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Abstract: In arrhythmogenic cardiomyopathy (ACM) pathogenic variants are found in genes encod-
ing desmosomal proteins and in non-desmosomal genes, such as phospholamban (PLN, p.Arg14del
variant). Previous research showed that plakoglobin protein levels and localization in the cardiac
tissue of ACM patients, and PLN p.Arg14del patients diagnosed with an ACM phenotype, are dis-
turbed. Moreover, the effects of pathogenic variants in desmosomal genes are reflected in non-cardiac
tissues like buccal mucosa cells (BMC) which could serve as a promising new and non-invasive
tool to support diagnosis. We collected the BMC of 33 ACM patients, 17 PLN p.Arg14del patients
and 34 controls, labelled the BMC with anti-plakoglobin antibodies at different concentrations, and
scored their membrane labelling. We found that plakoglobin protein levels were significantly reduced
in BMC obtained from diagnosed ACM patients and preclinical variant carriers when compared
to controls. This effect was independent from age and sex. Moderate to strong correlations were
found with the revised 2010 Task Force Criteria score which is commonly used for ACM diagnosis
(rs = −0.67, n = 64, p < 0.0001 and rs = −0.71, n = 64, p < 0.0001). In contrast, plakoglobin scores in PLN
p.Arg14del patients were comparable to controls (p > 0.209), which suggests differences in underlying
etiology. However, for the individual diagnosis of the ‘classical’ ACM patient, this method might not
be discriminative enough to distinguish true patients from variant carriers and controls, because of
the high interindividual variability.

Keywords: arrhythmogenic cardiomyopathy; buccal mucosa; phospholamban; diagnosis; plakoglobin

1. Introduction

Arrhythmogenic cardiomyopathy (ACM) is a progressive genetic cardiomyopathy
associated with heart failure and ventricular arrhythmias and can even present with sudden
cardiac death, especially during the early (concealed) phase of the disease [1]. Inheritance
is usually autosomal dominant, with an incomplete and age-dependent penetrance. Most
of the pathogenic variants are found in genes encoding desmosomal proteins, most often
in plakophilin-2 (PKP2) [2]. These patients are commonly considered to present the ‘clas-
sical’ form of ACM [3]. However, pathogenic variants in non-desmosomal genes have
also been reported. One of such a non-desmosomal variant is in the phospholamban gene
(PLN, p.Arg14del), which can cause next to ACM, also a dilated cardiomyopathy (DCM)
phenotype in patients [4].

Currently, diagnosis of ACM is based on the 2010 revised Task Force Criteria (TFC) [5].
The TFC include family history (genetic aberrancies), contractile dysfunction, structural
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alterations, cardiac tissue characteristics, and electrophysiological abnormalities [5]. Tissue
characteristics include myocardial atrophy and the subsequent fibrous fatty replacement
of the right ventricular (RV) free wall, for which tissue can be obtained using invasive
endomyocardial biopsies. However, the specificity and sensitivity of these biopsies are
highly variable and depend on the sample site, because the pathogenic remodelling of
cardiac tissue during ACM has a non-uniform character [6]. Biopsies are usually taken from
the septal endomyocardium which is often spared from fibrofatty replacement, resulting
in a high chance of a non-informative analysis. Moreover, due to the invasive nature and
risk of mortality associated with the procedure, it is not desirable or ethically acceptable,
to collect endocardial biopsies from family members [7]. Therefore, other characteristics
that can function as a biomarker for ACM are interesting alternatives, such as a reduction
of the myocardial plakoglobin protein level, commonly observed in the ventricular tissue
of both ACM and PLN p.Arg14del patients diagnosed with a ACM phenotype [4,8–11].
On the contrary, only one out of nine PLN patients diagnosed with a DCM phenotype
showed this plakoglobin reduction in cardiac tissue [4]. Alterations in plakoglobin protein
abundance could be a valuable additive tool to discriminate between the affected and
unaffected family members of ACM patients, to discriminate between the ACM/DCM
phenotype in PLN p.Arg14del patients, and perhaps to follow the onset and progression of
the disease. Therefore, there is a demand for surrogate tissue that can function as a mirror
of the heart, that can be obtained in a less invasive way, and from which we can obtain
information about the plakoglobin status of subjects and predict which subjects are at risk
of developing ACM, with minimal associated risks.

Recently, buccal mucosa cells (BMC) were suggested as a promising surrogate for
endomyocardial biopsies [12]. The rationale for investigating the potential of BMC origi-
nates from the existence of cardiocutaneous syndromes, like Naxos disease and Carvajal
syndrome. Naxos disease is caused by a homozygous pathogenic variant in the plakoglobin
gene (JUP), leading to ACM (100% penetrance), woolly hair, and palmoplantar kerato-
derma, [13] whereas in Carvajal syndrome, a recessive homozygous pathogenic variant in
the desmoplakin gene (DSP) gives rise to similar symptoms [14,15]. These diseases show that
the effects of pathogenic variants in desmosomal genes are also presented in tissues other
than the heart, like BMC which do functionally express those mutated genes. Although
there are currently no extracardial complications described in classical ACM patients di-
rectly related to the underlying genetic cause, this does not exclude the possibility that
there are asymptomatic subtle changes present in desmosomes in non-cardiac tissues that
can be unveiled by the microscopic evaluation of, as we hypothesize, BMC.

