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Background: The NONO gene is located on chromosome Xg13.1 and encodes a
nuclear protein involved in RNA synthesis, transcriptional regulation, and DNA repair.
Hemizygous variants in NONO have been reported to cause mental retardation,
X-linked, syndromic 34 (MRXS34) in males. Due to the scarcity of clinical reports, the
clinical characteristics and mutation spectrum of NONO-related disorder have not been
entirely determined.

Methods: We reported a fetus with hypoplastic left heart syndrome, performed a
comprehensive genotyping examination, including copy-number variation sequencing
and whole-exome sequencing, and screened for the genetic abnormality. We also
conducted an in vitro mini-gene splicing assay to demonstrate the predicted deleterious
effects of an intronic variant of NONO.

Results: Exome sequencing identified a novel intronic variant (c.154 + 9A > G) in
intron 4 of the NONO gene (NM_001145408.1). It was predicted to insert 4 bp of
intron 4 into the mature MBNA. Minigene assay revealed that the c.154 + 9A > G
variant caused the activation of the intronic cryptic splice site and 4 bp insertion
(c.154_155ins GTGT) in mature mRNA. Literature review shows that cardiac phenotype,
including left ventricular non-compaction cardiomyopathy and congenital heart disease,
are consistent features of MRXS34.

Conclusion: This study enlarges the mutation spectrum of NONO, further expands
hypoplastic left heart syndrome to the phenotype of MRXS34 and points out the
importance of intronic sequence analysis and the need for integrative functional studies
in the interpretation of sequence variants.

Keywords: congenital heart disease, hypoplastic left heart syndrome, NONO (p54nrb), mini-gene splicing assay,
intronic variant

Frontiers in Genetics | www.frontiersin.org

1 November 2020 | Volume 11 | Article 593688


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2020.593688
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2020.593688
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2020.593688&domain=pdf&date_stamp=2020-11-16
https://www.frontiersin.org/articles/10.3389/fgene.2020.593688/full
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Sun et al.

NONO-Related Geno-Phenotypes

INTRODUCTION

The non-POU domain containing octamer-binding gene
(NONO) is located on chromosome Xql3.1. It is a highly
conserved member of the Drosophila behavior/human splicing
protein family thought to be involved in RNA synthesis,
transcriptional regulation, and DNA repair (Shav-Tal and Zipori,
2002). Hemizygous mutations in NONO have recently been
reported to cause mental retardation, X-linked, syndromic 34
(MRXS34; OMIM: 300967) in several male patients (Mircsof
et al., 2015; Reinstein et al., 2016; Scott et al., 2016; Carlston
et al, 2019; Sewani et al, 2019; Sun et al, 2020b). The
predominant presentation for these patients described so far is
that of an X-linked recessive disorder characterized by delayed
psychomotor development, intellectual disability with poor
speech, dysmorphic facial features, and mild structural brain
abnormalities, including thickening of the corpus callosum.
Other findings may include a cardiac phenotype, including
left ventricular non-compaction cardiomyopathy (LVNC) and
congenital heart disease (CHD). However, due to the scarcity
of clinical reports, the clinical characteristics and mutation
spectrum of NONO-related disease are uncertain.

Hypoplastic left heart syndrome (HLHS) is a severe CHD
involving hypoplasia of the left ventricle, aorta, and mitral valve.
It is one of the most lethal CHD, accounts for approximately 4-
8% of all CHD, and remains clinically challenging (Feinstein et al.,
2012). HLHS is heritable and has been associated with various
chromosomal abnormalities, including Turner and Jacobsen
syndromes, and heterozygous mutations in NKX2.5, NOTCH1,
MYHS6, and GJA1 have been reported in a small number of
cases (Feinstein et al., 2012; Tomita-Mitchell et al., 2016; Kim
et al, 2020). However, the genetic basis of HLHS remains
largely unknown.

Next-generation  sequencing, especially = whole-exome
sequencing, has revolutionized clinical diagnostic testing and
new disease gene and pathway recognition (Xue et al, 2015;
Jin et al., 2017; Sun et al, 2020a). Approximately 85% of the
disease-causing mutations can typically be found in the coding
region or canonical splice sites (Choi et al., 2009). Increasing
evidence indicates that intronic mutations that potentially
affect splicing also play an important role in the etiology of
human diseases (Vaz-Drago et al., 2017). Intronic mutations
should be investigated when interpreting sequence variants in
next-generation sequencing, especially when causative mutations
cannot be identified in coding regions or canonical splice sites.

