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Abstract
Background  Dilated cardiomyopathy (DCM) is an etiologically heterogeneous group of diseases of the myocardium. 
With the rapid evolution in laboratory investigations, genetic background is increasingly determined including many 
genes with variable penetrance and expressivity. Biallelic NEXN variants are rare in humans and associated with poor 
prognosis: fetal and perinatal death or severe DCMs in infants.

Case presentation  We describe two male infants with prenatal diagnosis of dilated cardiomyopathy with impaired 
ventricular contractility. One of the patients showed hydrops and polyhydramnios. Postnatally, a DCM with severely 
reduced systolic function was confirmed and required medical treatment. In patient 1, Whole Exome Sequencing 
(WES) revealed a homozygous NEXN variant: c.1156dup (p.Met386fs) while in patient 2 a custom Next Generation 
Sequencing (NGS) panel revealed the homozygous NEXN variant c.1579_1584delp. (Glu527_Glu528del). These NEXN 
variants have not been previously described. Unlike the unfavorable prognosis described for biallelic NEXN variants, 
we observed in both our patients a favorable clinical course over time.

Conclusion  This report might help to broaden the present knowledge regarding NEXN biallelic variants and their 
clinical expression. It might be worthy to consider the inclusion of the NEXN gene sequencing in the investigation of 
pediatric patients with DCM.
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Background
Cardiomyopathies (CMPs) are a heterogeneous group of 
diseases of the myocardium accounting for the majority 
of Heart Failure (HF). The most frequent CMPs in adult 
population are Dilated cardiomyopathy (DCM), whose 
estimated prevalence varies from 1 in 250 to 1 in 500, and 
Hypertrophic cardiomyopathy (HCM), ranging from 1 in 
500 to 1 in 5000 [1].

Unlike adult population, pediatric CMP is a rare condi-
tion that may lead to poor outcomes: nearly 40% of chil-
dren who present with symptomatic CMP undergo heart 
transplantation or die within the first 2 years after diag-
nosis [2].

Pediatric CMP can be an isolated entity or part of com-
plex multisystemic context. Specific cardiac and extra-
cardiac workup must be dedicated to children with CMP 
due to increased percentage of complex conditions com-
pared to adult onset CMP [3].

Among possible etiologies, genetically determined 
forms have been increasingly recognized and in recent 
years significant efforts have been made to unravel the 
underlying genes: linkage analyses and candidate gene 
sequencing in familial cases, as well as genome-wide 
association studies in large cohorts, have contributed to 
the identification of risk alleles and disease-causing vari-
ants, many of which encode for structural components of 
the cardiac muscle, such as the sarcomere or the cardiac 
z-disc [4].

NEXN encodes the nexilin, an essential protein for 
Z-disk stability [5, 6]. Few heterozygous pathogenic vari-
ants in NEXN were found in large cohorts of idiopathic 
DCM [4] patients and others were reported in pedigrees 
affected by HCM and their families [7].

The prognosis appears to be worse in those rare indi-
viduals carrying biallelic NEXN pathogenic variants 
(either homozygous or compound heterozygous), who 
usually do not survive childhood [8, 9] or present with 
lethal form of fetal CMP [10]. We report on two unre-
lated pediatric cases of NEXN-associated CMP, due to 
biallelic variants, with prolonged survival.

Case presentation
Case 1
Patient 1 (P1) was diagnosed with CMP prenatally at 24 
weeks of gestation, when the mother (a 38-year-old Egyp-
tian woman) was referred for polyhydramnios, hydrops 
and severely reduced fetal biventricular systolic function 
and left ventricular (LV) dilation. Family history revealed 
parents to be 3rd -degree cousins whereas obstetric his-
tory was remarkable for two first-trimester miscarriages 
and two intrauterine deaths in the late second trimester; 
the couple also had three healthy children currently in 
their teens.

Prenatal ultrasound examination found no evidence of 
cardiac or extracardiac structural anomalies or sustained 
arrhythmia to explain myocardial dysfunction; screening 
for congenital infections (TORCH, Parvovirus, Adeno-
virus, Coxsackie) was negative except for SARS-CoV-2 
IgG and IgM antibodies from an asymptomatic infection. 
Karyotyping and array-CGH were both normal. The child 
was born at 34 + 4 weeks of GA by urgent cesarean sec-
tion, weighing 3240 g (99th percentile). Post-natal echo-
cardiography confirmed the absence of structural heart 
disease and detected biventricular hypertrophy and LV 
dilation. LV end-diastolic diameter measured 24 mm (+ 3 
z-score) (Fig. 1). The interventricular septum had a pecu-
liar aspect appearing thin, almost membranous and aki-
netic in the proximal two thirds. Moreover, there was a 
severe LV dysfunction, as only the apical regions of the 
cardiac walls were contractile, with a biplane (Simpson) 
ejection fraction (LVEF) of 26% (Fig.  2). Both atrioven-
tricular valves showed thickened leaflets with preserved 
mobility and severe regurgitation. No pericardial or pleu-
ral effusion were present.

