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Heterozygous nonsense variants
in laminin subunit 3a
resulting in Ebstein’s anomaly

Zhou Zhou,1,7 Xumei Huang,2,7 Xia Tang,3,7 Wen Chen,1 Qianlong Chen,1 Chaohui Zhang,4 Yuxin Li,4

Dachun Zhao,5 Zhe Zheng,1 Shengshou Hu,1 Jikui Wang,4,* Iftikhar J. Kullo,6 and Keyue Ding6,8,*
Summary
Ebstein’s anomaly is a rare congenital heart disease characterized by tricuspid valve downward displacement and is associated with addi-

tional cardiac phenotypes such as left ventricle non-compaction. The genetic basis of Ebstein’s anomaly has yet to be fully elucidated,

although several genes (e.g., NKX2-5, MYH7, TPM1, and FLNA) may contribute to Ebstein’s anomaly. Here, in two Ebstein’s anomaly

families (a three-generation family and a trio), we identified independent heterozygous nonsense variants in laminin subunit 3 a

(LAMA3), cosegregated with phenotypes in families with reduced penetrance. Furthermore, knocking out Lama3 in mice revealed

that haploinsufficiency of Lama3 led to Ebstein’s malformation of the tricuspid valve and an abnormal basement membrane structure.

In conclusion, we identified a novel gene-disease association of LAMA3 implicated in Ebstein’s anomaly, and the findings extended our

understanding of the role of the extracellular matrix in Ebstein’s anomaly etiology.
Ebstein’s anomaly (MIM: 224700) is a rare congenital heart

disease characterized by the failure of tricuspid valve leaflets

to separate from the ventricular wall.1 As a result, the septal

and/or the posterior leaflets of the tricuspid valve are dis-

placed apically, leading to atrialization of the right ventricle

(RV).Ebstein’s anomalyoftenaccompaniesadditional cardiac

phenotypes, includingstructuralabnormalitiesandaccessory

conduction pathways.1 We have previously classified Eb-

stein’s anomaly into three groups based on human pheno-

type ontology (HPO)-standardized phenotypes associated

with Ebstein’s anomaly.2 There is a birth prevalence of 61

cases permillion infants and 1 of 200,000 live births.1,3 Anal-

ysis of the inheritance mode in familiar Ebstein’s anomaly

suggested a genetic component inherited as a polygenic char-

acter with a threshold phenomenon.4 Several genes (e.g.,

NKX2-5 [MIM: 600584],5 MYH7 [MIM: 160760],6 TPM1

[MIM: 191010],7 and FLNA [MIM: 300017]8) may contribute

to Ebstein’s anomaly, which is associated with additional

cardiac (e.g., left ventriclenon-compaction [LVNC])or extrac-

ardiac phenotypes (Table S1). With variable expressiveness

andreducedpenetrance,9Ebstein’sanomaly isoneof the least

understood congenital heart diseases, and its genetic basis re-

mains largely unknown.

A three-generation family of five individuals (pedigree_w)

was collected at the Department of Cardiovascular Diseases,

Wenzhou Central Hospital (Wenzhou, China) as was a

second trio (trio_p) from the Department of Cardiovascular
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Diseases, FuwaiHospital ofChinese AcademyofMedical Sci-

ences (Beijing, China). In pedigree_w, the proband (III1) was

diagnosed by fetal echocardiography (Figure 1A) during a

routine prenatal examination when the mother (II2) was at

26-week gestation. The diagnosis was further confirmed by

postnatal transthoracic echocardiography (TTE) (Figure

1B). TTE for themother was consistentwith Ebstein’s anom-

aly (Figure 1C).Wedid not find other anomalies (e.g., LVNC)

in the affected individuals. Themotherhadnohistoryof val-

proate, carbamazepine, lithium, lamotrigine, antipsychotic,

or antidepressantdruguse. In trio_p (Figure1D), theproband

(II1)was a 2-year-old female found tohave a cardiacmurmur

via routine physical examination. Echocardiography

showed displacement of the septal leaflet, an absent poste-

rior leaflet, andanenlarged rightatrium(Figure1E). Theclin-

ical features of the two families are summarized in Figure 1F.

