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Background: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited myocardial disease with high

prevalence in the Boxer dog population. It is characterized by replacement of the myocardium with fatty or fibro-fatty

tissue. Several mechanisms for the development of ARVC have been suggested, including dysfunction of the canonical

Wnt pathway, which is linked to many cellular functions, including growth and differentiation of adipocytes.

Hypothesis: Wnt pathway dysfunction is involved in the development of ARVC in the Boxer as evidenced by mislocal-

ization of b-catenin, an integral Wnt pathway modulator, and striatin, a known Wnt pathway component.

Animals: Five dogs without ARVC and 15 Boxers with ARVC were identified by 24-hour Holter monitoring and histo-

pathologic examination of the heart.

Methods: Right ventricular samples were collected and examined using confocal microscopy, Western blots, and quan-

titative (q) PCR.

Results: Confocal microscopy indicated that b-catenin localized at sites of cell-to-cell apposition, and striatin localized

in a diffuse intracellular pattern in hearts without ARVC. In hearts affected with ARVC, both b-catenin and striatin were

colocalized with the endoplasmic reticulum (ER) marker calreticulin. Western blots indentified a 50% increase in the

amount of b-catenin in ARVC samples. No change in b catenin mRNA was detected using qPCR.

Conclusions: Our data suggest that trafficking of Wnt pathway proteins from the ER to their proper location within

the cell is inhibited in Boxers with ARVC. These results suggest that disturbances in the Wnt pathway may play a role in

the development of ARVC in the Boxer.
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Arrhythmogenic right ventricular cardiomyopathy
(ARVC) is an inherited disease clinically charac-

terized by monomorphic ventricular tachycardia, heart
failure, and sudden cardiac death.1–3 For many years,
it has been documented that the structural changes
observed in ARVC-affected hearts of both humans
and Boxer dogs are not restricted to the right ventricle
(RV). Additionally, atrial arrhythmias have been docu-
mented in the atrial myocardium of the Boxer.a The
term arrhythmogenic cardiomyopathy currently is pro-
posed as the term to describe this disease in humans,4

although the name change is not without controversy.
In this study, we describe changes observed exclusively
within the right ventricle of affected boxers, and as
such, we have elected to use the term ARVC.

Clinical and histopathologic characteristics of
ARVC are similar in both humans and Boxer dogs.1,2

The histopathologic hallmark of ARVC is the fatty or
fibro-fatty replacement of right ventricular myocar-
dium, originating in the region of the RV (the triangle
of dysplasia5) and progressing from epicardium to
endocardium. In its natural course, histopathologic
manifestations encompass the entire right ventricular
mass, and also may extend to the interventricular sep-
tum and left ventricle.1,5 In the Boxer, histopathologic
lesions of the left ventricle (LV) frequently are identi-
fied.1,6,7

The pathophysiologic mechanism of ARVC is
poorly understood in humans and in the Boxer. In
both, a loss of mechanical and electrical junctions at
the intercalated disk has been documented.3,6,7 In
humans, ARVC primarily is considered a disease of
the desmosome, a mechanical junction within the inter-
calated disk that anchors to the intermediate fila-
ments.3 Mutations in genes coding for many
desmosomal proteins have been linked to humans with
ARVC,3 and are thought to produce nonfunctional
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proteins, leading to loss of desmosomal integrity.
Although loss of desmosomal integrity has been docu-
mented in the Boxer, mutations in the demosomal
genes implicated in human ARVC have not been
linked to cases of the disease.6,8

A mutation in striatin, a scaffolding protein localiz-
ing to both the intermediate filaments and the interca-
lated disk,9 has been proposed as a cause of ARVC in
the Boxer.10 However, the mechanism by which the
loss of desmosomal or structural integrity leads to
fibro-fatty infiltration of the myocardium is not yet
understood.

