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Loss of Nexilin function leads to a recessive lethal fetal
cardiomyopathy characterized by cardiomegaly and
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Abstract

The Nexilin F-Actin Binding Protein (Nexilin) encoded by NEXN is a cardiac Z-disc
protein important for cardiac function and development in humans, zebrafish, and
mice. Heterozygote variants in the human NEXN gene have been reported to cause

dilated and hypertrophic cardiomyopathy. Homozygous variants in NEXN cause a
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by a lethal form of dilated cardiomyopathy. Whole-exome sequencing and variant
analysis revealed that the affected fetuses were homozygous for a NEXN variant
(NM_144573:c.1302del;p.(lle435Serfs*3)). Moreover, autopsy and histology staining
declared that they presented with cardiomegaly and endocardial fibroelastosis. Immu-
nohistochemistry staining for Nexilin in the affected fetuses revealed reduced anti-
body staining and loss of striation in the heart, supporting loss of Nexilin function.
Clinical examination of carriers confirmed dilated
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dial fibroelastosis.
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1 | INTRODUCTION

Cardiomyopathy (CMP) is a heterogeneous group of diseases with
structural and/or functional impairment of the myocardium. Dilated
cardiomyopathy (DCM) is one CMP subtype, defined as enlargement
of the left or both ventricles and impaired systolic function that can-
not be explained by aberrant loading conditions or coronary artery
disease (Elliott et al., 2007; Pinto et al., 2016). DCM affects more than
1:2500 to 1:250 individuals worldwide, highly influenced by ethnicity,
gender, age, and lifestyle factors (Codd et al., 1989; Hershberger
et al., 2013; Maron et al., 2006; Mckenna & Judge, 2021). Approxi-
mately 20-50% of DCM cases are familial (Hershberger et al., 2009;
Hershberger et al., 2013) and other causes include infection, meta-
bolic disease, and autoimmunity (Maron et al., 2006). More than
100 genes have been associated with familial DCM, most often with
an autosomal dominant inheritance (Mcnally & Mestroni, 2017;
Morales & Hershberger, 2013). Many genetic variants causing familial
DCM present with incomplete penetrance or age-dependent expres-
sion within the same family, ranging from asymptomatic to cardiac
death (Baig et al., 1998; Mahon et al., 2005; Mckenna & Judge, 2021).

Fetal cardiomyopathies are rare, and to our knowledge, familial
lethal fetal cardiomyopathies have only been reported in Barth syn-
drome caused by biallelic missense, splice, and stop gain variants in
the TAZ gene (OMIM #302060), and six other families (Haug
et al, 2001; Lieberwirth et al., 2021; Martins et al., 1996; Sardesai
et al,, 2001). Two of these families presented with a genetic diagnosis
in SLC30A5 (OMIM #607819) (homozygous NM_022902.4:
€.832_836del;p.(lle278Phefs*33) and NM_022902:¢.1981_1982del;p.
(His661Tyrfs*10)).

Previously, heterozygous variants in the NEXN gene have been
reported to cause DCM and hypertrophic CMP with various ages of
onset (0-67 vyears), inherited in an autosomal dominant mode
(Andersen et al., 2019; Bruyndonckx et al., 2021; Gigli et al., 2019;
Hassel et al., 2009; Kean et al., 2019; Klauke et al., 2017; Richard
et al., 2019; Verdonschot et al., 2018; Waldmdiller et al., 2015; Wang
et al., 2010; Zhang et al., 2020). Only three DCM families with a
recessive inheritance pattern in this gene has been described before,

cardiomyopathy (two individuals), other cardiac findings (three individuals), or no car-
diac deviations (two individuals), indicating incomplete penetrance or age-dependent
expression of dilated cardiomyopathy. RNA sequencing spanning the variant in cDNA
blood of heterozygote individuals revealed nonsense-mediated mRNA decay of the
mutated transcripts. In the current study, we present the first natural course of the
recessively inherited lethal form of human fetal cardiomyopathy caused by loss of
Nexilin function. The affected family had uneventful pregnancies until week 23-24,

followed by fetal death at week 24-30, characterized by cardiomegaly and endocar-

cardiomyopathy, lethal, Nexilin, NEXN

associated with a homozygous three base pair deletion (NM_144573:
c.1582_1584del;p.[Glu52%del]) (Al-Hassnan et al., 2013), a homozy-
gous stop gain variant (NM_144573:c.1174C>T; p.[Arg392*])
(Bruyndonckx et al., 2021), and compound heterozygote variants in
NEXN (nonsense NM_144573:c.1756A>T;p.(Lys586*), frameshift
NM_144573:c.1909_1912del;p.(Tyr637Alafs*684)) (Rinaldi
et al., 2020). To our knowledge, lethal fetal cardiomyopathies caused
by biallelic variants in NEXN have only been reported in two patients
before, where the affected fetus had an emergency cesarean
section or terminated pregnancy (Bruyndonckx et al., 2021; Rinaldi
et al., 2020). The natural course of lethal fetal cardiomyopathies cau-
sed by biallelic variants in NEXN has not been described before.

The Nexilin F-Actin Binding Protein (Nexilin), encoded by the
NEXN gene, is a filamentous actin (F-actin) binding protein important
for cell adhesion (Ohtsuka et al., 1998; Wang et al., 2005), migration
(Wang et al., 2005), and stabilization of Z-discs within the cardiac
muscle sarcomere (Hassel et al., 2009). Cardiac-selective expression
of NEXN negatively regulates cardiac differentiation and is suggested
to lead to atrial septal defects by inhibiting the transcription factor
GATA4, known to be important for cardiac development (Yang
et al, 2014). Ectopic expression of missense variants and non-
frameshift deletions in NEXN (p.Tyr652Cys, p.Pro611Thr, p.
Gly650del) resulted in DCM symptoms in zebrafish, reversed by injec-
tion of wildtype Nexilin, indicating a dominant-negative effect (Hassel
et al, 2009). In addition, Nexilin is central for smooth muscle cell
structure and function (Zhu et al., 2018) and influences glucose trans-
port in these cells (Lee et al., 2013). NEXN has been reported to be a
susceptibility gene for coronary artery disease (Wu et al., 2013) and
lung cancer (Yuan et al., 2016). Biallelic Nexn variants in mice result in
severe DCM, leading to early lethality in global and cardiomyocyte-
specific knock-out (Nexn —/—) mice (Aherrahrou et al., 2016; Liu
et al., 2019) and survival until adulthood in homozygous p.Gly645del
mice (Liu et al., 2019). Heterozygous mice of the same studies dis-
played mild DCM after birth, but this effect could not be observed in
follow-up studies at 3 or 10 months of age (Aherrahrou et al., 2016,
Liu et al., 2019). Loss of Nexn in adult mouse cardiomyocytes leads to

impaired cardiac function, cardiac stress, and DCM, indicating an
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important role not only in heart development but also for the mainte-
nance of cardiac architecture in adults (Spinozzi et al., 2020).

The current study describes the first lethal fetal dilated cardiomy-
opathy (IfDCM) caused by a biallelic c.1302del;p.(lle435Serfs*3) vari-
ant in the NEXN gene (NM_144573). The variant segregated with
disease in a non-consanguineous four-generation family, where het-
erozygous carriers presented with incomplete penetrance or age-
dependent expression of DCM. Functional analysis of the identified
variant showed loss of Nexilin function by reduced RNA and protein
expression (nonsense-mediated decay of mutated transcripts), loss of
striation in the heart as well as fibrosis. In summary, we confirm NEXN
as a new gene for a recessively inherited lethal form of fetal cardiomy-
opathy characterized by cardiomegaly and endocardial fibroelastosis.

2 | METHODS

2.1 | Ethical consent

Prior to the initiation of the study, the local ethics committee for
human research in Uppsala, Sweden, approved this study (Dnr
2015/093). Informed consent was obtained from all participants and
legal guardians (for participants below 18 years of age). All clinical
investigations and genetic analyses were conducted in accordance
with the guidelines of the Declaration of Helsinki.

carrier carrier

2.2 | Clinical characteristics and variant
identification
221 | Patient material

A Swedish, non-consanguineous, four-generation family of 42 individuals
was recruited by Clinical genetics, Uppsala University Hospital, Sweden.
Seventeen individuals were included in the clinical and genetic study
(Figure 1). Individuals 1V:5, IV:6, and IV:7 were affected by IfDCM and
individuals 111:2 and 11:3 presented with late-onset DCM.