Therewas no evidence of Ebstein’s anomaly in the grandpar-

ents in pedigree_w (I1 and I2) or the parents in trio_p (I1 and

I2). Therefore, we assumed either an autosomal-dominant

(AD) (inheritance with reduced penetrance) or a de novo

model in both families for further inheritance pattern anal-

ysis. The enrolled members in both families reported no

additional cardiac symptoms, and no further segregation

was observed. The families provided written informed con-

sent, and the procedure of this study followed ethical stan-

dards. This study was approved by the Institutional Review

Board (IRB) at each site that recruited the individuals.
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Figure 1. The collected two families with
Ebstein’s anomaly
(A) The family structure of pedigree_w.
(B) Apical 4-chamber view in the proband
III1 exhibited an apical displacement of
the tricuspid valve.
(C) Apical 4-chamber view in II2 showed
similar phenotypes to the proband III1.
(D) A trio (trio_p).
(E) Apical 4-chamber view in II1.
(F) Clinical characteristics of the two Eb-
stein’s anomaly families. LV non-compac-
tion, atrial septal defect, atrial arrhythmias,
bundle branch block, cyanosis, cardiome-
galy, fatigue, and dyspnea were not noted.
Whole-genome sequencing for five individuals in pedi-

gree_w was conducted on an Illumina HiSeq 4000, gener-

ating 234–248 GB paired-end sequencing data with a

depth of approximately 32–333 . For trio_p, whole-exome

sequencing libraries were constructed using Agilent

SureSelect Human All Exon V4þUTRs and were sequenced

on the Illumina HiSeq 2000 (paired-end 100-bp reads).

Sequencing reads were aligned to the human reference

genome (GRCh38) with Burrows-Wheeler Aligner (BWA),

followed by duplicate removal and base score quality

recalibration. Single-nucleotide variants (SNVs) and small

insertions and deletions (indels) were called using

DeepVariant (v.1.4).10We used the Ensemble Variant Effect

Predictor (VEP; v.98)11 to annotate variants. A ‘‘rare

variant’’ was defined as having a maximal global and East

Asian frequency of 0.001 or as not being identified in the

1000 Genome Project (1000G)12 and the Genome Aggrega-

tion Database (gnomAD).13 We classified functional vari-

ants using the subjective classification of the severity of

the variant consequence (IMPACT) and classifications

from PolyPhen and SIFT. Variants with IMPACT high or

moderate and SIFT matching deleterious or PolyPhen

matching damaging were considered functional variants.

Using a vigorous filtering pipeline (Figure 2A), we finalized

58 variants consistentwith the ADmodel in pedigree_w, 112
2 Human Genetics and Genomics Advances 4, 100227, October 12, 2023
variants in AD, and seven de novo vari-

ants in trio_p, respectively. Two genes

were prioritized in both families, i.e.,

LAMA3 (laminin subunit 3 a) (MIM:

600805) and APOL4 (apolipoprotein

L4).WeexcludedAPOL4 since the frame-

shift variant (g.22:36191797ACT>A)

identified in both families was located

withinacommonmicrosatellite (https://

www.ncbi.nlm.nih.gov/clinvar/variat

ion/445778/?new_evidence¼true). In

LAMA3, two independent heterozygous

nonsense variants were identified, in-

cluding p.Arg1126Ter (GenBank: NP_

001121189.2) (g.18:23842434C > T) in

pedigree_w and p.Gln1507Ter (g.18:23

861742C > T) in trio_p, respectively.
These two rare loss-of-function (LoF) variants (with

global frequencies of 2 3 10�5 and 1.6 3 10�5 in gno-

mAD, respectively) cosegregated with the phenotypes

but with reduced penetrance, as the unaffected I2 in

both families was a carrier, which was confirmed by

Sanger sequencing (Figures 2B and 2D). These LoF vari-

ants located in conserved regions across different species

(Figures 2C and 2E). The identified LoF variants in both

families and pathogenic/like pathogenic predicted LoF

variants characterized from gnomAD13 were mainly

distributed in the laminin EGF-like and G-like domains

(Figure 2F). A pLI (the probability of being LoF intol-

erant14) of 0 and a LOEUF (the LoF observed/expected

upper bound fraction13) of 0.691 derived from gnomAD

suggested that LAMA3 might not have a strictly selective

constraint. Although both nonsense variants were classi-

fied into ‘‘variants of uncertain significance (VUSs)’’ by

Clinvar,15 Intervar16 classified them into ‘‘pathogenic’’

