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BACKGROUND: Desmin (DES) mutations cause severe skeletal and cardiac muscle 
disease with heterogeneous phenotypes. Recently, DES mutations were described in 
patients with inherited arrhythmogenic right ventricular cardiomyopathy/dysplasia, 
although their cellular and molecular pathomechanisms are not precisely known. 
Our aim is to describe clinically and functionally the novel DES-p.Glu401Asp 
mutation as a cause of inherited left ventricular arrhythmogenic cardiomyopathy/
dysplasia.

METHODS: We identified the novel DES mutation p.Glu401Asp in a large 
Spanish family with inherited left ventricular arrhythmogenic cardiomyopathy/
dysplasia and a high incidence of adverse cardiac events. A full clinical evaluation 
was performed on all mutation carriers and noncarriers to establish clinical and 
genetic cosegregation. In addition, desmin, and intercalar disc–related proteins 
expression were histologically analyzed in explanted cardiac tissue affected by the 
DES mutation. Furthermore, mesenchymal stem cells were isolated and cultured 
from 2 family members with the DES mutation (1 with mild and 1 with severe 
symptomatology) and a member without the mutation (control) and differentiated 
ex vivo to cardiomyocytes. Then, important genes related to cardiac differentiation 
and function were analyzed by real-time quantitative polymerase chain reaction. 
Finally, the p.Glu401Asp mutated DES gene was transfected into cell lines and 
analyzed by confocal microscopy.

RESULTS: Of the 66 family members screened for the DES-p.Glu401Asp mutation, 
23 of them were positive, 6 were obligate carriers, and 2 were likely carriers. One 
hundred percent of genotype-positive patients presented data consistent with 
inherited arrhythmogenic cardiomyopathy/dysplasia phenotype with variable 
disease severity expression, high-incidence of sudden cardiac death, and absence 
of skeletal myopathy or conduction system disorders. Immunohistochemistry 
was compatible with inherited arrhythmogenic cardiomyopathy/dysplasia, and 
the functional study showed an abnormal growth pattern and cellular adhesion, 
reduced desmin RNA expression, and some other membrane proteins, as well, and 
desmin aggregates in transfected cells expressing the mutant desmin.

CONCLUSIONS: The DES-p.Glu401Asp mutation causes predominant inherited 
left ventricular arrhythmogenic cardiomyopathy/dysplasia with a high incidence of 
adverse clinical events in the absence of skeletal myopathy or conduction system 
disorders. The pathogenic mechanism probably corresponds to an alteration in 
desmin dimer and oligomer assembly and its connection with membrane proteins 
within the intercalated disc. © 2017 American Heart Association, Inc.
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Arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia (ARVC/D) is an inherited disorder 
of genetic origin that causes malignant ven-

tricular arrhythmias leading to sudden cardiac death 
(SCD).1–4 Inherited ARVC/D (iARVC/D) is one of the most 
prevalent causes of SCD in young people, especially in 
athletes.5 Left ventricular (LV) involvement is common 
and appears to imply a poorer prognosis. Mutations in 
genes encoding for desmosomal proteins (plakophilin-2 
[PKP2], desmoplakin [DSP], desmoglein-2 [DSG2], des-
mocollin-2 [DSC2], and plakoglobin [JUP]) play a key 
role in the pathogenesis of this disease.6–10 With the 
increasing use of the next-generation sequencing tech-
niques in cardiovascular genetics, nondesmosomal and 
ion channels gene mutations11 have also been associat-
ed with iARVC/D. Two prominent examples are the mu-

tations p.S358L in TMEM43 and p.Arg14del in PLN,12 
encoding the transmembrane protein Luma localized in 
the nuclear membrane13,14 and a regulator of the sar-
coplasmic reticulum Ca2+-(SERCA2a) pump in cardiac 
muscle, respectively.

Some cytoskeletal proteins, such as filamin C15 or 
desmin, are closely related to the development of 
cardiomyopathy. Desmin, encoded by the gene DES, 
is a structural intermediate filament present in the 
cytoskeleton of the leiomyocytes, rhabdomyocytes, 
and cardiomyocytes, and it is associated with differ-
ent cellular structures, such as desmosomes, Z-bands, 
costameres, mitochondria, and the nuclei. Its func-
tion is related to the maintenance of the structural 
integrity of the cardiomyocyte.16 More than 70% of 
the described pathogenic DES mutations exhibit car-
diac involvement and can be associated with any form 
of cardiomyopathy, the most common being dilated 
cardiomyopathy, followed by restrictive, hypertrophic, 
ARVC/D, and their combinations.17 It usually presents 
specific conduction system disturbance and, in addi-
tion, evidence of skeletal myopathy. The molecular 
pathogenic mechanisms causing the ARVC/D-related 
DES mutation phenotype are unknown, and preexist-
ing data in this regard are rare.

In this study, we demonstrate the pathogenicity of 
the novel DES mutation p.Glu401Asp in a large fam-
ily with an inherited LV dominant arrhythmogenic car-
diomyopathy/dysplasia and a high incidence of adverse 
clinical events, such as SCD, major heart failure, and 
ventricular arrhythmia. We also identify the cellular, his-
tological, and molecular mechanisms leading to the ap-
pearance of the iARVC/D phenotype.

METHODS
The data, analytic methods, and study materials will not be 
made available to other researchers for purposes of reproduc-
ing the results or replicating the procedure.

Study Population and Clinical Variables
The study population included all available members of a 
large Spanish family of white origin, composed of 83 indi-
viduals spread over 6 generations. Sixty-six family mem-
bers were available for evaluation (51.6% male; mean age, 
43.3±19.3 years old). The study protocol was approved by 
the local ethics committee (University of Granada) on March 
2016. All patients included in the study signed an informed 
consent form.

Clinical Study
All subjects underwent an initial clinical evaluation that 
included a clinical history with particular emphasis on the 
presence of adverse events such as death, heart failure death, 
SCD, atrioventricular block, sustained ventricular arrhythmia, 
syncope, heart transplantation, or cardiac device implanta-
tion. In addition, all subjects underwent a 12-lead ECG, a 

Clinical Perspective

What Is New?
•	 Previously, DES mutations have frequently been 

related to skeletal myopathy and cardiac involve-
ment, mainly as dilated or restrictive cardiomyopa-
thy with atrioventricular conduction disorders.

•	 For the first time, we describe the largest arrhyth-
mogenic right ventricular cardiomyopathy/dyspla-
sia family to date with a single DES mutation with 
a phenotype of left dominant arrhythmogenic dys-
plasia in the absence of skeletal myopathy symp-
toms and atrioventricular conduction disorders, 
supported by strong clinical and functional data.