Although the pathophysiologic mechanism of
ARVC progression remains unclear, it is thought to
include molecular pathways involved in the formation
of mechanical and electrical coupling, apoptosis, and
migration and differentiation of epicardial-derived
cells.11 A decrease in Wnt signaling has been linked to
increased adipo- and fibrogenesis, resulting in a trans-
genic mouse model of ARVC.12

The Wnt signaling pathway is conserved from mam-
mals to Drosophila, and plays essential roles in the
determination of cell fate, behavior, survival, and pro-
liferation.13 Of particular relevance to understanding
the phenotype of ARVC, Wnt signaling has been
shown both to induce the epithelial-to-mesenchymal
cell transition,14 and to regulate the proliferation of
adipocytes.15 The particular pathways leading to fibro-
blast and adipocyte proliferation in the ARVC-affected
heart are unknown.

Through a complex signaling cascade, the Wnt pro-
tein is secreted from cells and leads to accumulation of
b-catenin within the cytosol. Cytosolic b-catenin then
translocates to the nucleus, where it binds to TCF/LEF
transcription factors, leading to changes in cell prolifer-
ation and differentiation.13 In the developing heart,
b-catenin is necessary for the development and prolifer-
ation of cardiac progenitors, and Wnt signaling is
required for cardiac myocyte formation.16 Although
still an area of intense investigation, b-catenin also
appears to play a role in cardiac remodeling in the
adult heart. For example, activation of the Wnt path-
way and successful stabilization of cytoplasmic pools
of b-catenin have been linked to a decrease in apoptosis
in the adult mouse heart.17 Another member of the
catenin family, plakoglobin (c-catenin), is structurally
and functionally similar to b-catenin. Plakoglobin plays
multiple roles within the cell: first, as a desmosomal
protein, mutations in which have been linked to human
ARVC,3 and second, as an antagonist of the Wnt/
b-catenin pathway that interacts and competes with
b-catenin in the nucleus.12 This interaction is associated
with development of ARVC in mice.12 We previously
identified mislocalization of plakoglobin in tissues col-
lected from Boxers with ARVC,6 suggesting that Wnt
signaling may play a role in the pathogenesis.

Our current studies stem from the hypothesis that
dysfunction in the canonical Wnt/b-catenin pathway is
involved in the development of this disorder in the
Boxer. In this study, we report mislocalization of
b-catenin and striatin, and an increase in the total

amount of b-catenin. These abnormalities in the Boxer
may provide insight into the pathogenesis of ARVC in
both humans and the Boxer dog.

Materials and Methods

Animals

Fifteen Boxers (10 males, 5 females; mean age, 8.1 years)

affected with ARVC (ARVC-Boxer) and 5 dogs without ARVC

(Non-ARVC dogs; 4 German Shepherds, 1 Beagle; 1 male, 4

females; mean age, 7.2 years) were studied. All dogs had been clas-

sified previously as being affected or not affected with ARVC based

on extensive histopathologic examination (only the Beagle did not

have histopathologic confirmation), and a complete clinical exami-

nation including 24-hour Holter monitoring, when possible.6,7 The

histopathologic examinations were done by one of the investigators

(PRF) without knowledge of the clinical presentation.

In humans, a premortem diagnosis of ARVC is based on a

combination of major and minor criteria, which include struc-

tural, electrocardiographic, genetic, historical, and histologic

characteristics as determined by an International Task Force in

2010.18 Postmortem diagnosis in humans is based primarily on

the characteristic histopathologic lesions of cardiac tissue.19,20,21

A consensus of diagnostic criteria has not as yet been defined

in dogs. Histopathologic diagnosis was considered to be the gold

standard diagnostic technique in this study. Because of difficulty

in obtaining Boxer tissues that were free of histopathologic

lesions characteristic of ARVC, we additionally considered a

combination of electrocardiographic, genetic, and historical char-

acteristics, which mirror those proposed in human subjects, to

confirm a diagnosis of ARVC. Other major criteria for diagnosis

included presence of the striatin mutation (homozygous [n = 2],

heterozygous [n = 4], negative [n = 7], not tested [n = 2]), history

of sudden death (n = 3), evidence of cardiac dysfunction on echo-

cardiogram (n = 5), or total ventricular ectopy (VE) of >10% in

a 24-hour period (n = 6). All Boxer dogs included in this study

possessed, at minimum, 1 additional major criterion in addition

to positive histopathology.

