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Abstract

Background Left-right (LR) asymmetry disorders present a complex etiology, with genetic factors emerging as a pri-
mary contributor. This study aims to explore the genetic underpinnings of chromosomal variants and individual
genes in fetuses afflicted with prenatal LR asymmetry disorder.

Methods Through a retrospective analysis conducted between 2020 and 2023 at Tongji Hospital, Huazhong Univer-
sity of Science and Technology, genetic outcomes of LR asymmetric disorder were scrutinized utilizing copy number
variation sequencing (CNV-seq) and whole exome sequencing (WES) methodologies.

Results With a combination of CNV-seq and WES, 5 fetuses in 17 patients with LR asymmetry had chromosomal

or genetic variants. CNV-seq revealed a 16p11.2 microdeletion syndrome in a situs inversus fetus presenting patho-
genic and a 2g36.3 microduplication syndrome in a fetus with Heterotaxy presenting a variant of uncertain signifi-
cance (VUS). WES identified NM_198075.4:c.755del in the LRRC56 gene and NM_001454.4:c.865_868dup in the FOXJ1
gene in two situs inversus cases, along with two variants in DNAHS5 in two other fetuses. Further bioinformatics
scrutiny was conducted to assess the protein structure and function prediction of these variants, ultimately indicating
their potential pathogenicity.

Conclusion The study highlights that fetuses with LR asymmetric disorders may have copy number variants, under-
scoring the significance of mutations in LRRC56 and FOXJ1 in the development of LR asymmetry disorders.

Keywords Left-Right asymmetry disorder, Situs Inversus, Heterotaxy, Copy number variant sequencing, Whole
exome sequencing
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disorders including Situs Inversus (SI) and Heterotaxy
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(HTX) [2]. ST is characterized by a mirror-image distribu-
tion of the thoracic and abdominal viscera in a position
opposite to the normal anatomical state, with a preva-
lence of approximately 1/25,000—1/8000 [3]. SI typically
maintains organ coordination, leading to infrequent
occurrences of combined organ structural malforma-
tions. Conversely, HTX is characterized by stochastic vis-
ceral localization, where at least one of the thoracic and
abdominal organs is inverted, presenting an incidence of
1/10,000 in newborns [4]. HTX frequently coexists with
organ malformations, with approximately 80% of affected
patients experiencing complex congenital heart diseases
(CHDs) that are associated with a grim prognosis [5].

LR asymmetry disorders encompass a genetically
diverse array of conditions that are influenced by a com-
bination of genetic, environmental, and developmental
stochastic factors, leading to incomplete penetrance [6].
Genetic factors encompass chromosomal abnormali-
ties, and gene mutations [7]. Copy number variants have
been identified in approximately 13.5% to 30.15% of cases
of LR asymmetry disorders [8—10]. Genetic variants
are present in about 15.3-56% of LR asymmetry disor-
der cohort studies [11-13], demonstrating a spectrum
of inheritance patterns including autosomal recessive
(AR), autosomal dominant (AD), and X-linked modes
[14]. Over 82 genetic defects have been documented in
academic literature as linked to LR asymmetry disorders
[15]. Currently, common clinical methods for detecting
copy number variants include chromosome microarray
(CMA) or CNV-seq techniques. Whole exome sequenc-
ing, a high-throughput technology that sequences all
exons of an organism, has gained popularity in clinical
studies of rare disorders. This method allows for rapid
analysis of multiple gene sequences, leading to a more
thorough genetic diagnosis [16, 17].

In this study, a cohort of 17 fetuses with LR asymmetry
disorder was analyzed using CNV-seq and WES. Poten-
tial pathogenic genes and variants were identified and
confirmed through Sanger sequencing, and their patho-
genicity was investigated using protein structure predic-
tion modeling. These efforts were undertaken to provide
new insights into the genetic etiology of LR asymmetry
disorders.

