 3-isobutyl-1-methylxanthine, 
and dexamethasone for 3 days and then stained with Oil Red O.  
The results showed a remarkable increase in accumulated fat 
droplets in DP-deficient HL-1 cells compared with control  
DP-competent cells (Figure 3E).

Screening for cardiac-restricted DP-deficient mice. The design of the tar-
geting vector is shown in Figure 4A. Progeny of crosses between the 
a–myosin heavy chain–Cre (a-MHC–Cre) recombinase transgenic 
mice and floxed Dsp mice were screened by PCR to detect the presence 
of the transgenes in genomic DNA extracted from tails (Figure 4B). 
The floxed alleles were identified by the presence of a 410-bp band, as 
opposed to a 320-bp band for the WT allele. Cardiac-restricted exci-
sion of floxed Dsp alleles was detected by Southern blotting of DNA 
extracted from the myocardium using a 389-bp PCR-amplified probe 
(Figure 4C). Deletion of exon 2 led to a 5.3-kbp fragment, as opposed 

to 5.8 kbp for the WT allele. Efficiency of the Cre recombinase in 
suppression of expression of DP protein was determined by immu-
noblotting using a polyclonal rabbit anti-DP antibody. A representa-
tive blot is shown in Figure 4D. To detect specificity of conditional 
deletion of Dsp in the heart, expression levels of DP were determined 
in skin tissues, a major site of expression of DP, by immunoblotting 
using an anti-DP antibody. The results showed equal expression lev-
els of DP in WT and heterozygous (DP+/–) and homozygous (DP–/–) 
floxed Dsp plus Cre recombinase transgenic mice (Figure 4E).

High lethality in DP–/– embryos. The number of newborn mice 
with cardiac-restricted DP–/– (DP–/– plus a-MHC–Cre) was signif-
icantly lower than the expected number per Mendelian inheri-

Figure 4
Targeting vector, genotyping, and detection of expression of DP. (A) The WT and floxed alleles of Dsp, location of LoxP sequences, sites of 
BamH1 restriction endonuclease, and location of the probes used in Southern blotting are shown. The construct expressing Cre recombinase 
under the regulatory control of a-MHC promoter is shown to the left of the panel. (B) Screening of mouse tail DNA by PCR for the presence of 
floxed and WT alleles and the Cre recombinase transgene in 3 experimental groups. (C) Detection of excised exon 2 and WT alleles by South-
ern blotting in DNA extracted from the hearts of mice in the experimental groups. (D) Immunoblots on cardiac protein extracts illustrate reduced 
expression of DP protein in heterozygous mice and its near complete absence in homozygous mice. a-Tubulin was used as a control for loading 
conditions. (E) Equal expression levels of DP were found in skin tissues from WT, heterozygous, and homozygous DP-deficient mice.

Figure 5
Nuclear localization of PG and transcriptional switch to adipogenesis 
in DP-deficient mice. (A) Immunoblots of subcellular protein extracts 
from WT and DP-deficient mice probed with an anti-PG antibody. PG 
was predominantly localized to the nuclear protein subfraction in the  
DP-deficient mice in contrast to WT, which showed predominant local-
ization in cytoplasmic protein subfraction. The difference between cyto-
plasmic and nuclear PG expression levels in DP+/– mice with a-MHC–Cre  
mice suggests preferential localization of free (unincorporated) PG to 
the nucleus. Degradation of the cytoplasmic PG by proteasomes could 
also contribute to lower levels PG in the cytoplasm. a-Tubulin was used 
as a control for loading conditions. (B) Detection of expression levels 
of c-myc and cyclin D1, as target genes for canonical Wnt signaling, 
and C/EBP-a and adiponectin, as markers of adipogenesis, in WT 
and DP-deficient mice. Expression levels of c-myc and cyclin D1 were 
reduced, whereas expression levels of C/EBP-a and adiponectin were 
increased, in DP-deficient mice compared with WT mice.
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tance (~5% observed versus 25% expected). The latter indicated a 
high rate of embryonic lethality, a finding that is in accord with 
the observed early embryonic lethality in germline (systemic) 
DP-null mice (17). Cardiac-restricted DP–/– embryos exhibited 
growth arrest at embryonic age E10–E12, appeared very pale, had 
no circulating red blood cells in organs, and were approximately 
50% smaller than the DP+/– (DP+/– plus a-MHC–Cre) and WT 
embryos when compared at day E15.5 (Supplemental Figure 2). 
H&E staining of thin sections of the whole-mount DP–/– embryos 

showed poorly formed hearts with no chamber specifica-
tion and unorganized cardiac myocytes. In addition, red 
blood cells were localized to the pericardial sac instead 
of cardiac chambers (i.e., not formed). Moreover, an 
excess number of cells resembling adipocytes, dispersed 
between myocytes and localized to adjacent areas, were 
also detected. Cardiac phenotype was normal in DP+/+ 
as well as DP+/– embryos with and without a-MHC–Cre 
transgene (Supplemental Figure 2).