All samples were used for the confocal microscopy studies,

whereas only a subset of these samples was available for addi-

tional experiments: Western blot (6 ARVC-Boxer dogs, 5 Non-

ARVC dogs) and qPCR (6 ARVC-Boxer dogs, 4 Non-ARVC

dogs). Available Boxer blood samples were submitted to Dr

Kathryn Meurs to be screened for a mutation in the striatin gene.

Dr Meurs and the authors were blinded to the mutation status of

the samples until all additional experiments were completed.

The studies were performed in compliance with the NIH

Guidelines for Care and Use of Laboratory Animals, and

approved by IACUC at Cornell University. Informed consent

was obtained from the owners of client-owned dogs before inclu-

sion in the study.

Tissue Sample Collection

All ARVC-Boxers were client-owned animals that died sud-

denly or were euthanized at the owners’ request because of poor

prognosis.6,7 Non-ARVC dogs were euthanized for nonrelated

IACUC-approved research, and hearts were donated for the pur-

poses of our project. After euthanasia with sodium pentobarbitalb

(86 mg/kg IV), hearts were collected via left thoracotomy from all

dogs. Hearts were collected within 1 hour of death. Full thickness

RV samples (2.5 cm in length and 2 cm in width) were fixed in

10% phosphate-buffered formalin, embedded in paraffin and lon-

gitudinally sectioned into 4-lm-thick slices for confocal micros-

copy. When possible, additional RV samples were flash-frozen in
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liquid nitrogen for Western blot and qPCR experiments. Samples

from these dogs also were used in previous studies.6,7

Confocal Microscopy

To determine the localization of b-catenin, paraffin-embedded

tissue sections were stained with antibodies recognizing b-catenin
and calnexin, an endoplasmic reticulum (ER) marker. Protocols

for immunolocalization of the relevant proteins followed those

previously published.6,20,21 Briefly, sections were deparaffinized,

and microwaved in citrate buffer for antigen retrieval. Sections

then were blocked in 5% bovine serum albumin (BSA), 0.1%

Triton buffer for 2 hours, and incubated overnight at 4°C with

primary antibodies recognizing b-catenin,c calnexin,d and stria-

tin.d After incubation, samples were rinsed in phosphate-buffered

saline (PBS) and treated with secondary antibodies for 45 min-

utes. Secondary antibodies used were Alexafluor 598 goat anti-

mouse, and Alexafluor 484 goat anti-rabbit.e Sections were exam-

ined using a Zeiss 510 Meta Confocal microscope equipped with

a 63 9 oil immersion lens and ZEN LE software.f

Western Blot and Quantitative (q) PCR

Western Blot. Western blotting was used to determine whether

changes existed in the amounts of b-catenin within the cardiac

cells. The frozen RV tissue samples were homogenized in ice-cold

Laemmli buffer, and whole protein amounts measured by a

Lowry protein assay.g Fifteen micrograms of protein was loaded

into each lane of an 8–16% tris-glycine gradient gel.h Proteins

were separated by SDS-PAGE, transferred onto nitrocellulose,

blocked for 1 hour at room temperature with 5% nonfat milk in

PBS-Tween (0.5%), and probed overnight at 4º with a primary

antibody recognizing b-catenin.c To ensure equal loading, blots

were stripped with Restore Western Blot Stripping Buffer,i and

incubated with primary monoclonal antibody to a cardiac actin.j

All blots were visualized using chemiluminescence.i

Densitometry and Statistical Analysis. Densitometry was per-

formed using Adobe Photoshop software.k The densities of each

band were measured, background subtracted, and adjusted for

loading utilizing a cardiac actin as a control. Nonparametric sta-

tistical tests were used in all analyses. Data from 2 separate

Western blots showed strong rank correlation between samples

(Spearman’s P = .86, P = .02). Data from each Western blot

were normalized by computing Z-scores and combined by aver-

aging samples that were run independently in each Western blot.