Methods

Information of participants

This was a retrospective study carried out at the Prena-
tal Diagnostic Center of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology,
a renowned prenatal diagnostic referral center in China,
spanning from January 2020 to August 2023. The study
examined 17 cases of fetuses with SI or HTX, with data
collection encompassing a range of clinical parameters
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including gestational age at diagnosis, fetal ultrasound
findings, pregnancy outcome, as well as demographic
information such as the age of the couple, pregnancy his-
tory, and relevant family medical history. Our study was
approved by the Research Ethics Committee of Tongji
Hospital (T]-IRB202401031). Informed consent was
obtained from all participants in the study.

Sample collection and processing

Amniotic fluid was obtained through ultrasound-guided
amniocentesis during mid-gestation in 14 instances for
prenatal diagnosis. Fetal tissue was collected follow-
ing delivery of the fetus in 2 cases where termination of
pregnancy was opted for, while umbilical cord blood was
collected at the time of full-term delivery in 1 case. Fetal
genomic DNA was extracted from the samples using a
DNA extraction kit (Tian Gen, Beijing, China) and stored
at -20 °C for future analysis.

Copy number variation sequencing

CNV-seq was performed as previously described [18].
Briefly, genomic DNA was extracted from fetal tissues
using the DNeasy Blood and Tissue Kit (Qiagen GmbH,
Hilden, Germany). The quality and concentration of DNA
were assessed with a Qubit 2.0 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). Approximately 5
million sequencing reads per sample were aligned to the
NCBI human reference genome (hgl9/GRCh37) using
the Burrows-Wheeler Aligner (BWA) and organized into
20-kb blocks with a 5-kb sliding window for enhanced
CNV detection.

Validation of CNVs was conducted by cross-referenc-
ing public repositories such as DGV (http://dgv.tcag.ca/
dgv/app/home), DECIPHER (http://decipher.sanger.ac.
uk/), Online Mendelian Inheritance in Man (OMIM,
http://www.omim.org/), and UCSC (http://genome.
ucsc.edu/), followed by assessment under the 2019
American College of Medical Genetics and Genom-
ics (ACMG) guidelines [19]. Upon identification of fetal
CNVs deemed pathogenic or potentially pathogenic, it is
advised to procure blood samples from both parents for
verification.

Finally, we analyzed the enrichment of genes identi-
fied in copy number variations (CNVs) using the DAVID
database (https://david.ncifcrf.gov/). Subsequently, we
assessed the influence of these genes on patient-specific
phenotypes through Phenolyzer (https://phenolyzer.
wglab.org/).

Short tandem repeat (STR) analysis

DNA samples were procured from fetal tissue and mater-
nal peripheral blood to detect maternal contamination.
Employing the Microreader™ 21 Direct ID System kit,
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we executed multiplex PCR amplification with five-color
fluorescent labeling across 20 commonly utilized STR
loci and one sex locus. The resultant amplified products
underwent separation via capillary electrophoresis, with
subsequent analysis predicated on the repeat counts and
lengths associated with each STR locus. Finally, GeneM-
apper ID version 3.2 software was used to interpret the
electrophoresis profiles and determine the repeat num-
bers at each STR locus.

Whole exome sequencing

DNA samples were enriched for exome sequencing
using the Agilent SureSelect Human Exome Capture
Probe (V6, Life Technologies). The libraries underwent
sequencing to generate paired-end reads of 150 base
pairs on the Hiseq XTen platform (Illumina, Inc.). BAM
files were created through a series of analyses includ-
ing single nucleotide polymorphism detection, repeat
annotation, insertion-deletion realignment, and quality
recalibration utilizing GATK and SAM tools. All identi-
fied variants were classified as pathogenic, likely patho-
genic (LP), variant of unknown significance (VUS), likely
benign, or benign based on the criteria outlined by the
ACMG [20]. Sanger sequencing was employed for veri-
fication in cases where fetal likely pathogenic and patho-
genic gene variants were identified. It is recommended
that Sanger sequencing be conducted on blood samples
obtained from both parents when fetal pathogenic or
likely pathogenic variants are discovered.

Conservation analysis of mutated genes and mutation
frequency analysis

The methodology for assessing species conservation
entailed retrieving protein sequences linked to mutated
human genes, and those from diverse species, from the
National Center for Biotechnology Information (NCBI)
database (https://www.ncbi.nlm.nih.gov/). Subsequently,
the conservation of these protein sequences across differ-
ent species was analyzed using the Clustal X software.

