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Abstract

Background: Traboulsi syndrome is a rare disorder characterized by ectopia lentis
and facial dysmorphism (large beaked nose), which was only reported in 18 individu-
als to date. It is caused by homozygous/compound heterozygous variants in the aspar-
tate/asparagine-f-hydroxylase (ASPH) gene, which hydroxylates the aspartic acid and
asparagine in epidermal growth factor-like domains of various proteins.

Methods: Whole-exome and Sanger sequencing were used to identify the disease-
causing gene of the patient in a consanguineous Chinese family. Domain analysis was
applied to predict the impact of the variant on ASPH protein.

Results: Through exome and Sanger sequencing, we identified a novel homozygous
ASPH variant (NM_004318.4:c.1910del/NP_004309.2: p.(Asn637MetfsTer15)) in the
patient, which may lead to blockage of the ASPH function through truncating the AspH
oxygenase domain of the ASPH protein and/or nonsense-mediated decay of the ASPH
transcript. This is the first report of Traboulsi syndrome in a Chinese patient who was com-
bined with ventricular septal defect, lung bullae, and recurrent spontaneous pneumothorax.
Conclusion: Our results revealed the clinical characteristics of the first Chinese patient
with Traboulsi syndrome. Additionally, our study expands the mutational spectrum of

Traboulsi syndrome and provides information for clinical genetic counseling to this family.
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1 | INTRODUCTION

Traboulsi syndrome (OMIM 601552), also known as FDLAB
syndrome (Patel et al., 2014), is a rare syndrome characterized
by facial dysmorphism, lens dislocation, anterior-segment
abnormalities, and spontaneous filtering blebs. It was first
reported by Traboulsi and his colleagues in a multiplex con-
sanguineous family from the Druze sect in Lebanon in 1995
(Shawaf et al., 1995). Two other unrelated Lebanese families
were subsequently reported (Haddad et al., 2001; Mansour
et al., 2013), and this syndrome was considered enriched in
the Druze Lebanese population. Until 2014, Traboulsi and his
colleagues undertook autozygosity mapping and whole-exome
sequencing in a Saudi female and two patients from previously
reported Lebanese families, and they identified aspartate/
asparagine-p-hydroxylase (ASPH) as the disease-causing gene.
In their study, the enzymatic function of ASPH was severely
impaired by a truncating mutation (p.Ser589Glufs*18) in one
patient and a missense (p.Arg735Trp) mutation in another two
patients (Patel et al., 2014). ASPH (NCBI ID: 444) encodes
aspartate/asparagine-f3-hydroxylase (ASPH), which has been
found to hydroxylate specific asparagine- and aspartate-
residues in epidermal growth factor (EGF)-domain containing
proteins, and it was reported to have a developmental role in
the craniofacial region of engineered knockout mice model
(Dinchuk et al., 2002). Eighteen cases of Traboulsi syndrome
have been reported in Peru, India, Australia, and the United
Kingdom (Abarca Barriga et al., 2018; Chandran et al., 2019;
Haddad et al., 2001; Kulkarni et al., 2019; Mansour et al.,
2013; Patel et al., 2014; Shanmugam et al., 2020; Shawaf
et al., 1995; Siggs et al., 2019).

In this study, we performed whole-exome and Sanger se-
quencing and identified a novel variant of ASPH in a patient who
was born to consanguineous Chinese parents. He was finally di-
agnosed with Traboulsi syndrome. The patient was characterized
by ectopia lentis, ventricular septal defect, lung bullae, and re-
current spontaneous pneumothorax while other family members
were unaffected. He was previously misdiagnosed with Marfan
syndrome due to the coexistence of lens dislocation (both eyes),
tall stature, and thin body habitus. Our study expands the muta-
tional spectrum of Traboulsi syndrome and provides information
for clinical genetic counseling to this family.

2 | METHODS

2.1 | Ethical compliance

This study was approved by the Review Board of the Second
Xiangya Hospital of Central South University in China in
agreement with the Declaration of Helsinki. A Han Chinese
consanguineous family participated in the study. Written in-
formed consent was obtained from all participants.