with evidence of ‘‘PVS1, PM2, and PP3’’ according to

the ACMG/AMP criteria.17 Phred-like combined annota-

tion dependent depletion (CADD) scores18 of 35 and 43

in these two nonsense variants corresponded to the top

0.0316% and 0.005% of CADD scores from �8.6 billion

SNVs in the human genome, respectively. A CADD score

R28.1 was considered ‘‘PP3 moderate’’ based on the

https://www.ncbi.nlm.nih.gov/clinvar/variation/445778/?new_evidence=true
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Figure 2. Nonsense variants in LAMA3 were identified in the two Ebstein’s anomaly families
(A) A rigorous variants filtering flowchart prioritized LAMA3. We analyzed pedigree_w in two trios separately (pedigree_w_I/II and ped-
igree_w_II/III).
(B) Sanger sequencing confirmed the nonsense variant (p.Arg1126Ter [GenBank: NP_001121189.2] [g.18:23842434C>T]; indicated by
an arrow) identified in pedigree_w. LoF, loss of function.
(C) Conservation of the LoF variant among different species.
(D) Sanger sequencing confirmed the nonsense variant (p.Gln1507Ter [g.18:23861742C>T]) identified in trio_p.
(E) Conservation of the LoF variants in different species.
(F) The pathogenic or like pathogenic predicted LoF variants in gnomAD distributed in different domains in LAMA3, along with two LoF
variants (red arrow) identified in the present study. Seven pathogenic/like pathogenic pLOF variants in splicing site annotated in gno-
mAD were not shown.
calibrated recommendation for PP3 evidence,19 as the ev-

idence for ‘‘pathogenic’’ classification used in silico tools.

We did not identify rare functional variants in the known

genes implicated in Ebstein’s anomaly (Table S1) and could
Human
not prioritize candidate genes using a phenotype-driven

method (e.g., Exomiser20,21). To identify underlying copy-

number variants (CNVs), we performed high-density

genotyping using the Infinium OmniExpressExome-8 v.1.3
Genetics and Genomics Advances 4, 100227, October 12, 2023 3



BeadChip (958,497 markers) (Illumina, San Diego, CA, USA)

in pedigree_w.We obtained an average call rate of 99.94% us-

ing the quality control implemented previously.22 We

screened for chromosomal abnormalities from the family by

analyzing B allele frequency and any areas where the log R ra-

tio deviated from zero using PennCNV.23 A joint CNV-calling

algorithm was used for two parent-offspring trios separately.

WealsousedCNVnator24 todetectCNVsofvarioussizesbased

on readdepth from thewhole-genome sequencingdata. After

filtering, 228 PennCNV- and 94 CNVnator-predicted CNVs

were retained (Tables S2 and S3). In trio_p, whole-exome-

sequencing-based CNV was called using cn.mops,25 which

was filtered if it was<10 kb or if it overlapped with common

CNVs (>35%) in the Database of Genomic Variants (DGV).

Ofnote, only four regionshave a fractionof reciprocal overlap

(i.e., concordant > 0.50) (Table S4). There results suggested

that CNVs may not play causal roles on these families.

Previous studies have shown that variants in extracellular

matrix (ECM) components (e.g., laminin, integrin, collagen,

andplectin) areassociatedwithdifferent formsof epidermol-

ysis bullosa (EB) in autosomal recessive mode,26,27 with an

estimated prevalence of 11 per million population over a

16-year period.28LAMA3, amember of the laminin332 com-

plex, is essential for maintaining the integrity of the base-

ment membrane (e.g., collagen chain trimerization), MET

promotes cellmotility and cell junction organization. A pro-

portionof 9%of patientswith junctional EB (an incidence of

2.7 per million live births28) were caused by homozygous

pathogenic variants in LAMA3 (https://www.ncbi.nlm.nih.

gov/books/NBK1125).29 Although cardiac phenotypes in

carriers of the junctional EB families harboring LAMA3path-

ogenic variants have not been reported, patients with EB

have been associated with various cardiac phenotypes,

includingbicuspid aortic valve,30 LVNCandaortopathy,31,32

dilated cardiomyopathy,33–36 and atrial fibrillation.37 Kur-

nicka et al.30 showed significantly aberrantRVdiastolic func-

tion (including the maximal velocity of the atrial wave and

tricuspid annulus late diastolic velocity) in 23 patients with

EB. These observations suggested the potential association

of LAMA3with Ebstein’s anomaly.