•	 New insights for further investigations are pro-
posed: a failed connection of desmin with mem-
brane proteins disrupting cell–cell adhesion and 
differences in RNA expression within DES muta-
tion carriers of different genes associated with 
cardiomyopathies/channelopathies.

What Are the Clinical Implications?
•	 Patients presenting a cardiomyopathy character-

ized by mild left ventricular systolic dysfunction 
and dilation, fibrosis, ventricular arrhythmias, and 
a family history of sudden death, DES mutations 
should be suspected.

•	 These patients should undergo genetic testing, 
cardiac magnetic resonance to assess myocardial 
fibrosis, and Holter monitoring looking for ventric-
ular arrhythmias.

•	 Additional research is necessary to elucidate the 
mechanisms linking DES mutations and nondes-
mosomal mutations (FLNC, LMNA) to this pheno-
type, to assess late gadolinium enhancement as a 
risk factor, and to determine a better risk stratifica-
tion to improve survival in carriers with myocardial 
fibrosis and left ventricular systolic function rela-
tively well preserved.
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transthoracic echocardiogram, a creatine phosphokinase 
blood test, and a neuromuscular examination to investi-
gate involvement of the skeletal muscle. The mutation car-
riers underwent 24 hours of ambulatory ECG monitoring 
(Holter) and a cardiac magnetic resonance (CMR) imaging. 
The CMR imaging was performed in all participants who 
accepted the procedure and had no contraindications (car-
diac device implant and claustrophobia). The ECG data were 
analyzed to obtain the PR, QRS, and QT intervals in millisec-
onds, and data on voltage, conduction disturbance, and the 
presence of pathological Q waves. In the 24-hour ambulatory 
ECG, we analyzed the presence of nonsustained ventricular 
tachycardia, atrioventricular block, and ventricular ectopy 
morphology and density. The evaluation of LV diameter and 
function was performed according to current guidelines,18 
including LV end-diastolic and end-systolic diameter and vol-
ume, LV ejection fraction using the Simpson biplane method, 
right ventricular outflow and inflow tract diameter, and 
right ventricular systolic function, as well. Diagnosis of the 
index patient was based on modified Arrhythmogenic Right 
Ventricular Cardiomyopathy/Dysplasia Task Force criteria.19 All 
clinical tests were interpreted by cardiologists specialized in 
advanced cardiac imaging and electrophysiology. Data collec-
tion was limited by the lack of both electro- and echocardio-
graphic information on deceased and precardiac transplant 
subjects in the corresponding cases. Furthermore, the statisti-
cal analysis did not include clinical data or complementary 
tests of children <13 years of age.

Genetic Analysis
After obtaining the peripheral blood of the index patient 
(IV.31 on Figure  1), the genetic analysis was performed by 
using a next-generation sequencing gene panel containing 
149 genes (Figure I in the online-only Data Supplement). This 
study included an analysis of all coding exons and intron flank-
ing regions of a personalized panel of genes, which had been 
previously associated with or are regarded as candidates for 
the development of hereditary cardiovascular diseases. Sample 
preparation was performed using the Agilent SureSelect 
Target Enrichment Kit based on the paired-end multiplexed 
sequencing method according to the manufacturer’s instruc-
tions. Low-coverage regions of the relevant genes were rese-
quenced using the Sanger method. Bioinformatic analysis 
was performed through an in-house–developed pipeline that 
included software such as NovoAlign, SAMtools, and BCFtools. 
Information such as frequency in different populations (from 
sources including exome variant server, 1K genomes, and 
the Single Nucleotide Polymorphism Database), and various 
bioinformatic predictions, as well, was added. Pathogenicity 
of the identified variants was classified according to current 
guidelines of the American College of Medical Genetics and 
Genomics.20 Following mutation DES-p.Glu401Asp identifica-
tion in the index patient, genetic and clinical cascade screen-
ing was performed on all available family members.

Histological Analysis
Cardiac tissue from patient III.21 (Figure  1) carrying DES-p.
Glu401Asp and subjected to heart transplantation was used 
for histological analysis. In addition, normal healthy cardiac 
tissue obtained from a patient without the mutation was used 

as control. The tissues were fixed for 24 hours in 10% neu-
tral buffered formaldehyde, washed, dehydrated in ascending 
concentrations of ethanol, cleared in xylene, and embedded 
in paraffin using a conventional protocol.21 Five-micrometer 
histological sections were dewaxed and stained with hema-
toxylin-eosin for morphological evaluation. Stromal collagen 
fibers were histochemically evaluated by picrosirius staining 
as described elsewhere.22 To evaluate myofibril organization 
in the cardiomyocytes, tissue sections were histochemically 
stained according to the Heidenhain iron hematoxylin method 
as previously described.23 The histomorphological pattern of 
the desmin intermediate filament was evaluated by indirect 
immunohistochemistry. Desmosomes and intercellular gap 
junctions localized at the intercalated discs were identified 
by immunohistochemical staining of desmoplakin, plakoglo-
bin, and connexin-43, respectively. Immunohistochemistry 
was prepared as previously described22–24 using positive and 
negative technical controls. All procedures were performed 
simultaneously under the same conditions to ensure repro-
ducibility of the results. Technical information about the used 
antibodies is summarized in Table I in the online-only Data 
Supplement.

Stem Cell Culture and Cardiomyocyte 
Differentiation
To evaluate the impact of DES mutation on cell function, 
adipose-derived mesenchymal stem cells (ADMSCs) were iso-
lated from subcutaneous adipose biopsies obtained from 3 
members of the family evaluated in this study: a healthy non-
DES mutation carrier (healthy control) and 2 mutation carri-
ers, 1 with mild symptomatology and 1 with a severe clinical 
condition, were included. The biopsies were mechanically 
fragmented into small pieces and then digested for 8 hours in 
a 2 mg/mL solution of Clostridium histolyticum type I collage-
nase (Gibco BRL Life Technologies) as previously described.21 
The ADMSCs were harvested by centrifugation and cultured 
in a basal medium consisting of DMEM supplemented with 
10% FBS and antibiotics-antimycotics (Sigma-Aldrich). After 
obtaining a subconfluent cell culture, the ADMSCs were dif-
ferentiated ex vivo into the cardiomyocyte lineage, using the 
Gibco Cardiomyocyte Differentiation Kit (A29212-01, Thermo 
Fisher Scientific), for 14 days according to the manufacturer’s 
instructions. The growth pattern and differentiation process 
of these cells were continuously monitored by phase-contrast 
microscopy. The human cardiomyocyte phenotype was con-
firmed using a commercially available Human Cardiomyocyte 
Immunocytochemistry Kit (A25973, Thermo Fisher Scientific).