2.2.2 | Clinical genetic testing and ultrasound
investigations

Clinical genetics testing was performed on all three fetuses described
in Supplementary material. Detailed fetal echocardiograms of fetus
IV:6 and IV:7 were performed by pediatric cardiologists and retro-
spectively reviewed.

2.2.3 | Autopsy and microbiological investigation

Autopsies on fetus IV:5, IV:6, and IV:7 were performed by a perinatal

pathologist at the Department of Clinical Pathology, Uppsala
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A four-generation family affected with three recurrent intrauterine fetal deaths (IUFD) were investigated for a pathogenetic

variant in NEXN (NM_144573:c.1302del). (a) This family consists of 42 individuals. Seventeen individuals were included in the clinical and genetic
study. Heterozygote carriers with confirmed dilated cardiomyopathy (DCM) are highlighted in gray. Homozygous fetuses with lethal fetal dilated
cardiomyopathy (IfDCM) are highlighted in black. LBBB = left bundle branch block. (b) Pictures of the fetal hearts (IV:5-7) with cardiomegaly.

(c) The NEXN variant segregated in the family with obligate carriers being heterozygous and affected fetuses homozygous. Sequencing result

using the reverse primer is shown



JOHANSSON ET AL

AMERI.CAN JOURNAL'UF PART 1679
medical genetics w1 LEYJ—

University Hospital, Sweden. A standard autopsy protocol for
photographing, external examination, and dissection was followed.
Tissue specimens from the organs were collected for histologic exami-
nation using a standard sampling protocol. A microbiological examina-
tion was performed on the liver and lung samples of fetus IV:6 for
Enterovirus RNA, Parvo B19-DNA, CMV-DNA, HSV 1-DNA, HSV
2-DNA, and Toxoplasma gondii.

224 | Whole-exome sequencing

DNA was extracted from blood using the automated QIAsympony
system (QIAGEN). Exome sequencing was performed on 100 ng of
DNA from the mother 1l1:10 and one affected fetus IV:7 at Uppsala
Genome Center using Ampliseq (Life Technologies) and lon Proton
(Life Technologies). DNA library preparation was performed using the
lon AmpliSeq Exome Library Preparation protocol (Revision A.O, Life
Technologies). Reads were aligned to the human genome assembly
hgl19, and variant detection was performed using Torrent Suite Soft-
ware version 4.0. Variant annotation was obtained from dbSNP137
and ANNOVAR, and the data were compared to reference genomes
in our in-house database CanvasDB (Ameur et al., 2014) (github.com/
UppsalaGenomeCenter/CanvasDB). Only variants following the
suspected recessive inheritance pattern with rare allele frequencies
<1% in CanvasDB and gnomAD (https://gnomad.broadinstitute.org)
(Karczewski et al., 2020) were considered. The predicted variant
effect on the encoded protein was assessed using MutationTaster
(http://www.mutationtaster.org/) and MetaDome (https://stuart.
radboudumc.nl/metadome/) (Wiel et al., 2019).

2.2.5 | Cardiomyopathy NGS gene panel

To certify that no additional variant segregated with the lethal fetal car-
diomyopathy in this family, exome sequencing was performed of individ-
ual llIl:2. In brief, 50 ng genomic DNA was used for target enrichment
using Twist Comprehensive exome (Twist Target Enrichment Protocol,
Twist Bioscience). Enriched DNA was sequenced on lllumina NextSeq550
with 150 bp paired-end reads. Alignment of raw data to hg19 and variant
calling was performed using Bcbio-nextgen 1.1.5-b pipeline tool (https://
github.com/chapmanb/bcbio-nextgen).  Filtering of variants from
121 genes (Supplementary material) associated with cardiomyopathy con-
ditions was performed using MOON software (www.diploid.com/moon).
The filtering was performed with recessive, dominant, and X-linked
modes using the following criteria: depth 28, genotype quality 240, and
MAF frequency <1% in gnomAD and Diploid. Only coding variants and

flanking exon/intron boundaries +/—10 bp were considered.

2.2.6 | Segregation analysis

To analyze the segregation pattern for the NEXN variant

(NM_144573:c.1302del;p.(lle435Serfs*3)), genomic DNA from

16 individuals was PCR amplified using standard PCR conditions fol-
lowing Sanger sequencing, performed in both forward and reverse
directions. Primers used for PCR and sequencing were forward 5'-
CAC AGG AAT TCA AGG CCA GC-3' and reverse 5-GCA AGA AGG
AGA GCA ATT GACC-3, creating a PCR product of 267 bp. Sequence
analysis was performed using CodonCode Aligner 5.0.1 software
(CodonCode Corporation, www.codoncode.com). To investigate the
region for recombination and to identify a potential founder effect,
the region harboring the NEXN variant (NM_144573:c.1302del;p.
(lle435Serfs*3)) was analyzed for homozygosity by using SNPs in
exome sequencing data of one of the affected fetuses (IV:7). To con-
firm the shared haplotype block, exome sequencing data of the
(1:20)  was

heterozygote form.

mother analyzed for the same variants in

2.2.7 | Clinical examinations of dilated
cardiomyopathy in heterozygous carriers

Since heterozygote variants in NEXN have been associated with DCM
previously (Andersen et al., 2019; Hassel et al, 2009; Kean
et al., 2019; Wang et al., 2010; Zhang et al., 2020), seven heterozy-
gous carriers (11:3, II:5, 11:11, 11:12, 111:2, 111:10, and 1ll:11) of the NEXN
variant were clinically examined for DCM at age 32-67 years by two
cardiologists. The examination comprised echocardiography including
estimation of ejection fraction, electrocardiography (ECG), blood pres-
sure, and N-terminal prohormone of brain natriuretic peptide (NT-

pro-BNP) measurement.

2.3 | Functional analysis of the NEXN variant

2.3.1 | RNA studies

RNA was extracted from blood of two heterozygote carriers (l11:10,
I11:11) and controls using Trizol Reagent Ultra Pure (ThemoFisher Sci-
entific), according to standard protocols. cDNA synthesis was per-
formed with 150 ng of the total RNA as a starting material, according
to Maxima H Minus First Strand cDNA Synthesis Kit using Oligo(dT)
primers (ThemoFisher Scientific). Primers used for PCR were forward
5-TTT TGA AGA AGC AAG GCG GC-3' and reverse 5-GGA GCC
TCG CTT TTT CTT GC-3', located in exon 8 and 12 (NM_144573) to
create a PCR product of 678 bp (NM_144573, NM_001172309). PCR
and Sanger sequencing were performed according to standard condi-
tions, and sequence analysis was performed using CodonCode Aligner

5.0.1 software (CodonCode Corporation, www.codoncode.com).

2.3.2 | Immunohistochemistry
Heart tissue from the affected fetuses (IV:5, IV:6, and 1V:7) as well as
two control intrauterine fetal death (IUFD) fetuses of the same age

and with no suspected heart disease were used. The formalin-fixed
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and paraffin-embedded heart tissues were cut into 4 um sections. The
specimens were stained with a polyclonal antibody, NEXN-
TA590405, specific for the N terminus region of the target protein
(Origene, 1:150 dilution). The peptide sequence for the antibody is
gddsllitvvpvksyktsgkmkknfedlekereekerikyeedkriryeeqrpslkeakclsivm-
ddeieseakke slspgklkitfeelergrgenrkk, corresponding to amino acids
43-142 of the 217 long GeneBank sequence AAH55084. Microscopic
examinations were performed using light microscope (Olympus BX46)

and pictures were taken at magnitude of 20x and 40x.