Here we investigated the clinical usability of BMC as a diagnostic tool to classify
patients at risk of developing ACM. We analyzed the plasma membrane localization
of plakoglobin in human healthy control BMC and BMC obtained from ACM patients
(symptomatic and preclinical carriers) and PLN p.Arg14del carriers (diagnosed with ACM,
DCM or being preclinical).

2. Results
2.1. Patient Characteristics

From the total of 84 included subjects, Table 1 shows that our control group consisted
of 34 individuals of which 14 (41%) were male and 20 (59%) were female, with an average
age of 38.76 ± 2.65 years. With regard to the aspect of sex, our control group did not differ
from the ACM or PLN p.Arg14del classified cohorts. However, there was a significant
difference in average age between controls and ACM cohort (p = 0.004), and between
controls and PLN cohort (p = 0.001). Of the 33 patients with or at risk of ACM, 19 (58%)
were male and 14 (42%) were female. The average age was 49.73 ± 2.48 years. Almost
all included patients displayed genetic variants in the desmosomal genes (PKP2 n = 28,
DSP n = 2, and JUP n = 1), and two ACM patients were gene elusive. A total of 19 patients
(58%) had a definite diagnosis of ACM with a TFC of ≥4, and 14 (42%) were classified
as preclinical variant carriers. The average TFC score in this cohort was 4.70 ± 0.43. The
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cohort of 17 PLN p.Arg14del patients consisted of 6 (35%) males and 11 (65%) females. The
average TFC score of the PLN p.Arg14del cohort was 1.75 ± 0.60 but only 3 patients (18%)
were diagnosed with ACM (TFC of ≥4), 7 (41%) with DCM, and 7 (41%) were preclinical
PLN p.Arg14del variant carriers.

Table 1. Table shows patient characteristics of the ACM and PLN cohort. Data depicted as average
±standard error of the mean. PKP2; plakophilin 2, DSP; desmoplakin, PLN; phospholamban, TFC
Task Force Criteria 2010, ACM; arrhythmogenic cardiomyopathy, DCM; dilated cardiomyopathy.
Students t-test when appropriate, *** p < 0.001, ** p < 0.01.

Controls ACM PLN

General
n 34 33 17

Average age 38.76 (±2.65) 49.73 (±2.48) ** 54.29 (±3.21) ***
Male 14 (41) 19 (58) 6 (35)

Pathogenic variant
PKP2 - 28 (85) -
DSP - 2 (6) -

Plakoglobin - 1 (3) -
PLN - - 17 (100)

No known pathogenic
variant - 2 (6) -

TFC
Average - 4.70 (±0.43) 1.75 (±0.60)

ACM (TFC ≥ 4) - 19 (58) 3 (18)
DCM - - 7 (41)

Preclinical variant
carrier - 14 (42) 7 (41)

2.2. Interpretation of Buccal Mucosa Smears

In a previous study we have reported that immunohistochemistry with labelling
against plakoglobin on human cardiac specimens is highly sensitive to the dilution of
the antibody used [8]. Since we are unaware of the potential differences in plakoglobin
protein levels in buccal mucosa and heart, we decided to apply dilution experiments in
control, ACM and PLN p.Arg14del BMC smears. The membrane labelling of plakoglobin
was scored in cell clusters consisting of at least three cells on a scale of 0 to 4, where 4 is
the most abundant and clear membrane labelling (as is the example in Figure 1). At all
dilutions and in all swabs, the vast majority of cells (single and clustered) had no membrane
labelling. Given the continuous turnover of BMC, we hypothesized that these cells were
already in the process of being shed from the buccal mucosa and replaced by younger
BMC. Therefore, they could be in a phase where membrane proteins are downregulated,
including the desmosomal proteins. Only samples with enough cell clusters were included
to prevent the incorrect scoring of membrane labelling due to the presence of only a limited
number of cells.

2.3. Plakoglobin Membrane Labelling in Healthy Controls Is Not Affected by Age or Sex

Because of the difference in age between the controls and both the patients with, or
at risk of, ACM as well as the PLN p.Arg14del patients, we investigated the potential
confounding effects of age, and also sex, on plakoglobin membrane labelling in healthy
controls. In all four applied dilutions, scores of plakoglobin labelling did not differ between
males and females, as is depicted in Figure 2A for the ACM cohort. There was no correlation
between age and plakoglobin labelling in all applied dilutions (rs = 0.24, n = 31, p = 0.098
for 1:5000; rs = 0.24, n = 32, p = 0.096 for 1:10,000; rs = 0.29, n = 32, p = 0.053 for 1:20,000;
rs = 0.15, n = 33, p = 0.199 for 1:40,000), see Figure 2B.
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Figure 1. Examples of buccal mucosa scoring. A score of 4 means extreme strong membrane 

labelling and a score of 0 means no labelling at all. Scoring was performed on clusters consisting of 

more than three cells. Right bottom panel depicts a H&E staining of buccal mucosa cells. H&E; 

hematoxylin and eosin staining. 
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Figure 1. Examples of buccal mucosa scoring. A score of 4 means extreme strong membrane labelling
and a score of 0 means no labelling at all. Scoring was performed on clusters consisting of more than
three cells. Right bottom panel depicts a H&E staining of buccal mucosa cells. H&E; hematoxylin
and eosin staining.
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Figure 2. (A) Panel shows that there is no difference between membrane labelling score between
males (n = 14) and females (n = 20) in any of the dilutions. (B) Depicts correlations between age and
plakoglobin score. None of the dilutions show significant or biological relevant correlations with age.
1:5000 n = 31, 1:10,000 n = 32, 1:20,000 n = 32, 1:40,000 n = 33. rs; Spearman’s rho, n.s.: not significant.
• indicate individual(s) for the correlation.
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2.4. Plakoglobin Membrane Labelling Is Compromised in ACM Patients