Real-Time Quantitative Polymerase Chain 
Reaction Analyses
Total RNA was extracted from each cell type (differenti-
ated and nondifferentiated cell cultures from each of the 
3 family members studied) using a Qiagen RNeasy Mini Kit 
system (Qiagen). Then, cDNA was synthetized from total 
RNA with an iScript Advanced cDNA Synthesis Kit (Bio-Rad 
Laboratories) using 1 µg of each RNA. Expression quanti-
fication of a set of genes with important roles in cardiac 
differentiation and function was analyzed using real-
time quantitative polymerase chain reaction (PCR). Thus, 
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a 96-well plate containing oligonucleotides for the genes 
and controls selected was designed as a PrimePCR custom 
assay. The selection of these genes was based on 2 previ-
ously described gene expression panels for cardiac diseases: 
Cardiac Arrhythmia Next-Generation Sequencing Multi-
Gene Panel and Bio-Rad Arrhythmias Cardiac H96 Panel. For 
each PCR reaction, 2 µL of cDNA, 8 µL of H2O, and 10 µL of 
SsoAdvanced Universal SYBR Green Supermix were added, 
and a PCR protocol consisting of 40 amplification cycles 
with an annealing temperature of 60°C was applied using 
a Bio-Rad CFX Connect-96 instrument. Results were cor-
rected according to the efficiency of the reverse transcrip-
tion reaction and normalized to the GAPDH housekeeping 
gene expression using Bio-Rad CFX Manager 3.1 software. 

Each sample was analyzed in triplicate (n=18). Relative gene 
expression was calculated for each gene using the ΔΔCq 
value (CFX Manager 3.1 software, Bio-Rad) by comparing 
each differentiated cell culture with its nondifferentiated 
control samples. By using this approach, we obtained the 
fold-change expression increase or decrease of every gene 
in the 3 sample types analyzed as average differentiated cell 
expression divided by average nondifferentiated cell expres-
sion. The fold-changes obtained for the unmutated control 
cells were considered as the basal levels of normal cells for 
each gene, whereas the fold-changes obtained for both 
samples were compared with basal levels. Genes showing 
an increase or decrease of at least 2-fold, in comparison 
with basal levels, were selected.

Figure 1. Full pedigree with a large number of clinical events.  
Squares and circles represent males and females, respectively. Mutation carriers are marked in black, noncarriers in white, and 
those not studied in gray. Deceased are indicated by a slash. HF indicates heart failure; HTx, heart transplant; ICD, implant-
able cardioverter defibrillator; ICDs, subcutaneous implantable cardioverter defibrillator; SCD, sudden cardiac death; and VT, 
ventricular tachycardia. 

D
ow

nloaded from
 http://ahajournals.org by on February 22, 2024



Bermúdez-Jiménez et al� Desmin and Left Arrhythmogenic Cardiomyopathy

Circulation. 2018;137:1595–1610. DOI: 10.1161/CIRCULATIONAHA.117.028719� April 10, 2018 1599

ORIGINAL RESEARCH 
ARTICLE

Plasmids, Cell Culture, and Confocal 
Microscopy
The expression plasmid pmRuby-N1-Desmin has been previ-
ously described.25 This construct encodes a C-terminal fusion 
protein of human desmin and the fluorescence protein mRuby 
that was used for direct fluorescence microscopy. The muta-
tions p.Glu401Asp and p.Glu401Lys were introduced using 
the QuickChange Lightning Site-Directed Mutagenesis Kit 
(210518, Agilent Technologies). The mutation insertions were 
verified by Sanger sequencing (Macrogen). SW13 cells were 
grown with ≈70% confluency on cover slips in DMEM (Gibco; 
4.5 g/L glucose, 10% FBS, supplemented with penicillin/strep-
tomycin). These cells were used because they do not express 
endogenous desmin or any other cytoplasmic intermedi-
ate filament protein. The cells were transiently transfected 
with Lipofectamine 2000 (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Twenty-four hours 
after transfection, the cells were washed several times for 5 
minutes with PBS and fixed for 5 minutes with Roti Histofix 
(Carl Roth). They were then extensively washed in PBS and 
permeabilized with Triton X-100 (0.1% in PBS). F-actin was 
stained with fluorescein isothiocyanate–conjugated phalloidin 
(Sigma-Aldrich) 50 µg/mL for 40 minutes at room tempera-
ture according to the manufacturer’s instructions. The cells 
were embedded in Mowiol 4 to 88 (Carl Roth). Confocal laser 
scanning microscopy was performed with the TCS SP8 system 
(Leica Microsystems) equipped with a HC PL API C52 (63× 
/1.30) glycerin objective, hybrid detectors, and Application 
Suite X software. The fluorescence molecules mRuby and 
fluorescein isothiocyanate were sequentially excited. Each cell 
culture experiment was performed in triplicate.

Statistical Analysis
Statistical calculations were performed using SPSS Statistics 
(version 20, IBM Corp). Clinical characteristics were com-
pared using χ2 or Fisher exact test for categorical variables 
and Student t test or Mann-Whitney U test for continuous 
variables. All categorical data were reported as frequencies 
and percentages, and continuous variables were expressed 
as mean value±SD for each measurement. A P value of <0.05 
was considered to be statistically significant. Survival analysis 
was estimated by using the Kaplan-Meier method.

RESULTS
Genetic Analysis
The genetic analysis of the index patient (IV:31, Fig-
ure  1) revealed the heterozygous missense mutation 
in DES (NM_001927.3:c.1203G>C; NP_01918.3:p.
Glu401Asp or p.E401D). This variant had not been pre-
viously described in any publication or in public data-
bases, such as the Human Gene Mutation Database,26 
the Single Nucleotide Polymorphism Database,27 NHLBI 
GO Exome Sequencing Project,28 and ClinVar,29 or in 
the Exome Aggregation Consortium (ExAC) database30 
(as of 31/03/2017). Amino acid residue E401 belongs 
to the fourth α-helix (coil 2B, amino acids 296–412) of 

the α-helical central rod domain (109–412), a region 
that is essential for desmin filament assembly. The in 
silico prediction indicated that p.Glu401Asp substitu-
tion NC_000002.11:g220286241G>C affects a highly 
conserved amino acid residue among different species 
(Figure II in the online-only Data Supplement).