The neonate was started on furosemide and captopril 
and, because of recurrent episodes of poorly tolerated 
rapid atrial ectopic tachycardia, on amiodarone. He was 
initially supported by nasal CPAP and then, upon dis-
charge, he weaned to heated high flow nasal cannula 
but not to spontaneous ventilation. Extended metabolic 
screening was performed and was negative.

During the four months of hospitalization, the infant 
remained in good clinical conditions, echocardiogra-
phy showed stable cardiac function (LVEF 25–30%) 
and dimensions. Medical therapy was continued and 
increased up to the dosage of captopril 0,5 mg/kg every 
6 h and furosemide 1 mg/kg every 8 h. Full enteral feed-
ing was reached at three weeks of life, tube feeding was 
occasionally maintained to prevent the baby’s fatigue. 
Patient’s growth was regular and satisfactory.

To exclude skeletal muscular involvement, electro-
myography was undertaken and resulted normal. Dia-
phragm and intercostal muscles were studied with 
noninvasive electromyography at different level of nonin-
vasive respiratory support (10 L, 5 L high flow nasal can-
nula) and in spontaneous breathing and was also normal.

After discharge, at ten months of life, echocardio-
gram showed improved ventricular function with LVEF 
35-40%. He is currently twenty-four months old, he is 
in good clinical conditions, weaned from respiratory 
high flow nasal cannula support. Ventricular function at 
echocardiogram is stable, with good adherence and toler-
ability to medical therapy. Psychomotor development has 
been evaluated as adequate.

A trio-based whole exome sequencing (WES) was 
performed in the patient and both parents [11]. Briefly, 
the exonic and flanking splice junctions’ regions of the 
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genome were captured using the Clinical Research Exome 
v.2 kit (Agilent Technologies, Santa Clara, CA). Sequenc-
ing was performed on a NextSeq500 Illumina system 
with 150  bp paired-end reads. Reads were aligned to 
human genome build GRCh37/UCSC hg19 and analyzed 
for sequence variants using a custom-developed analysis 
tool. On average, coverage on target was ≥ 10X for 98% 
with a mean coverage of 106X. Trio-based WES identi-
fied in the proband the homozygous variant c.1156dup 

(p.Met386fs) in the NEXN gene (NM_144573.4); both 
parents were confirmed to be carriers of the same variant 
at the heterozygous state. To our knowledge, this NEXN 
variant c.1156dup has never been previously reported 
and is absent from population database (GnomAD). 
According to the American College of Medical Genetics 
and Genomics (ACMG) criteria [12], the variant can be 
interpreted as likely pathogenic (class 4).

Fig. 2  Echocardiogram performed at birth showed severe LV dysfunction with a biplane (Simpson) ejection fraction (LVEF) of 26%

 

Fig. 1  Echocardiogram performed at birth showed biventricular hypertrophy and LV dilation
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Since the few NEXN-heterozygous CMP cases reported 
in adults developing DCM, HCM or overlapping forms, 
complete cardiac evaluation was offered to all first-degree 
relatives. Parents, both heterozygous for the c.1156dup 
variant, denied personal history of cardiac disease and 
symptoms of coronary artery disease (CAD) or HF; 
paternal grandmother died suddenly at the age of 67 for 
unknown reasons, and a cousin of the mother suffered 
from Sudden Cardiac Death (SCD) at the age of 47.

The mother, a 38-year-old woman, shows early signs of 
CMP, consistent with the diagnosis of Hypokinetic non-
dilated Cardiomyopathy: left bundle branch block (LBBB) 
with consequent ventricular dyssynchrony and mildly 
reduced LVEF (51%), at TTE (TransThoracic Echocar-
diography) and CMR (Cardiac Magnetic Resonance).

The only cardiac remarkable finding for the father, 
a man aged 45, is mild LV hypertrophy at TTE. CMR 
showed normal function (LVEF 57%) and morphology 
of the left ventricle (EDV 82  ml/mq), with no evidence 
of edema or fibrosis. Since left ventricular hypertrophy is 
common in arterial hypertension, we can conclude that 
the patient’s father does not reach the criteria for pos-
sible cardiomyopathy at this time of follow-up. All three 
asymptomatic siblings aged 13, 15 and 17 years had nor-
mal ECG and echocardiograms. Therefore, also consid-
ering the absence of affected relatives before adulthood, 
they have not been tested yet for the familial variant.