2.2 | Whole-exome sequencing and
bioinformatic pipeline

Peripheral blood samples (3—5 ml) from the proband (34-year-
old, male) and his brother (37-year-old, unaffected) were ob-
tained with informed consent, respectively. Genomic DNA
was extracted using the DNeasy Blood & Tissue Kit (Qiagen,
Valencia, CA) according to the manufacturer's instructions.

Whole-exome capture and high-throughput sequencing
were performed by the Novogene Bioinformatics Institute
(Beijing, China). Briefly, Genomic DNA was randomly frag-
mented to 180-280 bp using Covaris technology, and then,
added adaptor at both ends of the fragments after end-repairing
and A-tailing. The pooled DNA library was hybridized for
exome capture by the Agilent SureSelect Human All ExonV6
Kit (Agilent). After polymerase chain reaction amplification,
DNA sequencing was performed on the Illumina HiSeq 2500
system. The sequencing reads were aligned to the human ref-
erence genome (UCSC hg19; http://genome.ucsc.edu) using
the Burrows-Wheeler Alignment tool. Duplicate reads were
removed using Picard, and variant calling and annotation
were carried out using SAMtools and ANNOVAR.

2.3 | Variant validation with
Sanger sequencing

Sanger sequencing was used to validate the candidate vari-
ants identified by whole-exome sequencing, and segrega-
tion analyses were performed in the family members. Primer
pairs were designed using an online tool (PrimerQuest, IDT,
https://eu.idtdna.com/pages/tools/primerquest). The primer
sequences were designed as follows: forward, 5'-GTCACTA
CCTATTGGAGCAAGAC-3"; reverse, 5-GGCCAAAGGA
AACAACCATTT-3". PCR products were sequenced by the
ABI PRISM 3730 DNA Analyzer (Applera Corporation)
using the ABI PRISM Big-Dye Terminator Cycle Sequencing
v.3.1 Ready Reaction Kit.

3 | RESULTS

3.1 | Clinical manifestation

A 34-year-old Chinese male (II-1) went to the emergency de-
partment of the Second Xiangya Hospital with a 3-month his-
tory of recurrent shortness of breath that had been aggravated
for 5 days without any identifiable trigger. The patient was a
lean tall man, he was 186.0 cm tall and weighed 59.0 kg (body
mass index 17.05 kg/m2). He had been clinically diagnosed
with Marfan syndrome because of ectopia lentis (both eyes), tall
stature, and thin body habitus 15 years ago. He was high myo-
pia without other reported ocular defects, such as spontaneous
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filtering blebs, iris atrophy, retinal detachment, shallow anterior
chambers, or closed iridocorneal angles. The lensectomy was
performed for ectopia lentis in both eyes within 1 year after the
initial diagnosis. After a comprehensive clinical assessment,
we found the patient's parents are consanguineous (Figure 1a),
which was inconsistent with the heredity mode of Marfan syn-
drome. His eyes were aphakic because the ectopic lenses had
been removed 17 years ago (Figure 1b). Echocardiography in-
dicated ventricular septal defect (Figure 1c), and pulmonary hy-
pertension, but without aortic root complications such as aortic
root dilatation or dissection which was necessary for clinical
diagnosis of Marfan syndrome in the absence of family history
and genetic testing (Loeys et al., 2010). He had relatively short
fingers without wrist sign or thumb sign, and the patient had an
elongated face but without other specific features (Figure 1d).
High-resolution chest computed tomography showed diffuse
emphysema, multiple bilateral subpleural blebs, bullae, and
left lung pneumothorax (Figure le). The bullae are predomi-
nately distributed in the bilateral upper lobes and left lower lobe
(Figure S1). He also had a 10-year history of smoking (about
seven cigarettes per day), which may be related to the pulmo-
nary emphysema in the lung computed tomography. He was
diagnosed with left lung recurrent spontaneous pneumothorax,
aphakic eye, and ventricular septal defect in admission. After
the removal of pulmonary bulla, pleurodesis, and pleural closed
drainage, the respiratory symptom was relieved. Histological
examination of the surgical specimen (hematoxylin and eosin
staining) showed the pulmonary alveoli dilated and fused
into large capsular spaces, and pulmonary hemosiderosis was
noticed in lung interstitial tissue (Figure 1f). One year later,
secondary glaucoma and retinal detachment occurred in the
right eye because the right eye was accidentally poked by a
toothbrush. The patient recovered after vitrectomy and retinal
laser photocoagulation of the right eye. No ocular, pulmonary,

or cardiac defects were reported for the patient's parents, his
brother, and his children.