Here, we report a fetus with hypoplastic left heart syndrome
(HLHS) carrying a novel intronic variant in NONO. Our
case expands the mutation spectrum and the cardiovascular
phenotypes associated with NONO mutations. We also reviewed
the cardiac phenotype in patients with NONO mutations from
the literature. Based on previously reported cases and our novel
findings, we conclude that cardiac phenotype, including LVNC
and CHD, are consistent features of MRXS34.

Abbreviations: CHD, congenital heart disease; HLHS, hypoplastic left heart
syndrome; LVNC, left ventricular non-compaction cardiomyopathy; MRXS34,
mental retardation, X-linked, syndromic 34.

MATERIALS AND METHODS

The Institutional Review Board of the Medical Ethics Committee
of Beijing Anzhen Hospital approved this study. The parents
of the fetus provided their written informed consent to
participate in this study.

Fetal Ultrasound and Echocardiography

Examination

The ultrasound examinations were performed using the
General Electric Voluson E8 ultrasound system with
transabdominal 2-4 MHz curvilinear transducers (GE
Healthcare Ultrasound, Milwaukee, WI, United States).
A complete fetal echocardiographic examination, including
two-dimensional (2D), M-mode, color, and pulse Doppler
echocardiography, was performed according to the American
Society of Echocardiography guidelines and standards for
performance of the fetal echocardiogram (Rychik et al., 2004).

Copy Number Variation Sequencing and
Whole-Exome Sequencing

Both copy-number variation sequencing and whole-exome
sequencing were performed using methods described previously
on genomic DNA from the deceased fetus and the parents
(Sun et al., 2020a). Copy-number variation sequencing was used
to identify aneuploidies and pathogenic copy number variants,
while whole-exome sequencing was used to identify potential
pathogenic sequence variants. Briefly, genomic DNA was
extracted, hybridized and enriched for whole-exome sequencing.
The captured libraries were sequenced using Illumina NovaSeq
6000 (Illumina, Inc., San Diego, CA, United States). Then,
the sequencing data were aligned to the human reference
genome (hgl19/GRCh37) using BWA' and PCR duplicates were
removed by using Picard v1.57*. GATK® was employed for
variant calling. ANNOVAR® was used for variant annotation and
interpretation. We determined the frequency of each variant in
the dbSNP150°, 1000 Genomes Project® and gnomAD’ to remove
common SNPs (minor allele frequency > 0.1%). Then, non-
synonymous, splicing, frameshift and non-frameshift variants, as
well as intronic variants within 20 base pairs of an exon, were
prioritized for evaluation. SIFT®, PolyPhen-2°, MutationTaster'’,
and CADD'" were used to predict the pathogenicity of
missense variants, while SpliceAl (Jaganathan et al., 2019),
HSF"” and MatEntScan (Yeo and Burge, 2004) were used to

'http://bio-bwa.sourceforge.net/
Zhttp://picard.sourceforge.net/
Shttps://software broadinstitute.org/gatk/
*http://wannovar.wglab.org/
*https://www.ncbi.nlm.nih.gov/snp/
Chttp://www.internationalgenome.org/
“https://gnomad.broadinstitute.org/
Shttp://sift.jcvi.org
“http://genetics.bwh.harvard.edu/pph2
http://www.mutationtaster.org
http://cadd.gs.washington.edu
Lhttp://www.umd.be/HSF3/
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FIGURE 1 | Structures and functional analysis of the splicing vector pEGFP-C1 and mini-gene NONO-wt/NONO-mut (c.154 + 9A > G).
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evaluate the effects on splicing. Missense variants not presenting
damaging results in any protein function prediction from SIFT,
Polyphen2, MutationTaster and CADD were excluded. Intronic
variants not presenting damaging results in any prediction from
SpliceAI, HSF and MatEntScan were excluded. Pathogenicity
of variants was determined according to current American
College of Medical Genetics and Genomics guidelines that
recommend classifying variants into five categories: pathogenic,
likely pathogenic, uncertain significance, likely benign or benign
(Richards et al., 2015).