We thus hypothesized that LoF mutations in LAMA3

might alter the structure and function of laminin a3 and

thus change its ability to form heterotrimeric laminins.

We investigated the potential roles of Lama3 in the devel-

oping cardiac valves of Lama3 knockout (KO) mice. The

supplemental methods provide a detailed description of

the experimental procedures for analyzing in vivo

CRISPR-Cas9-mediated Lama3 KO mice. Lama3 was ex-

pressed in the mouse heart at the embryonic day 17.5

(E17.5) and postnatal day 3 (P3) stages, as well as in valves

at E17.5 (Figure 3A). We investigated cardiac phenotypes

in the sectioned hearts from E18.5, P1, and adult mice.

The phenotypic analysis confirmed the roles of Lama3 in

the delamination and/or remodeling of the tricuspid valve

leaflets. Compared with the wild type (Figure 3B), a

Lama3þ/� mouse at E18.5 (Figure 3C) showed an elonga-

tion of both tricuspid mural (tml) and septal (tsl) leaflets
4 Human Genetics and Genomics Advances 4, 100227, October 12, 2
and an incomplete delamination of tmls from the RV

wall. A P1 neonatal mouse exhibited a downward displace-

ment of the annulus fibrosus, leading to an increased right

atrium and a decreased RV (i.e., atrialization of RV)

(Figure 3D). In a coronal plane section, compared with a

control mouse (Figure 3E), a Lama3þ/� adult mice showed

a downward displacement of the annulus fibrosus of the

tricuspid valve (Figure 3F). In addition to abnormal elonga-

tion of the tricuspid valve leaflets and a failure of separa-

tion, homozygous deletion of Lama3 led to either a thin

ventricular wall and an enlarged RV cavity (Figure 3G) or

a thickened wall and a reduced RV cavity (Figure 3H). All

Lama3�/� mice were aborted or died immediately after

birth, supporting the hypothesis of the intolerant of ho-

mozygous LoF variants in Lama3. Our results showed

that Lama3 deficiency results in abnormalities in the

tricuspid valve and RV, similar to phenotypes observed in

human Ebstein’s anomaly.

We further assessed whether the Lama3 mice had an

abnormal basement membrane of the tricuspid valve at

the ultrastructural level. Compared with the control

mice (Figure 4A), interstitial cells in KO mice were signif-

icantly stretched and showed an increased expression of

collagens (Figure 4B). On the atrial side, the basement

membrane of the tricuspid valve in the control mice

was constrained by collagen fibrils and interstitial cells

(Figure 4C). However, in the KO mice, the basement

membrane appeared considerably thinned (Figure 4D)

and/or disorganized (Figure 4E), suggesting a limited bind-

ing of laminin with integrin and collagen due to the

Lama3 deficiency. We also noted a thinning basement

membrane on the ventricular side (Figures 4F and 4G).

These results demonstrated that laminin deficiency

affected the integrity of the basement membrane. A

normal electrocardiogram (ECG) in control and KO mice

by electrocardiogram recording suggested that Lama3 defi-

ciency did not lead to an accessory conduction system

(Figure S1).

Our efforts to identify the genetic basis of Ebstein’s

anomaly showed a novel gene-disease association that in-

dependent heterozygous nonsense variants identified in

LAMA3 in two families (Figures 1 and 2). Potentially novel

gene-disease associations in rare diseases are increasingly

being ascertained through recurrent cases, whereas it

may not be sufficient to prove disease causality.38 Our

phenotypic analysis of Lama3 KO mice showed abnormal

tricuspid valves of downward displacement and/or elon-

gation of the leaflets (i.e., like human Ebstein’s anomaly)

(Figure 3), as well as an abnormal basement membrane

underlying the tricuspid valve (Figure 4), implying that

the aberrant structure and function of the ECM resulting

from Lama3 haploinsufficiency may contribute to Eb-

stein’s anomaly pathogenesis. The ECM influences cell

signaling and functional outcomes in cardiac valve devel-

opment39; for example, atrioventricular canal (AVC)