3.2 | Whole-exome sequencing

Whole-exome sequencing generated 10.96 GB data for the
proband and 10.54 GB data for his brother (Table S1). The
coverage for the target region was 99.90%. After alignment
to reference human genome and variant calling, a total of
33576 INDELSs (insertion/deletions) and 235033 SNV (sin-
gle nucleotide variants) were detected.

3.3 | Variants filtering
The variant filtering process is illustrated in Figure 2a.
Noncoding, intronic variants, and variants with a minor al-
lele frequency of >1% in public data sets (1000 Genomes
Project data set; NHLBI Exome Sequencing Project Exome
Variant Server; EXAC, Exome Aggregation Consortium) or
in-house database of Novogene were excluded. Because the
disorder was inherited through consanguineous marriage.
Homozygous variants that were in accord with the recessive
mode of inheritance were retained. The deleteriousness of
variants was further explored by SIFT (https://sift.bii.a-star.
edu.sg), MutationTaster (http://www.mutationtaster.org),
Polyphen-2  (http://genetics.bwh.harvard.edu/pph2/), and
CADD (https://cadd.gs.washington.edu, A score greater than
15 was consider damaging). Variants predicted to be benign
in more than half of these algorithms were filtered.

After the filtering process, three INDELs and four SNVs
were classified according to the guidelines for the interpreta-
tion of sequence variants by the American College of Medical

(@ : (b)
Total exome variants:
INDELs 33576
SNVs 235033 Excluded: non-coding, intronic and
variants with MAF greater than
0.01 in public and in-house
database
Novel or rare coding/splicing variants: -1
INDELs 128
SNVs 810 Excluded: heterozygous and Allele 1 AG AAGA GAAAATGCCT
homozygous variants shared Allele 2 AG AAGAATG AAAATGCCT
with the healthy family member in
_ — proband Reference AGAAGAANT GAAAATGCC
Recessive mode of inheritance:
INDELs 15
SNvs 27 Excluded: variants predicted to
be benign in multiple
bioinformatic algorithms
Deleterious and nonsynonymous : -2

INDELs 3
SNVs 4

Allele 1 AG AAGAANTG AAAATGCC T
Allele 2 AGAAGAAAT GAAAATGCC

J/ACMG classification

Pathogenic: ASPH
Uncertain significance: SEC63, NINL,
TRAKZ2, LANCL1, SFRP1, GALNS

Reference AG AAGAAJAT GAAAATGCC

FIGURE 2 Exome sequencing filtering strategy (a) and chromatogram of the ASPH mutations (b). MAF, minor allele frequency.
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Genetics and Genomics (ACMG; Richards et al., 2015). Only
one INDEL mutation was classified as pathogenic (Table 1).

This novel variant was predicted to result in a frameshift
mutation at codon 637 in exon 23 and premature termina-
tion of ASPH. It was not found in the in-house database of
Novogene, 1000 Genomes Project, EXAC, and gnomAD
v2.1.1 data sets. Exome sequencing data indicated that this
candidate disease-causing variant of ASPH was homozygous
in the patient and heterozygous in his brother.

3.4 | Sanger sequencing for exon 23 of ASPH
Sanger sequencing indicated that a novel frameshift homozy-
gous mutation (NM_004318.4:c.1910del/ NP_004309.2:
p-(Asn637MetfsTer15)) of ASPH cosegregated with the
patient (II-1; Figure 2b). His brother (II-2) was unaffected,
and Sanger sequencing showed he was heterozygous for this
variant.