Box and whiskers plots were generated using R (v. 2.10.1).l Boxes

represent the 25th and 75th percentiles, and whiskers denote the

points that lie within 1.5 times the interquartile range. The wide

line shows the median. A 2-sided Wilcoxon Rank Sum test was

used to compare ARVC-Boxer and Non-ARVC canine samples.

Quantitative (q) PCR. To determine whether the increase in

b-catenin was the result of an increase in mRNA transcript

levels, real-time qPCR experiments were conducted. To isolate

RNA, the frozen tissue samples were transferred to 2 mL micro-

centrifuge tubes containing 1 mL of Trizol Reagent.h Samples

were incubated at room temperature for 5 minutes, and then son-

icated on ice for intervals of 20 seconds, until the tissue was bro-

ken down. Samples were centrifuged at 4o for 10 minutes at

7500 rpm to remove debris. The supernatant was transferred to a

new tube, and 200 lL of chloroform was added; tubes then were

vortexed for 15 seconds, and incubated for 3 minutes at room

temperature. Tubes then were centrifuged for 15 minutes at 4o

(12,000 9 g). The aqueous phase was transferred to a new tube,

and 500 lL ice-cold isopropyl alcohol was added and the sample

incubated for 10 minutes. Tubes were centrifuged for 10 minutes

at 4o (12,000 9 g). After centrifugation, the supernatant was

discarded, and the pellet washed with 1 mL ice-cold ethanol

(75%), vortexed, and centrifuged at 4o for 5 minutes (7,500 9 g).

The supernatant was removed, and pellets air-dried on ice for

10 minutes. Pellets were resuspended in RNase-free H2O and

incubated at 60o for 10 minutes. Final samples were stored at

�80o.

Reverse transcription was performed using a PCR Express

machine.n cDNA was made using the Superscript III First Strand

Synthesis System,h following instructions provided by the manu-

facturer. Briefly, for each reaction, 5 lL RNA, 1 lL random

hexamer primers, 3 lL H2O, and 1 lL of dNTPs were incubated

at 65o for 5 minutes, and then transferred to ice for 1 minute. A

quantity of 10 lL of cDNA Synthesis Mix was added to each

tube, consisting of 2 lL 10 9 RT buffer, 4 lL of 25 mM MgCl2,

2 lL 0.1 M DTT, 1 lL RNase OUT, and 1 lL SuperScript III

RT. Tubes were placed in a thermocycler and run through the

following protocol: 25o for 10 minutes, 50o for 50 minutes, and

85o for 5 minutes. One microliter of RNAse H was added to

each tube, and the samples were incubated at 37o for 20 minutes.

Samples were stored at �20o.

Real-time qPCR experiments were performed in a BioRad

iCycler with an 18 lL/1 reaction volume containing 2 lL cDNA,

1 lL primers, 2 lL H2O, and 13 lL Platinum SYBR Green

qPCR SuperMix-UDG.h Primers were designed for b-catenin
(forward: CCCTGAACTGACAAAACTGC; reverse: GGTCCA

CAGGAGTTTCTCG), Wnt (forward: GAGAGTGCAAGTGG

CAGTTC; reverse: CAGGAGCGTGCCACTGAATG), TBP1

(internal control, forward: CCTGGAATCCCTATCTTCAG;

reverse: CTGCTGCACTGCTGTCACAG), and b-actin (internal

control, forward: CATCACTATTGGCAACGAGC; reverse:

CTTGCGGATGTCAACGTCAC).

Four controls were included for calibration and to ensure

that all samples were within the linear rage of detection. A dilu-

tion series of a mixture of all DNA samples (1 : 1, 1 : 10, and

1 : 100) was included for calibration and to ensure that samples

all were within the linear range of detection. Distilled deionized

H2O was included as a negative control. A standard cycling

program, based on SYBR Green qPCR Supermixh instructions,

was used. Samples were run for 50o for 2 minutes, 95o for

3 minutes, and then subjected to 55 cycles of 95o for 15 seconds

followed by 60o for 60 seconds. Lastly, melting curves were cal-

culated using the standard Roche 480 ramp (60o to 95o at

0.11°C per second).