In vitro Mini-Gene Splicing Assay
Construction of Recombinant Plasmids

The constructs were made by three consecutive rounds of PCR:
the first round was performed using genomic DNA (a total of
two sets of DNA) as a template, and NONO-6070-F and NONO-
9726-R as primers; the secondary round was performed using
the first round of PCR products as a template, and NONO-
6556-F and NONO-9241-R as primers; the third round was
performed using PCR product of the second round as a template,
and pEGFP-C1-NONO-KpnI-F and pEGFP-C1-NONO-BamHI-
R as primers (Supplementary Table 1). The electrophoresis
and gel recovery were performed for the final PCR products.
Both NONO-wt and NONO-mut (c.154 + 9A > G) PCR
products contained the entire sequence of exon 4 to exon
5, and the amplified length was 1,335 bp. PCR products of

NONO-wt and NONO-mut (c.154 + 9A > G) were purified
and inserted into the eukaryotic expression vector pEGFP-C1
using Kpn/BamHI to construct two sets of plasmids: pEGFP-
C1-NONO-wt and pEGFP-C1-NONO-mut (Figures 1, 2A). The
recombinant plasmids were digested with Kpnl and BamH]I, and
verified by gene sequencing (Figure 2B).

Transfection of Eukaryotic Cells

Inoculate 5 x 105 cells (HEK-293T and Hela) with 1 ml
medium (DMEM, 10% fetal bovine serum, no antibiotics) per
well in a 12-well plate, and when the cell density reaches 90%,
dilute in Opti-MEM (Gibco, United States) 1 pg plasmid and
3 pl liposome transfection reagent (Yeasen Biotech Company
Limited, Shanghai, China), according to the instructions of
liposome transfection reagent after incubation is completed for
transfection. Collect cells for analysis 48 h after transfection.

Real Time-Polymerase Chain Reaction

The total RNA was extracted from 293T, and HeLa cells using a
RNA extraction kit (TaKaRa) by Trizol method, and the cDNA
was reverse transcribed using a reverse transcription kit (YESEN)
according to the manufacturer’s instructions. The concentration
and purity of the extracted RNA were determined by UV
spectrophotometry. PCR products were identified by 2% agarose
gel electrophoresis and verified by sequencing.
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FIGURE 2 | Results of the mini-gene splicing assay. (A) Schematic diagram of mini-gene construction and the ¢.154 + 9A > G variant related abnormal splicing. The
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mini-gene. (C) Gel electrophoresis of RT-PCR products: the band of the mutant was bigger than the wild-type. (D) Mini-gene product sequencing results: (a) The
wild-type mini-gene (NONO-wt) formed normal mRNA composed of exons 4 and 5; (b) The mutant mini-gene (NONO-mut) caused a splicing abnormality, resulting in
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RESULTS
Clinical Phenotypes

A 28-year-old primigravida was referred at 26 weeks' gestation
for prenatal echocardiography. Both the woman and her partner
were healthy, with no significant family history, and did
not take any medication. She and her partner were non-
consanguineous. Detailed fetal echocardiographic examination
revealed hypoplastic left ventricle, Mitral valve dysplasia, and
aorta hypoplasia (Figure 3). The echocardiographic findings
were consistent with a prenatal ultrasound diagnosis of HLHS.
Ultrasound screening in the first and second trimesters detected
no extra-cardiac abnormalities. After detailed counseling, the
couple decided to terminate the pregnancy and undergo genetic
testing but refused to perform an autopsy on the fetus.

Molecular Findings

Trio copy number variation sequencing and whole-exome
sequencing were performed on DNA extracted from samples
of the fetus and the parents to determine the underlying
genetic cause of the fetal cardiac phenotype. Copy-number
variation sequencing identified no chromosomal abnormalities.
The mean sequencing coverage on target regions of whole-
exome sequencing was 105-fold, providing enough data to
obtain 96.21% at 20 x coverages of 64 Mb targeted exome
of the human genome (hgl9). Based on the aligned reads,
81,885 initial variants were identified. The filtering cascades
for WES data are listed in Supplementary Table 2. After five
filters of the variants data for WES data, 67 variants were kept
(Supplementary Table 3). Finally, we identified a maternally

FIGURE 3 | The echocardiography of the fetus identified aorta hypoplasia
(A,B) hypoplastic left ventricle and Mitral valve dysplasia (C,D).