Postnatal survival. The DP–/– mice surviving the embry-
onic period died predominantly within the first 2 weeks 
of the postnatal period, with the longest survival being 
6 weeks. The DP+/– mice developed normally during the 
embryonic period. However, they exhibited an age-depen-
dent penetrance of cardiac phenotype, including an 
approximately 20% incidence of premature death within 
the first 6 months after birth. The Kaplan-Meier survival 
plots for the WT, DP+/–, and DP–/– mice are depicted in 
Supplemental Figure 3.

Nuclear localization of PG in DP-deficient mice. To determine 
whether PG was translocated into the nucleus in cardiac-
restricted DP-deficient mice, myocardial protein subfrac-
tions were blotted and probed with anti-PG antibody. The 
results were notable for the decreased expression level of PG 
in the cytosolic component in DP-deficient mice compared 
with WT mice (Figure 5A). In contrast, levels of PG protein 
in the nuclear subfraction were increased significantly.

Suppressed Wnt signaling and transcriptional switch to adi-
pogenesis. Expression levels of c-myc and cyclin D1, tar-
gets genes of canonical Wnt/b-catenin signaling, were 
decreased in the hearts of DP-deficient mice (Figure 5B). 
In contrast, expression levels of adipogenic genes C/EBP-a  
and adiponectin were increased (Figure 5B).

Fibroadipocytic replacement of myocytes in DP-deficient adult 
mice. Macroscopic phenotype was remarkable for grossly 
enlarged cardiac chambers in DP+/– and DP–/– mice and 
increased heart weight (Figure 6A). The right and left ven-
tricles were both enlarged, without a discernible predilec-
tion toward involvement of the right ventricle. Microscop-
ic phenotype of thin myocardial sections was remarkable 
for poorly organized myocytes with large areas of patchy 
fibrosis, the latter comprising up to one-third of the myo-
cardium in DP–/– mice (Figure 6, B and C). Oil Red O stain-
ing of thin myocardial sections showed excess accumula-
tion of fat droplets in DP+/– and DP–/– mice, predominantly 
at the site of fibrosis (Figure 6D).

Increased apoptosis in DP-deficient mice. Apoptosis, as detect-
ed by TUNEL-positive cells, comprised 2.62% ± 2.7% of the 
cardiac cells in DP–/– mice (with predominant localization 
to areas of fibrosis), less than 1% of the cardiac cells in DP+/– 
mice, and less than 0.01% of the cells in WT mice (P < 0.001; 

Figure 6E). No significant DNA laddering was detected, and expres-
sion levels of the p19 kDa fragment of caspase 3 were not significant-
ly different among the groups (data not shown). Thus the increased 
number of TUNEL-positive cells in the absence of DNA laddering or 
increased expression level of the p19 fragment of caspase 3 suggests 
a relatively low level of apoptosis in DP-deficient mice.

Cardiac enlargement and dysfunction in DP-deficient mice. The heart 
weight–to–body weight ratio was the highest in the homozygous 
mutants and lowest in the WT mice (DP–/–, 11.84 ± 3.59; DP+/–, 

Figure 6
Morphological and histological phenotype. (A) Thin sections of the heart in 
DP+/+, DP+/–, and DP–/– mice stained with Masson Trichrome, showing ven-
tricular dilatation and fibrosis in DP+/– and DP–/– mice. (B) H&E-stained thin 
myocardial sections showing myocyte dropout and areas of excess interstitial 
tissue that comprise cells with adipocytic appearance in the DP–/– mice. (C) 
Masson Trichrome–stained thin myocardial sections showing extensive areas of 
fibroadipocytic replacement of myocytes in DP-deficient mice, more prominent 
in DP–/– mice. (D) Oil Red O–stained thin myocardial sections showing accu-
mulation of fat and adipocytes in DP+/– and DP–/– mice. (E) TUNEL-stained thin 
myocardial sections showing increased DNA nicking in DP-deficient mice. (F) 
Same panels as in E overlaid with DAPI-stained nuclei.
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6.81 ± 1.61; DP+/+, 4.85 ± 0.56; P = 0.004; Supplemental Figure 4). 
M-mode, 2-dimensional, and Doppler echocardiography were 
performed in 6-month-old DP+/– and DP+/+ mice. Because of high 
embryonic and early postnatal lethality, we could not establish a 
sufficient number of adult DP–/– mice for echocardiographic or 
electrophysiological studies. The results in WT and DP+/– mice, 
summarized in Table 1, are notable for thin ventricular walls, 
increased left ventricular end-diastolic and end-systolic diameters 
and reduced left ventricular ejection fraction. A representative  
M-mode echocardiogram is shown in Figure 7A.