3.5 | The novel variant impaired the
enzymatic function of ASPH

To delineate the influence of  ¢.1910delA/
p-(Asn637MetfsTerl5) for ASPH protein, we fetched the
ASPH gene structure data from the Ensembl gene database
(https://www.ensembl.org), protein domains information
from the UniProtKB database (https://www.uniprot.org/
uniprot/) and the literature (Pfeffer et al., 2019).

The transcript of ASPH (NM_004318.4) has 25 exons.
Three SNVs (p.Arg735GIn, p.Arg735Trp, and p.Arg688Gln)
are located in the AspH oxygenase domain and five frame-
shift variants that may truncate the AspH oxygenase domain
have been reported to cause Traboulsi syndrome. Another
SNV, p.Gly434Val is located to the tetratricopeptide repeat
(TPR) domain was reported to cause vesicoureteral reflux,
but whether it could cause Traboulsi syndrome remained un-
known because the lens subluxation of the patient may be
related to hyperhomocysteinemia, and no further information
was provided for this patient (Vivante et al., 2017). In our
study, the variant is located at the exon 23, which impaired
the enzymatic function of ASPH through truncating the
AspH oxygenase domain and/or nonsense-mediated decay of
the entire ASPH transcript (Figure 3).

4 | DISCUSSION

In this study, we investigated the first Chinese consan-
guineous family with Traboulsi syndrome. The clini-
cal manifestation of our patient included a nonspecific
facial feature, ectopia lentis, left lung recurrent spontaneous
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ASPH
gene
5 79 1113
ASPH TM  Ca?*binding site
protein

54-74 90-102 330

— p-Asn637Metfs*15
p.Asp624Glufs*13 p.Cys641*
p.Ser589Glufs*18 p.Arg688GIn

* c.2127-2delA
P- Tyr565 p Arg735Trp

1 p Arg735GIn

17 19 21 23 25

TPR domain AspH oxygenase domain

555 562 758

FIGURE 3 ASPH gene and protein structure and the reported disease-causing mutations of ASPH. The up panel shows the exon of ASPH

transcript NM_004318.4. The bottom panel shows the ASPH protein structure. Domains and their relative exons were filled using the same colors.

Mutation in our study was highlight using red color. One reported single nucleotide variant associated with vesicoureteral reflux was highlight

using gray color. ASPH, Aspartyl/asparaginyl beta-hydroxylase; TM, transmembrane domain; TPR, tetratricopeptide repeat.

pneumothorax, and ventricular septal defect which was
different from previously reported. A novel homozygous
ASPH mutation (NM_004318.4:¢c.1910del/ NP_004309.2:
p.(Asn637MetfsTer15)) was identified in our patient by
whole-exome and Sanger sequencing.

Traboulsi syndrome is a rare autosomal recessive genetic
disease with two prominent clinical manifestations, one is
ectopia lentis, another is facial dysmorphism (large beaked
nose; Abarca Barriga et al., 2018). In 2014, Traboulsi syn-
drome was found to be linked to ASPH, an enzyme that hy-
droxylates asparagine- and aspartate-residues on epidermal
growth factor (EGF) domains of proteins (Patel et al., 2014).
The facial dysmorphism was consistent with the phenotype
of the engineered knockout mice model, which showed a
shortened snout. In situ hybridization revealed stronger
ASPH expression in the limbs, snout, and eyes of the healthy
developing mouse embryos. However, the eyes were not ex-
amined in any ASPH knockout animal model (Dinchuk et al.,
2002; Patel et al., 2014). No other organs were reported to be
involved.

ASPH is a nonheme ferrous iron and 2-oxoglutarate ox-
ygenase that localizes to the endoplasmic reticulum. It is a
large protein consisted of 758 amino acids, which contains
a transmembrane domain, a Ca2+—binding site, a tetratrico-
peptide repeat, and an AspH oxygenase domain. ASPH can
hydroxylate multiple proteins including coagulation factors
(VIL, IX, and X), protein C, complementation factors, throm-
bomodulin, low-density lipoprotein receptor, and Notch li-
gands (Loenarz & Schofield, 2011). All these proteins have a
consensus motif (CX[DN]4X[FY]XCXC) in EGF-domain for
asparagine- or aspartate-hydroxylation (Pfeffer et al., 2019).
ASPH consensus hydroxylation motif was identified in sev-
eral lenticular phenotypes associated genes such as latent
transforming growth factor beta-binding protein-2 (LTBP2)
and fibrillin-1 gene (FBN1) which were essential in micro-
fibril and ciliary zonule development (Siggs et al., 2019).