To analyze the frequencies of mutations in disease-
causing genes within the population, data from the Thou-
sand Genomes Project (1000G) (https://www.internatio
nalgenome.org/), the Human Exome Database (ExAC)
(http://exac.broadinstitute.org/), and the Genome Aggre-
gation Database (gnomAD) (https://gnomad.broadinsti
tute.org/) were consulted as references.

Protein structure and function prediction of mutant genes
The methodology for predicting the protein structure
of mutant genes involved utilizing the online SWISS-
MODEL tool (http://www.swissmodel.expasy.org) to
predict both wild-type and mutant protein structures,
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followed by PyMOL software (version 1.7, Schrodinger,
LLC, Portland, U.S.A.) to create visual representations.

Three methods were utilized to predict mutant gene
function including Mutation Taster (http://www.mutat
iontaster.org/) [21], Polyphen-2(http://genetics.bwh.harva
rd.edu/pph2/), and PROVEAN (http://provean.jcvi.org/
index.php) [22].

Results

Basic information

As indicated in Table 1, ultrasonography of 17 pediatric
patients revealed SI in 12 cases and HTX in 5 cases, with
no reported history of consanguinity among the couples.
Additionally, three cases had a history of stillbirth preg-
nancies, and one had a history of fetal intestinal exstro-
phy, but genetic testing was not performed for the fetus
or the couple.

Results of copy number variation sequencing

In this investigation, 2 fetuses with abnormal CNVs were
detected but were not further verified by other methods
(Supplementary Information Fig. 1). Case 7, diagnosed
with SI, exhibited a de novo pathogenic 0.56 Mb deletion
at p11.2 of chromosome 16. After reviewing the ClinGen
database, there is substantial evidence (Haploinsuffi-
ciency score: 3) that patients with a single dose deficiency
in this region display the clinical phenotype of Chro-
mosome 16p11.2 deletion syndrome, 593-KB (OMIM:
611,913), with a penetrance of approximately 46.8% [23—
25]. Patients primarily exhibit developmental delays of
varying severity, neurological abnormalities, scoliosis, or
hemivertebral deformities, with about 6% also present-
ing congenital heart disease, leading to a classification
of this variant as pathogenic. Conversely, Case 14, diag-
nosed with HTX, displayed a chromosomally identified
1.06 Mb heterozygous duplication at q36.3 of chromo-
some 2. Multiple database resources were queried and no
case information or population evidence associated with
this fragment was found, leading to a classification of this
variant as VUS. Notably, CNV testing was not conducted
on the parents of the last affected fetus. As illustrated in
Table 2, the CNVs above encompassed 50 genes, which
underwent enrichment and analysis. These genes were
enriched in pathways like PI3K-Akt signaling and cellular
migration, which are essential for normal organ develop-
ment and left-right asymmetry (Supplementary Infor-
mation Fig. 2). In addition, we identified 20 genes with
potential associations with the SI and HTX, as detailed in
Supplementary Information Table 1.

Results of whole exome sequencing
The study revealed a detection rate of 11.8% (2/17) for
core findings identified through Whole-exome sequencing
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Table 2 Localization of pathogenic or VUS CNVs and the genes they contain

Cases Chromosome Genomic coordinates

Type Size (Mb) Genes contained

7 16p11.2p11.2  29,640,000-30,200,000 Del 056

ALDOA, SPN, QPRT, RN7SKP127, C160rf54, ZG16, KIF22, MAZ, MVP-DT, PRRT2,

PAGR1, MVP, CDIPT, CDIPTOSP, SEZ6L2, ASPHD1, KCTD13, KCTD13-DT, TMEM219,
TAOK2, HIRIP3, INO8OE, DOC2A, C160rf92, TLCD3B, PPP4C, TBX6, YPEL3, YPEL3-
DT, GDPD3, MAPK3, CORO1TA, COROTA-AST, BOLA2B, SLX1A, SLXTA-SULT1A3,
SULTTA3