Spontaneous and induced ventricular arrhythmias in DP-deficient mice. 
Baseline resting electrocardiograms (n = 5 per group) showed spon-
taneous ventricular ectopic beats, ventricular couplets, and 3-beat 
ventricular tachycardia in DP+/– mice. In contrast, no ventricular 
arrhythmia was detected in WT mice. Otherwise, no significant 
differences in the baseline surface electrocardiographic parameters 
between WT and DP+/– mice were detected (Supplemental Table 2). 
Upon application of a single ventricular electric extra stimulus, 4 of 
5 DP+/– mice developed ventricular arrhythmias, including runs of 
nonsustained polymorphic ventricular tachycardia (Figure 7B).

Discussion
Based on structural and functional similarities between PG, respon-
sible for human ARVC (18), and b-catenin, the signal transducer of 
the canonical Wnt signaling pathway through Tcf/Lef1 transcrip-

tion factors (13), we developed a hypothesis and tested it through 
a series of in vitro and in vivo studies. We found that suppression 
of expression of DP, responsible for human ARVC (2) in cultured 
atrial myocytes and in mouse hearts, led to nuclear localization of 
PG and suppression of canonical Wnt/b-catenin–Tcf/Lef1 signal-
ing. The latter, a key regulator of transcriptional switch from myo-
genesis to adipogenesis (14), leads to enhanced adipogenesis, fibro-
genesis, and myocyte apoptosis, the phenotype of human ARVC (1). 
We also showed DP was essential for cardiac embryogenesis and 
embryo survival, as was also shown in systemic deletion of DP (17). 
Furthermore, we show DP-deficient hemizygous mice recapitulat-
ed the phenotype of human ARVC by exhibiting fibroadipocytic 
replacement of myocytes, enhanced myocyte apoptosis, ventricular 
dysfunction, and ventricular arrhythmias. Collectively, the results 
provide for what we believe to be the first molecular mechanism for 
the pathogenesis of ARVC, a major cause of SCD and heart failure 
in humans (1) and establish cardiac-restricted DP+/– mice as what 
we believe to be the first mouse model for human ARVC.

The tenet of the proposed hypothesis and the basis for fibroadi-
pocytic replacement of myocytes is suppression of canonical Wnt/
b-catenin signaling through Tcf/Lef1 transcription factors. The 
results of in vitro TOP-flash assay, a robust and well-established 
quantitative technique to determine b-catenin–Tcf/Lef–medi-
ated gene transcription (19), provide direct evidence in support 
of the hypothesis. Similarly, reduced expression levels of mRNAs 
for selected downstream target genes of canonical Wnt signaling, 
increased expression levels of transcriptional regulators of adipo-
genesis and lipid genes, and accumulation of fat droplets in DP-
deficient HL-1 cells and mice hearts provide further evidence in 
support of the hypothesis. The findings are also in accord with the 
existing literature implicating canonical Wnt/b-catenin signaling 
as a major switch regulator of adipogenesis versus myogenesis (14, 
20, 21). Accordingly, inhibition or suppression of Wnt/b-catenin 
signaling by overexpression of axin or a dominant-negative Tcf7l2 