Clinical Analysis
The index patient, a 46-year-old man (IV:31, Figure 1), 
was referred for examination because of a family histo-
ry of SCD of 2 brothers aged 31 (IV:29) and 18 (IV:26). 
Postmortem examination of one of these brothers 
(IV.29) revealed epicardial and midwall fibrosis from the 
inferior LV wall to the septum and lateral wall. The right 
ventricle looked macroscopically normal, and there was 
no evidence of coronary artery disease. Histological ex-
amination showed focal areas of subendocardial fibrosis 
in the free wall of the right ventricle. In the left ventricle, 
subepicardial and midwall fat and fibrous tissue were 
confirmed, presenting widespread spaces admixed with 
degenerative myocytes. Myocardial inflammation was 
absent. In addition, there were no pathological find-
ings suggestive of skeletal myopathy such a myofiber 
necrosis or myofiber atrophy. In summary, the post-
mortem study strongly suggested dominant inherited 
arrhythmogenic left ventricular cardiomyopathy/dyspla-
sia.31 The patient presented New York Heart Association 
functional class II symptoms with generalized T-wave in-
version in all precordial leads and biventricular dilation 
and severely depressed biventricular ejection fraction, 
as well. These data were confirmed by CMR, which also 
showed late gadolinium enhancement at the subepi-
cardial LV level. The 24-hour Holter study showed >500 
of premature ventricular complexes with both left and 
right bundle-branch block morphologies. Finally, he 
was diagnosed to have inherited arrhythmogenic car-
diomyopathy/dysplasia with biventricular involvement 
and received a cardiac defibrillator implantation for pri-
mary prevention of SCD.

In total, 66 family members were genetically se-
quenced for DES-p.Glu401Asp, of whom 23 presented 
the mutation; an additional 6 subjects were obligate 
carriers (deceased before sequencing), and another 2 
nongenotyped cases, with, however, a previous SCD 
event, were considered probable carriers, correspond-
ing to a total of 31 affected family members. Coseg-
regation analysis was performed to correlate genotype 
and phenotype, clearly confirming the pathogenic im-
pact of this specific DES mutation. Evidence of primary 
myocardial disease was present in 100% of carriers, 
with variable clinical expression, whereas noncarriers 
showed no traces of nonischemic cardiomyopathy (Ta-
ble II in the online-only Data Supplement). One noncar-
rier patient presented LV systolic dysfunction and atrio-
ventricular block of ischemic origin.
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Of the 23 carriers studied, 9 fulfilled the modified 
diagnostic criteria. Main clinical and genetic data of 
DES mutation carriers are summarized in the Table. The 
most common ECG finding was T-wave inversion in at 
least 3 consecutive ECG leads (14 cases) and general-
ized low voltage (12 cases). The ECG was abnormal in 
97% of the carriers for whom it was available, mostly 
because of the presence of negative T waves in infe-
rior (II, III, aVF) and anterolateral leads (V2 through V6) 
(Figure 2A). No change was detected in the PR interval, 
which was similar in both groups, although a wider 
QRS was identified in the carrier group (Table II in the 
online-only Data Supplement). Two of the 3 affected 
children (7, 11, and 13 years old) presented negative T 

wave beyond V3. One of them (VI.1) showed low volt-
ages in limb leads in the ECG and subepicardial late 
gadolinium enhacement in inferior wall in the CMR. 
The 24-hour Holter study revealed nonsustained ven-
tricular tachycardias in 32% of carriers and high-den-
sity ventricular ectopy in 23% of them. There was only 
1 case of atrioventricular block in an 84-year-old man. 
We found no evidence of skeletal myopathy, and cre-
atine phosphokinase determination was normal in all 
mutation carriers.

The most characteristic finding of the cardiac struc-
ture and function studied by echocardiography and 
CMR was near-exclusive LV affection, with hypokine-
sia localized on the midapical inferolateral wall of the 

Table.  Clinical and Genetic Data in Subjects Carrying DES Mutation Table.  Continued

Case* Age at Dx, y Sex
Gen 

Status Symptoms Major Events CK, mg/dL ε-Wave T-Wave Inversion Low Voltage† LV DD LV EF LV WMA RV Affect.‡ LV LGE Ventricular Arrhythmias Criteria§M/m Comments

II:3 n/a F OC n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 0/1  

II:6 n/a M OC n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0 Possible  

II:8 41 M OC n/a aHF n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible  

III:9 49 M OC n/a aHF n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0 Possible  

III:10 41 F OC n/a aHF n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible Heart failure death

III:12 33 M PC n/a  n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible  

III:14 72 F C Asymptomatic aHF 53 No V1–V6inferior Yes 48 43 Yes No Yes NSVT; 970 VE 1/2Definite  

III:16 n/a F OC n/a  n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible  

III:18 84 M C Palpitations AVb n/a No No No 50 55 Yes No n/a n/a 0/1 PM

III:21 66 M C Dyspnea AHF; HTx n/a No V1–V6inferior No n/a n/a n/a n/a n/a NSVT 2/1Definite  

IV:7 41 F C Asymptomatic  93 No No No 42 55 No No Yes 1868 VE 0/1  

IV:10 55 F C Asymptomatic  103 No No Yes 54 48 Yes No Yes 8455 VE 0/1  

IV:13 57 F C Asymptomatic  88 No V4–V6inferior Yes 46 55 Yes No n/a 5852 VE 0/2Possible  

IV:16 61 M C Dyspnea aHF 95 No No No 60 30 Yes Yes Yes 4479 VE 1/1Borderline CRT-D

IV:23 41 M C Syncope aHF; HTx 76 No V1–V2 No 70 30 Yes Yes n/a SVT; 8045 VE 2/1Definite Heart failure death

IV:26 18 M PC n/a SD n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 2/0Definite Died during exercise

IV:29 31 M C Palpitations SD n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible Died at rest

IV:31‖ 47 M C Dyspnea aHF 59 No V1–V6inferior Yes 61 30 Yes Yes Yes SV; 1283 VE 4/0Definite CRT-D, aSH

IV:33 63 M C Asymptomatic SD 112 No No No 55 52 Yes No Yes 193 VE 0/1 Died at rest (64 y) VT

IV:40 44 F C Asymptomatic  110 No No Yes 49 57 Yes No Yes 342 VE 1/0Possible  

V:4 31 F C Asymptomatic  65 No V1–V5inferior Yes 50 54 Yes No Yes 421 VE 1/0Possible  

V:13 34 F C Asymptomatic  41 No V4–V6inferior Yes 54 49 Yes No n/a 1392 VE 1/1Borderline  

V:16 11 F C Asymptomatic  67 No V1–V4 No 47 65 No No n/a 74 VE Not applicable  

V:17 7 M C Asymptomatic  180 No No No 41 65 No No n/a 0 VE Not applicable  

V:19 21 F C Palpitations aHF 86 No V1–V6inferior Yes 48 37 Yes Yes Yes 5293 VE 3/1Definite aSH, ICD

V:10 25 F C Asymptomatic  105 Yes V5–V6I-aVL Yes 49 39 Yes No Yes NSVT; 2866 VE 0/2Possible  

V:24 35 M C Palpitations  150 No V2–V6inferior Yes 62 50 Yes No Yes 2318 VE 1/1Borderline  