14 2036.3936.3 226,540,000-227,600,000 Dup 1.06

MIR5702, IRST, RHBDD1, COL4A4, COL4A3, MFF-DT, MFF, TM4SF20, SCYGR1,

MIR5703, AGFG1, SCYGR9, SCYGR2

(WES) in fetuses or neonates exhibiting LR asymmetry
disorders. As shown in Table 3, case 1 involved the iden-
tification of a definitive homozygous pathogenic variant
in LRRC56, with both fetal parents found to be asympto-
matic heterozygous carriers. In case 2, a likely pathogenic
de novo heterozygous variant in FOX]J1 was discovered,
both genes being linked to primary ciliary dyskinesia
(PCD). Additionally, cases 7 and 12, both SI fetuses, were
found to have two variants in the DNAHS5 gene (Supple-
mentary Information Table 2). These variants were classi-
fied as variants of uncertain significance (VUS) according
to the guidelines of the ACMG due to limited evidence,
based on single existing evidence. The remaining 12
fetuses tested negative for the variants mentioned above.

Protein structure prediction of the mutated gene

and Sanger sequencing analysis

The fetus in Case 1 exhibited a homozygous c.755
base deletion in the LRRC56 gene, resulting in
p.Val252GlyfsTer158 as illustrated in Figs. 1a and 2a. Fig-
ure 3a showed significant evolutionary conservation at
residue 252 among various species. This genetic modifica-
tion led to a disruption in the amino acid sequence, caus-
ing premature termination (1-408 aa) and subsequent
structural abnormalities within the central region of the
protein. As detailed in Table 3, it exhibited a frequency
of 0.000006746 in the gnomAD. The mutation was vali-
dated by Sanger sequencing (Fig. 4a) and was inherited
from asymptomatic heterozygous carrier parents to the

Table 3 Frequency of mutated genes in LRRC56 and FOXJ1 and prediction of mutated gene function

Gene symbol LRRC56

FOXJ1

Gene's nomenclature
Variant location

Leucine rich repeat containing 56
chr11:551,261-551,261

Forkhead box J1
chr17:76,137,750-76137750

Transcript NM_198075.4:c.755del NM_001454.4:c.865_868dup
Variant NP_932341.1:p.(Val252GlyfsTer158) NP_001445.2:p.(Ser290ThrfsTer13)
Zygosity Homozygous Heterozygous

Origins of Mutation Parental De-novo

Variant type
dbSNP
Allelic frequencies

rs1424720789
1000G -
EXAC -
gonmAD 0.000001441
Diseases
Inheritance patterns

ACMG classification Pathogenic

(PVS1+PM2_Supporting +PM3_Supporting)

Frameshift insertion

Primary ciliary dyskinesia type 39
autosomal recessive

Frameshift insertion

Primary ciliary dyskinesia type 43
autosomal dominant

Likely pathogenic
(PS2+PM2)

NM_198075.4(LRRC56):c.755del:

1. Strong pathogenic evidence PVS1: This variant causes a change in the open reading frame of the gene, leading to altered protein function

2. Supporting pathogenic evidence PM2_Supporting: This variant has not been found in the reference populations of the 1000 Genomes Project (1000G), the Chinese
Genome Database, or the Exome Aggregation Consortium (EXAC). Its frequency in the Genome Aggregation Database (gnomAD) is 0.000001441

3. Supporting pathogenic evidence PM3_Supporting: The variant was detected in a homozygous state in the examined individual

NM_001454.4(FOXJ1):c.865_868dup:

1. Strong pathogenic evidence PS2: This variant is a de novo mutation identified through trio analysis in family samples

2. Moderate pathogenic evidence PM2: This variant has not been found in the Chinese Genome Database, the Exome Aggregation Consortium (ExAC), the 1000

Genomes Project (1000G), or the Genome Aggregation Database (gnomAD)
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Fig. 1 Comparison of protein structure prediction maps before and after mutation of LRRC56 and FOXJ1. a The upper panel displays the predicted
structure of the wild-type protein of LRRC56, consisting of 542 amino acids. Conversely, the lower panel demonstrates the impact of the deletion

of the 755th base of the LRRC56 gene, resulting in a change from valine to glycine at the 252nd amino acid position of the encoded protein.
Furthermore, the predicted structure of the mutant protein of LRRC56 indicates a code-shifting mutation at the mutant site, leading to early
termination of the protein at 408 amino acids. b The upper panel depicts the anticipated structure of the wild-type FOXJ1 protein, comprising 421
amino acids. Conversely, the lower figure illustrates a substitution of serine to threonine at the 290th amino acid position following a duplication
event at bases 865-868. Furthermore, the mutation of FOXJ1 leads to a frameshift mutation and premature termination of the protein at amino acid