Table 1
Echocardiographic indices of cardiac size and function

	 DP+/+	 DP+/–	 P
n 6 9 NA
Gender (M/F) 1/5 2/7 0.790A

Age (mo) 6.3 ± 0.14 6.3 ± 0.25 0.927A

Body weight (g) 29.4 ± 3.2 28.8 ± 2.0 0.697A

Heart rate (bpm) 420 ± 82 421 ± 68 0.968A

IVST (mm) 1.05 ± 0.07 0.86 ± 0.05 < 0.001A

PWT (mm) 0.96 ± 0.07 0.88 ± 0.05 0.038B

LVEDD (mm) 2.88 ± 0.27 3.50 ± 0.25 0.001A

LVESD (mm) 1.04 ± 0.25 1.89 ± 0.55 0.007B

LVFS (%) 64.6 ± 13.1 44.47 ± 6.0 0.010B

Vcf (c/s) 9.3 ± 0.06 6.1 ± 0.03 0.015B

E/A 1.24 ± 0.23 1.45 ± 0.55 0.564B

IVST, interventricular septal thickness; PWT, posterior wall thickness; 
LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricu-
lar end-systolic dimension; LVFS, left ventricular fractional shorten-
ing; Vcf, velocity of circumferential fiber shortening; c/s, circumfer-
ence/second; E/A, ratio of early to late mitral inflow velocity.  
AP values were determined by 2-tailed Student’s t test. BP values 
were determined by Kruskal-Wallis test.

Figure 7
Cardiac dysfunction and ventricular arrhythmias. (A) M-mode section 
of the left ventricle in DP+/+ and DP+/– mice, showing left ventricular 
dilatation and reduced fractional shortening in DP+/– mice. (B) Instan-
taneous ECG and intracardiac electrograms in a heterozygous DP-
deficient mouse. The tracings demonstrate an episode of polymorphic 
ventricular tachycardia induced by a ventricular premature extra stimu-
lus following a ventricular fixed stimulation drive train. RA, right atrial 
electrogram; RV, right ventricular electrogram. I, II, and III are limb 
leads I, II, and III on surface ECG.
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switches on adipogenesis and leads to proliferation of adipocytes 
(14). In contrast, activation of canonical Wnt/b-catenin signaling 
enhances myogenesis, inhibits adipogenic transcription factors 
C/EBP-a and PPARg, and maintains preadipocytes in an undif-
ferentiated state (14, 20–22). The plausibility of suppressed Wnt 
signaling as a mechanism for the pathogenesis of ARVC is further 
strengthened by the evidence for increased myocyte apoptosis 
in DP-deficient mice, a feature of human ARVC, and the known 
protective role of Wnt signaling against apoptosis (15, 23–25). 
Activation of Wnt signaling blocks apoptosis in a variety of cells, 
including 3T3-L1 preadipocytes (15). In contrast, suppression 
of Wnt signaling provokes apoptosis (15), which we also illus-
trated in cardiac-restricted DP-deficient mice. Thus the collective 
data establishes suppression of canonical Wnt signaling, caused 
by competitive interactions between PG and b-catenin (12), as 
a molecular mechanism for the fibroadipocytic replacement of 
myocytes and enhanced myocyte apoptosis in ARVC. The results 
in the mouse and cell culture models, while direct and robust, will 
require complimentary studies in human patients with ARVC.

Molecular genetic studies suggest ARVC is a disease of des-
mosomal proteins (reviewed in ref. 2). Desmosomes are com-
plex intercellular junctions responsible for cell-cell adhesion 
(reviewed in ref. 26). They are particularly abundant in cardiac 
myocytes and epidermal cells (26). Interactions among multiple 
proteins at multiple domains are necessary to form desmosomes 
and maintain their integrity. DP, a member of plakin family, 
PG, an armadillo repeat protein, and PKP2, a member of plakin 
family, are essential for desmosome assembly and embryonic 
development (17, 27, 28). Systemic null mutations in DP, PG, 
and PKP2 lead to embryonic lethality at E6.5, E9.5, and E12–E14, 
respectively (17, 27, 28). Systemic deletion of DP leads to growth 
retardation, collapse of keratin network, impaired desmosome 
assembly, disrupted cell-cell attachment, and embryonic lethality 
at E6.5 in homozygous embryos (17). The heterozygous embryos 
and newborn mice did not show a discernible phenotype. How-
ever, they were not examined at a later time point. The pheno-
type in mice with germline deletion of PG (PG–/–) is remarkable 
for embryonic lethality at E10.5 onward, due to severe cardiac 
defects (29). Surviving mutant mice die around birth, presumably 
due to heart failure, skin blistering, and subcorneal acantholysis. 
Heart fibers isolated from PG–/– embryonic mice show reduced 
compliance, especially at lower fiber extension levels, while the 
contractile parameters were apparently unchanged (30). Thus 
it was not surprising that cardiac-restricted homozygous dele-
tion of DP also led to a very high rate of embryonic lethality, 
which occurred between E10.5 and E15.5, a time consistent with 
conditional expression regulated by the a-MHC promoter. We 
did not study the desmosome structure and formation in DP-
deficient hearts, as previous studies in systemic DP–/– mice have 
established the essential role of DP in desmosome assembly in 
the heart and elsewhere (17). Thus, poor desmosome assembly is 
expected in cardiac-restricted DP-deficient mice.

