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Abstract The majority of heterotaxy cases do not obtain a molecular diagnosis, although
pathogenic variants in more than 50 genes are known to cause heterotaxy. A heterozygous
missense variant in DAND5, a nodal inhibitor, which functions in early development
for establishment of right–left patterning, has been implicated in heterotaxy. Recently,
the first case was reported of a DAND5 biallelic loss-of-function (LoF) variant in an indivi-
dual with heterotaxy. Here, we describe a second unrelated individual with heterotaxy
syndrome and a homozygous frameshift variant in DAND5 (NM_152654.2:c.197del
[p.Leu66ArgfsTer22]). Using an in vitro assay, we demonstrate that the DAND5 c.197del
variant is unable to inhibit nodal signaling when compared with the wild-type expression
construct. This work strengthens the genetic and functional evidence for biallelic LoF vari-
ants in DAND5 causing an autosomal recessive heterotaxy syndrome.

[Supplemental material is available for this article.]

CASE PRESENTATION

We present a case of a 5-yr-old girl with clinical features of heterotaxy or situs ambiguus,
asplenia, recurrent infections, secondary pulmonary hypertension, and developmental de-
lay. She was born at term, by natural vaginal delivery, to a G4P3 25-yr-old mother and
weighed 7 lb at birth. Prenatally, she was noted to have a complex congenital heart disease
indicating signs of heterotaxy syndrome. An echocardiogram done at birth confirmed this
diagnosis with findings of levocardia, unbalanced complete atrioventricular canal defect
(classified as Rastelli type A), patent ductus arteriosus (PDA), bicuspid aortic valve and abnor-
mal blood vessel morphology including interrupted inferior vena cava with azygous contin-
uation, bilateral superior vena cava without bridging vein, and partial anomalous pulmonary
venous return. She spent 4 wk in the neonatal intensive care unit and was transferred to a
rehabilitation center.

At 7 mo of age, she underwent multiple hospital admissions for recurrent fevers and re-
spiratory infections. Her clinical history was concerning for primary ciliary dyskinesia. She was
seen by immunology, and her infectious disease workup was uninformative apart from low T-
cell count. Her echocardiogram at this time showed valvular pulmonary stenosis and signs of
cardiomyopathy including moderate biventricular hypertrophy with decreased left
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ventricular systolic function, indicating heart failure. She underwent surgical correction of her
atrioventricular canal defect and PDA. Further imaging of chest by computed tomography
(CT) scan, radiography, and abdominal ultrasound showed left-sided isomerism, intestinal
malrotation, transverse liver, and polysplenia (Fig. 1A). She was noted to be less than the fifth
percentile for height and weight post surgery and was placed on a nasogastric feeding tube.
She developed laryngeal granulation secondary to prolonged intubation, which was surgi-
cally excised. At 11 mo of age, she had surgical correction of her intestinal malrotation. At
13 mo of age, she developed pulmonary hypertension that was considered secondary to
her complex congenital heart disease and was managed with sildenafil. She was also noted
to have developmental delay at this time, with delayed speech and fine motor milestones.
She had multiple hearing evaluations because of her speech delay, which have shown her
hearing to be within normal limits. Currently, she is able to use a few short three- to four-
word sentences but has trouble with expressing her needs. She receives speech and occu-
pational therapy and is followed by cardiology, immunology, and developmental specialists.

Clinical Genetics was consulted when she was 7 mo of age. During the physical exam-
ination, she was noted to have generally coarse facies, hypertelorism, and bilateral epican-
thal folds, but no gross dysmorphology was observed. The parents (III.2, III.3) are a
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Figure 1. (A) Frontal radiograph of the chest and abdomen at 8 mo of age showing heterotaxy, transverse liv-
er, right-sided stomach with duodenal feeding tube, and cardiomegaly. (B) Pedigree showing the family of the
affected individual. (C ) Sanger sequencing confirmed the DAND5 homozygous variant in the proband. The
genomic (hg19/GRCh37) and the cDNA coordinates are marked below the electrophoregram. (D)
Localization of the two homozygous frameshift variants on the DAND5 protein; the variant seen in the current
study is underlined. (E) A luciferase assay performed onHEK293T cells with a reporter gene under the control of
three activin-responsive element promoters, pAR3-lux, which is transcriptionally activated strictly by Nodal to-
gether with FOXH1 and TDGF1, was used. The results showed the expression vector with the DAND5
c.197del variant does not inhibit Nodal signalingwhen comparedwithwild-typeDAND5 construct. For this over-
expression assay, the effect of the different genes altogether and the individual effect for each one is shown. Bars
indicate standard deviation of all three experiments of four replicates. Significance: (∗) P<0.01, t-test.
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consanguineous couple (first cousins; their fathers are brothers II.1, II.3) of Gambian descent
(Fig. 1B). They had three other healthy sons, and the family history was negative for birth de-
fects, intellectual disability, recurrent infections, seizures, or genetic or metabolic disorders.