301. Each exon is represented by distinct colored arrows

fetus. The designation of this variant as pathogenic is
consistent with the guidelines established by the ACMG
(PVS1+PM2_Supporting+PM3_Supporting).

In Case 2, duplication of bases c.865-868 in the fetal
FOXJ1 gene resulted in the p.Ser290ThrfsTer13 muta-
tion, leading to premature termination (1-301 aa) and
disruption of critical protein structures (Figs. 1b and 2b).
Figure 3b showed significant evolutionary conservation
at residue 290 among various species. Protein function
prediction analyses using Polyphen-2 and PROVEAN
indicated benign and potentially adaptive effects, respec-
tively (Table 3). In addition, Sanger sequencing validation
(Fig. 4b) confirmed the variant as a de novo heterozy-
gous mutation, and it is designated as likely pathogenic
according to ACMG guidelines (PS2+PM2).

Pregnancy outcome and prognosis

This study reported 9 pregnancy terminations and 8
full-term deliveries. Two families with fetal pathogenic
and likely pathogenic gene mutations chose to termi-
nate pregnancies (Cases 1 and 2). In the first family, both
parents carried a heterozygous pathogenic variant in an
autosomal recessive gene, prompting our recommen-
dation of Pre-implantation Genetic Testing (PGT) for a

future pregnancy. In the second family, we advised natu-
ral conception with prenatal diagnostics due to a de novo
mutation (Case 2). In the full-term deliveries, a fetus with
a pathogenic Copy Number Variant (CNV) coupled with
a gene of VUS was delivered in June 2022 (Case 7). A
neonatal ultrasound diagnosis confirmed SI, but no vital
organ dysfunction was observed during follow-ups up
to 2 years. The other five SI and two HTX cases tested
negative for CNV-seq and Whole-Exome Sequencing
(WES), with no vital organ dysfunction noted in postna-
tal evaluations.

Discussion

This retrospective cohort study aimed to assess the
impact of genetic variations on fetal LR asymmetry. In
the cohort, WES identified 2 fetuses with pathogenic
or likely pathogenic genes, and 2 with VUS genes, and
CNV-seq detected 1 microdeletion syndrome and 1
microduplication syndrome.

Some rare Copy Number Variants (CNVs) have been
implicated in certain disorders related to LR asymmetry
disorders, with many of these CN'Vs harboring key genes
crucial for organ development pattern [9, 10, 26, 27]. In
this study, case 7 exhibited a 16p11.2 deletion and had a
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MUT

Fig. 2 Comparison of 3D protein structure prediction before and after LRRC56 and FOXJ1 mutations. a The left panel is the LRRC56 wild-type
protein, which has its 252nd amino acid highlighted in a red sphere. The right panel shows the LRRC56 mutant protein, with the 252nd amino acid
highlighted as a red sphere, and its protein structure is significantly smaller compared to the wild-type protein structural domain. b The left panel
is the FOXJ1 wild-type protein, whose 290th amino acid is highlighted by a red sphere. On the right is the FOXJ1 mutant protein, whose 290th
amino acid is highlighted by a red sphere and whose protein structure is significantly smaller compared to the wild-type protein structural domain

VUS variant at 2 loci in DNAHS5, the latter was the pri-
mary diagnosis. Despite this finding, the parents opted
to proceed with the pregnancy, and the child, moni-
tored biannually post-birth, displayed no clinical signs of
microdeletion syndrome by age two. Previous studies on
LR asymmetry disorders identified 16p11.2 deletions that
include critical LR development genes TBX6 and PPP4C
[27]. Animal experiments have shown that Tbx6 plays
a role in LR patterning in mouse embryos by influenc-
ing lymph node cilium and perinodal signaling [28], and
Ppp4c is essential for dorsoventral patterning in zebrafish
embryos through the regulation of BMP/SMAD signal-
ing, while the MGI database indicates that Ppp4C knock-
out mice do not exhibit LR asymmetry disorder [29].
However, the connection between this chromosomal
variant and visceral inversion remains unclear, requiring
further investigation.