PG (also known as g-catenin) and b-catenin are two closely 
related armadillo repeat proteins with a high degree of sequence 
identity and homology (12). PG and b-catenin could interact at 
multiple levels including nuclear localization, binding to Tcf/Lef 
transcription factors, ubiquitination, phosphorylation, binding 
to axin and adenomatous polyposis coli, incorporation into the 
adherens junction, and desmosomal assembly. The functional and 
phenotypic consequences of these interactions are complex but in 

general antagonistic (12). PG and b-catenin bind to different sites 
on the Tcf7l2 (formerly known as Tcf-4) transcription factor and 
impart contrasting effects (31–33). The PG-containing Tcf7l2/Lef1 
transcription factor complex binds to DNA less efficiently than 
does the b-catenin–containing Tcf7l2/Lef1 complex (31). Addi-
tional studies will be required to delineate specific interactions 
between PG and b-catenin that lead to suppression of canonical 
Wnt/b-catenin signaling in ARVC.

The pathogenesis of ARVC described in our studies is based on 
the essential role of the Wnt/b-catenin signaling in regulating 
the transcriptional switch between myogenesis versus adipogen-
esis (14, 20, 21). We have not identified the cell source of excess 
adipocytes in the heart, but it is likely to be composed of cardiac 
myoblasts or resident and circulating mesenchymal stems cells, 
which in the absence of Wnt signaling could preferentially dif-
ferentiate into adipocytes (14). An alternative source of adipo-
cytes is fibrocytes, which are considered adipocyte progenitor 
cells (34). The latter possibility is supported by the predominant 
colocalization of adipocytes and fibrosis in the myocardium of 
patients with ARVC and in the hearts of DP-deficient mice, as 
observed in the present study. We also noted that expression and 
nuclear localization of PPARg was restricted to fibrotic areas in 
DP-deficient mouse hearts, suggesting a possible origin of adi-
pocytes from fibrocytes or prefibroblasts (data not shown). In 
vivo cell fate mapping experiments will be required to establish 
the cell source of adipocytes in ARVC. We also note that while 
our data emphasizes suppressed Wnt signaling as a mechanism 
for the pathogenesis of ARVC, it does not exclude the possible 
involvement of additional transcriptional regulators of adipo-
genesis, such as Rho family of small GTPases and GATA tran-
scription factors, in the pathogenesis of ARVC (35, 36). Rho 
family of small GTPases is considered a master switch regulator 
of adipogenesis versus cardiogenesis (36), while GATA transcrip-
tion factors regulate terminal differentiation of preadipocytes 
to adipocytes (35). In view of considerable interactions between 
Wnt signaling and small GTPases, direct or indirect involve-
ment of other transcriptional regulators of adipogenesis in the 
pathogenesis of the ARVC phenotype would merit further inves-
tigation (37). Finally, while cardiac-restricted DP-deficient mice 
showed a several-fold increase in the number of TUNEL-positive 
cells in the heart, there was no significant difference in the num-
ber of apoptotic cells between stably transfected DP-deficient 
and DP-competent HL-1 cells. The latter could reflect selection 
against proapoptotic cells during the stable transfection proce-
dure, slower rate of proliferation of DP-deficient cells, and the 
presence of SV40 large T-antigen in HL-1 cells, which possesses 
antiapoptotic activity (38).

The lack of an appropriate genetically defined animal model 
and the paucity of mechanistic data have hampered our under-
standing of the molecular pathogenesis of ARVC disease and 
development of new diagnostic markers and therapeutic targets. 
Naturally occurring ARVC has been described in Boxer dogs (39). 
However, the model suffers from an undefined genetic basis. 
Recently, a mouse model was described in which transcription 
of an intronic retroposon in laminin receptor 1 led a phenotype 
resembling right ventricular dysplasia (40). Detailed examina-
tion showed a distinct phenotype characterized by epicardial 
fibrosis and, more importantly, the absence of adipocytic infil-
tration of myocardium and ventricular arrhythmias (40). Hence, 
the model probably represents a distinct phenotype and not 
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true ARVC. Finally, a mouse model of catecholaminergic poly-
morphic ventricular tachycardia has been developed through 
conditional expression of a mutant ryanodine receptor in the 
heart (41). The model does not exhibit histological phenotype 
of ARVC and is a distinct phenotype (41). Thus cardiac-restrict-
ed DP-deficient mice provide for a genetically defined animal 
model of ARVC that could prove essential for further elucidat-
ing the molecular pathogenesis of ARVC and identification of 
novel diagnostic markers and therapeutic targets.