Statistical Analysis

The “2nd Derivitive Max” setting in the Roche LightCycler

480 software (1.5.0)o was used to calculate Cp (crossing point).

Results were imported into Microsoft Excel, and normalized

using the “all DNA” dilution series. Concentrations were normal-

ized for total RNA levels by dividing to a b-Actin housekeeping

control. As with the Western blot, Rl was used to generate box-

plots and compute a 2-sided Wilcoxon Rank Sum test to com-

pare ARVC-Boxer and Non-ARVC canine samples.

Results

Histopathology: Presence of Fibro-Fatty Infiltration
and Myocarditis in ARVC Tissue

Histopathologic results from ARVC-affected Boxers
are shown in Figure 1. Panels A-E show RV samples
of myocardium from 5 different ARVC-affected
Boxers. Substantial fibro-fatty infiltrates are noted in
all samples. Panel F shows a higher magnification of a
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section taken from Panel E and shows the presence of
lymphocytes, plasma cells, histiocytes, interstitial
edema, and myocyte death because of myocarditis.

Confocal Microscopy: Mislocalization of b-Catenin
and Striatin in Cardiac Cells

Confocal microscopy (Fig 2) indicated that in the
Non-ARVC canine RV sections, calnexin (green) local-
ized to the area in and around the nucleus, corre-
sponding to the ER (ER pattern). b-catenin localized
at sites of cell-to-cell apposition, corresponding to the
intercalated disk. b-catenin and calnexin were not
found to colocalize in the Non-ARVC sections. In the
ARVC-Boxer RV sections, calnexin still appeared to
localize in an ER pattern. However, in contrast to the
pattern observed in the Non-ARVC canine sections,
the localization appeared to spread out farther away
from the nucleus on either end (Fig 2). Importantly,
b-catenin no longer localized to the intercalated disc;
instead, b-catenin colocalized with calnexin in an ER
pattern around the nucleus.

Colocalization of striatin with b-catenin was seen
in the RV sections from both the Non-ARVC dogs,
and the ARVC-Boxers. Within the Non-ARVC
canine samples, striatin localized in a “fish-bone”
pattern that corresponded to the intermediate fila-
ments, as well as colocalizing with b-catenin at the

intercalated disk. In sharp contrast, striatin localized
with b-catenin in an ER pattern in the ARVC-
Boxers. (Fig 3)

Western Blot and qPCR: Increased b-Catenin
Protein Levels without Changes in mRNA

Figure 4A shows RV samples from the hearts of 4
Non-ARVC dogs and 4 ARVC-Boxers. Figure 4B
shows a densitometry analysis of the Western blot,
which shows a nearly 50% increase in the amounts of
b-catenin in the samples from ARVC-Boxers com-
pared to the Non-ARVC dogs (P = .017). No changes
in b-catenin mRNA levels were detected in ARVC-
Boxer RV samples compared to Non-ARVC canine
RV samples (P = 1.0; Fig 4A). Additionally, we did
not find evidence of changes in Wnt (Fig 5B) mRNA
levels (P = .79).

Discussion

Our major findings include the mislocalization of
b-catenin and striatin to the ER in ARVC-Boxers
confirmed by histopathology. This mislocalization was
observed in samples that were negative, heterozygous,
and homozygous for the striatin mutation. Addition-
ally, a 50% increase in b-catenin protein levels was
observed in samples from ARVC-Boxers, compared to

A B

C

E F

D

Fig 1. Representative photomicrographs of right ventricular sections from 5 Boxer dogs with ARVC (Panels A–E, Dog ID #s 10, 15, 9,

11, 12). All demonstrate classical patterns of fatty or fibro-fatty myocardial replacement in a subepicardial to midmural distribution.