However, the biological importance of ASPH-catalyzed
hydroxylation in these proteins was undefined (Markolovic
et al., 2015). Up to now, several ASPH variants have been re-
ported to cause Traboulsi syndrome. All Traboulsi syndrome
associated variants affected the AspH oxygenase domain
that was essential for the substrates hydroxylation (Figure 3;
Pfeffer et al., 2019). The variant p.Gly434Val is located to the
tetratricopeptide repeat (TPR) domain was reported to cause
vesicoureteral reflux, and the AspH oxygenase domain was
unaffected (Vivante et al., 2017). In our study, the variant
is located in the 23rd exon of ASPH gene, which may trun-
cate the AspH oxygenase domain and/or lead to nonsense-
mediated decay of the ASPH transcript thus impaired the
function of ASPH.

Our patient presented with ventricular septal defect, ecto-
pia lentis in 19 year old, recurrent spontaneous pneumotho-
rax in 34 year old. His facial feature was not specific, and it
was also reported in a patient with Traboulsi syndrome from
a UK family, which may be related to a different ethnic back-
ground (Kulkarni et al., 2019). To diagnose Traboulsi syn-
drome in patients without typical facial features, differential
diagnoses should include syndromes that cause ectopia lentis
such as Marfan syndrome and isolated ectopia lentis. In our
patient, Traboulsi syndrome was confirmed through exome
and Sanger sequencing after excluded deleterious mutations
related to ectopia lentis including ADAMTS10, ADAMTS17,
ADAMTSL4, CBS, COLISAI, FBNI, LTBP2, PAX6, and
VSX2 (Chandra & Charteris, 2014).

Marfan syndrome is a human autosomal dominant disease
caused by loss-of-function variants in FBNI. The clinical
features of Marfan syndrome include aortic root aneurysm/
dissection, ectopia lentis, and findings in other organ sys-
tems such as skeleton, skin, and lungs (Loeys et al., 2010).
In our study, ectopia lentis and spontaneous pneumothorax
presented in our patient with Traboulsi syndrome are over-
lapped with Marfan syndrome. A previous study showed
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ASPH-mediated hydroxylation of FBN1/LTBP2 may be as-
sociated with ectopia lentis (Siggs et al., 2019). Furthermore,
FBN1 can bound TGFf and prevent abnormal activation of
TGFp signaling in lung, aorta, and skeletal muscle, which
is possibly responsible for many Marfanoid features includ-
ing pneumothorax (Neptune et al., 2003; Sakai et al., 2016).
Although the role of FBNI in Traboulsi syndrome was un-
defined, these studies suggested that the overlapped pheno-
types may attribute to the molecular link between ASPH and
FBNI.

However, it is noteworthy that whether ventricular septal
defect and recurrent spontaneous pneumothorax are related
to the ASPH mutation remained unknown, because only one
patient was found in this consanguineous Chinese family.
Furthermore, recurrent spontaneous pneumothorax occurred
in our patient may also be attributed to his smoking history
and low body mass index (Tschopp et al., 2015). Additional
investigation is warranted to explore the mechanism under-
lying Traboulsi syndrome and to determine the phenotypic
spectrum of Traboulsi syndrome in different ethnic people
and in animal models.

In conclusion, we presented the clinical characteristics of
a patient from a consanguineous Chinese family with ventric-
ular septal defect, recurrent spontaneous pneumothorax, and
ectopia lentis. By using whole-exome and Sanger sequenc-
ing, a novel mutation in ASPH associated with Traboulsi syn-
drome was identified. Sequence analysis indicated that this
novel variant may truncate the AspH oxygenase domain and/
or lead to nonsense-mediated decay of the ASPH transcript.
This is the first report of Traboulsi syndrome in a Chinese
patient, and our study expands the spectrum of ASPH vari-
ants and provides information for clinical genetic counseling
to this family.
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