In summary, through a series of in vitro and in vivo studies we 
have delineated what we believe to be a novel molecular mechanism 
for the pathogenesis of ARVC and have established cardiac-restrict-
ed DP-deficient mice as a model that recapitulates the phenotype 
of human ARVC. The findings have the potential to provide for a 
unifying mechanism for the pathogenesis of adipocytic replace-
ment of myocytes in all forms of ARVC and the opportunity to 
identify new diagnostic markers and therapeutic targets.

Methods
siRNA constructs. The 21-nucleotide-long inverted repeats, separated by 
a 6-nucleotide linker, were inserted downstream of the U6 promoter 
of pSilencer 2.1-U6 neo (Ambion). Six thymidines were inserted down-
stream of the antisense strand to provide a stop signal for the polymerase 
III RNA polymerase. The sense strands of the hairpin RNAs were homol-
ogous to a 21-nucleotide region in the Dsp mRNA starting either at 
nucleotide 799 (siRNA DP-799) or at nucleotide 1102 (siRNA DP-1102).  
Sequences of siRNAs are provided in Supplemental Table 1.

Cell culture and stable transfections. HL-1 cardiac myocytes were maintained 
as previously reported (42). Briefly, HL-1 cells were grown in Claycomb 
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum 
(Sigma-Aldrich), 0.1 mM norepinephrine (Sigma-Aldrich), 2 mM l-gluta-
mine (Sigma-Aldrich), and penicillin/streptomycin/amphotericin B com-
bination (Invitrogen) in a humidified 5% CO2 incubator at 37°C. After sev-
eral passages, cells were transfected with 1 mg of plasmid DNA per plate,  
8 ml of enhancer reagent, and 25 ml of effectene reagent (QIAGEN). On 
the second day after transfection, fresh growth media supplemented with  
50 mg/ml Geneticin (Invitrogen) as the selection agent was added. The 
selection was allowed to proceed for 14 days, and the selected colonies were 
harvested and maintained in the selection media.

Upon establishment of stable cell lines, each set of subsequent experi-
ments was performed in triplicate in 35-mm plates and was repeated 3–6 
times. The number of cells in each 35-mm plate was approximately 5 × 104 
cells/well. The observer was not blinded to the experimental group.

Genetically engineered mice. The Animal Subjects Committee of Baylor 
College of Medicine approved the experiments. Cardiac-restricted DP-
deficient mice were generated by crossing mice in which the second 
exon of Dsp gene is flanked by loxP sequence (floxed DP mice) with mice 
expressing Cre recombinase under the control of the a-MHC promoter 
(a-MHC–Cre mice). The floxed DP mice (129/SvJ strain) were described 
previously and were kindly provided by E. Fuchs (Rockefeller University, 
New York, New York, USA) (43). The a-MHC–Cre mouse line (FVB/N 
strain) was as described previously (44). Sequences of the oligonucleotide 
primers used in PCR reactions are provided in Supplemental Table 1.

Mouse genotyping. Mice were genotyped by PCR of tail DNA using oligo-
nucleotide primers flanking exon 2 (the floxed exon) of Dsp gene. Excision 
of exon 2 by Cre recombinase in the heart was analyzed by Southern blot-
ting of DNA extracted from the heart. Southern blotting was performed 
following digestion of genomic DNA extracted from the heart with BamH1 
restriction endonuclease, agarose gel electrophoresis, and transfer to a 
nylon membrane. Hybridization was performed in ExpressHyb hybridiza-

tion solution (BD Biosciences — Clontech) per the manufacturer’s protocol 
at 65°C. The probe was generated by PCR amplification of a 332-bp frag-
ment encompassing the exon 2 of Dsp gene (Supplemental Table 1).

The presence of the a-MHC–Cre transgene was determined by PCR  
(Supplemental Table 1) as described previously (44).