In healthy controls, plakoglobin labelling only diminished slightly in the higher
dilutions of the antibody, as is illustrated in Figure 3 and the heat map in Figure 4. Some
heterogeneity/variability is seen in plakoglobin labelling among the healthy controls: some
individuals showed strong plakoglobin labelling even at a dilution of 1:40,000, while others
showed relatively poor labelling already at a dilution of 1:10,000 (e.g., C3, C23 and C32,
Figure 4). In general, in ACM patients we observed less abundant plakoglobin labelling
compared to control subjects, which is visualized as the predominant red and yellow colors
in the heat map of Figure 4. Next, the ACM cohort was split into preclinical variant carriers
and patients with an ACM diagnosis. Both preclinical variant carriers and symptomatic
ACM patients showed significantly (p = 0.002) decreased plakoglobin labelling compared to
controls as depicted in Figure 5A. Similar to the controls, a high variability of plakoglobin
scores was noticed among the ACM cohort. For example, subjects A6, A10 and A18 still
showed moderate membrane labelling at a dilution of 1:40,000, whereas e.g., subjects A1,
A8 and A19 showed no membrane labelling at a dilution of 1:5000.
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Figure 3. Examples of buccal mucosa smears of healthy controls and ACM patients labeled for
plakoglobin at different dilutions. ACM; arrhythmogenic cardiomyopathy.
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Figure 4. A heat map visualizing the plakoglobin score of all individual subjects (healthy controls
n = 34, borderline ACM n = 14 and ACM diagnosed patients n = 19) for all four dilutions. A clear
pattern is visible where healthy controls in general tend to show higher scores than borderline and
ACM-diagnosed patients. Colors correspond to the score as shown in the right panel. At the left axis,
controls (C) and ACM patient (A) numbers are indicated. Furthermore, for each ACM patient their
TFC score is listed. ACM; arrhythmogenic cardiomyopathy.



Int. J. Mol. Sci. 2022, 23, 57 8 of 15Int. J. Mol. Sci. 2022, 23, 57 9 of 16 

Figure 5. (A) Strong and significant differences at the population level between healthy controls (n 

= 34), preclinical carriers (n = 14) and ACM diagnosed patients (n = 19) in all four dilutions. (B) 

C
on

tro
l

P
re

cl
in
ic
al
 c
ar

rie
rs

S
ym

pt
om

at
ic

0

1

2

3

4

5

1:5000

P
la

k
o
g
lo

b
in

 s
c
o
re

***
****

C
on

tro
l

P
re

cl
in
ic
al
 c
ar

rie
rs

S
ym

pt
om

at
ic

0

1

2

3

4

5

1:20,000

P
la

k
o
g
lo

b
in

 s
c
o
re

**
****

0 5 10

0

1

2

3

4

TFC

P
la

k
o
g
lo

b
in

 s
c
o
re

1:5000

rs 
 = -0.6697, p < 0.0001

0 5 10

0

1

2

3

4

TFC

P
la

k
o
g
lo

b
in

 s
c
o
re

1:20,000

rs = -0.6037, p < 0.0001

C
on

tro
l

P
re

cl
in
ic
al
 c

ar
rie

rs

Sym
pt

om
at

ic

0

1

2

3

4

5

1:10,000

P
la

k
o
g
lo

b
in

 s
c
o
re

****
****

C
on

tro
l

P
re

cl
in

ic
al
 c
ar

rie
rs

S
ym

pt
om

at
ic

0

1

2

3

4

1:40,000

P
la

k
o
g
lo

b
in

 s
c
o
re

**
***

0 5 10

0

1

2

3

4

TFC

P
la

k
o
g
lo

b
in

 s
c
o
re

1:10,000

rs = -0.7108, p < 0.0001

0 5 10

0

1

2

3

4

TFC

P
la

k
o
g
lo

b
in

 s
c
o
re

1:40,000

rs = -0.5499, p < 0.0001

A

B

0 2000 4000 6000

0

1

2

3

4

Premature Ventriculair Contractions in 24h

P
la

k
o
g
lo

b
in

 s
c
o
re

1:5000

rs = -0.7097, p = 0.0177

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

Sensitivity

S
p
e
c
ifi

c
ity

Sensitivity vs specificity

1:5000

1:10,000

1:20,000

1:40,000

C D

Figure 5. (A) Strong and significant differences at the population level between healthy controls
(n = 34), preclinical carriers (n = 14) and ACM diagnosed patients (n = 19) in all four dilutions.
(B) Spearman correlation graphs for plakoglobin score and TFC are shown. (C) There is a strong
significant correlation with premature ventricular contractions in ACM patients (n = 11). (D) Compar-
ison of the sensitivity and specificity score of each dilution used in this study. TFC; Task Force Criteria
score 2010, rs; Spearman’s rho. • indicate individual(s) for the correlation or represent dilution factor
in figure D. **** p < 0.0001, *** p < 0.001, ** p < 0.01.
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2.5. Plakoglobin Staining Moderately Correlates with 2010 TFC Score in ACM Patients