cardiomyocytes contribute to the development of tmls

via ECM-cardiomyocyte interaction.40 The basement
023
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Figure 3. Histological analysis of Lama3 knockout (KO) mice
(A) Expression of Lama3 in the developing mouse fetal (E17.5) heart and valves, as well as postnatal day 3 (P3) heart.
(B) H&E staining of a control mouse at E18.5 with magnifications of the tricuspid valve and RV.
(C) In an E18.5 Lama3þ/� mouse, H&E staining revealed a delamination failure of the tricuspid mural leaflet (tml).
(D) A Lama3þ/� mouse at P1 demonstrated a downward displacement of the annulus fibrosus and an incomplete separation of the
tricuspid septal leaflet (tsl).
(E and F) A coronal section (Masson’s trichrome staining) of the heart in a control adult (E) and Lama3þ/� mouse (F). Muscles appear
black, and fibers appear blue. A Lama3þ/þ mouse showed that the annulus fibrosus of the tricuspid value is equal to the mitral annulus.
In contrast, a Lama3þ/� mouse showed RV hypertrophy and only the tricuspid valve tendinous cord at the mitral annulus remained,
indicating a downward displacement of tricuspid annulus fibrosus.
(G and H) Abnormal staining of the tricuspid valve and right ventricular wall in Lama3�/� mice at E18.5, showing either hypoplasia
(G) or hypertrophy (H) of the RV.
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Figure 4. Transmission electron micrographs of tricuspid valve basement membranes in the Lama3þ/� mouse line and control litter-
mates
(A and B) Low-magnification micrograph of the tricuspid valve of a wild-type littermate and Lama3þ/� mouse (7 weeks old). EC—the
endothelial cell layer—covers both the leaflet’s atrial (A) and ventricular (V) sides. The atrial side of the tricuspid valve leaflet is a mono-
layer of the endothelium. Interstitial cells, e.g., fibroblast-like cells, are scattered in the leaflet. F indicates Collagen.
(C–E) Basement membranes of the atrial side of the tricuspid valve leaflet from wild-type (C) and Lama3þ/� (D and E) mouse.
(F and G) Basement membranes (BM) of the ventricular side of the tricuspid valve leaflet from a wild-type (F) and a Lama3þ/� (G) mouse.
membrane—a highly organized network of the ECM—

mainly comprises laminin, type IV collagen, and proteo-

glycans and underlies valve endothelial cells41 and sur-

rounds cardiomyocytes.42 Self-assembly of the basement

membrane network provides structural support for valve

endothelial cells and is crucial for forming the cardiac

sarcomere.43 Dysregulation of the basement membrane

composition and structure contributes to multiple patho-

logical conditions, including non-compaction cardiomy-

opathy and abnormal leaflet elongation. Laminins are

essential for basement membrane assembly and forma-

tion, playing a critical role in cell adhesion, collagen as-

sembly, and receptor interactions during heart valve

morphogenesis. A lack of laminins in the basement mem-

brane may lead to a compensatory deposition of other

ECM components (e.g., collagen), resulting in the thick-

ening and elongation of the leaflets (and thus failure of

delamination of the leaflets). An example supporting

this hypothesis is, in Alport syndrome (MIM: 301050),

the absence of collagen 4 a (3,4,5) may stimulate the reap-
6 Human Genetics and Genomics Advances 4, 100227, October 12, 2
pearance and abnormal accumulation of laminin-1 and

lead to thickening and delamination.44

We acknowledge several limitations in the present study.

First, further studies including a large cohort of participants

with Ebstein’s anomaly would enable rare functional enrich-

ment analysis for genes involved in ECM components. Sec-

ond, thequalitative representationprovidedvaluable insights

into the morphological alterations (Figures 3 and 4). Obtain-

ing precise quantitative measurements for the phenotypes

poses technical and practical challenges. The currently avail-

able imaging modalities may lack the necessary resolution

andsensitivity tocapturedetailedmeasurementsof themouse

embryo heart. While high-resolution echocardiography has

been successfully used to accurately detect RV function in a

mouse model of pulmonary hypertension,45 achieving accu-

rate visualization and quantification for the tricuspid valve

remains technicallydemanding. Inhumantricuspidvalvedis-

ease evaluation, three-dimensional echocardiography has

been increasingly utilized to visualize tricuspid leaflet mo-

rphology and assess the level of leaflet attachment.46
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Although we acknowledge that accurate quantitative data

would further support ourqualitativefindings and strengthen

our conclusions, the utilization of such advanced technology

is beyond the scope of the present study.

In conclusion, we identified a novel gene-disease associ-

ation for Ebstein’s anomaly and demonstrated that hap-

loinsufficiency in LAMA3 affects basement membrane

components in Ebstein’s anomaly pathogenesis.
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