Case 2
Patient 2 (P2) was prenatally diagnosed with DCM at the 
third trimester of pregnancy. Family history was negative 
for cardiovascular diseases or recurrent miscarriages. His 
Italian healthy parents had a remote degree of consan-
guinity (they both come from a small town in Southern 
Italy). Prenatal karyotype performed on amniotic fluid 
revealed a paternally inherited supernumerary marker 
chromosome, that was also present in the healthy sister.

The patient was born full term by cesarean section. 
Birth weight was 3600 g (68th percentile), length 51 cm 
(63th percentile) and OFC 35 cm (62th percentile). Medi-
cal treatment for HF was started since birth including 
diuretics and ACE inhibitors. The patient was referred to 
our center at the age of 4 years old. Ross functional class 
was II-III. Echocardiography showed moderate to severe 
LV dilatation and dysfunction (LVEF 31%), apical LV 
hypertrabeculation, moderate left atrial dilatation (Vol. 
35 ml; 54 ml/m2) and moderate mitral valve regurgitation 
with tethering of posterior leaflets and focal thickening of 
the distal part of both mitral leaflets. Medical treatment 
was modified by adding carvedilol, spironolactone and 
acetyl salicylic acid. Due to persistent severe LV dysfunc-
tion, carvedilol was progressively increased since the age 
of 5 years old. At the age of 6 years, LVEF increased to 
38%. The patient has always shown good adherence and 

tolerance to therapy. At 8 years old, CMR showed mod-
erate LV dilatation and dysfunction, EDV (end-diastolic 
volume) 104 ml (indexed 117 ml/m²), ESV (end-systolic 
volume) 63  ml, systolic ejection 40  ml, FE 39%, mild to 
moderate mitral insufficiency, normal right ventricular 
function and dimension. At the age of 10 years, LVEF was 
35%, medical therapy was supplemented with ivabradine 
that was well tolerated. In the following years, a pro-
gressive increase in LVEF, which reached 40–45%, was 
observed. Holter ECG monitoring was always normal. 
He was never admitted for heart failure. He is currently 
15 years-old and has good and stable overall conditions. 
In addition, the child showed moderate developmental 
delay and behavioral disturbances.

Next generation sequencing (NGS) analysis was per-
formed at the age of 5 years, on genomic DNA trios by 
using the Twist Custom Panel (clinical exome Twist Bio-
science) on NovaSeq6000 platform (Illumina, San Diego, 
CA, USA). The reads were aligned to human genome 
build GRCh37/UCSC hg19. The Dragen Enrichment 
application of BaseSpace (Illumina) and Geneyx Analy-
sis (knowledge-driven NGS Analysis tool powered by 
the GeneCards Suite) were used for such mutation for 
the variant calling and annotation. The coverage on tar-
get region was ≥ 10X for 99.4% with a mean coverage of 
217.84X. Trio analysis identified the homozygous variant 
c.1579_1584del p. (Glu527_Glu528del) in NEXN; both 
parents were heterozygous. The variant was evaluated 
by VarSome (Kopanos et al., Bioinformatics 2018) and 
classified according to the American College of Medical 
Genetics and Genomics criteria [14] as of uncertain sig-
nificance (class3). The Chromosomal Microarray Analy-
sis was performed using the Infinium CytoSNP-850  K 
BeadChip (SNP-array, Illumina, San Diego, CA, USA), 
and identified a heterozygous maternal duplication 
arr[hg19] 12q21.33 (89,683,180 − 89,935,072) x3 of about 
251 kb, including (Online Mendelian Inheritance in Man) 
the disease causing genes DUSP6 (hypogonadotropic 
hypogonadism with or without anosmia) and POC1B 
(Cone-rod dystrophy), and classified as of uncertain 
significance.

As for P1, following the diagnosis, parents underwent 
cardiac screening and follow-up (every 2–3 years) with 
normal ECG and echocardiography.