When correlating plakoglobin scores with the diagnostic 2010 TFC scores of all ACM
patients, including both preclinical variant carriers and symptomatic patients, we found
a moderate negative correlation with a 1:5000 dilution as is shown in Figure 5B’s upper
left panel (rs = −0.67, n = 64, p < 0.0001). Plakoglobin score after a dilution of 1:10,000
showed a strong correlation with 2010 TFC scores (rs = −0.71, n = 64, p < 0.0001 Figure 5B
upper right panel). Dilutions of 1:20,000 and 1:40,000 resulted in weaker but still significant
correlations with 2010 TFC scores, as is depicted in Figure 5B’s lower left and right panels
(rs = −0.60, n = 65, p < 0.0001 and rs = −0.55, n = 66, p < 0.0001). To further elaborate on the
relation between the status of plakoglobin levels in BMC and clinical status of the ACM
patients, we related the plakoglobin scores to electrophysiological data obtained from 24 h
Holter recordings. Despite the fact that these clinical data were available in only 11 of
our included patients, we found a strong negative correlation of plakoglobin score (1:5000
dilution) with the amount of premature ventricular contractions that occurred in 24 h; see
Figure 5C (rs = −0.71, n = 11, p = 0.02).

2.6. Plakoglobin Labelling Is Not Suitable as Classification Tool

To test whether plakoglobin labelling is applicable in the clinic as a differentiation tool
to classify patients at risk of developing ACM, we calculated the sensitivity and specificity
using a plakoglobin score of 2 as cut off value. This means that a score ≥2 would classify
the subject as healthy (our healthy control group) and a score of <2 would classify the
subject at risk (our ACM cohort). A dilution of 1:5000 provided a low sensitivity of 0.55 and
a high specificity of 0.97. For a dilution of 1:10,000 sensitivity was 0.66 and specificity 0.91,
for 1:20,000 sensitivity was 0.88 and specificity 0.69 and for 1:40,000 sensitivity was 0.94
and specificity 0.58, as shown in Figure 5D.

2.7. Plakoglobin Labelling in PLN p.Arg14del Patients Is Comparable to Healthy Controls

In patients with a PLN p.Arg14del variant, plakoglobin labelling upon all applied anti-
body dilutions appeared indistinctive compared to labelling in healthy controls
(Figures 6 and 7A). Because the PLN p.Arg14del cohort consisted of preclinical p.Arg14del
variant carriers (n = 7), patients with an ACM (n = 3) or DCM (n = 7) diagnosis, we analyzed
the possible differences among subgroups. Notably, these subgroups consisted of a very
small number of subjects; therefore, only trends could be observed. Overall labelling in
preclinical carriers and DCM patients was similar to controls, which was, however, less
pronounced at a dilution 1:10,000 with respect to DCM patients (Figure 7B). Interestingly,
the (only) three PLN p.Arg14del patients diagnosed with ACM showed a lower (median
1.50 (1–1.75) compared to 3 (2–4) controls) plakoglobin score at all dilutions (Figure 7B).
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Figure 6. A heat map visualizing plakoglobin scores of all individual healthy controls (n = 34) and
PLN carriers (n = 17), for all four dilutions. No clear difference was found between controls and PLN
carriers in plakoglobin score. Colors correspond to score as shown in the right panel. At the left axis,
controls (C) and PLN p.Arg14del patient (P) numbers are indicated. Furthermore, for PLN patients
their clinical diagnosis is indicated when specified. PLN; phospholamban, ACM; arrhythmogenic
cardiomyopathy, DCM; dilated cardiomyopathy.
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Figure 7. (A) No significant differences at the population level between healthy controls (n = 34)
and PLN carriers (n = 17) in any of the dilutions. (B) Graphs depict differences in plakoglobin score
between controls (n = 34), PLN variant carriers that are preclinical (n = 7), with an ACM (n = 3) or
DCM (n = 7) phenotype. ACM PLN patients seem to adhere more to the ACM patients’ pattern of
plakoglobin score. PLN; phospholamban, ACM; arrhythmogenic cardiomyopathy, DCM; dilated
cardiomyopathy. • indicate individual(s) for the correlation.

3. Discussion

In this study, we aimed to test the hypothesis that extracardiac tissue expressing
desmosomal proteins, like BMC, could provide a non-invasive predictive diagnostic tool for
ACM onset and the progression of the disease. Secondly, whether our approach would be
discriminative in two different cohorts of patients: one composed of patients with ‘classical’
pathogenic variants in genes encoding desmosomal proteins and one with patients carrying
a PLN p.Arg14del pathogenic variant. Our hypothesis is based on the fact that in two other
diseases that are closely related to ACM, Carvajal syndrome and Naxos disease, pathogenic
variants in genes encoding desmosomal proteins (JUP and DSP, respectively) present with
pathological manifestations in the heart but also in other tissues (skin and hair) [13–15]. In
our study, we focussed on alterations in the membrane labelling of plakoglobin in BMC.
Plakoglobin is robustly expressed in BMC, and it is thought that this desmosomal protein
is generally affected in the cardiac specimens of nearly all ACM patients regardless of their
underlying pathogenic variant, including those with PLN p.Arg14del [8,9,11,16]. Moreover,
we previously showed that, when aberrant plakoglobin labelling in the cardiac tissue of
ACM patients was identified, this was always accompanied by the diminished presence of
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Nav1.5 (the cardiac sodium channel) and/or Cx43 (the predominant gap junction protein
in the ventricles) [10,17]. This fact relates to disturbances in plakoglobin and to potential
alterations in excitability and impulse propagation, thereby adhering to the arrhythmogenic
character of the disease [17–19].