Embryo analysis. Embryos were harvested systematically at days E10.5, 
E12.5, E14.5, E15.5, and E18.5. Embryos were genotyped by PCR using 
DNA extracted from the amniotic sac (Supplemental Table 1).

Induction of lipid accumulation. Adipogenesis was induced as described pre-
viously (14). Briefly, confluent control and DP-deficient cells were treated 
with the selection media supplemented with 5 mg/ml insulin (Sigma-
Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), and 1 mM  
dexamethasone (Sigma-Aldrich) for 3 days. The media was changed to 
selection media supplemented with 5 mg/ml insulin, and fresh selection 
media supplemented with 5 mg/ml insulin was added every other day. 
Fifteen days after the confluence, cells were stained with Oil Red O (see 
below) to visualize accumulated fat droplets.

Histology and detection of fat accumulation. Myocardial architecture was 
examined by H&E, and fibrosis by Masson Trichrome staining of thin 
myocardial sections, as described previously (45, 46). Fat accumulation 
was detected by Oil Red O staining of thin myocardial sections or cultured 
cells. For Oil Red O staining, cells and were washed twice with PBS and 
then fixed with 10% formalin in PBS for 2 hours at 37°C. Following wash-
ing 3 times with water, 3 ml of dye solution (0.42% [wt/vol] Oil Red O; 
Sigma-Aldrich) in isopropanol was added to each plate. Cells were incu-
bated 3 hours at 37°C, excess dye was removed, and cells were washed once 
with PBS and then air dried for 10 minutes.

For Oil Red O staining of tissue, 10-mm-thick freshly frozen myocardial 
sections were fixed in 10% neutral buffered formalin, washed with distilled 
water, and placed in 100% propylene glycol for 2 minutes. Slides were then 
placed in Oil Red O solution for 1 hour at 60°C, rinsed with distilled water, 
and counterstained with modified Mayer’s hematoxylin.

Detection of apoptosis. Apoptosis was detected by 3 complimentary tech-
niques of agarose gel electrophoresis to detect DNA laddering, TUNEL 
assay, and immunoblotting to detect expression of truncated caspase 3, as 
previously described (45).

Immunoblotting. Immunoblotting was performed as described previously 
(45). In brief, heart tissues and cells were frozen in liquid nitrogen and 
homogenized with 0.5 ml of lysis buffer (20 mM Tris-HCl, pH 8.0; 0.15 M 
NaCl; 1% Triton X-100; 0.5% NP-40; 1 mM EDTA; and complete protease 
inhibitors cocktail; Roche). Protein concentration was determined with 
the Bradford protein assay (Bio-Rad). Aliquots of 30 mg of protein extracts 
were separated on SDS-polyacrylamide gels and transferred to nitrocellu-
lose membranes. Membranes were probed with a rabbit polyclonal anti-
body against PG (1:400 dilution, sc-7900; Santa Cruz Biotechnology Inc.), 
rabbit polyclonal antibody against DP (1:200 dilution, AHP320; Serotec), 
rabbit polyclonal antibody against PPARg (1:400 dilution, sc-7196; Santa 
Cruz Biotechnology Inc.), mouse monoclonal antibody against b-catenin 
(1:1,000 dilution, C-7082; Sigma-Aldrich), and rabbit monoclonal antibody 
against caspase-3 (1:1,000 dilution, 8G10; Cell Signaling Technology).

The secondary antibody against mouse primary antibodies was 
goat anti-mouse IgG-HRP (1:2,000 dilution, sc-2005; Santa Cruz Bio-
technology Inc.); against rabbit primary antibodies, the secondary 
antibody was donkey anti-rabbit IgG-HRP (1:2,000 dilution, sc-2313; 
Santa Cruz Biotechnology Inc.).

Immunofluorescence. Cells grown on glass coverslips were fixed in 4% 
paraformaldehyde, incubated with PBS containing 100 mmol/l glycine, 
and washed with PBS. Cells were permeabilized in PBS containing 0.1% 
Triton X-100, blocked with 5% albumin for 1 hour, and incubated with the 
primary antibodies overnight.
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After several rounds of washing, fluorescence-labeled secondary antibod-
ies were added for 1 hour, and the coverslips were washed and mounted 
using Fluorescence Mounting Medium (Biomeda). Samples were analyzed 
under epifluorescence microscopy. Immunofluorescence staining of thin 
myocardial sections was performed as previously described (45).