(A) Two-dimensional echocardiography showed the thin, small ascending
aorta (arrow). (B) Color Doppler echocardiography showed the narrowed
aortic arch (arrows) and retrograde flow in the aortic arch.

(C) Two-dimensional echocardiography showed that the thickened mitral
leaflets with enhanced echo. The ratio of the right heart to the left heart was
increased. (D) Color Doppler showed a limited mitral valve (arrows) opening,
reduced forward flow, and reduced left ventricular filling. DA, descending
aorta; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium;
RV, right ventricle; SVC, superior vena cava; T, trachea.
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FIGURE 4 | Sanger sequencing shows that the mutation is heterozygous in the mother.

inherited hemizygous variant, c.154 + 9A > G, in intron 4
of the NONO gene (NM_001145408.1). The next-generation
sequencing data revealed the presence of this mutation in 93
out of 93 (93:0) reads in the proband, and 96:73 and 0:61 of
the mutation vs. the wild-type reads in the mother and the
father, respectively. Subsequent Sanger sequencing confirmed
the heterozygous mutation in the mother (Figure 4). Besides
finding the NONO mutation presented above, we also identified
a paternal inherited, rare and putatively damaging variant in
the HLHS-associated gene MYH6 (NM_002471.3:c.718G > A,
p-Asp240Asn).

In silico Splicing Analysis

Computational predictions conducted using SpliceAl, HSF and
MatEntScan revealed that the intronic ¢.154 + 9A > G variant
might influence the splicing process by differentially affecting
canonical vs. cryptic splice site utilization. The newly detected
variant was predicted by HSF to insert 4 bp of intron 4 into
the mature mRNA (Figure 2A). This variant should give rise to
frameshift and a premature termination codon (p.Asn52Serfs*3).

Results of the Mini-Gene Splicing Assay

To prove that the c154 + 9A > G variant caused the
4 bp insertion, we then conducted the mini-gene splicing
experiment. The mini-gene splicing products were analyzed by
PCR amplification with plasmid-specific primers and visualized
with polyacrylamide gel electrophoresis.

RT-PCR analysis using wild-type and mutant minigene
constructs revealed that, compared with the wild-type construct,
the PCR products generated by the mutant c.154 + 9A > G
construct were slightly larger (Figure 2C). The amplicons
confirmed by Sanger sequencing showed that the cDNA fragment
obtained from the c.154 + 9A > G plasmid contained an
additional 4 bp in intron 4 to exon 4 (c.154_155ins GTGT)
(Figure 2D). This result is consistent with the in silico
analysis result.

DISCUSSION

This study describes a fetus with HLHS that carried a novel
intronic variant in the NONO gene. Minigene assay revealed
that the variant caused the activation of a cryptic splice site and
4 bp insertion in mature mRNA. Our case enlarges the mutation
spectrum of NONO and expands hypoplastic left heart syndrome
to the phenotype of NONO related disorder.

This novel intronic variant in the NONO gene
(c.154 + 9A > G) has previously not been reported as pathogenic
or benign and has not been observed in the general population
(dbSNP150, 1000 Genomes Project, gnomAD). It showed a
deleterious effect by multiple in silico algorithms. Furthermore,
in vitro experiment of mini-gene splicing assay verified that
the variant alters splicing, leading to frameshift and a predicted
premature termination codon. It is expected to result in either an
abnormal truncated protein product or loss of protein from this
allele through nonsense-mediated mRNA decay. In addition, the
majority of reported patients with NONO mutations presented
with CHD (Mircsof et al., 2015; Reinstein et al., 2016; Scott et al.,
2016; Carlston et al., 2019; Sewani et al., 2019; Sun et al., 2020b)
suggesting the association between NONO deficiency and CHD.
In conclusion, we classified this NONO mutation as pathogenic
according to the American College of Medical Genetics and
Genomics guidelines (Richards et al., 2015). In addition to the
NONO variant inherited from the mother, a rare and putatively
damaging MYH6 variant inherited from the father was also
identified. Recently, rare variants in MYH6 have been observed
in 10.5% of HLHS patients, and sarcomere disorganization and
functional defects have been demonstrated in tissue and induced
pluripotent stem cell-derived cardiomyocytes from patients with
MYH6 mutations (Tomita-Mitchell et al., 2016; Kim et al., 2020).
Both parents are asymptomatic, and the NONO mutation and
the MYH6 mutation are inherited from the mother and father,
respectively. Generally, for X-linked recessive genetic diseases
(NONO mutation), female heterozygotes (the mother in this
report) have no phenotype and only have phenotypes when
they are homozygous; on the contrary, for autosomal dominant
genetic diseases (MYH6 mutation), heterozygotes (the father)
should have phenotypes, of course, there are also incomplete
penetrance phenomena. However, autosomal dominant with
low penetrance is not an expected modality of CHD genetics.
Therefore, we believe that the NONO mutation is the major
genetic factor causing the fetal phenotype, and the MYH6
mutation may be a modifier that may affect the fetal HLHS. In
this work, we highlighted the importance of including extended
intronic regions in the analysis of WES results during variant
prioritization and post-analytical phase for clinical purposes.
This work also points out that functional investigations can be a
powerful tool in support of pathogenicity of mutations.