2.3.3 | Histological studies

Formalin-fixed and paraffin-embedded heart tissue were cut into
4 um sections from the same individuals as above and stained for his-
tological examination. Standard hematoxylin and eosin (H&E) staining
was used for histologic evaluation. To detect collagen fibers, Masson's
Trichrome (MAT) and Sirius Red (SR) staining were used. Verhoeff-
Van Gieson (VVG) staining was used to detect the elastin fibers.
Microscopic examinations were performed using light microscopy
(Olympus BX 46), and pictures were taken at magnitude 4x, 10x,
20x, and 40x. Measurements were performed to quantify collagen
and elastin using Image) with 10 measurements/per image for MAT,
SR, and VVG images generated with light microscope (4xand 20x).
The mean values for each individual and group (cases or controls)

were calculated, and bar plots were generated using Rstudio.

3 | RESULTS

3.1 | Clinical characteristics and variant
identification

3.1.1 | Family history, clinical genetic testing, and

ultrasound investigations

A family of Swedish descent was recruited to the research project
because of recurrent intrauterine fetal deaths (IUFD) caused by DCM
(IV:5-7, Figure 1a). The mother (l11:10) had a BMI of 39 but no diabe-
tes or hypertension. She had exertional asthma, fibromyalgia, and had
previously undergone surgery for gallstones. The parents had a total
of four pregnancies described below. Screening of blood from the
mother showed no autoimmunity (lupus anticoagulant ANA, anti-
cardiolipin, anticoagulant activated protein C, anti-SSA, anti-Sjégren's
syndrome type B antibodies).

The first pregnancy (IV:5) at maternal age of 21 years was
uneventful until week 24 + O when IUFD was noted. The test results
for FISH analysis and QF-PCR on amnion cells on chromosomes
13, 18, and 21 were normal and the gender was female (XX).
Karyotyping was not possible due to bacterial contamination. The
fetus was sent for autopsy.

The second pregnancy (IV:6) at maternal age of 22 years was

referred for regular ultrasound investigation due to the previous

history of IUFD. The pregnancy was uneventful until pregnancy week
23 when the reduction of fetal movements was noted. Fetal cardiac
ultrasound of the female fetus (IV:6) was performed at 23 weeks of
gestation by a pediatric cardiologist and showed generalized hydrops
with significant bilateral pleural and pericardial effusion and ascites.
The fetal heart was enlarged with an abnormal cardiothoracic index
over 0.6. A primary DCM was suspected. The right ventricle was
hyperechogenic suggesting the presence of endocardial fibroelastosis
(EFE) and showed an almost complete akinesia. A mild regurgitation
of the tricuspid valve with a Vmax of 2 m/s and a moderate regurgita-
tion of the pulmonary valve were detected. The left ventricle was
dilated and hypocontractile. No mitral regurgitation was shown.
Doppler studies showed increased mean pulsatility index into the
umbilical artery with almost zero end-diastolic flow. No structural car-
diac or extracardiac abnormalities were detected. No intrauterine
growth retardation was seen. Genetic testing of the PRKGA2 gene
was performed without remarks. The test results for amniocentesis,
QF-PCR, and FISH for chromosomes 13, 18, and 21 were normal, and
the gender was female (XX). Fetal death occurred at 25 weeks of ges-
tation. The fetus was sent for autopsy.

The third pregnancy (IV:7) at maternal age of 23 years was closely
followed up with repeated fetal scans every second week from gesta-
tion week 19. The first fetal echocardiography performed by a pediat-
ric cardiologist (week 19) was unremarkable. Fetal echocardiography
at 23 weeks of gestation revealed a mild regurgitation of the tricuspid
valve, dilated right atrium, mildly dilated left atrium, and contractility
reduction. The size and systolic function of the fetal heart was normal
with cardiothoracic index of 0.5 and fractional shortening (FS) 28%
for both ventricles. No ascites, pleural, or pericardial effusions were
detected. Doppler studies of the umbilical artery, umbilical vein, and
ductus venosus were normal with pulsatility index in the umbilical
artery Pl 1.23. Subsequent fetal echocardiography at 25 weeks of ges-
tation revealed marked enlargement of the fetal heart with C/T index
of 0.65. Both ventricles were significantly dilated with hyper-
echogenic and poorly contracting myocardium predominately in the
right ventricle. The estimated Z-scores for left ventricular end-
diastolic diameter (LVEDD) and right ventricular end-diastolic diame-
ter (RVEDD) were +3.2 and +3.1, respectively. A moderate
holosystolic regurgitation of tricuspid valve was seen. No signs of
hydrops were detected. Doppler studies revealed abnormal findings,
including absent end-diastolic flow in the umbilical artery and umbili-
cal venous pulsations. The calculated fetal cardiovascular profile score
(CVPS) of 5 indicated a high risk for IUFD. Repeated ultrasound evalu-
ation at 27 and 30 weeks of gestation showed significant progression
of fetal heart failure. Fetal scans revealed the presence of marked sub-
cutaneous edema, ascites, bilateral pleural effusion, and pericardial
effusion, striking enlargement of the heart with biventricular dilatation
(C/T index >0.7), pronounced systolic dysfunction, signs of EFE,
holosystolic regurgitation of the tricuspid valve, and abnormal doppler
profiles with absent/reversed end-diastolic flow in umbilical artery
and umbilical venous pulsations. Based on those findings, the esti-
mated CVPS at week 30 was two. Genetic testing started by sequenc-

ing a dilated cardiomyopathy gene panel (27 genes) including the
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mitochondrial genome, but no pathogenic variants were found. Test-
ing of the mitochondrial genome only revealed a likely benign variant
in MT-ATPé (m.9007A>G), which was excluded due to no segregation
with the disease. The third affected fetus (IV:7) died at week 30 + 5
and was sent for autopsy.

The fourth pregnancy (IV:8) was at maternal age of 30 years. Pre-
natal testing of the NEXN variant was done through chorion villi sam-
pling. The fetus was a heterozygous carrier of the variant. QF-PCR
(chromosome 13, 18, and 21, male fetus XY) was performed and no
aberrations were found. During the pregnancy, the mother developed
hypertension, and later also preeclampsia. A cesarian section was per-
formed in pregnancy week 24 + 5 due to intrauterine growth retarda-
tion (—37%) and reduced umbilical blood flow. The child (IV:8) died at
age 19 days due to multiorgan failure and necrotizing enterocolitis
combined with extreme prematurity. Microarray performed on post-

mortem lung tissue was normal.

3.1.2 | Autopsy and microbiological investigation

The three fetuses affected by IUFD and DCM deviations (IV:5, 1V:6,
IV:7) underwent autopsy at Uppsala University Hospital, Sweden.
They presented moderate to severe autolytic changes but no other
external malformations. The first fetus (IV:5) presented cardiomegaly
but with no further heart malformations. The second fetus (IV:6) had
cardiomegaly, left ventricle hypertrophy with pale endocardium and
dilatation of the right side of the heart. The third fetus (IV:7) pres-
ented cardiomegaly, dilatation of the right side of the heart, and
biventricular apical hypertrophy was seen in both chambers. Fetus
1IV:7 also presented pericardial and pleural effusion and lung hypopla-
sia (lung weight/body weight 0.010). Pictures of the fetal hearts are
presented in Figure 1b. A standard microbiological examination was

performed of fetus IV:6 with no viral infection detected.

3.1.3 | Whole-exome sequencing

Exome sequencing was performed on genomic DNA from the mother
and one affected fetus. The data were analyzed in a recessive mode
and filtered against our in-house database, consisting of 1424
exomes. When applying the filters, only one single variant was identi-
fied, a deletion of a G in NEXN (NM_144573) at genomic position
chr1:78401557 (hgl9), NM_144573:c.1302del, leading to a frame-
shift and predicting a premature stop codon in exon 11 of 13, p.
(lle435Serfs*3). This variant has been reported in ClinVar as a hetero-
zygote variant of uncertain significance in a child presenting with left
ventricular noncompaction cardiomyopathy (National Center for Bio-
technology Information, VCV001018253.1, https://www.ncbi.nim.
nih.gov/clinvar/variation/VCV001018253.1, accessed April 28, 2021)
(Landrum et al., 2018). The variant has an allele frequency of 3.2e-5 in
gnomAD v2.1 and interestingly, all eight heterozygous carriers are of
Swedish descent (population-specific allele frequency 3.1e-4), hypo-

thetically because of the founder effect and a common haplotype.