The primary antibodies were as described for immunoblotting, and 
the secondary antibodies were goat anti-mouse–fluorescein (catalog no. 
31542; Pierce Biotechnology) and goat anti-rabbit–rhodamine (catalog no. 
AP132R; Chemicon International), both at 1:2,000 dilution.

RNA isolation and RT-PCR. Total RNA was isolated from HL-1 cells with 
TRIzol (Invitrogen). Aliquots of 2 mg of total RNA extracts were reverse tran-
scribed into cDNA with SuperScript II (Invitrogen) following the manufac-
turer’s instructions. The RT products were then diluted to a final volume of 
200 ml with water and amplified by PCR using 1 ml of each RT product in a 
20-ml PCR reaction in the presence of 32P-dCTP (Supplemental Table 1).

TOP-flash assay. The Tcf/Lef reporter plasmid, TOP-flash, and its mutant 
control, FOP-flash, were purchased from Upstate USA Inc. In brief, cells 
were cotransfected with 2 mg of reported construct pTOP-flash, which con-
tains consensus sequence of Tcf/Lef enhancer upstream of the luciferase 
enzyme coding region, or pFOP-flash (control). To serve as internal control 
for transfection, cells were cotransfected with a non–Tcf/Lef-dependent  
b-gal coding vector. Luciferase and b-gal activities were measured 48 hours 
after transfection. Vector alone was included in the experiments. Experi-
ments were performed in triplicate and repeated at least 3 times. Tcf-medi-
ated gene transcription was determined by the ratio of pTOP-flash/pFOP-
flash luciferase activity, each normalized to b-gal enzymatic activity levels. 
The mean values of the normalized ratios were compared.

M-mode, 2-dimensional, and Doppler echocardiography. Echocardiography 
was performed as described previously using a dedicated HP Sonos 5500 
System, equipped with a 15 MHz linear transducers, with the exception 
of using minimal sedation (47, 48). Indices of cardiac size and function 
including Doppler indices were measured and analyzed. Wall thickness and 
dimensions were measured from M-mode images using the leading-edge 
method on 3 consecutive cardiac cycles. Ventricular fractional shortening, 
ejection fraction, ejection time, and circumferential velocity of shortening 
were calculated as previously described (47, 48).

Electrophysiology studies. Mice were anesthetized by intraperitoneal injec-
tion (15 ml/kg) of a mixture of sodium pentobarbital (4.13 mg/ml), sodium 
chloride (6.61 mg/ml), and 0.18 ml 30% ethanol/ml. Six ECG limb leads 
were continuously recorded during electrophysiology study (CardioLab; GE 
Healthcare). Meanwhile, a catheter carrying 8 electrodes (2 F, model CIBer; 

NuMED) was inserted through the jugular vein and advanced into the right 
atrium and ventricle for electrical stimulation and recording. Electrophysi-
ology studies, similar to standard clinical methods, were performed as pre-
viously described for mice (49). Electrical stimulation was applied through 
the catheter electrodes using an external stimulator (model S8800; Astro-
Med Inc.). After a period of baseline rhythm, decremental atrial pacing was 
applied to determine sinus node recovery time as well as atrioventricular 
nodal conduction properties including Wenckebach and 2:1 atrioventricu-
lar conduction. Subsequently, refractory periods were determined by deliv-
ering a drive train (S1) followed by a progressively premature extra stimulus 
(S2). The effective refractory period was defined as the longest S1–S2 cou-
pling interval that failed to generate a propagated beat with S2 in 2 separate 
attempts. Inducibility of atrial and ventricular arrhythmias was assessed in 
all mice by delivering 2 extra stimuli (S2, S3) that were programmed at pro-
gressively shorter intervals following a drive train (S1).

Statistics. Statistical analysis was performed using STATA-Intercooled ver-
sion 9.1 software and was primarily similar to previously described analyses 
(45, 48). Kaplan-Meier survival curves were constructed, and the total surviv-
al rates were compared among the 3 study groups (DP+/+, DP+/–, and DP–/–)  
by log-rank test. The number of TUNEL-positive cells, extent of fibrosis, 
and echocardiographic indices of cardiac size and function and wall thick-
ness were analyzed for the homogeneity of the variances and normality 
assumptions among the 3 experiment groups by Bartlett’s test. Differences 
in variables were compared by ANOVA if they were normally distributed 
and by the nonparametric Kruskal-Wallis test for variables that violated 
normality assumption. Pairwise comparisons were performed by Tukey’s 
test. P values less than 0.05 were considered statistically significant.
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