TECHNICAL ANALYSIS

Clinical Exome Sequencing and Analysis
For the exome sequencing (ES) testing, written informed consent was obtained for the indi-
vidual. DNA was extracted from a peripheral blood specimen (Singleton ES). Exome se-
quencing library was prepared from genomic DNA using Agilent SureSelectXT (Human All
Exon v.5+UTRs) capture kit. Paired-end sequencing was performed on the Illumina HiSeq
2500 platform. The sequence data were aligned and annotated using Nextgene (version
2.3; Softgenetics, LLC). Variant filtering and annotation were performed using a proprietary
pipeline developed by the Division of Personalized Genomic Medicine at Columbia
University (Wang et al. 2016; Ganapathi et al. 2022). Variants were assessed for pathogenicity
following ACMG standards and guidelines (Richards et al. 2015).

The remaining methods are provided in the Supplemental Material.

VARIANT INTERPRETATION

A karyotype, microarray, and singleton clinical ES were performed in 2017. Her karyotype
was noted as 46,XX, and the chromosomal microarray showed a normal female chromo-
some complement along with multiple long contiguous stretches of homozygosity
(>3 Mb) suggestive of common ancestry consistent with the family history.

ES for the proband identified a homozygous rare variant (hg19/GRCh37, Chr 19:
13080670-CT-C, c.197del [p.Leu66ArgfsTer22]) in DAND5 [MIM 609068] coding exon 1
of two (Table 1). This variant is in a large region of homozygosity on Chromosome 19, as re-
ported by the chromosomal microarray. The c.197del variant was confirmed by Sanger se-
quencing (Fig. 1C) and was absent in gnomADv2 and v3, TOPMED Bravo, and GME
variome population databases. It was reported as a variant of uncertain significance (VUS)
in a gene of uncertain significance (GUS).

The predicted protein truncation due to c.197del (p.Leu66ArgfsTer22) variant will dis-
rupt the DAND5 prior to its DAN domain (Fig. 1D) and therefore can ablate the DAND5–

Table 1. BiallelicDAND5 loss-of-function (LoF) variants identified in individuals with a clinical diagnosis of heterotaxy syndrome including the case
from this study, along with relevant population frequencies and classification

Case Genomic coordinates Ref Alt HGVS cDNA HGVS protein
Variant

classification

Allele frequency

gnomAD
(v2.1.1)

gnomAD
(v3.1) TOPMED

Bolkier
et al.
2022

19:12973461(GRCh38) T TCT c.396_397dup p.Tyr133SerfsTer11 Likely pathogenicb 0.000007954 0.00001972 0.00001889
19:13084275(GRCh37) (2 hets,

0 hom)
(3 hets,
0 hom)

(5 hets,
0 hom)

This
study

19:12969856(GRCh38) CT C c.197del p.Leu66ArgfsTer22 VUS in GUS Absent Absent Absent
19:13080670

(GRCh37)a

The Refseq transcript used for annotation is NM_152654.2.
(VUS) Variant of uncertain significance, (GUS) gene of uncertain significance, (het) heterozygotes, (hom) homozygotes, (VAF) variant allele fraction.
aVAF: 0.92, 62/67 total reads.
bBolkier et al. 2022.
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NODAL binding interaction and subsequently the inhibition of NODAL. In order to test this
hypothesis, we used a Nodal-dependent luciferase assay in HEK293T cells by transfecting
expression vectors containing either the human DAND5 wild-type cDNA (DAND5WT) or
the cDNAwith c.197del variant (DAND5_197del) (Cristo et al. 2017a). Other expression vec-
tors that were transfected included pAR3-lux, which contains three copies of the activin re-
sponse element (ARE) upstream of a luciferase reporter and is specifically activated by nodal
signaling, NODAL, CRIPTO, which is a Nodal coreceptor necessary for the proper activation
of nodal signaling, and FOXH1, the major transcriptional transducer of nodal signaling (Yan
et al. 2002). Overexpression of the c.197del variant was unable to inhibit nodal and resulted
in a complete loss of function when compared with the wild-type protein (Fig. 1E).