The NEXN gene is moderately depleted from heterozygous loss-of-
l'oeuf score of 0.78 (www.gnomad.
broadinstitute.org/; obtained 2021-02-21) (Karczewski et al., 2020).

To summarize, this variant has not previously been reported in a

function variants with

homozygous form. MutationTaster predicts the variant to have dam-
aging effects on the protein function, resulting in nonsense-mediated
mMRNA decay (Schwarz et al., 2014). MetaDome predicts amino acid
position 435 and onwards to be intolerant to changes (Wiel
etal., 2019).

3.1.4 | Cardiomyopathy NGS gene panel

To investigate if additional variants segregated with the lethal fetal
cardiomyopathy in this family, a recessive, X-linked, and dominant fil-
tration against 121 genes associated with cardiomyopathy was per-
formed on DNA extracted from whole blood of the heterozygote
NEXN carrier (lll:2). This revealed five potential variants for further
investigations: three missense variants were located in TTN
(rs140909116, rs72677237, and rs72646885) and one missense vari-
ant in DSP (rs78652302). All variants were excluded because they
were classified as benign in ClinVar and/or had an allele frequency of
>0.67% in gnomAD. The only variant that remained was the heterozy-
gote variant in NEXN (NM_144573:c.1302del;p.(lle435Serfs*3)).

3.1.5 | Segregation analysis

To verify the ¢.1302del variant in NEXN and analyze the segregation pat-
tern, Sanger sequencing was performed spanning the variant in 16 avail-
able individuals. All affected fetuses (IV:5, IV:6, and IV:7) were
homozygous for the mutation and their parents (I11:10 and 1ll:11), grand-
parents (II:5 and 1:11), and other relatives (1I:3, 11:12, and lll:2) were het-
erozygous. Six investigated individuals (II:1, 11:2, I1:4, 1I:6, 1I:9, and 11:10)
were homozygous for the wildtype allele (Figure 1c and Table S1). In the
fourth pregnancy (IV:8), the family was offered fetal diagnostics on CVS
using Sanger sequencing spanning the identified NEXN variant in a clini-
cal setting. The fetus (IV:8) was heterozygote for the NEXN variant. To
investigate whether the mutation reflects the presence of a mutational
hot spot or a common founder, a haplotype analysis of the region was
performed. The result revealed a homozygous haplotype block of
1.7 Mb spanning chr1:77634948-78426231 (hg19). The average recom-
bination rate is 0.3-1 ¢cM/Mb for this region in the human genome
(based on deCODE) (Kong et al., 2002; Kong et al., 2010; Kent
et al, 2002). A founder effect for this mutation is suggested by the
shared 1.7 Mb haplotype on chromosome 1.

3.1.6 | Clinical examinations of dilated
cardiomyopathy in heterozygote carriers

In the extended pedigree, the seven carriers were further investigated
(11:3, 11:5, 11:11, 11:12, 111:2, 11I:10, and 111:11) at the age of 32-67 years.
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Two individuals presented with a DCM diagnosis at examination (I11:2
age 37 and II:3 age 59), and the others presented with cardiac findings
such as left bundle branch block (11:11), sinus tachycardia (111:10, 111:11),
borderline septal thickening (l11:11), or no cardiac deviations (l1:5, I1:12)
indicating incomplete penetrance or age-dependent expression of
dilated cardiomyopathy. Variable cardiac findings of all heterozygous
NEXN carriers are presented in Table S2.

Individual 11:3 could have had DCM earlier in life. She had
episodes of tachycardia and central chest pain from the fifth
decade. Stenosis of the left anterior descending (LAD) coronary
artery was found and treated. The additional heart condition was
never suspected, which is why echocardiography was delayed
until the age of 59 years. There were no signs of restenosis of
the LAD.

Individual 11l:2 was considered to be a candidate for a heart trans-
plant due to severe signs of heart failure (NYHA class 3A) and high
NT-proBNP and ejection fraction of 15%. Individual 11:3 showed great
improvement after ICD and medication; furthermore, upon clinical

(a)
0 234 5 678 o
NEXN [] [ | | Il
cDNA |
U
c.995A>C c.1416_1418del
¢.835C>T
¢391C5G | o g3acan c-1396A>C
c.1174C>T
¢.620A>G ¢.1174C>T
c.1582_1584de
¢.1587_1589del
Nexilin
protein
(c)
Control

examination at age 67, she had NYHA class 2, normal NT-proBNP,
and only minor reduction of ejection fraction.

3.2 | Functional analysis of the NEXN variant

3.2.1 | RNA studies

RNA sequencing of NEXN (NM_144573) was performed in the het-
erozygote parents (l11:10, 1ll:11) and controls with primers spanning
exon 8-12. Three different isoforms were detected in all individuals:
full-length transcript, skipping of exon 10-11, and skipping of only
exon 11 (Figure 2a-c). No differences were observed in the heterozy-
gote carriers (I11:10 and 111:11) compared to the healthy unrelated con-
trols without the NEXN c¢.1302del variant, indicating detection of
novel transcripts in the general population. The two novel isoforms
(exon skipping of 10-11, and only 11) are in frame, and hypothetically
functional. The variant could not be identified in heterozygote

111 + -

11:10

(b)

13 678 bp
420 bp

222 bp

c.1909_1912del
c.1909_1912del*

1831C>A

C.1756A>T* (c)

c.1723G>T ¢.1302delG

not detected

VAVAVAVA

Father III:11

Mother III:10

FIGURE 2

Functional analysis of the NEXN variant reveals reduced Nexilin expression, degraded muscle fibers, and loss of striation in the

heart. (a) Schematic of the NEXN transcripts and the predicted protein domains of the human Nexilin protein. In gray and white are the exons
with little to no expression in adult heart respectively. All previously reported cardiomyopathy patients associated with NEXN variants of
autosomal dominant inheritance (black) and autosomal recessive inheritance (red) are included in the schematic. IGcam = immunoglobulin

superfamily class domain, * = compound heterozygote variants. (a, b) RNA studies reveal two new isoforms of NEXN transcripts (yellow and pink),
identified in both cases and controls, suggesting novel transcripts of the general population. The region spanned by the PCR are highlighted with
a dotted square. (c) RNA studies of heterozygote parents could not identify the c.1302del variant (NM_144573), suggesting that the variant
introduces nonsense-mediated mMRNA decay. The chromatogram in the figure was performed using forward primer. (d) Immunohistochemistry of
paraffin-embedded heart tissues of affected fetuses (case) and age-matched controls using the NEXN antibody (NEXN-TA590405) indicated loss
of Nexilin function by reduced Nexilin expression, degraded muscle fibers, and loss of cross striations in the heart
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parents, confirming that nonsense-mediated mRNA decay removes

the mutated transcripts (Figure 2c).

3.2.2 | Immunohistochemistry

Sections of paraffin-embedded hearts tissue from the affected fetuses
(IV:5, IV:6, and IV:7) and two age-matched controls were stained with
a polyclonal antibody, NEXN-TA590405. Immunohistochemistry
staining of cases revealed degraded muscle fibers with a loss of cross
striations. Furthermore, the affected fetuses have reduced normal
NEXN antibody staining of the myofibrils and unspecific staining in
clumps (Figure 2d, Figure S1). This observation could not be seen in
the age-matched IUFD controls.

3.2.3 | Histological studies

Microscopic analyses were performed on sections of the heart from
the same individuals as above. H&E staining of the heart sections rev-
ealed a thickening of the endocardium and degraded muscle fibers
with a loss of striation. MAT staining revealed an increased deposition
of collagen fibers (stained in blue) in all affected fetuses compared to
the controls. Increased deposition of elastin deposits was detected
with SR (stained in red) and VVG (stained in dark purple) in cases com-
pared to controls (Figure 3a, Figure S2). Quantification of elastin and
collagen revealed a great increase in the cases compared to the con-
trols (Figure 3b,c, Table 1, Table S3).