V:27 26 F C Asymptomatic  55 No V1–V6inferior Yes 52 40 Yes Yes No 3216 VE 1/2Definite  

V:29 21 F C Asymptomatic  84 Yes V4–V6inferior No 52 43 Yes No No NSVT 2/1Definite ICDs

V:30 14 F C Asymptomatic  59 No V4–V6inferior No 53 40 Yes No Yes NSVT 2/1Definite ICDs

VI:1 13 M C Asymptomatic  103 No V1–V4 Yes 58 51 No No Yes 3985 VE Not applicable  

(Continued ) aHF indicates advanced heart failure; aSH, appropriate ICD shock; AVb, atrioventricular block; C, carrier; CK, plasma levels of creatine kinase; CRT-D, cardiac 
resynchronization therapy defibrillator; Dx, diagnosis; F, female; Gen status, genotype status; HTx, heart transplant; ICD, implantable cardioverter defibrillator; 
ICDs, subcutaneous cardioverter defibrillator; LGE, presence of late gadolinium enhancement on cardiac magnetic resonance images; LV, left ventricle; LVDD, left 
ventricular end diastolic diameter; LVEF, left ventricular ejection fraction; LVWMA, left ventricular wall motion abnormalities; M, male; M/m, major/minor; n/a, data 
not available; NSVT, nonsustained ventricular tachycardia; OC, obligate carrier of the mutation; PC, probable carrier of the mutation; PM, pacemaker; RV, right 
ventricular; SD, sudden death; SVT, sustained ventricular tachycardia; VE, ventricular ectopics in 24-hour Holter monitoring; and VT, ventricular tachycardia.

*Case lists individual identifications according to position in the pedigree.
†Low voltage indicates the low QRS voltage amplitude on limb leads.
‡RV affect. shows right ventricular affection (akinesia, dyskinesia, aneurysm, dilatation, and systolic dysfunction).
§Criteria (major/minor): diagnostic status according to Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia Task Force criteria.
‖Index patient. 
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LV, mildly depressed LV ejection fraction (46±8.2%), 
and no ventricular dilation (51.52±5.87 mm, normal in 
terms of body surface in most cases). Right ventricular 
involvement was demonstrated only in 5 cases that pre-
sented concomitant moderate/severe LV ejection frac-
tion impairment, suggesting a primary involvement of 

the LV and subsequent right ventricular affection. Fur-
thermore, CMR revealed an extensive late gadolinium 
enhancement with a typical circumferential subepicar-
dial pattern in most of the cases, and midapical lateral 
and inferolateral subepicardial distribution in the re-
maining patients (Figure 2B).

Table.  Clinical and Genetic Data in Subjects Carrying DES Mutation Table.  Continued

Case* Age at Dx, y Sex
Gen 

Status Symptoms Major Events CK, mg/dL ε-Wave T-Wave Inversion Low Voltage† LV DD LV EF LV WMA RV Affect.‡ LV LGE Ventricular Arrhythmias Criteria§M/m Comments

II:3 n/a F OC n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 0/1  

II:6 n/a M OC n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0 Possible  

II:8 41 M OC n/a aHF n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible  

III:9 49 M OC n/a aHF n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0 Possible  

III:10 41 F OC n/a aHF n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible Heart failure death

III:12 33 M PC n/a  n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible  

III:14 72 F C Asymptomatic aHF 53 No V1–V6inferior Yes 48 43 Yes No Yes NSVT; 970 VE 1/2Definite  

III:16 n/a F OC n/a  n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible  

III:18 84 M C Palpitations AVb n/a No No No 50 55 Yes No n/a n/a 0/1 PM

III:21 66 M C Dyspnea AHF; HTx n/a No V1–V6inferior No n/a n/a n/a n/a n/a NSVT 2/1Definite  

IV:7 41 F C Asymptomatic  93 No No No 42 55 No No Yes 1868 VE 0/1  

IV:10 55 F C Asymptomatic  103 No No Yes 54 48 Yes No Yes 8455 VE 0/1  

IV:13 57 F C Asymptomatic  88 No V4–V6inferior Yes 46 55 Yes No n/a 5852 VE 0/2Possible  

IV:16 61 M C Dyspnea aHF 95 No No No 60 30 Yes Yes Yes 4479 VE 1/1Borderline CRT-D

IV:23 41 M C Syncope aHF; HTx 76 No V1–V2 No 70 30 Yes Yes n/a SVT; 8045 VE 2/1Definite Heart failure death

IV:26 18 M PC n/a SD n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 2/0Definite Died during exercise

IV:29 31 M C Palpitations SD n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1/0Possible Died at rest

IV:31‖ 47 M C Dyspnea aHF 59 No V1–V6inferior Yes 61 30 Yes Yes Yes SV; 1283 VE 4/0Definite CRT-D, aSH

IV:33 63 M C Asymptomatic SD 112 No No No 55 52 Yes No Yes 193 VE 0/1 Died at rest (64 y) VT

IV:40 44 F C Asymptomatic  110 No No Yes 49 57 Yes No Yes 342 VE 1/0Possible  

V:4 31 F C Asymptomatic  65 No V1–V5inferior Yes 50 54 Yes No Yes 421 VE 1/0Possible  

V:13 34 F C Asymptomatic  41 No V4–V6inferior Yes 54 49 Yes No n/a 1392 VE 1/1Borderline  

V:16 11 F C Asymptomatic  67 No V1–V4 No 47 65 No No n/a 74 VE Not applicable  

V:17 7 M C Asymptomatic  180 No No No 41 65 No No n/a 0 VE Not applicable  

V:19 21 F C Palpitations aHF 86 No V1–V6inferior Yes 48 37 Yes Yes Yes 5293 VE 3/1Definite aSH, ICD

V:10 25 F C Asymptomatic  105 Yes V5–V6I-aVL Yes 49 39 Yes No Yes NSVT; 2866 VE 0/2Possible  

V:24 35 M C Palpitations  150 No V2–V6inferior Yes 62 50 Yes No Yes 2318 VE 1/1Borderline  

V:27 26 F C Asymptomatic  55 No V1–V6inferior Yes 52 40 Yes Yes No 3216 VE 1/2Definite  

V:29 21 F C Asymptomatic  84 Yes V4–V6inferior No 52 43 Yes No No NSVT 2/1Definite ICDs

V:30 14 F C Asymptomatic  59 No V4–V6inferior No 53 40 Yes No Yes NSVT 2/1Definite ICDs

VI:1 13 M C Asymptomatic  103 No V1–V4 Yes 58 51 No No Yes 3985 VE Not applicable  

(Continued ) aHF indicates advanced heart failure; aSH, appropriate ICD shock; AVb, atrioventricular block; C, carrier; CK, plasma levels of creatine kinase; CRT-D, cardiac 
resynchronization therapy defibrillator; Dx, diagnosis; F, female; Gen status, genotype status; HTx, heart transplant; ICD, implantable cardioverter defibrillator; 
ICDs, subcutaneous cardioverter defibrillator; LGE, presence of late gadolinium enhancement on cardiac magnetic resonance images; LV, left ventricle; LVDD, left 
ventricular end diastolic diameter; LVEF, left ventricular ejection fraction; LVWMA, left ventricular wall motion abnormalities; M, male; M/m, major/minor; n/a, data 
not available; NSVT, nonsustained ventricular tachycardia; OC, obligate carrier of the mutation; PC, probable carrier of the mutation; PM, pacemaker; RV, right 
ventricular; SD, sudden death; SVT, sustained ventricular tachycardia; VE, ventricular ectopics in 24-hour Holter monitoring; and VT, ventricular tachycardia.