DAND5 encodes amember of the Cerberus/DAN subfamily; in mouse and chickenmod-
els, Dand5 was shown to bind Nodal and inhibit the Nodal signaling pathway essential for
left to right patterning (Marques et al. 2004; Tavares et al. 2007). The majority of Cerl2
(DAND5 ortholog) knockout mice were found to have heterotaxy and left ventricular cardiac
hyperplasia; 35% had a severe form that resulted in neonatal death (Marques et al. 2004;
Araújo et al. 2014).

During early embryogenesis, the left–right asymmetry is established by the unidirection-
al leftward flow of extracellular fluids across the ciliated epithelium of the left–right organizer
(LRO). Ion channels PKD2 and PKD1L1 function in the sensing of this flow resulting in the re-
duction of Dand5 mRNA on the left side, which in turn relieves the repression of Nodal.
Recently, DAND5, along with PKD1L1 [MIM 609721], MMP21 [MIM 608416], C1orf127
[MIM 619700], and a novel geneCIROP [MIM 619703], were shown to be an essential genet-
ic module to establish left–right asymmetry in humans (Szenker-Ravi et al. 2022). Additionally
it was shown that Cirop is needed for the asymmetric Dand5 expression. Consistent with
their central role in left–right patterning, biallelic loss-of-function (LoF) variants in PKD1L1,
MMP21, and CIROP cause autosomal recessive heterotaxy in humans.

To date, DAND5 does not have an established human Mendelian disease association.
Cristo et al. (2017a,b) reported a heterozygous variant (p.Arg152His) in two individuals
with laterality defects. However, currently, this heterozygous variant is seen at a relatively
higher allele frequency alongwith several homozygotes in the gnomADv2 and v3 population
databases (v2, allele frequency=0.01145, 3239/282870 alleles, 37 homozygotes; v3, allele
frequency=0.01064, 1618/152134 alleles, 14 homozygotes). Additionally, the DAND5
gene is not constrained for LoF and missense variants in the human population
(gnomADv2, pLi = 0, missense Z=−0.36). Given these findings, currently the evidence for
autosomal dominant heterotaxy caused by DAND5 haploinsufficiency or heterozygous
LoF variants is limited. For the two previously reported affected individuals with p.Arg152His
variant (Cristo et al. 2017a,b), the possibility of an undetected causative variant in another
heterotaxy gene cannot be excluded.

At the Genetics Clinic, this family was lost to follow-up. Hence, the limitations of this
study include the lack of genotypes for the parents, three reported healthy siblings, and their
unavailability for thorough phenotypic evaluation. The parents who are potential heterozy-
gotes for theDAND5 LoF variant were also reported to be normal, although they did not un-
dergo imaging studies to rule out situs defects or evaluation for subclinical manifestations.
Furthermore, for the proband, details on the disease course and updated current phenotypic
features are missing.

SUMMARY

Recently, a homozygous frameshift variant in DAND5 (NM_152654.2, c.396_397dup
[p.Tyr133SerfsTer11]) was reported in an individual with heterotaxy and congenital heart
defect (Bolkier et al. 2022). Here, with an additional case of a homozygous frameshift variant,
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we add to the genetic and functional evidence for biallelic LoF variants inDAND5 causing an
autosomal recessive heterotaxy syndrome.

ADDITIONAL INFORMATION

Database Deposition and Access
The variant has been submitted to the ClinVar database (https://www.ncbi.nlm.nih.gov/
clinvar) under accession number VCV001704287.1.

Ethics Statement
This study was approved by the Columbia University Institutional Review Board (protocol
no.: AAAR1159). Written informed consent was obtained from the family for clinical exome
sequencing.
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