4 | DISCUSSION

Here, we describe the first natural course of a lethal fetal form of
DCM (IfDCM) caused by a biallelic variant in NEXN (NM_144573:
¢.1302del;p.(lle435Serfs*3)). The variant segregated with a recessive
inheritance pattern in a large pedigree of four generations (Figure 1,
Table S1). All three fetuses affected by IFfDCM presented with a
homozygous genotype, while heterozygous carriers presented with
DCM of incomplete penetrance or age-dependent expression (cardiac
deviations of carriers described in Table S2). We propose that the
¢.1302del variant in NEXN possibly is a founder mutation, due to the
long homozygous haplotype spanning 1.7 Mb in the affected fetus.
This haplotype spans seven genes, but the age of the mutation cannot
be estimated due to the limited numbers of individuals analyzed. The
IfDCM characteristics included an uneventful pregnancy until week
23-24 and intra uterine fetal death (IUFD) at week 24-30. IUFD and
severe DCM caused by biallelic loss-of-function variants in NEXN var-
iants were confirmed by two previous reports (Rinaldi et al., 2020;
Bruyndonckx et al, 2021) and studies on Nexn global and
cardiomyocyte-specific  knock-out (—/—) mice (Aherrahrou
et al., 2016; Liu et al., 2019). Fetal echocardiography in affected
fetuses of our study was compatible with DCM, but the DCM char-

acteristics could not be confirmed with micro- and macroscopic
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examination due to autolytic changes. The affected fetuses (IV:5-7)
had thickening of the ventricular endocardium, defined as endocar-
dial fibroelastosis (EFE). The EFE diagnosis was confirmed with his-
tology staining, revealing a distinct increase of connective tissue
and elastic fibers in all three fetuses' hearts (IV:5-7) (Figure 3,
Table 1, Figure S1, Table S3). EFE is a common finding reported in
25% of pediatric DCM patients (Seki et al., 2013), and has only
been reported in this IfDCM subtype once before (Bruyndonckx
et al., 2021). The EFE phenotype is further confirmed by a mice
study, where Nexn —/— mice present with DCM progression and
EFE (Aherrahrou et al., 2016).

The genetic diagnosis in the current study is strengthened by
screening for variants in other known cardiomyopathy genes and
ruling out other known potential disease-causing factors such as dia-
betes, infection, and autoimmunity. In addition, a ClinVar report, vari-
ant predictions using MutationTaster, MetaDome, gnomAD, and
functional studies using RNA sequencing, histology staining, and
immunohistochemistry strengthen the diagnosis. ClinVar has reported
this variant as a heterozygote variant of unknown significance in a
child with cardiomyopathy, confirming the variant's association with
DCM in heterozygote form (Landrum et al., 2018). MutationTaster
(Schwarz et al., 2014) and MetaDome (Wiel et al., 2019) predict the
variant to be damaging on the protein function (Figure S2), resulting in
nonsense-mediated mRNA decay. In addition, gnomAD is moderately
depleted from loss-of-function variants in NEXN (l'oeuf = 0.78) with
no homozygous variants (besides one late homozygous variant likely
escaping nonsense-mediated mMRNA decay because of last exon rule),
as expected by lethal conditions caused by recessive loss (Karczewski
et al., 2020). RNA sequencing spanning the variant in cDNA synthe-
sized from RNA extracted from blood of heterozygote individuals
showed only expression of the wildtype allele (Figure 2c). This sug-
gests that the mutated allele was targeted and removed by nonsense-
mediated mRNA decay, effect by

haploinsufficiency in blood. Furthermore, the RNA analysis revealed

indicating a damaging
two novel NEXN transcripts present in the general population that
was not affected by the variant (Figure 2a), suggesting that these tran-
scripts, if present in relevant tissues, are not enough for compensa-
identified

immunohistochemistry in fetal hearts showed a reduced normal

tion. Functional analysis of the variant  using
NEXN antibody staining of the myofibrils and unspecific staining in
clumps and striation in the heart (Figure 2d, Figure S1), supporting the
genetic diagnosis and loss of Nexilin function. Complete loss of NEXN
antibody staining in affected fetuses was not observed, which is con-
sistent with previous findings using a different antibody (Bruyndonckx
et al., 2021). This could possibly be explained by the novel transcript
isoforms identified in this study, which are not affected by the investi-
gated c.1302del and c.1174C > T variants (Bruyndonckx et al., 2021)
(Figure 2a-c), unspecific antibodies, and/or a truncated Nexilin pro-
tein in the heart. In addition, samples from the affected fetuses had
autolytic changes that could possibly have affected the histology find-
ings; however, no staining reduction was seen in the age-matched
IUFD controls. The variant loss-of-function effect was supported by

the phenotypic overlap (including lethality) with NEXN knock-out
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FIGURE 3  Endocardial fibroelastosis (EFE) as a characteristic for lethal fetal dilated cardiomyopathy (IfDCM) caused by a homozygous variant in
NEXN. (a) Histology staining of heart sections from three affected fetuses (cases) and two age-matched controls revealed increased deposition of
collagen and elastin in cases compared to controls. Staining was performed with Hematoxylin & Eosin (H&E), Masson's trichrome (MAT), Sirius red (SR),
and Verhoeff-Van Gieson (VVG). The scale bars in the top images are 200 pm, and 50 pm in the zoomed in images below. (b) Barplots visualizing the
increase in width of connective tissue and elastic fibers in the above heart sections of the same individuals. The values are mean values of the width
(pixels) from 10 representative measurements per individual in histology-stained slides with 20x of magnitude (C) and 4x of magnitude

(—/—) mice (Aherrahrou et al., 2016; Liu et al., 2019) and the two pre- Heterozygous variants in NEXN have previously been described
viously described IfDCM patients with biallelic LoF variants in NEXN in 31 patients with DCM or HCM (Table S4) with various ages of
(Rinaldi et al., 2020; Bruyndonckx et al., 2021). onset, ranging from infantile to adult (Andersen et al., 2019;
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TABLE 1 Quantification of elastin and collagen in the heart sections from three affected fetuses (cases) and two age-matched controls
Histology IV:5 mean IV:6 mean 1V:7 mean Control | mean Control Il mean Cases mean Control mean
VVG (x4) 45 75 36 29 10 52 20
VVG (x20) 227 250 176 124 16 217 70
SR (x4) 47 91 29 30 12 56 21
SR (x20) 166 401 116 82 27 228 55
MAT (x4) 53 89 39 33 15 61 24
MAT (x20) 436 812 143 132 18 464 75

Histology staining was performed with Hematoxylin & Eosin (H&E), Masson's trichrome (MAT), Sirius red (SR), and Verhoeff-Van Gieson (VVG). The values
are mean values of the width (pixels) from each individual (10 measurements) and group (cases or controls) in histology-stained slides with 20x of

magnitude and 4 x of magnitude.

Bruyndonckx et al., 2021; Gigli et al., 2019; Hassel et al., 2009; Kean
et al, 2019; Klauke et al., 2017; Richard et al., 2019; Verdonschot
et al., 2018; Waldmiiller et al., 2015; Wang et al., 2010; Zhang
et al., 2020). The carriers in this family with a DCM diagnosis (11:3 and
Ill:2) show consistent characteristics with the previously described
heterozygous DCM individuals of the NEXN gene (Bruyndonckx
et al., 2021; Gigli et al., 2019; Hassel et al., 2009; Kean et al., 2019;
Klauke et al., 2017; Verdonschot et al., 2018; Zhang et al., 2020).
DCM and cardiac deviations caused by heterozygote variants in NEXN
are also supported by a mice study where loss of NEXN in adult mice
cardiomyocytes led to cardiac stress and DCM, indicating an impor-
tant role for cardiac function in adults (Spinozzi et al., 2020). Age-
dependent expression or incomplete penetrance of DCM in carriers
of this family (1I:5, 11:14, 11:12, 11l:10, and Ill:11) was observed. Age-
dependent expression or incomplete penetrance has been described
in NEXN carriers previously (Bruyndonckx et al., 2021) and is a well-
known phenomenon that is present in most other familial DCM fami-
lies previously described, with DCM expression ranging from asymp-
tomatic to cardiac death (Mahon et al, 2005; Baig et al., 1998;
Mckenna & Judge, 2021). Furthermore, heterozygous Nexn —/— mice
displayed mild DCM at postnatal day 4-6 but not at 3 months of age,
indicating a possible window of importance for NEXN expression, age-
dependent expression, or an incomplete penetrance effect
(Aherrahrou et al., 2016). In the fourth pregnancy, the mother of this
family (l1l:10) presented with preeclampsia. Heterozygous missense
variants in NEXN have previously been associated with preeclampsia,
a condition that has been shown to increase the risk of
cardiovascular-related mortality later in life (Gammill et al., 2018).
Except that biallelic loss-of-function variants result in a severe lethal
DCM phenotype, there seems to be no clear genotype-phenotype
correlation in heterozygote affected individuals, considering variant
subtypes, variant effects, transcripts, or protein domains affected
(Figure 2a and Table S4) (Howe et al., 2020).