Moreover, in a study of Asimaki et al. [12], plakoglobin showed the most consistent
changes in the buccal mucosa smears of ACM patients. In our current study, we performed
dilution experiments in control subjects and patients to investigate the diagnostic potential
of plakoglobin labelling in the BMC of ACM patients. In line with the data presented in
the study of Asimaki [12], we confirm that, in the buccal mucosa swabs of ACM patients,
significantly less plakoglobin is present compared to healthy controls and that there is
a moderate though significant correlation with disease severity as correlated with the
TFC scores and the amount of PVCs as derived from 24 h Holter recordings. These
results were independent of sex and age. However, it should be noted that there was a
substantial variation in sensitivity and specificity and a high inter-individual variability
in plakoglobin labelling in controls and ACM patients. This compromises the use of this
labelling approach to correctly discriminate between affected and unaffected subjects or
to use it as a prospective measure to follow disease onset and progression. Indeed, when
we subcategorized diagnosed ACM patients and preclinical variant carriers, both groups
showed a significant reduction in plakoglobin protein scores when compared to controls,
without being different between those two subgroups. Moreover, the vast number of
collected BMC without membrane labelling in the samples, probably representing cells that
are at the end of the shedding process and the most likely ones to be released easily during
swapping, is a significant limitation with regard to clinical implementation.

Whether the diminished signals in BMC align with pro-arrhythmic remodelling is
difficult to predict in ACM patients. BMC do express Cx43 but in very limited amounts,
and we have not been able to make any reliable observation of potential changes in the
membrane presence of Cx43. Nav1.5, the other factor that previously appeared to be
co-regulated with changes in plakoglobin signal, is not expressed in BMC. Interestingly, our
data revealed relevant and significant correlations between plakoglobin protein reduction
in BMC and 2010 TFC scores; the most severely affected ACM patients (highest TFC scores)
showed the largest reduction in plakoglobin. Moreover, poor plakoglobin scores correlated
significantly with the number of PVCs. This suggests that plakoglobin scores may have
prognostic value regarding arrhythmogenic risk prediction. Obviously, a direct comparison
between BMC and cardiac specimen obtained from a patient at the same time is not possible
given the ethical considerations and clinical risk of taking a biopsy for research purposes.
Only one additional study directly compared the immune labelling of BMC smears with
cardiac tissue. This study of Begay et al. [20] investigated two patients with a filament C
truncation that caused an arrhythmogenic DCM phenotype. The immuno-labelling of BMC
smears and heart biopsy showed similar aberrancies, as both tissues showed a reduction
in the levels of desmoplakin and SAP97 [20]. To be able to study the direct comparison of
BMC and cardiac tissue further, we might have to take advantage of currently emerging
mouse models genetically engineered to express patient-specific mutated proteins causative
for the development of ACM.

In contradiction to the ACM cohort, within the PLN p.Arg14del cohort, there was
no difference in the BMC levels of plakoglobin when compared to controls. Although
observed in a very tiny subgroup of only three patients, our results suggest that p.Arg14del
patients diagnosed with an ACM phenotype could more resemble the ‘classical’ ACM
patients with a desmosomal pathogenic variant with regard to BMC plakoglobin levels.
This could indicate that a p.Arg14del pathogenic variant can cause a cardiomyopathy via at
least two different mechanisms, both with calcium as a key player, leading to either global
structural changes causing DCM or via decreased desmosomal protein expression causing
an ACM phenotype.
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4. Materials and Methods
4.1. Study Population and Clinical Data Assessment

Subjects were invited to participate in this study via a letter after application for a
patient day for ACM patients or carriers of a PLN p.Arg14del pathogenic variant. Controls
were selected from unaffected family members or healthy colleagues from our medical
center. In total, 84 subjects were enrolled in this study and divided into three groups:
34 healthy controls (14 males), 33 ACM patients (preclinical carriers of desmosomal gene
variants and ACM diagnosed, 19 males) and 17 p.Arg14del patients (diagnosed with
ACM, DCM or being preclinical carriers, 6 males). ACM patients and p.Arg14del patients
were defined as preclinical variant carriers (TFC < 4), or as being diagnosed with ACM
(TFC ≥ 4) with or without a known pathogenic variant. In the PLN cohort, patients were
categorized as DCM when adhering to the Henry criteria [21]. Controls were defined as
individuals without any history of cardiac disease. All subjects provided written informed
consent. Sample collection protocols and study design were approved by the local Biobank
committee (protocol number TCBio 14-513), an ethical review board of the University
Medical Center Utrecht. After inclusion of the subjects, clinical data were assessed from the
ACM and PLN Registry as hosted in REDCap. These prospective registries collect, amongst
others, clinical data, demographics, symptoms, medication use, family history and genetic
analysis from Dutch ACM and PLN patients [22]. From this registry, Holter recordings
were also extracted, which were performed a maximum of two years prior to, or following
sample collection, to study a potential correlation between BMC scores and pro-arrhythmic
remodelling.