Interestingly, while structural cardiac defects and LVNC have
been reported in MRXS34 (Reinstein et al., 2016; Scott et al., 2016;
Carlston et al., 2019; Sewani et al., 2019; Sun et al., 2020b), HLHS
has not been previously associated with NONO-related disorders.
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TABLE 1 | Cardiac phenotype and prenatal findings of individuals with NONO mutations.

References, subject identifier

Variant (NM_001145408.2)

LVNC (age at diagnosis) Congenital heart disease

Prenatal findings

Mircsof et al. (2015), MCCID1
Mircsof et al. (2015), MCCID2

Mircsof et al. (2015),
DDD4K.0140

Reinstein et al. (2016)
Scott et al. (2016), Subject 1

Scott et al. (2016), Subject 2
Scott et al. (2016), Subject 3
Carlston et al. (2019)

Sewani et al. (2019), S1

Sewani et al. (2019), S2

Sewani et al. (2019), S3
Sun et al. (2020b), A1
Sun et al. (2020b), A2

Sun et al. (2020b), A3

Sun et al. (2020b), B2

Sun et al. (2020b), B3
This study

c.1131G > A, p.Ala377Ala
¢.1394dupC, p.Asn466Lysfs*13
¢.1093C > T, p.Arg365*

c1171+1G>T
€.1093C > T, p.Arg365*

¢.1394dupC, p.Asn466Lysfs*13
Exons 1-6 deletion

c.154 + 5_154 + 6delGT,
p.Asn52Serfs*6

¢.550C > T, p.Arg184*
c1171 +1G > A

c.457C > T, p.Arg153*
C.246_249del, p.Pro83Thrfs*7
€.246_249del, p.Pro83Thrfs*7

€.246_249del, p.Pro83Thrfs*7

c.471del, p.GIn157Hisfs*18

c.471del, p.GIn157Hisfs*18
c.154 + 9A > G, p.Asn52Serfs*3

NR
NR
NR

YES (8 m)
YES (1 m)

YES (at birth)
YES (1 m)
YES (2 m)
YES (ab birth)

YES* (4 y)

NR
YES (prenatal)
YES (prenatal)

YES (prenatal)

YES (prenatal)

YES (prenatal)
NR

NR
NR
NR

NR

Right ventricular hypertrophy,
ASD, VSD, PDA

ASD, VSD, PDA

PFO

EA, PFO

ASD, VSD, PDA, aortic dilatation
NR

Cardiomegaly, PS

EA, PS, VSD, pericardial effusion
Pulmonary atresia, VSD, aorta
astride, right aortic arch,
pulmonary dysplasia,
transposition of the aorta, PLSVA
PS, VSD, right ventricular
diverticulum, PLSVA

EA, PS, ASD, variation of branch
of aortic arch

EA, PS, VSD

Hypoplastic left ventricle, Mitral

NR
Hydramnios
Intrauterine growth retardation

NR
NR

NR
NR
Intrauterine growth retardation

NR

Polyhydramnios, short limbs,
brain abnormality,
macrocephaly

Abortion at 16 weeks.
Cardiac abnormalities
Cardiac abnormalities

Cardiac abnormalities

Cardiac abnormalities

Cardiac abnormalities
Cardiac abnormalities

valve dysplasia, aorta hypoplasia

ASD, atrial septal defect; EA, Ebstein’s anomaly; LVNC, left ventricular non-compaction cardiomyopathy; NR, not reported; PDA, patent ductus arteriosus, PFO, patent
foramen ovale; PLSVA, persistent left superior vena cava; PS, Pulmonary stenosis; VVSD, ventricular septal defect. *Mildly increased concentric left ventricular wall thickness

with some features of LVNC.