The variant gene LRRC56, located on 11p15.5, con-
sists of 14 exons and encodes a 542 amino acid protein
with a leucine-rich repeat domain. It is widely expressed
in humans, particularly in the testis and pituitary, and
is predominantly transcribed in ciliated cells of the lung
[30, 31]. In algal, its homolog ODAS is crucial for the
dynamin complex’s role in flagellar assembly [32]. Studies
have showcased that LRRC56 is involved in motility and
cilia maintenance through intraflagellar transport (IFT),
which relies on kinesin-2, and mutations in this gene are
linked to several human diseases affecting cilia [33].

As shown in Table 4, a study documented mutations in
the LRRC56 gene across three families [33]. For instance,
a girl in one family with an NM_198075.4:c.423+1G > A
variant experienced visceral inversion and recurrent
lung infections, leading to a diagnosis of primary cili-
ary dyskinesia (PCD) [34]. Another family reported
both fetuses with the NM_198075.4:c.419 T>C
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Fig. 3 Conservation analysis of LRRC56 and FOXJ1 mutation sites. The upper panel indicates a high degree of conservation at amino acid position
252 of LRRC56, while the lower panel demonstrates a similar conservation pattern at amino acid position 290 of FOXJ1

variant, linked to visceral anomalies and congeni-
tal heart disease. A separate family had a compound
heterozygote ~ with NM_198075.4:c.760G>T and
NM_198075.4:c.326+1G> A, presenting with chronic
lung infections and otitis media. Additionally, a cohort
study in Saudi Arabia found the NM_198075.4:c.494 T >C
variant in a family with visceral inversion and respiratory
issues [35, 36]. Notably, we found a deletion at base 755
in LRRC56 leading to a frameshift mutation, which had
not been previously documented. This novel variant was
analyzed for its potential pathogenic role, enhancing the
genetic understanding of LR asymmetric disorders.

A distinct variant of the FOX]J1 gene at 17q25.1 was
also identified, which consists of three exons encoding
the forkhead transcription factor (HFH-4), crucial for
motor ciliogenesis. HFH-4 is highly expressed in various
tissues, including airway-ciliated cells and the vas defer-
ens, and is essential for the development of epithelial cells
with motile cilia, playing a key role in establishing LR
asymmetry and facilitating mucociliary clearance [37].
Heterozygous mutations in FOXJ1 can disrupt motor
cilia structure and impact cerebrospinal fluid dynamics,
contributing to hydrocephalus [38].

As shown in Table 5, a total of 14 patients with FOX]J1
mutations have been reported in the literature, 6 of whom
exhibited situs inversus often alongside hydrocephalus

[39-43]. For instance, the NM_001454.4:c.784_799dup
variant does not produce ectopic cilia or activate the
ADGB promoter which is a downstream target of FOX]J1
associated with ciliary function, though it has been linked
to complex congenital heart disease [44]. The fetuses in
this study exhibited complete visceral inversion without
cerebral edema, potentially reflecting the diverse pheno-
types associated with various mutation loci. Notably, we
identified a novel NM_001454.4:¢.865_868dup variant in
the FOX]J1 gene, which has not been previously reported.

Variants in the LRRC56 and FOX]J1 genes are associ-
ated with PCD, which is a genetically diverse group of
disorders caused by abnormal ciliary motility, leading to
various clinical presentations. This dysfunction manifests
as compromised ciliary function in tissues and organs.
Approximately 50% of PCD patients present with situs
inversus (SI), and around 6% exhibit Heterotaxy (HTX),
both of which pertain to left-right asymmetry disorders
[45]. A cohort study of Chinese children with PCD iden-
tified DNAH11 as the most frequently mutated gene,
with two variants in this study being previously unre-
ported [46]. Therefore, this research expands the under-
standing of gene variants linked to PCD and left-right
asymmetry in the Chinese population.