4.2. Collection and Sample Preparation

A cotton-tipped swab was used to collect BMC from the inside of the cheeks of the
participants. Each side was swabbed for 30 s to allow for sufficient cells to adhere to
the cotton top of the swab. Subsequently, smears were made by rolling the cotton swab
directly on a glass slide, and cells were immediately fixated with 70% ethanol. Samples
were allowed to air dry, after which (immuno)cytochemical procedures were performed at
the same day.

4.3. Immunohistochemistry and H&E

Human BMC for H&E staining were fixed with 4% paraformaldehyde (PFA), after
which hematoxylin and eosin staining (Merck, Darmstadt, Germany) was performed. For
immunocytochemistry experiments, BMC were fixed with 70% ethanol. After ethanol
fixation, samples were washed with phosphate buffered saline (PBS) and incubated in
blocking solution (3% normal goat serum, 1% bovine serum albumin, 0.15% TritonX-
100 in PBS) for 45 min [12]. After washing with 1% Triton X-100 in PBS, the specimens
were incubated with the primary antibody (mouse monoclonal anti-plakoglobin (Merck,
Darmstadt, Germany) overnight at 4 ◦C. The next day, samples were allowed to reach room
temperature before washing again with 1% TritonX-100 in PBS, subsequently followed by a
secondary antibody incubation for two hours at room temperature. The secondary antibody
used was Alexa Fluor 594 (1:250) conjugated to anti-mouse whole IgG antibodies (Jackson
ImmunoResearch Europe, Newmarket, UK). Sections were analyzed with a Nikon Eclipse
80i epifluorescence microscope. Pictures were taken with a Nikon Digital sight DS-2MBWc
camera and NIS Elements BR 3.0 software. Membrane labelling in human buccal mucosal
swabs was assessed in cell clusters of more than three cells by two independent observers
in a blinded fashion.

4.4. Statistical Analysis

Data are shown as median [interquartile range]. Statistics were performed by ANOVA
with a Dunnet post-hoc test, Mann-Whitney test, Pearson correlation or Spearman’s corre-
lation. Differences or correlations were considered significant if p < 0.05; correlations were
considered weak between 0.10 and 0.40, moderate between 0.40 and 0.70, strong between
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0.70 and 0.80 and very strong between 0.80 and 1.00. All analyses were performed using
GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA, USA).

5. Conclusions

In conclusion, the results in this study confirm that, at the population level, there
is a significant difference in plakoglobin labelling in the BMC membranes of diagnosed
ACM patients and preclinical variant carriers compared to control subjects, with a mod-
erate correlation to disease severity. This effect was independent from age and sex, but
importantly, moderate to strong correlations were found with the revised 2010 TFC scores.
However, due to the high variability within each group and the difficulty of interpreting
the individual samples in a one-on-one comparison, this method is most likely not suitable
to distinguish between ACM patients or healthy controls at the individual level. Given
the fact that both diagnosed ACM patients and preclinical variant carriers showed similar
reductions, at this moment, this approach does also not allow clinical applicability as a tool
to predict disease onset. In order to do so, a much larger amount of borderline preclinical
variant carriers (TFC 2-3) should be studied in comparison to those being diagnosed with
ACM having high TFC scores.

Author Contributions: Conceptualization, H.E.D. and T.A.B.v.V.; methodology, H.E.D., S.M.v.d.V.
and T.A.B.v.V.; validation, H.E.D., F.M. and L.E.O.; formal analysis, H.E.D. and S.M.v.d.V.; investi-
gation, H.E.D., S.M.v.d.V., M.B., F.H.M.v.L., F.M. and L.E.O.; resources, T.A.B.v.V. and M.A.V.; data
curation, M.B. and F.H.M.v.L.; writing—original draft preparation, H.E.D. and S.M.v.d.V.; writing—
review and editing, H.E.D., S.M.v.d.V., M.A.V. and T.A.B.v.V.; visualization, H.E.D. and S.M.v.d.V.;
supervision, T.A.B.v.V.; funding acquisition, H.E.D., S.M.v.d.V., M.A.V. and T.A.B.v.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by The Netherlands Cardio Vascular Research Initiative (CVON):
the Dutch Heart Foundation, Dutch Federation of University Medical Center, The Netherlands
Organization for Health Research and Development and the Royal Netherlands Academy of Sciences
(CVON-eDETECT 2015-12, S.M.v.d.V., T.A.B.v.V.). Additional support was obtained from ‘Stichting
Vriendenloterij’.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the local Biobank committee of the University Medical
Center Utrecht (protocol code TCBio 14-513, date of approval 1 October 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We acknowledge the contribution of all patients and controls who provided the
buccal mucosa swaps that were used in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Saffitz, J.E. Arrhythmogenic cardiomyopathy: Advances in diagnosis and disease pathogenesis. Circulation 2011, 124, e390–e392.