Bars in upper left corners are 500 lm; Panel F. Higher magnification of a section taken from Panel E illustrates the additional presence

of lymphocytes, plasma cells, histiocytes, interstitial edema, and myocyte death because of myocarditis; Bar in upper left corner is

50 lm. All sections were stained with hematoxylin and eosin.
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Non-ARVC dogs, with no concurrent change in
b-catenin mRNA levels. We hypothesize that mislocal-
ization of b-catenin leads to decreased degradation of

the protein, and decreased nuclear signaling via the
canonical Wnt pathway. The Wnt pathway may play a
role in the progression of fibro-fatty infiltration in

Fig 2. Colocalization of the endoplasmic reticulum (ER) marker calnexin (green, Column 3), and b-catenin (red, Column 4) in right

ventricular sections from Boxers affected with ARVC (Dog IDs #1, 3, 14) (Rows 1–3) and Non-ARVC dogs (Dog IDs # 16, 18, 20)

(Rows 4-6). Columns 1–6 from left to right, Rows 1–6 from top to bottom. Column 1 shows Differential Image Contrast (DIC), whereas

Column 6 shows merged images. In samples from Non-ARVC dogs, calnexin localized to the area in and around the nucleus, corre-

sponding to the ER, and b-catenin localized at the intercalated disk. In the sections from Boxers with ARVC, b-catenin and calnexin

colocalized in an ER pattern (yellow) around the nucleus (blue).
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hearts from Boxers affected with ARVC. Involvement
of the Wnt pathway in humans with ARVC also has
been hypothesized.12

To explain our hypothesis that is based on the results
reported herein, Figure 6 summarizes the normal Wnt
pathway and how dysfunction of b-catenin and striatin

Fig 3. Colocalization of b-catenin (red, Column 4) and striatin (green, Column 3) in RV sections from ARVC-Boxers (Rows 1–3, Dog

IDs #1, 3, 14) and Non-ARVC dogs (Rows 4–6, Dog IDs #16, 18, 20). Columns 1–6 from left to right, Rows 1–6 from top to bottom.

In the ARVC-Boxer samples, b-catenin and striatin colocalized in to the endoplasmic reticulum (an “ER-pattern”) (yellow) surrounding

the nucleus (blue). In the Non-ARVC canine samples, b-catenin localized at the intercalated disk and striatin localized at the intermedi-

ate filaments and intercalated disk.
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may disrupt Wnt signaling.13,22 In its natural cycle, b-
catenin is produced in the nucleus, modified in the ER,
and transported to the cell membrane, where it is an
integral modulator of adherens junctions (Fig 6).23 b-
catenin then is phosphorylated and ubiquitinated in the
cytoplasm by a group of proteins referred to as the “b-
catenin destruction complex”22 and degraded through
the proteasomal pathway. In the presence of Wnt signal-
ing, the b-catenin destruction complex is inhibited,
leading to cytosolic accumulation of b-catenin. Accumu-
lated cytosolic b-catenin translocates to the nucleus,
where it interacts with TCF/LEF transcription factors
and is associated with many cellular functions, including
cell proliferation and differentiation.22 Our finding of
the mislocalization of b-catenin to the ER suggests
decreased trafficking of b-catenin to the cell membrane
and implies dysfunction of the canonical Wnt/b-catenin
pathway in cardiac tissue from Boxers with ARVC
(Fig 6). Given the complex interactions of b-catenin
within various subcellular compartments, decreased
trafficking has important implications for the associa-
tion of b-catenin with proteins at the plasma membrane,
within the cytosol, and for its role in gene regulation
within the nucleus.