*Case lists individual identifications according to position in the pedigree.
†Low voltage indicates the low QRS voltage amplitude on limb leads.
‡RV affect. shows right ventricular affection (akinesia, dyskinesia, aneurysm, dilatation, and systolic dysfunction).
§Criteria (major/minor): diagnostic status according to Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia Task Force criteria.
‖Index patient. 
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During familial screening, 15 of affected individuals 
were asymptomatic at diagnosis, 4 presented with pal-
pitations, 3 with heart failure symptoms, and 1 with 
syncope. None showed myocarditis-like symptoms. It is 
noteworthy that patients with heart failure showed se-
vere LV ejection fraction impairment at presentation (2 
of them had a previous diagnosis of idiopathic dilated 
cardiomyopathy). A high incidence of cardiac events, 
mainly arrhythmic-related, was observed among carri-
ers retrospectively and during follow-up (Table II in the 
online-only Data Supplement and Figure 3): 4 SCD (18, 
31, 33, and 64 years old), 2 heart failure deaths (both 
at 41 years old), 1 atrioventricular block (84 years old), 
2 heart transplantations (39 and 60 years old), 1 sus-
tained monomorphic ventricular tachycardia (37 years 
old), and 5 implantable cardioverter defibrillators for 
primary prevention of SCD with 2 episodes of appropri-
ate therapies on follow-up (21 and 47 years old). These 
findings support a high risk for malignant arrhythmias 
and SCD as first clinical manifestation.

Histological Analysis of Cardiac Tissue 
Affected by Desmin Mutation
Histological analysis of the heart from a desmin muta-
tion carrier (III:21) showed major differences in com-

parison with the control heart. Picrosirius staining in the 
control tissue revealed that all cardiomyocytes showed 
their typical branched cylindrical shape, a single and 
centrally located nucleus, a highly dense and strongly 
stained sarcoplasm, and several intercalated discs be-
tween adjacent cells (Figure  4A). With regard to car-
diac tissue affected by desmin mutation p.Glu401Asp, 
it was possible to recognize zones affected by typical 
degenerative changes and others with a more con-
served myocardium. Degenerative findings were found 
associated with the subepicardial myocardium, where 
picrosirius staining revealed an increase of disorganized 
collagen fibers, the presence of infiltrating adipose tis-
sue, and groups of cardiomyocytes with degenerative 
changes. However, these findings were not accompa-
nied by an inflammatory reaction (Figure  4B). In the 
myocardial zones without degenerative changes, the 
tissue organization was preserved and comparable to 
the control. However, cell thickness was irregular, and 
an increased perinuclear space, accompanied by a rela-
tively normal nucleus, was observed. Curiously, the sar-
coplasm of these cells was weakly stained, less dense 
with less prominent intercalar discs than the control tis-
sue (Figure 4). Heidenhain hematoxylin staining, which 
specifically stains myofibrils, confirmed the presence 
of fewer contractile myofibrils in the desmin mutation 

Figure 2. Clinical characteristics of DES mutation carriers.  
A, ECG of 2 of the cases affected by mutation Glu401Asp. Left, The generalized inversion of the T wave, the lateral Q wave, 
and low voltage in body surface leads in proband’s ECG (case IV.31). Right, The proband’s mother’s ECG (III.16) shows very 
low QRS voltage overall, with an ε-wave in all precordial leads (arrow). B, Imaging of left ventricular late gadolinium enhance-
ment with subepicardial annular fibrosis (arrows) of patient V.30. 
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carrier’s myocardium in comparison with the control. 
Myofibrils were less abundant, poorly organized, and 
less compacted, with spaces observed among them. 
Immunohistochemical analysis of desmin showed an 
intense and homogeneously distributed staining pat-
tern in the sarcoplasm of both cardiac tissues, although 
it was more intense in the control intercalated discs. 
In addition, we did not observe any prominent desmin 
aggregates in the sarcoplasm of the cardiac tissue from 
this mutation carrier. After analyzing some important 
structural and functional proteins of cell–cell junctional 
complexes at the intercalated discs, desmoplakin, plak-
oglobin, and connexin-43 were observed to be positive 
in both cardiac tissues, thus confirming the presence 
of these junctional complexes. However, desmoplakin 
and plakoglobin were weakly stained in the myocardial 
tissue from the mutation carrier in comparison with the 
control. The connexin-43 intensity and pattern were 
comparable in control and affected tissue, as previ-
ously described with regard to another DES mutation, 
p.A120D32 (Figure 4C).

ADMSC Differentiation and Gene 
Expression Analysis
Cell cultures established from different family members 
showed that all cell types were able to grow and prolif-

erate ex vivo under standard culture conditions. Control 
cells isolated from the control family members without 
the DES mutation (healthy control) showed a typical 
mesenchymal morphology (elongated, spindle-shaped, 
flattened cells). As expected, confluent cells managed 
to fully cover the culture flask surface, which is typical 
of mesenchymal stem cells (Figure 5). In a similar man-
ner, cells isolated from patients with the DES mutation 
showing mild symptomatology showed similar cell mor-
phology and growth pattern to controls, although they 
tended to grow and proliferate more slowly. It is curious 
that cells from the affected DES mutation carrier pa-
tient (IV.31) grew much more slowly than the mild phe-
notype cell line and especially than the healthy control 
cell line. In addition, these cells presented a typical mes-
enchymal morphology, although their growth pattern 
was very different. In fact, they had difficulty adhering 
to the culture surface, resulting in a reticular pattern, 
with cells tending to adhere to one another rather than 
to the culture surface (Figure 5).