Familial lethal fetal cardiomyopathies are rare, and recessively
inherited DCM in NEXN has only been described in three families pre-
viously. In the first report, two infants presented with a homozygous
non-frameshift deletion in NEXN (NM_144573:c.1582_1584del;p.
Glu529del) and severe, but not lethal, DCM (Al-Hassnan et al., 2013).

However, this variant has low evidence for pathogenicity due to

limited segregation analysis and no functional studies. In the next two
reports, compound heterozygote variants (nonsense NM_144573:
c.1756A>T;p.(Lys586*), frameshift NM_144573:c.1909_1912del;p.
(Tyr637Alafs*684)) and a homozygous variant (stop gain NM_144573:
c.1174C>T;p.[R392*]) were identified in NEXN in fetuses of termi-
nated pregnancy or emergency caesarian delivery. The emergency
caesarian delivery was followed by an attempt to get the fetus to sur-
vive with treatment, but without success, resulting in a lethal outcome
after 2 weeks. The previously described fetuses presented with car-
diomyopathy including cardiomegaly, EFE, low contractility, and
fibroelastosis (Bruyndonckx et al., 2021; Rinaldi et al., 2020). These
reports support the genotype-phenotype correlation in the current
study. But the previously described pregnancies were not full-term,
and the studies have a limited segregation analysis, and restricted evi-
dence supporting the pathogenic variant effect, highlighting the nov-
elty of this study.

To summarize, we present the first natural course of a recessively
inherited lethal form of human fetal cardiomyopathy caused by loss of
Nexilin function. The pregnancies were uneventful until week 23-24,
followed by sudden fetal death at week 24-30, characterized by card-

iomegaly and endocardial fibroelastosis.

ACKNOWLEDGMENTS
The authors wish to acknowledge the family for participating in this
study. Whole-exome sequencing was performed at the National
Genomics Infrastructure (NGI),

Uppsala and Clinical Genomics,

Uppsala.

DISCLOSURES

Do not have any financial interests or relationships to disclose.

AUTHORS CONTRIBUTIONS

Josefin Johansson, Katharina Ericson, Amanda Lindberg, Nancy Mul-
aiese, Sarah Lidéus, Adam Ameur, and Sanna Gudmundsson, per-
formed the experiments. Carina Frykholm, Katharina Ericson, Kalliopi
Kazamia, Geir Falck, and Per-Erik Gustafsson performed the clinical
investigations. Maria Wilbe, Marie-Louise Bondeson, and Josefin
Johansson designed the experiments and analyzed the data. Maria

Wilbe and Marie-Louise Bondeson supervised research. Josefin



JOHANSSON ET AL

1686 AMER\'CAN JDURNAL.OF PART
—|—Wl LE'Y—medical genetics

Johansson and Carina Frykholm prepared the figures and the manu-

script with input and approval from all authors.

DATA AVAILABILITY STATEMENT
Data available on request from the authors.

ORCID

Josefin Johansson ' https://orcid.org/0000-0002-5152-4096
https://orcid.org/0000-0001-6085-6749

https://orcid.org/0000-0003-3000-0696

Adam Ameur
Maria Wilbe

REFERENCES

Aherrahrou, Z., Schlossarek, S., Stoelting, S., Klinger, M., Geertz, B.,
Weinberger, F., Kessler, T., Aherrahrou, R., Moreth, K., Bekeredjian, R.,
Hrabé De Angelis, M., Just, S., Rottbauer, W., Eschenhagen, T.
Schunkert, H., Carrier, L., & Erdmann, J. (2016). Knock-out of nexilin in
mice leads to dilated cardiomyopathy and endomyocardial
fibroelastosis. Basic Research in Cardiology, 111, 6.

Al-Hassnan, Z. N., Almesned, A. Tulbah, S., Al-Manea, W., & Al-
Fayyadh, M. (2013). Identification of a novel homozygous Nexn gene
mutation in recessively inherited dilated cardiomyopathy. Journal of
the Saudi Heart Association, 25, 171-172.

Ameur, A., Bunikis, 1., Enroth, S., & Gyllensten, U. (2014). CanvasDB: A
local database infrastructure for analysis of targeted- and whole
genome re-sequencing projects. Database, 2014, 1-10.

Andersen, J. D., Jacobsen, S. B., Trudsg, L. C., Kampmann, M. L.,
Banner, J., & Morling, N. (2019). Whole genome and transcriptome
sequencing of post-mortem cardiac tissues from sudden cardiac death
victims identifies a gene regulatory variant in Nexn. International Jour-
nal of Legal Medicine, 133, 1699-1709.

Baig, M. K., Goldman, J. H., Caforio, A. L., Coonar, A. S., Keeling, P. J., &
Mckenna, W. J. (1998). Familial dilated cardiomyopathy: Cardiac
abnormalities are common in asymptomatic relatives and may repre-
sent early disease. Journal of the American College of Cardiology, 31,
195-201.

Bruyndonckx, L., Vogelzang, J. L., Bugiani, M., Straver, B., Kuipers, I. M.,
Onland, W., Nannenberg, E. A, Clur, S. A.,, & Van Der Crabben, S. N.
(2021). Childhood onset nexilin dilated cardiomyopathy: A heterozy-
gous and a homozygous case. American Journal of Medical Genetics.
Part A, 185, 2464-2470.

Codd, M. B,, Sugrue, D. D., Gersh, B. J., & Melton, L. J., lll. (1989). Epidemi-
ology of idiopathic dilated and hypertrophic cardiomyopathy. A
population-based study in Olmsted County, Minnesota, 1975-1984.
Circulation, 80, 564-572.

Elliott, P., Andersson, B., Arbustini, E., Bilinska, Z., Cecchi, F., Charron, P,
Dubourg, O., Kuhl, U., Maisch, B., Mckenna, W. J., Monserrat, L.,
Pankuweit, S., Rapezzi, C., Seferovic, P., Tavazzi, L., & Keren, A. (2007).
Classification of the cardiomyopathies: A position statement from the
European Society of Cardiology Working Group on Myocardial and
Pericardial Diseases. European Heart Journal, 29, 270-276.

Gammill, H. S., Chettier, R, Brewer, A., Roberts, J. M., Shree, R,
Tsigas, E., & Ward, K. (2018). Cardiomyopathy and preeclampsia. Cir-
culation, 138, 2359-2366.

Gigli, M., Merlo, M., Graw, S. L., Barbati, G., Rowland, T. J., Slavov, D. B,
Stolfo, D., Haywood, M. E., Dal Ferro, M., Altinier, A., Ramani, F.,
Brun, F., Cocciolo, A., Puggia, |., Morea, G., Mckenna, W. J, La
Rosa, F. G,, Taylor, M. R. G,, Sinagra, G., & Mestroni, L. (2019). Genetic
risk of arrhythmic phenotypes in patients with dilated cardiomyopathy.
Journal of the American College of Cardiology, 74, 1480-1490.

Hassel, D., Dahme, T., Erdmann, J., Meder, B., Huge, A., Stoll, M., Just, S.,
Hess, A., Ehlermann, P., Weichenhan, D., Grimmler, M., Liptau, H.,
Hetzer, R., Regitz-Zagrosek, V., Fischer, C., Nirnberg, P,

Schunkert, H., Katus, H. A., & Rottbauer, W. (2009). Nexilin mutations
destabilize cardiac Z-disks and lead to dilated cardiomyopathy. Nature
Medicine, 15, 1281-1288.

Haug, K., Kohlschmidt, N., Dereser-Dennl, M., Zielinski, J., Merz, E., &
Schéafer, D. (2001). Familial fatal fetal cardiomyopathy with isolated
myocardial calcifications: A new syndrome? American Journal of Medi-
cal Genetics, 101, 255-258.