Previous studies have shown b-catenin to be an inte-
gral component of the adherens junction, a mechanical
junction that links apposing cardiomyocytes to the
actin cytoskeleton.23 Decreased b-catenin results in
decreased assembly of adherens junctions24 and
decreased cell adhesion.25,26 During development, adhe-
rens junctions are the first macromolecular complexes
to form at the intercalated disk.27,28 In addition, failure
of adherens junctions to form leads to failure of
desmosomal and gap junction formation.29 These data
are consistent with our previous studies, which identi-
fied decreased numbers of adherens junctions, desmo-
somes, and gap junctions at the intercalated disk in
ARVC-affected myocardium from Boxers.7 It seems

plausible that decreased localization of b-catenin at the
plasma membrane may be associated with the loss of
junctional complexes we previously reported.

Our results demonstrate an increase in b-catenin
protein levels, with no increase in b-catenin mRNA or
Wnt mRNA, and suggest decreased degradation of
b-catenin in RV samples from ARVC-Boxers. We pro-
pose that ER mislocalization impedes the cycling of
b-catenin throughout the cell. This decreased traffick-
ing of b-catenin prevents or prolongs it from reaching
its site of degradation within the cytosol (Fig 6).

The question remains as to whether mislocalization
of b-catenin at the ER results in a decreased cytosolic
pool of b-catenin available to translocate to the
nucleus. Our current research does not quantify
amounts of b-catenin within the nuclei of ARVC-
Boxer versus Non-ARVC canine samples. However,
decreased amounts of b-catenin binding to TCF/LEF
transcription factors have been shown to result in an
ARVC phenotype in transgenic mice.12 Additionally,
stabilization and accumulation of b-catenin within the
cytosol have been linked to decreased apoptosis in
adult cardiac tissue,17 and also are hypothesized to
decrease adipogenesis in several cell types.15,30

Thus, decreased trafficking of b-catenin may lead to
a reduction in the cytoplasmic pool, thereby, decreas-
ing the translocation of b-catenin to the nucleus. This
disruption of the b-catenin cycle may lead, directly

A

B

Fig 5. Quantitative PCR experiments for b-catenin (A) and Wnt

(B), using RNA from 6 ARVC and 4 Non-ARVC RV samples.

No significant changes in expression of b-catenin or Wnt were

observed.

A

B

Fig 4. Western blot of right ventricular samples from 4 Non-

ARVC dogs and 4 ARVC-Boxers dogs revealed an increase in

total b-catenin (A). b-actin was used as a loading control. Densi-

tometry analysis (B) revealed a statistically significant increase in

the amount of b-catenin by approximately 50% (P = .017).
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or indirectly, to the increased apoptosis and adipo-
genesis observed in the development of ARVC in
Boxers.

Confocal microscopy identified that striatin colocal-
ized with b-catenin in ARVC-Boxer samples. It has
been proposed that mutations in the 3′ UTR of stria-
tin are linked to ARVC in Boxers, and result in dis-
ease caused by a change in the mRNA structure.10

Our results suggest that at least some striatin localizes
to the ER in ARVC-Boxer tissue, rather than form-
ing the intermediate filament-staining pattern
observed in the Non-ARVC canine samples. Striatin
is thought to be associated with the canonical Wnt
pathway (Fig 6), through its colocalization with the
Wnt signaling regulator, adematous polyposis coli
(APC).31 Additionally, striatin has been suggested to
interact with F-actin.31 Mutations in the striatin gene
ultimately may result in its failure to traffic out of
the ER (Fig 6). Interactions between b-catenin and
striatin are not documented, but it is possible that a
direct or indirect reaction with striatin via F-actin
may aid in the trafficking of b-catenin to the adhe-
rens junctions. Failure of striatin to be exported from
the ER may have a deleterious effect on the subse-
quent trafficking of b-catenin.

This study has several limitations. Previous
sequencing reported by Meurs et al showed no
increase in the LOD score in the locus containing
b-catenin,10 suggesting that a mutation in b-catenin is
unlikely. Therefore, the effects to b-catenin observed
in our studies are likely secondary to an as yet
unknown process.

Localization of striatin in an ER pattern within
ARVC-affected cells was not previously reported.10

Although the reason for this discrepancy remains
unclear, colocalization with b-catenin, ER proteins, or
both was not previously performed. We hypothesize
that this localization pattern was not apparent with
the use of different primary antibodies and colocaliza-
tion techniques.