[CrossRef]
2. Cox, M.G.P.J.; van der Zwaag, P.A.; van der Werf, C.; van der Smagt, J.J.; Noorman, M.; Bhuiyan, Z.A.; Wiesfeld, A.C.P.;

Volders, P.G.A.; van Langen, I.M.; Atsma, D.E.; et al. Arrhythmogenic right ventricular dysplasia/cardiomyopathy: Pathogenic
desmosome mutations in index-patients predict outcome of family screening: Dutch arrhythmogenic right ventricular dyspla-
sia/cardiomyopathy genotype-phenotype follow-up study. Circulation 2011, 123, 2690–2700. [CrossRef]

3. Anastasakis, A.; Asimaki, A.; Basso, C.; Bauce, B.; Brooke, M.A.; Calkins, H.; Corrado, D.; Duru, F.; Green, K.J.; Judge, D.P.
Definition and treatment of arrhythmogenic cardiomyopathy: An updated expert panel report. Eur. J. Heart Fail. 2019, 21, 955–964.

4. Van der Zwaag, P.A.; van Rijsingen, I.A.W.; Asimaki, A.; Jongbloed, D.A.H.; van Veldhuisen, D.J.; Wiesfeld, A.C.P.; Cox, G.P.J.M.;
van Lochem, L.T.; de Boer, R.A.; Hofstra, R.M.W.; et al. Phospholamban R14del mutation in patients diagnosed with dilated
cardiomyopathy or arrhythmogenic right ventricular cardiomyopathy: Evidence supporting the concept of arrhythmogenic
cardiomyopathy. Eur. J. Heart Fail. 2012, 14, 1199–1207. [CrossRef]

http://doi.org/10.1161/CIRCULATIONAHA.111.064022
http://doi.org/10.1161/CIRCULATIONAHA.110.988287
http://doi.org/10.1093/eurjhf/hfs119


Int. J. Mol. Sci. 2022, 23, 57 15 of 15

5. Nasir, K.; Bomma, C.; Tandri, H.; Roguin, A.; Dalal, D.; Prakasa, K.; Tichnell, C.; James, C.; Jspevak, F.; Marcus, F.; et al.
Electrocardiographic features of arrhythmogenic right ventricular dysplasia/cardiomyopathy according to disease severity: A
need to broaden diagnostic criteria. Circulation 2004, 110, 1527–1534. [CrossRef]

6. Basso, C.; Ronco, F.; Marcus, F.; Abudureheman, A.; Rizzo, S.; Frigo, A.C.; Bauce, B.; Maddalena, F.; Nava, A.; Corrado, D.; et al.
Quantitative assessment of endomyocardial biopsy in arrhythmogenic right ventricular cardiomyopathy/dysplasia: An in vitro
validation of diagnostic criteria. Eur. Heart J. 2008, 29, 2760–2771. [CrossRef]

7. Deckers, J.W.; Hare, J.M.; Baughman, K.L. Complications of transvenous right ventricular endomyocardial biopsy in adult
patients with cardiomyopathy: A seven-year survey of 546 consecutive diagnostic procedures in a tertiary referral center. J. Am.
Coll. Cardiol. 1992, 19, 43–47. [CrossRef]

8. Noorman, M.; Hakim, S.; Asimaki, A.; Vreeker, A.; van Rijen, H.V.M.; van der Heyden, M.A.G.; de Jonge, N.; de Weger, R.A.;
Hauer, R.N.W.; Saffitz, J.E.; et al. Reduced plakoglobin immunoreactivity in arrhythmogenic cardiomyopathy: Methodological
considerations. Cardiovasc. Pathol. 2013, 22, 314–318. [CrossRef]

9. Asimaki, A.; Tandri, H.; Huang, H.; Halushka, M.K.; Gautam, S.; Basso, C.; Thiene, G.; Tsatsopoulou, A.; Protonotarios, N.;
McKenna, W.J.; et al. A New Diagnostic Test for Arrhythmogenic Right Ventricular Cardiomyopathy. N. Engl. J. Med. 2009, 360,
1075–1084. [CrossRef]

10. Noorman, M.; Hakim, S.; Kessler, E.; Groeneweg, J.A.; Cox, M.G.; Asimaki, A.; van Rijen, H.; van Stuijvenberg, L.; Chkourko, H.;
van der Heyden, M.; et al. Remodeling of the cardiac sodium channel, connexin43, and plakoglobin at the intercalated disk in
patients with arrhythmogenic cardiomyopathy. Heart Rhythm 2013, 10, 412–419. [CrossRef]

11. Rijdt, W.P.T.; Asimaki, A.; Jongbloed, J.D.; Hoorntje, E.T.; Lazzarini, E.; van der Zwaag, P.A.; de Boer, R.A.; van Tintelen, J.P.;
Saffitz, J.E.; Berg, M.P.V.D.; et al. Distinct molecular signature of phospholamban p.Arg14del arrhythmogenic cardiomyopathy.
Cardiovasc. Pathol. 2018, 40, 2–6. [CrossRef]

12. Asimaki, A.; Protonotarios, A.; James, C.; Chelko, S.; Tichnell, C.; Murray, B.; Tsatsopoulou, A.; Anastasakis, A.; Riele, A.T.; Kléber,
A.G.; et al. Characterizing the Molecular Pathology of Arrhythmogenic Cardiomyopathy in Patient Buccal Mucosa Cells. Circ.
Arrhythmia Electrophysiol. 2016, 9, e003688. [CrossRef]