Hershberger, R. E., Hedges, D. J., & Morales, A. (2013). Dilated cardiomy-
opathy: The complexity of a diverse genetic architecture. Nature
Reviews Cardiology, 10, 531-547.

Hershberger, R. E., Lindenfeld, J., Mestroni, L., Seidman, C. E,
Taylor, M. R, & Towbin, J. A. (2009). Genetic evaluation of
cardiomyopathy—a Heart Failure Society of America practice guide-
line. Journal of Cardiac Failure, 15, 83-97.

Howe, K. L., Achuthan, P., Allen, J, Allen, J., Alvarez-Jarreta, J.,
Amode, M. R,, Armean, |. M., Azov, A. G., Bennett, R., Bhai, J., Billis, K.,
Boddu, S., Charkhchi, M., Cummins, C., Da Rin Fioretto, L.,
Davidson, C., Dodiya, K., El Houdaigui, B., Fatima, R., ... Flicek, P.
(2020). Ensembl 2021. Nucleic Acids Research, 49, D884-D891.

Karczewski, K. J., Francioli, L. C., Tiao, G., Cummings, B. B., Alfoldi, J.,
Wang, Q., Collins, R. L., Laricchia, K. M., Ganna, A., Birnbaum, D. P.,
Gauthier, L. D., Brand, H., Solomonson, M., Watts, N. A., Rhodes, D.,
Singer-Berk, M., England, E. M., Seaby, E. G., Kosmicki, J. A, ...
Macarthur, D. G. (2020). The mutational constraint spectrum quanti-
fied from variation in 141,456 humans. Nature, 581, 434-443.

Kean, A. C, Helm, B. M., Vatta, M., Ayers, M. D., Parent, J. J, &
Darragh, R. K. (2019). Clinical characterisation of a novel Scn5A variant
associated with progressive malignant arrhythmia and dilated cardio-
myopathy. Cardiology in the Young, 29, 1257-1263.

Kent, W. J., Sugnet, C. W., Furey, T. S., Roskin, K. M., Pringle, T. H,,
Zahler, A. M., & Haussler, D. (2002). The human genome browser at
UCSC. Genome Research, 12, 996-1006.

Klauke, B., Gaertner-Rommel, A., Schulz, U., Kassner, A. Zu
Knyphausen, E., Laser, T., Kececioglu, D., Paluszkiewicz, L., Blanz, U.,
Sandica, E., Van Den Bogaerdt, A. J., Van Tintelen, J. P., Gummert, J., &
Milting, H. (2017). High proportion of genetic cases in patients with
advanced cardiomyopathy including a novel homozygous Plakophilin
2-gene mutation. PLoS One, 12, e0189489.

Kong, A., Gudbjartsson, D. F., Sainz, J., Jonsdottir, G. M., Gudjonsson, S. A.,
Richardsson, B., Sigurdardottir, S., Barnard, J., Hallbeck, B., Masson, G.,
Shlien, A., Palsson, S. T., Frigge, M. L. Thorgeirsson, T. E.,
Gulcher, J. R, & Stefansson, K. (2002). A high-resolution recombina-
tion map of the human genome. Nature Genetics, 31, 241-247.

Kong, A., Thorleifsson, G., Gudbjartsson, D. F., Masson, G., Sigurdsson, A.,
Jonasdottir, A., Walters, G. B., Jonasdottir, A., Gylfason, A,
Kristinsson, K. T., Gudjonsson, S. A., Frigge, M. L., Helgason, A,
Thorsteinsdottir, U., & Stefansson, K. (2010). Fine-scale recombination
rate differences between sexes, populations and individuals. Nature,
467,1099-1103.

Landrum, M. J, Lee, J. M, Benson, M. Brown, G. R. Chao, C,
Chitipiralla, S., Gu, B., Hart, J., Hoffman, D., Jang, W., Karapetyan, K.,
Katz, K., Liu, C., Maddipatla, Z., Malheiro, A. Mcdaniel, K,
Ovetsky, M., Riley, G., Zhou, G., ... Maglott, D. R. (2018). ClinVar:
Improving access to variant interpretations and supporting evidence.
Nucleic Acids Research, 46, D1062-D1067.

Lee, A., Hakuno, F., Northcott, P., Pessin, J. E.,, & Rozakis Adcock, M.
(2013). Nexilin, a cardiomyopathy-associated F-Actin binding protein,
binds and regulates Irs1 signaling in skeletal muscle cells. PLoS One, 8,
e55634.

Lieberwirth, J. K., Joset, P., Heinze, A., Hentschel, J., Stein, A.,
lannaccone, A., Steindl, K., Kuechler, A., & Abou Jamra, R. (2021). Bi-
allelic loss of function variants in SIcC30A5 as cause of perinatal lethal
cardiomyopathy. European Journal of Human Genetics, 29, 808-815.

Liu, C., Spinozzi, S., Chen, J. Y. Fang, X, Feng, W., Perkins, G,
Cattaneo, P., Guimaraes-Camboa, N., Dalton, N. D., Peterson, K. L.,


https://orcid.org/0000-0002-5152-4096
https://orcid.org/0000-0002-5152-4096
https://orcid.org/0000-0001-6085-6749
https://orcid.org/0000-0001-6085-6749
https://orcid.org/0000-0003-3000-0696
https://orcid.org/0000-0003-3000-0696

JOHANSSON ET AL

Wu, T., Ouyang, K., Fu, X. D., Evans, S. M., & Chen, J. (2019). Nexilin is
a new component of junctional membrane complexes required for car-
diac T-tubule formation. Circulation, 140, 55-66.

Mahon, N. G., Murphy, R. T., Macrae, C. A., Caforio, A. L., Elliott, P. M., &
Mckenna, W. J. (2005). Echocardiographic evaluation in asymptomatic
relatives of patients with dilated cardiomyopathy reveals preclinical
disease. Annals of Internal Medicine, 143, 108-115.

Maron, B. J., Towbin, J. A, Thiene, G., Antzelevitch, C., Corrado, D.,
Arnett, D., Moss, A. J., Seidman, C. E., & Young, J. B. (2006). Contem-
porary definitions and classification of the cardiomyopathies: An
American Heart Association scientific statement from the Council on
Clinical Cardiology, Heart Failure and Transplantation Committee;
Quality of Care and Outcomes Research and Functional Genomics and
Translational Biology Interdisciplinary Working Groups; and Council
on Epidemiology and Prevention. Circulation, 113, 1807-1816.

Martins, E., Costa, A., Silva, E., Medina, M., Cardoso, M. L., Vianey-
Saban, C., Divry, P., & Vilarinho, L. (1996). Lethal dilated cardiomyopa-
thy due to long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency.
Journal of Inherited Metabolic Disease, 19, 373-374.

Mckenna, W. J., & Judge, D. P. (2021). Epidemiology of the inherited car-
diomyopathies. Nature Reviews Cardiology, 18, 22-36.

Mcnally, E. M., & Mestroni, L. (2017). Dilated cardiomyopathy: Genetic
determinants and mechanisms. Circulation Research, 121, 731-748.
Morales, A., & Hershberger, R. E. (2013). Genetic evaluation of dilated car-

diomyopathy. Current Cardiology Reports, 15, 375.

Ohtsuka, T., Nakanishi, H., lkeda, W., Satoh, A., Momose, Y.,
Nishioka, H., & Takai, Y. (1998). Nexilin: A novel Actin filament-binding
protein localized at cell-matrix adherens junction. The Journal of Cell
Biology, 143, 1227-1238.

Pinto, Y. M., Elliott, P. M., Arbustini, E., Adler, Y., Anastasakis, A,
Béhm, M., Duboc, D., Gimeno, J., De Groote, P., Imazio, M.,
Heymans, S., Klingel, K., Komajda, M., Limongelli, G., Linhart, A,
Mogensen, J., Moon, J., Pieper, P. G., Seferovic, P. M,, ... Charron, P.
(2016). Proposal for a revised definition of dilated cardiomyopathy,
hypokinetic non-dilated cardiomyopathy, and its implications for clini-
cal practice: A position statement of the esc working group on myo-
cardial and pericardial diseases. European Heart Journal, 37, 1850-
1858.