Discussion and conclusions
NEXN is a gene located on human chromosome 1p31.1, 
encoding for nexilin, a F-acting binding protein abun-
dantly expressed in heart and skeletal muscle, and at 
lower levels in placenta, lung, liver and pancreas. Has-
sel et all. described 9 heterozygous forms in adults 
with DCM and an average onset age of 50 years [13]. In 
pediatric population a few cases of heterozygous [9, 14, 
15] and even rarer cases of biallelic [8–10, 16] NEXN 
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variants are reported in literature, and summarized 
in Table  1. The latter are all associated with very poor 
prognosis, more often fetal or neonatal death. Rinaldi et 
al. described two related fetuses with HF, reduced con-
tractility, endocardial fibroelastosis, cardiomegaly and 
hydrops fetalis, as occurred in P1 here described [16]. 
Another case described by Bruyndonckx et al. presented 
with fetal hydrops and died 2 weeks postnatally [9]. 
Recently Johansson et al. confirm the severity of bial-
lelic loss of function variants in NEXN gene, describing a 
lethal fetal form of DCM, that segregated with a recessive 
inheritance pattern in a large pedigree of four generation 
[10].

According to literature, all the heterozygous carri-
ers in the family presented with a DCM of incomplete 
penetrance and different age-dependent expression. 
Our patients carry a NEXN homozygous variant never 
described to date. Based on experimental data from 
NEXN-related CMP physiology, both heterozygous 
and biallelic pathogenic variants lead to nexilin loss-
of-function (LoF). While heterozygous variants, 
mostly non-frameshift deletion or missense, may 
exert LoF through different mechanisms according 
to the involved aminoacid residue, all biallelic vari-
ants reported so far are frameshift or nonsense, likely 
resulting in depletion of nexilin transcripts by means 
of nonsense-mediated decay. Consistently, homozy-
gous nexilin knock-out mice show early-onset pro-
gressive DCM [17, 18]. NEXN-related CMP with fetal 
or neonatal onset are highly suggestive for a biallelic 
form and associated with a poor survival from pre-
vious reports. Nevertheless, our patients showed a 
reduced but stable systolic ventricular function with 
modest pharmacological treatment, representing the 
first pediatric individuals with homozygous NEXN 
variant and prolonged survival. Predominant echo-
cardiographic feature in both patients was ventricular 
dilation, even if mild hypertrophy was also present in 
P1 and an apical LV hypertrabeculation was observed 
in P2. It is described that certain additional features 
may be present in the genetic forms of DCM, including 
increased LV wall thickness, prominent LV trabecula-
tions and right ventricular or atrial chamber enlarge-
ment or dysfunction. These features are important 
because some DCM genes, such as NEXN, have been 
reported to cause other cardiac phenotypes, which can 
occasionally overlap in individuals and within families 
[19]. Furthermore, in P1 early onset arrhythmia was 
not associated with the presence of other gene alleles 
that could be responsible for an altered conduction 
system.

Considering that nexilin is also expressed in skel-
etal muscle, albeit to a lesser extent, in P1 we studied 
our patient to rule out skeletal muscle involvement. 

Electromyography was normal both for upper and 
lower limb and for respiratory muscle, although a later 
involvement of skeletal muscles cannot be excluded.

Our cases also emphasize the importance of family 
history to guide diagnosis. Consanguineity, recurrence 
of abortions and fetal deaths are important signs of 
an inheritable heart disease. Likewise, once diagnosis 
is made, a cardiovascular screening of asymptomatic 
first-degree family members is mandatory to allow 
early detection of CMP and improve outcome [20]. As 
already pointed out by Pinto YM et all. and as observed 
in the mother of P1, relatives may have more subtle 
features on ECG or echocardiography that, while not 
indicating a diagnosis of DCM, may still be relevant. 
These features include LBBB, LV enlargement, other 
chamber enlargement, isolated mildly reduced systolic 
function (LVEF 50–55%), reduced global longitudinal 
strain, segmental wall motion abnormalities or hyper-
trabeculation [21].

Cardiomyopathies (CMPs) are inheritable heart dis-
ease characterized by genetic heterogeneity and vari-
able penetrance and expressivity [22]. Multiple genes 
have been associated with CMPs, and most of these 
have also been shown to have extensive variation in the 
normal population. Interpretation of single pathogenic 
variants from the many thousands of rare polymor-
phisms present in every individual is challenging. NGS 
may be useful for clinicians to address diagnosis defi-
nition, provide more precise prognostic evaluations 
and model individualized follow-ups. The availability 
of genomic data may also suggest genotype-phenotype 
correlations [23], however, the contextual presence 
and potential role of other possible genetic or epigen-
etic factors should be considered for explaining the 
phenotypic variability and/or the variable clinical evo-
lution of such patients [24].