13. Protonotarios, N.; Tsatsopoulou, A. Naxos disease: Cardiocutaneous syndrome due to cell adhesion defect. Orphanet J. Rare Dis.
2006, 1, 4. [CrossRef]

14. Srinivas, S.M.; Kumar, P.; Basavaraja, G. Carvajal Syndrome. Int. J. Trichology 2016, 8, 53–55. [CrossRef]
15. Kaplan, S.R.; Gard, J.J.; Carvajal-Huerta, L.; Ruiz-Cabezas, J.C.; Thiene, G.; Saffitz, J.E. Structural and molecular pathology of the

heart in Carvajal syndrome. Cardiovasc. Pathol. 2004, 13, 26–32. [CrossRef]
16. Ermakov, S.; Ursell, P.C.; Johnson, C.J.; Meadows, A.; Zhao, S.; Marcus, G.M.; Scheinman, M. Plakoglobin Immunolocalization

as a Diagnostic Test for Arrhythmogenic Right Ventricular Cardiomyopathy. Pacing Clin. Electrophysiol. 2014, 37, 1708–1716.
[CrossRef]

17. Kwon, Y.-S.; Park, T.I.; Cho, Y.; Bae, M.H.; Kim, S. Clinical usefulness of immunohistochemistry for plakoglobin, N-cadherin, and
connexin-43 in the diagnosis of arrhythmogenic right ventricular cardiomyopathy. Int. J. Clin. Exp. Pathol. 2013, 6, 2928–2935.

18. Chen, X.; Chena, L.; Chen, Z.; Chen, X.; Song, J. Remodelling of myocardial intercalated disc protein connexin 43 causes increased
susceptibility to malignant arrhythmias in ARVC/D patients. Forensic. Sci. Int. 2017, 275, 14–22. [CrossRef]

19. Yoshida, T.; Kawano, H.; Kusumoto, S.; Fukae, S.; Koga, S.; Ikeda, S.; Koide, Y.; Abe, K.; Hayashi, T.; Maemura, K. Relationships
Between Clinical Characteristics and Decreased Plakoglobin and Connexin 43 Expressions in Myocardial Biopsies From Patients
With Arrhythmogenic Right Ventricular Cardiomyopathy. Int. Heart J. 2015, 56, 626–631. [CrossRef]

20. Begay, R.; Graw, S.L.; Sinagra, G.; Asimaki, A.; Rowland, T.J.; Slavov, D.B.; Gowan, K.; Jones, K.L.; Brun, F.; Merlo, M.; et al.
Filamin C Truncation Mutations Are Associated with Arrhythmogenic Dilated Cardiomyopathy and Changes in the Cell–Cell
Adhesion Structures. JACC Clin. Electrophysiol. 2018, 4, 504–514. [CrossRef]

21. Henry, W.L.; Gardin, J.M.; Ware, J.H. Echocardiographic measurements in normal subjects from infancy to old age. Circulation
1980, 62, 1054–1061. [CrossRef] [PubMed]

22. Bosman, L.P.; Verstraelen, T.E.; van Lint, F.H.M.; Cox, M.; Groeneweg, J.A.; Mast, T.P.; van der Zwaag, P.A.; Volders, P.G.A.;
Evertz, R.; Wong, L.; et al. The Netherlands Arrhythmogenic Cardiomyopathy Registry: Design and status update. Neth. Heart J.
2019, 27, 480–486. [CrossRef] [PubMed]

http://doi.org/10.1161/01.CIR.0000142293.60725.18
http://doi.org/10.1093/eurheartj/ehn415
http://doi.org/10.1016/0735-1097(92)90049-S
http://doi.org/10.1016/j.carpath.2013.04.002
http://doi.org/10.1056/NEJMoa0808138
http://doi.org/10.1016/j.hrthm.2012.11.018
http://doi.org/10.1016/j.carpath.2018.12.006
http://doi.org/10.1161/CIRCEP.115.003688
http://doi.org/10.1186/1750-1172-1-4
http://doi.org/10.4103/0974-7753.179400
http://doi.org/10.1016/S1054-8807(03)00107-8
http://doi.org/10.1111/pace.12492
http://doi.org/10.1016/j.forsciint.2017.02.020
http://doi.org/10.1536/ihj.15-144
http://doi.org/10.1016/j.jacep.2017.12.003
http://doi.org/10.1161/01.CIR.62.5.1054
http://www.ncbi.nlm.nih.gov/pubmed/7418156
http://doi.org/10.1007/s12471-019-1270-1
http://www.ncbi.nlm.nih.gov/pubmed/30997596

	Introduction 
	Results 
	Patient Characteristics 
	Interpretation of Buccal Mucosa Smears 
	Plakoglobin Membrane Labelling in Healthy Controls Is Not Affected by Age or Sex 
	Plakoglobin Membrane Labelling Is Compromised in ACM Patients 
	Plakoglobin Staining Moderately Correlates with 2010 TFC Score in ACM Patients 
	Plakoglobin Labelling Is Not Suitable as Classification Tool 
	Plakoglobin Labelling in PLN p.Arg14del Patients Is Comparable to Healthy Controls 

	Discussion 
	Materials and Methods 
	Study Population and Clinical Data Assessment 
	Collection and Sample Preparation 
	Immunohistochemistry and H&E 
	Statistical Analysis 

	Conclusions 
	References