Richard, P., Ader, F., Roux, M., Donal, E., Eicher, J. C., Aoutil, N., Huttin, O.,
Selton-Suty, C., Coisne, D., Jondeau, G., Damy, T., Mansencal, N.,
Casalta, A. C., Michel, N., Haentjens, J., Faivre, L., Lavoute, C.,
Nguyen, K., Tregouét, D. A., ... Charron, P. (2019). Targeted panel
sequencing in adult patients with left ventricular non-compaction
reveals a large genetic heterogeneity. Clinical Genetics, 95, 356-367.

Rinaldi, B., Race, V., Corveleyn, A., Van Hoof, E., Bauters, M., Van Den
Bogaert, K., Denayer, E.,, De Ravel, T., Legius, E., Baldewijns, M.,
Aertsen, M., Lewi, L., De Catte, L., Breckpot, J., & Devriendt, K. (2020).
Next-generation sequencing in prenatal setting: Some examples of
unexpected variant association. European Journal of Medical Genetics,
63, 103875.

Sardesai, M. G., Gray, A. A, Mcgrath, M. M., & Ford, S. E. (2001). Fatal
hypertrophic cardiomyopathy in the fetus of a woman with diabetes.
Obstetrics and Gynecology, 98, 925-927.

Schwarz, J. M., Cooper, D. N., Schuelke, M., & Seelow, D. (2014).
MutationTaster2: Mutation prediction for the deep-sequencing age.
Nature Methods, 11, 361-362.

Seki, A, Patel, S., Ashraf, S., Perens, G., & Fishbein, M. C. (2013). Primary
endocardial fibroelastosis: An underappreciated cause of cardiomyop-
athy in children. Cardiovascular Pathology, 22, 345-350.

Spinozzi, S., Liu, C., Chen, Z, Feng, W. Zhang, L., Ouyang, K,
Evans, S. M., & Chen, J. (2020). Nexilin is necessary for maintaining
the transverse-axial tubular system in adult Cardiomyocytes. Circula-
tion. Heart Failure, 13, e006935.

AMERI.CAN JOURNAL'UF PART 1687
medical genetics w1 LEYJ—

Verdonschot, J. A. J., Hazebroek, M. R., Wang, P., Sanders-Van Wijk, S.,
Merken, J. J, Adriaansen, Y. A, Van Den Wijngaard, A,
Krapels, I. P. C., Brunner-La Rocca, H. P., Brunner, H. G, &
Heymans, S. R. B. (2018). Clinical phenotype and genotype associa-
tions with improvement in left ventricular function in dilated cardio-
myopathy. Circulation. Heart Failure, 11, €005220.

Waldmiiller, S., Schroeder, C., Sturm, M., Scheffold, T., Imbrich, K., Junker, S.,
Frische, C., Hofbeck, M., Bauer, P., Bonin, M., Gawaz, M., & Gramlich, M.
(2015). Targeted 46-gene and clinical exome sequencing for mutations
causing cardiomyopathies. Molecular and Cellular Probes, 29, 308-314.

Wang, H., Li, Z, Wang, J.,, Sun, K., Cui, Q. Song, L., Zou, Y., Wang, X.,
Liu, X., Hui, R., & Fan, Y. (2010). Mutations in Nexn, a Z-disc gene, are
associated with hypertrophic cardiomyopathy. American Journal of
Human Genetics, 87, 687-693.

Wang, W., Zhang, W., Han, Y., Chen, J., Wang, Y., Zhang, Z., & Hui, R.
(2005). Nelin, a new F-actin associated protein, stimulates Hela cell
migration and adhesion. Biochemical and Biophysical Research Commu-
nications, 330, 1127-1131.

Wiel, L., Baakman, C., Gilissen, D., Veltman, J. A., Vriend, G., & Gilissen, C.
(2019). MetaDome: Pathogenicity analysis of genetic variants through
aggregation of homologous human protein domains. Human Mutation,
40, 1030-1038.

Wu, C., Yan, H., Sun, J,, Yang, F., Song, C., Jiang, F., Li, Y., Dong, J.,
Zheng, G. Y., Tian, X. L., & Cao, H. (2013). Nexn is a novel susceptibility
gene for coronary artery disease in Han Chinese. PLoS One, 8, €82135.

Yang, F., Zhou, L., Wang, Q., You, X,, Li, Y., Zhao, Y., Han, X., Chang, Z.,
He, X.,, Cheng, C., Wu, C,, Wang, W. J,, Hu, F. Y, Zhao, T, Li, Y.,
Zhao, M., Zheng, G. Y., Dong, J., Fan, C,, ... Cao, H. (2014). Nexn
inhibits Gata4 and leads to atrial septal defects in mice and humans.
Cardiovascular Research, 103, 228-237.

Yuan, H., Liu, H., Liu, Z., Owzar, K., Han, Y., Su, L., Wei, Y., Hung, R. J.,
Mclaughlin, J., Brhane, Y. Brennan, P., Bickeboeller, H.,
Rosenberger, A., Houlston, R. S., Caporaso, N., Landi, M. T,
Heinrich, J., Risch, A., Christiani, D. C, ... Wei, Q. (2016). A novel
genetic variant in long non-coding Rna gene Nexn-As1 is associated
with risk of lung cancer. Scientific Reports, 6, 34234.

Zhang, X. L., Xie, J., Lan, R. F.,, Kang, L. N., Wang, L., Xu, W., & Xu, B.
(2020). Genetic basis and genotype-phenotype correlations in Han
Chinese patients with idiopathic dilated cardiomyopathy. Scientific
Reports, 10, 2226.

Zhu, B., Rippe, C., Holmberg, J., Zeng, S., Perisic, L., Albinsson, S.,
Hedin, U., Uvelius, B., & Swiard, K. (2018). Nexilin/Nexn controls actin
polymerization in smooth muscle and is regulated by myocardin family
coactivators and yap. Scientific Reports, 8, 13025.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Johansson, J., Frykholm, C., Ericson,
K., Kazamia, K., Lindberg, A., Mulaiese, N., Falck, G.,
Gustafsson, P.-E., Lidéus, S., Gudmundsson, S., Ameur, A.,
Bondeson, M.-L., & Wilbe, M. (2022). Loss of Nexilin function
leads to a recessive lethal fetal cardiomyopathy characterized
by cardiomegaly and endocardial fibroelastosis. American
Journal of Medical Genetics Part A, 188A:1676-1687. https://
doi.org/10.1002/ajmg.a.62685



https://doi.org/10.1002/ajmg.a.62685
https://doi.org/10.1002/ajmg.a.62685

	Loss of Nexilin function leads to a recessive lethal fetal cardiomyopathy characterized by cardiomegaly and endocardial fib...
	1  INTRODUCTION
	2  METHODS
	2.1  Ethical consent
	2.2  Clinical characteristics and variant identification
	2.2.1  Patient material
	2.2.2  Clinical genetic testing and ultrasound investigations
	2.2.3  Autopsy and microbiological investigation
	2.2.4  Whole-exome sequencing
	2.2.5  Cardiomyopathy NGS gene panel
	2.2.6  Segregation analysis
	2.2.7  Clinical examinations of dilated cardiomyopathy in heterozygous carriers

	2.3  Functional analysis of the NEXN variant
	2.3.1  RNA studies
	2.3.2  Immunohistochemistry
	2.3.3  Histological studies


	3  RESULTS
	3.1  Clinical characteristics and variant identification
	3.1.1  Family history, clinical genetic testing, and ultrasound investigations
	3.1.2  Autopsy and microbiological investigation
	3.1.3  Whole-exome sequencing
	3.1.4  Cardiomyopathy NGS gene panel
	3.1.5  Segregation analysis
	3.1.6  Clinical examinations of dilated cardiomyopathy in heterozygote carriers

	3.2  Functional analysis of the NEXN variant
	3.2.1  RNA studies
	3.2.2  Immunohistochemistry
	3.2.3  Histological studies


	4  DISCUSSION
	ACKNOWLEDGMENTS
	DISCLOSURES
	AUTHORS CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