When ADMSCs were differentiated into cardiomyo-
cytes, some cells could be observed to acquire a typical 
cardiomyocyte morphology, although the percentage 
of cells showing this phenotype was low. Differenti-
ated cells were characterized by a large and polygonal 
cytoplasm with a thick, well-organized cytoskeleton 
(see representative images in Figure IIIA in the online-

Figure 3. Event-free survival curves for major cardiac events in Glu401Asp DES mutation carriers.  
A, The curve is similar to other missense DES mutations (data obtained from our genetic laboratory and from published litera-
ture, including data from 284 patients with DES mutations). Right, A breakdown of all cardiac events for different age ranges 
according to the presence of the Glu401Asp mutation, all C-terminal DES mutations, or all missense DES mutations. Note the 
high incidence of SCD at younger ages among patients with Glu401Asp mutation in comparison with patients with other DES 
mutations. B, A significant poorer prognosis is observed in males in comparison with females, as described for other DES mis-
sense mutations. Note the low incidence of major cardiac events in women carrying Glu401Asp until the age of 50, with no 
SCD cases. SCD indicates sudden cardiac death.
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only Data Supplement). Differentiation was confirmed 
by immunofluorescence for the TNNT2 cardiac mark-
er, which demonstrated that most cells were positive. 

Quantitative analysis using real-time quantitative PCR 
(Figure 6 and Table III in the online-only Data Supple-
ment) showed that desmin gene expression increased 

Figure 4. Histological analysis of cardiac tissue affected by desmin mutation.  
A, Histochemical analyses of control heart (healthy control) and desmin-mutated cardiac tissue (Glu401Asp) by picrosirius 
and Heidenhain hematoxylin staining. Large black and red arrows show the intercalary disc, whereas the short black and red 
arrows show the perinuclear space in Glu401Asp. B, Representative images of the fibrotic reaction (arrows), adipose tissue 
replacement (Ad.T.) and cardiomyocyte degeneration changes (asterisk) in Glu401Asp are shown with picrosirius staining at 
light and polarized microscopy. C, Immunohistochemical analyses of desmin and junctional complex–associated proteins in 
control heart and desmin-mutated cardiac tissue (Glu401Asp). Positive immunoreaction is shown in brown. Scale bar=50 µm 
for A and B, and 100 µm for C.
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more than 23-fold in differentiated cells. However, cells 
carrying the DES-p.Glu401Asp did not show increased 
DES expression after cardiomyogenic differentiation. 
Analysis of the genes selected in this study showed that 
9 genes were overexpressed at least 2-fold in cells from 
probands with mild symptomatology in comparison 
with healthy control samples, and 40 genes were down-
regulated at least 2-fold in the same samples. In turn, 
samples from the proband with advanced cardiomy-
opathy showed 11 upregulated and 37 downregulated 
genes in comparison with healthy controls. It is interest-
ing to note that 4 of these genes were overexpressed 
and 24 downregulated in both the mild-phenotype and 
severe-phenotype carrier samples in comparison with 
healthy control samples.

Plasmids and Cell Culture
Given the effect of DES mutations on filament forma-
tion in vitro,33 we attempted to determine whether 
this is also the case for the novel mutation DES-p.Glu-
401Asp. We used SW13 cells without any endogenous 
cytoplasmic intermediate filament protein expres-
sion.34 These experiments showed that both mutations 
p.Glu401Asp and p.Glu401Lys, which have been previ-
ously described,35 disrupted the intermediate filament 
structure in the transiently transfected cells. Both mu-
tant desmins formed cytoplasmic aggregates, whereas 
wild-type desmins formed regular filaments (Figure 7).

DISCUSSION
The genes most commonly responsible for classic 
iARVC/D are those that encode for cardiac desmo-
somal proteins, being LV involvement and SCD com-
monly reported because of DSP variants.36 Neverthe-
less, with the development of the advanced imaging 
techniques available today, we know that biven-

tricular impairment is common, with an even worse 
prognosis. Also, with the advent of massive parallel 
sequencing techniques, nondesmosomal genes, such 
as TMEM43,13 TGFB3,37 PLN,38 and DES,39 whose 
mutations generate an iARVC/D phenotype, have 
been discovered. However, DES mutations more fre-
quently produce a dilated or restrictive cardiomyopa-
thy phenotype, atrioventricular conduction disorder, 
and skeletal myopathy.39 This study provides strong 
evidence on the pathogenicity of this novel DES mu-
tation as a cause of biventricular inherited arrhyth-
mogenic cardiomyopathy/dysplasia with dominant 
primary LV affection, without conduction system ab-
normality or traces of skeletal muscular involvement. 
To our knowledge, this study involves the largest fam-
ily of a single DES mutation and provides accurate 
genotype-phenotype cosegregation data. It is based 
on an interesting functional analysis that suggests the 
presence of a pathogenic mechanism by which des-
minopathy is capable of producing an iARVC/D phe-
notype. In addition, this mutation was not present in 
healthy controls and does not appear in public data-
bases such as ClinVar or the Exome Aggregated Con-
sortium database. Our results allow us to classify DES 
p.Glu401Asp as pathogenic according to American 
College of Medical Genetics and Genomics guidelines 
on the interpretation of genetic variants.20

DES mutations as a cause of iARVC/D were first de-
scribed in 2009 as typically affecting the right ventri-
cle or causing severe biventricular dysplasia.40,41 Later, 
isolated cases of single mutations causing iARVC/D, 
which involved limited or even with no familial study, 
were presented.42–44 Information on the pathogenic 
mechanisms of DES mutations to produce the inherited 
arrhythmogenic cardiomyopathy/dysplasia phenotype 
is rare. Likewise, the reasons for their cardiac and skel-
etal expression variability are poorly understood. Given 
the ability of desmin to form a network between the 

Figure 5. ADMSC differentiation 
analysis.  
Adherence and ex vivo growth 
pattern of ADMSCs isolated from 3 
members of the family studied, as 
determined by phase-contrast micros-
copy, hematoxylin-eosin staining, and 
fluorescence microscopy, showing the 
typical spindle-shape, elongated, and 
flat morphology of cells correspond-
ing to healthy-control and mild-phe-
notype carrier cases and the reticular 
pattern shown by severe-phenotype 
carrier cells, with areas of the culture 
flask remaining uncovered by cells 
(arrows). Scale bar=200 µm. ADMSC 
indicates adipose-derived mesenchy-
mal stem cell. 
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cytoskeleton and desmosomes, the abnormal inter-
action between both cellular multiprotein complexes 
may lead to cellular adhesion defects. The desmin mol-
ecule contains 3 domains: a central α-helical rod do-
main flanked by 2 globular N- and C-terminal domains. 
The p.Glu401Asp mutation is located in segment 2B 
of the central rod domain, a highly conserved region 
in vertebrates, where most DES mutations were found 
previously.45 Mutations at this position could eventu-
ally produce a critical break in the intra- and interheli-
cal ionic bridges between desmin dimers, as already 
reported with regard to the mutation p.Glu401Lys.35 
The presence of this mutation could potentially lead 
to a loss of structural integrity and, consequently, of 
cellular adhesion, which is considered a crucial fac-
tor in the pathogenesis of iARVC/D. Our results cor-
roborate the hypothesis of a disruption in the cellu-
lar membrane structural integrity of cells affected by 
mutation p.Glu401Asp. It is interesting to note that 
the phenotype exhibited by mutation p.Glu401Asp 
differs considerably from that associated with muta-
tion p.Glu401Lys, which was described in a 20-year-old 
man with advanced atrioventricular block and skeletal 
myopathy.35 This suggests that aspartic acid in position 
401 is likely involved in the specific development of 
the ARVC/D phenotype with no conduction or skeletal 
muscle system involvement.