Although this cardiac abnormality might be coincidentally
present in the fetus herein described, previous frequent reports
of other structural cardiac abnormalities suggest a possible
involvement of the NONO defect. Recent experiment showed
that NONO deficiency was associated with developing heart
defects in mice (Xu et al, 2019), further suggesting the role
NONO in cardiac development. Further research is needed
to investigate the underlying mechanism of NONO deficiency
causing CHD (including HLHS) are needed.

MRXS34 is a very rare X-linked recessive disorder, the
incidence of which is unknown. A detailed literature review
associated with the data from our subject showed that all of
the patients are male. Prenatal abnormalities were seen in more
than half of the patients (10/17), including cardiac abnormalities
(LVNC and CHD) (6/17), polyhydramnios (2/17), intrauterine
growth retardation (2/17), macrocephaly (1/17), and short limbs
(1/17) (Table 1).

A total of 17 individuals with NONO mutations have
been described, including the fetus reported herein. 14 (82%)
of these patients present with cardiac phenotype, including
LVNC and CHD (Table 1). LVNC is the most common
cardiac phenotype, manifested in 12 (71%) of 17 patients
with NONO mutations. Interestingly, of the 12 LVNC patients
with NONO mutation, 10 (83%) were accompanied by CHD.

The incidence of CHD in LVNC patients caused by NONO
mutations seems to be significantly higher than its incidence
in overall LVNC patients (Oechslin and Jenni, 2018; Richard
et al, 2018; van Waning et al., 2018, 2019a,b; Kayvanpour
et al, 2019). In addition, LVNC is diagnosed early in all
patients with NONO mutations: five in the prenatal period
(Sun et al, 2020b), four in the neonatal period (Scott et al.,
2016; Sewani et al., 2019), two in infancy (Reinstein et al.,
2016; Carlston et al., 2019), and one at the age of 4 (Sewani
et al, 2019), indicating that LVNC is an early diagnostic
clue for MRXS34. The severity of cardiac symptoms in these
patients varies, ranging from requiring no medical intervention
to requiring cardiac transplantation. These observations suggest
that the NONO mutation may predispose males to the
development of LVNC and CHD with high but incomplete
penetrance and other unknown factors affecting their penetrance
and expressivity. Further work will hopefully elucidate the
pathophysiological mechanism of the association between the
dysfunction of NONO and LVNC.

CHD is also frequent in patients with NONO mutations,
characterized by septal defects and right-sided lesions
(Table 1). The prevalence of CHD is 71% (12/17), which
included 59% (n = 10) with septal defects, including
ventricular septal defect, atrial septal defect, and patent
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foramen ovale and 41% (n = 7) with right-sided lesions including
pulmonary stenosis/atresia and Ebstein’s anomaly.

Study Limitations

Although this fetus is most likely to be MRXS34 according
to its NONO mutation, we cannot distinguish whether its
HLHS is isolated or part of MRXS34. Because, first, the
neurodevelopmental status cannot be evaluated during the
fetal period, and the pregnancy has been terminated, so we
cannot determine whether the fetus would have the most
common neurodevelopmental abnormalities of MRXS34 if it
was born. Second, subtle dysmorphic features of MRXS34
cannot be detected on ultrasound. Finally, a fetal autopsy was
not performed without parental consent to obtain additional
clinical information.

CONCLUSION

In conclusion, this study enlarges the mutation spectrum of
NONO, further expands the phenotype to include HLHS, and
points out the importance of intronic sequence analysis and
the need for integrative functional studies in the interpretation
of sequence variants. By combining our case and literature
review, we conclude that cardiac phenotypes, including LVNC
and CHD, are consistent features of NONO-related disorder.
Further investigations into the pathophysiological mechanism
associated with NONO variants and genotype-phenotype
correlations are needed.
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