Our cases show novel homozygous NEXN variants 
associated with onset in fetal life, clinical features of 
dilated and hypertrophic cardiomyopathy and heart 
rhythm disturbance with a prolonged survival. Addi-
tional individuals with NEXN-related DCM are needed 
to better investigate the pathological mechanisms 
involved for this gene.
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Table 1  Summary of previously reported cases of NEXN variants
Report NEXN genotype Prenatal

diagnosis
(GE)

Prenatal 
events

Age at
onset

CMP type Medical 
treatment

End point 
(death/ 
VAD/HTx)

Arrhythmic 
events

Extracar-
diac
features

Klauke 
et al.,
2017

c.1955 A > G (p.Y652C)
Heterozygous variant

5 years Severe DCM Anti-conges-
tive
medication

VAD
(22 years)

N.R. N.R.

Kean et 
al., 2019

c.1723G > T (p.E575X)
+ SCN5A mutation
Heterozygous variant

Born pre-
maturely 31 
weeks

10 
weeks

DCM Anti-
congestive 
medication

Alive
(21 years)

N.R. Mono-
zygotic 
twin male

c.1723G > T (p.E575X)
+ SCN5A mutation
Heterozygous variant

Born pre-
maturely 31 
weeks

10 
weeks

Mild dilation Anti-
congestive 
medication
Dual 
chamber 
pacemaker 
placement

Alive
(21 years)

Ventricular 
arrhythmia

Mono-
zygotic 
twin male

Al-Hass-
nan et al., 
2020

c.461_462insA
(p.Asn154LysfsTer6)
Homozygous variant

1 
month

DCM - Deceased
(3 years)

N.R. N.R.

c.1171 C > T
(p.Arg391Ter)
Homozygous variant

1 
month

DCM - Alive
(10 years)

N.R. N.R.

Rinaldi et 
al., 2020

c.1756 A > T (p.Lys586Ter)
Compound heterozygous 
variants

DCM, hy-
drops, (2nd 
trimester)

IUFD Prenatal DCM, 
endocardial 
fibroelastosis

N/A IUFD N.R. N.R.

c.1909_1912del 
(p.Tyr637AlafsTer48)
Compound heterozygous 
variants

DCM, hy-
drops, (2nd 
trimester)

IUFD Prenatal DCM, 
endocardial 
fibroelastosis

N/A IUFD N.R. N.R.

Bruyn-
donckx 
et al., 
2021

c.1174 C > T
(p.Arg392Ter)
Homozygous variant

DCM, 
hydrops
(3nd 
trimester)

Emergency 
C-section

Prenatal DCM, 
endocardial 
fibroelastosis

Anti-conges-
tive
medication, 
inotropes,
chest drains

Deceased
(2 weeks)

N.R. N.R.

c.1949_1951del 
(p.Gly650del) Heterozy-
gous variant

3 
months

DCM Anti-conges-
tive
medication

Alive
(11 years)

N.R. N.R.

Johans-
son et al., 
2022

c.1302delG
(p.Ile435SerfsTer3)
Homozygous variant

DCM
(2nd 
trimester), 
fetal move-
ments 
reduction, 
hydrops

IUFD Prenatal DCM N/A IUFD N.R. N.R.

Current 
Study 
Patient 1

c.1156dup
(p.Met386fs) Homozigous 
variant

Polyhy-
dramnios, 
hydrops,
DCM (2nd 
trimester)

Prenatal DCM/ HCM Furose-
mide, ACEi, 
amiodarone

Alive
(2 years)

Yes N.R.

Current 
Study 
Patient 2

c.1579_1584del
(p.Glu527_Glu528del) 
Homozigous variant

DCM
(3rd 
trimester)

Prenatal DCM ACEi, 
beta-blocker, 
spironolac-
tone, furo-
semide and 
ivabradine

Alive
(15 years)

No Autism 
spectrum
disorder

AbbreviationsGE Gestational Age; CMP cardiomyopathy; FGR fetal growth restriction; IUFD intrauterine fetal death; VAD Ventricular assist device; HTx Heart 
Transplantation
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Abbreviations
DCM	� Dilated Cardiomyopathy
HCM	� Hypertrophic Cardiomyopathy
WES	� Whole Exome Sequencing
NGS	� Next Generation Sequencing
CMPs	� Cardiomyopathies
HF	� Heart Failure
LV	� Left Ventricle
LVEF	� Left Ventricle Ejection Fraction
CAD	� Coronary artery disease
(LBBB)	� Left bundle branch block
TTE	� TransThoracic Echocardiography
SCD	� Sudden Cardiac
CMR	� Cardiac Magnetic Resonance
LGE	� Late Gadolinium-Enhancement
EDV	� End-diastolic volume
ESV	� End-systolic volume
OFC	� Occipital frontal circumference
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