The histological study of the explanted heart of sub-
ject III.21 reveals affected (fibrofatty tissue replacement) 
and more preserved myocardial zones. It is interesting 
to note that, in the most preserved areas, cardiomyo-
cytes showed an abnormal organization of their con-
tractile apparatus, which was less abundant and poorly 
organized than in the control myocardium. Further-
more, the immunohistochemical study showed lower 
expression of desmoplakin and plakoglobin in cell junc-
tions and did not detect any differences in connexin 
43, as described elsewhere.46 The interaction between 
the rod region and tail of desmin, which contain recog-
nition binding sites implicated in the interaction with 
desmoplakin at the desmosome, has been previously 
described.47 This means that the position of the muta-
tion and the reduced presence of desmoplakin in the 
heart tissue are in line with previously published data 
and could be related to the increased risk of arrhyth-
mic complications observed and to the iARVC/D phe-
notype. Regarding the slight decrease of plakoglobin 
in the intercalated disc, it could be supported by previ-
ous studies, where a decrease of plakoglobin immuno-
reaction is considered a consistent feature in patients 
with iARVC/D.48 Surprisingly, in our study, we did not 
observe desmin cytoplasmic aggregates in the cardiac 
tissue of heterozygous carrier III.21, which appeared 
in transfected cells in vitro. It is well known that most 
of the desmin mutations are characterized by desmin-
positive sarcoplasmic aggregates.17,49 However, it was 

Figure 6. Quantitative gene expression analysis.  
Quantitative RNA analysis heatmap revealing relative endoge-
nous gene expression patterns after cardiomyogenic differen-
tiation between the 2 DES-mutation carrier cell lines studied 
(mild-phenotype patient and severe-phenotype patient) and 
a healthy-control cell line. Colors indicate the range of each 
gene’s expression with least expression shown in red and 
highest expression shown in green. For absolute quantitative 
values see Table III in the online-only Data Supplement.
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demonstrated that desmin mutations (for example, 
the c.1289-2A>G mutation) can manifest without the 
formation of these aggregates.17,50 In our case, this ab-
sence could be related to the patient’s heterozygous 
condition. Furthermore, we used a strong cytomegalo-
virus promoter in vitro, which may provoke misfolding 
of the mutant desmin in cell cultures. In addition, the 
patient’s disease stage could be characterized by Z-disc 
disorganization and disruption of the intermediate fila-
ment network, but, with no desmin aggregates, may 
also explain the discrepancy of in vivo and cell culture 
findings of this study.47 Finally, it is probable that this 
novel DES p.Glu401Asp mutation does not result in the 
formation of desmin aggregates, but its pathogenic 
mechanism could be related to an impairment of the 
adequate myofibril formation and 3-dimensional orga-
nization in the sarcoplasm. However, future studies are 
needed to elucidate the pathogenic mechanism related 
to this novel desmin mutation.

Analysis of ADMSC cultures revealed early differenc-
es between control, mild, and severe phenotypes, with 
striking cellular growth and adhesion defects in the 
patient with the severe phenotype. Following its dif-
ferentiation into cardiomyocytes, RNA analysis showed 
that desmin expression was lower in the severe phe-
notype carrier. In addition, significant differences were 
detected in the RNA expression of different genes as-
sociated with cardiomyopathies or channelopathies. 
It is noteworthy that the lower RNA expression levels 
of a wide variety of potassium channels in both carrier 
groups, and the higher expression of SCNIB, a sodium 
channel with great arrhythmic potential, as well, were 
found. We also detected differences in the RNA expres-
sion of certain proteins between the mild and severe 
phenotype carriers (Figure 6 and Table III in the online-
only Data Supplement). This could explain the variable 

clinical penetrance of iARVC/D observed in this family. 
These findings must be interpreted with caution, be-
cause their influence in vivo on the development of the 
disease remains unknown. In addition, RNA levels do 
not necessarily correspond to those of functional pro-
teins in the myocardium. Incomplete clinical penetrance 
observed in this family is a common feature of iARVC/D. 
Although genetic, epigenetic, and environmental fac-
tors have been proposed, the origin of the incomplete 
penetrance observed in this family mentioned above is 
still unclear. Recent data suggest that a specific genetic 
background can lead to an increased susceptibility to 
myocarditis as part of an active phase of the disease. 
In our study, we did not find any myocarditis-like pre-
sentation, or suggestive data from histological analysis. 
However, we cannot definitely discard this possibility in 
this case. Future investigations are needed to address 
this issue.51 It has even been suggested that sex could 
play a role, because the disease is usually more severe 
in males.52 This was also found in the case of the fam-
ily described in our study; the 4 SCD events and the 
2 cardiac transplants occurred in men and, as Figure 3 
shows, at an earlier age in males than in females, some-
thing described not only for p.Glu401Asp but also for 
other DES mutations.53,54 According to our data, cardiac 
events in p.Glu401Asp carriers are particularly prevalent 
in men from 20 to 40 years, especially SCD, and life-
saving therapies such as cardiac defibrillators should be 
promptly indicated in these cases.

In conclusion, DES mutation p.Glu401Asp causes 
iARVC/D with predominant LV involvement in the ab-
sence of skeletal myopathy and conduction system 
disturbance, with a high incidence of adverse clinical 
events. The pathogenic mechanism likely corresponds 
to alterations in desmin dimer assembly and its con-

Figure 7. Desmin localization in 
transfected SW13 cells.  
It is worth noting that the DES muta-
tion p.Glu401Asp and the previously 
described mutation p.Glu401Lys 
form cytoplasmic aggregates (white 
arrows), whereas wild-type (WT) 
desmin forms intermediate filaments 
of different size and shape. Green, 
fluorescein isothiocyanate–phalloidin; 
red, desmin; scale bars=20 µm. 
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nection with membrane proteins that disrupt the mem-
brane and cell–cell adhesion integrity.
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