Our study involves a single-center investigation with a
limited subject number, highlighting the need for future
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a. mutation gene of LRRC56 in case 1 family

Reference cie TTET PG AT G GEET CET TEALC CGCAAGEE AGTCET GG ETC
Fetus
Father
CCTTCTTGHTGGCCTCCTTCCCCGCHGCCCHTCCTGGGTTC
Mother
e u
CCTTCTTGATGGCCTCCTTCCCCGAAGCCCHT TGEGGGTECECIE

b. mutation gene of FOXJ1 in case 2 family

Reference ¢ ¢ ¢ 6 T GGGCAGCAGGGTGCTGGGGGGCCGCGGGACCTT GG

Fetus

Father

!

Mother

CCGCGGCGCGTGGGCAGCCAGGGTGCTGCGGGGGCCGCGGGACCTTGG
Fig. 4 Validation of LRRC56 and FOXJ1 variant sources by Sanger sequencing of family lines a mutation gene of LRRC56 in case 1 family b mutation
gene of FOXJ1 in case 2 family
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Table 4 Literature review of the variant loci of LRRC56
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Case Gender Nationality Age Situs inversus CHD Chronic LRRC56 Inheritance Consanguineous
(year) inflammation of transcript marriages
the respiratory
system
1 Unknown  Chinese 0 + - - NM_198075.4.c.755del Paternal -
2[33,34] Female British Pakistani 1.5 + - + NM_198075.4:c423+1G>A Paternal
3[33] Unknown  Kuwaiti 0 + +° - NM_1980754:c419T>C Paternal
433] Male British 27 + - + NM_198075.4:c.760G >T de novo -
and NM_198075.4:c.326+1G>A
5[35,36] Male Arabian 7 + +° + NM_198075.4:c494 T>C Unknown +
2The two fetal represent complex congenital heart malformation characterized by double outlet right ventricle
Table 5 Literature review of the variant loci of FOXJ1
Case Gender Nationality Age (years) Situsinversus CHD Hydrocephalus FOXJ1 transcript Inheritance
1 Unknown  Chinese 0 — NM_001454.4:c.865_868dup de novo
2 [39] Female Chinese 4 + - + NM_001454.4:c.734_735 ins20 de novo
3[40] Male German 0 - - + NM_001454.4:.c901G>T de novo
4 [40] Male German 0 — VSD + NM_001454.4:c.826C>T de novo
5 [40] Female German 54 - - + NM_001454.4:c.868_871dup de novo
6 [40] Female British 0 - - + NM_001454.4:c.967delG de novo
7 [40] Male us 0 + - + NM_001454.4:c.826C>T de novo
8 [40] Male us 0 + - + NM_001454.4:c.939delc Unknown
9[41] Female European 0 - - + NM_001454.4:c.967delG de novo
10[411  Male European 0 - - + NM_001454.4:c.826C>T de novo
11[41]  Male European 0 - + NM_001454.4:c.287C>G carrier mother
12[42] Female German 0 + ASD + NM_001454.4:c.945delC de novo
13[42] Male Irish 0 - — + NM_001454.4:c.929_932delACTG ~ Unknown
14[43]  Female Japan 29 + ESD + NM_001454.4:c.709delC Unknown
15[44] Male us 0 - — - NM_001454.4:c.784_799dup de novo
ASD Atrial septal defect, ESD Endocardial cushion defect, VSD Ventricular septal defect
collaborations to increase the sample size. With advance- [ Supplementary Material 1. }

ments in molecular genetics, such as single-cell sequencing,
more genes related to visceral left—right axis development
may be discovered, enhancing our comprehension of the
molecular mechanisms underlying visceral inversion [47].

Conclusions

This is a retrospective analysis of a prenatal cohort
with Situs Inversus and Heterotaxy. CNV-seq detected
16p11.2 microdeletion syndrome and 2q36.3 microdu-
plication syndrome, while WES identified pathogenic
and likely pathogenic de novo mutations in the LRRC56
and FOX]J1 genes, providing new genetic insights into LR
asymmetry disorders.
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