Because of our small sample size, we are unable to
statistically predict the importance of striatin muta-
tion status on the mislocalization of b-catenin. Striatin
mutation status was unknown at the time of data col-
lection. In this study, no differences were noted
among samples taken from striatin wild type, hetero-
zygous, or homozygous samples. These data suggest
that additional upstream events may be involved in
the disruption of the Wnt pathway in cases of Boxer
ARVC.

Fig 6. Left panel: In healthy cells, the absence of Wnt results in b-catenin cycling from the nucleus to the adherens junctions and into

the cytoplasm. Within the cytoplasm, interactions with the b-catenin destruction complex (including APC and striatin) lead to phosphor-

ylation (P), ubiquitination (Ub), and tagging b-catenin for degradation through the proteasomal pathway. Middle panel: Activation of

the Wnt pathway begins with the binding of Wnt to the membrane receptors, LRP5/6 and Frizzled. This initiates a cascade of events

that ultimately inhibit the b-catenin destruction complex. b-catenin accumulates within the cytoplasm and is translocated to the nucleus.

Here, b-catenin binds to TCF/LEF transcription factors to initiate cellular pathways involved in differentiation and proliferation. Right

panel: Our proposed dysfunction in ARVC-affected cells from Boxers begins with accumulation of b-catenin and striatin within the

endoplasmic reticulum (ER). In this model, transport of b-catenin to the membrane is compromised (1), resulting in a decreased number

of adherens junctions (2), and decreased b-catenin accumulating within the cytoplasm. Within the cytoplasm, less b-catenin interacts with

the b-catenin destruction complex, and therefore decreased degradation of b-catenin occurs (3). Finally, decreased translocation of

b-catenin into the nucleus results in decreased binding to TCF/LEF transcription factors and affects initiation of differentiation and

proliferation pathways (4).
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Next, we were restricted to analyzing cardiac tissue
from affected dogs at the time of death or euthanasia.
Importantly, this limited the number of available sam-
ples for use in our experiments. The use of cardiac tis-
sue, rather than a cell culture model, also limits the
type of experiments that we were able to conduct. For
example, the use of siRNA techniques to silence b-
catenin, striatin or both in a cell culture model would
be very useful in determining the individual impor-
tance of these genes in the development of the molecu-
lar abnormalities observed in cases of ARVC.

Finally, non-Boxer control dogs were used in this
study. Ideally, Boxers unaffected with ARVC would be
the best controls for these studies, but it can be challeng-
ing to classify Boxers as not affected with ARVC. In our
experience, some Boxers that test negative for the stria-
tin mutation still demonstrate frequent characteristic left
bundle branch block ventricular arrhythmias by 24-hour
Holter monitoring. Additionally, postmortem examina-
tions of cardiac tissues from Boxers with normal cardiac
examinations identify histopathologic lesions consistent
with ARVC (Fig 1). Historically, postmortem histo-
pathologic analysis of cardiac tissues has been consid-
ered the gold standard diagnostic test in both humans
and in Boxer dogs. All of the Boxers examined in the
course of this study had characteristic lesions of ARVC
on histopathologic analysis, occasionally in the absence
of antemortem signs of cardiovascular disease. To fur-
ther ensure positive identification of affected animals,
Boxers were required to meet at least 1 additional crite-
rion in addition to ARVC-positive histopathology.
These additional criteria included presence of the stria-
tin mutation, arrhythmias, history of sudden death, or
evidence of cardiac dysfunction. All Boxers examined
met a minimum of 2 criteria, and were considered
affected with ARVC. Therefore, we chose to utilize non-
Boxer, non-ARVC dogs as the controls in these studies.
Despite limitations, this research identifies abnormalities
in the canonical Wnt pathway that may be relevant in
Boxer dogs affected by ARVC.

Footnotes

a Vila J, Oxford EM, Saelinger C, Moise NS, Fox PR, Pariaut

R. Structural and molecular pathology of the atrium in boxer
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