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Abstract

Background: To determine the genetic lesions and to modify the clinical diagnosis for a Chinese family with signifi-
cant intrafamilial phenotypic diversities and unusual presentations.

Methods: Three affected patients and the asymptomatic father were included and received comprehensive systemic
examinations. Whole exome sequencing (WES) was performed for mutation detection. Structural modeling test was
applied to analyze the potential structural changes caused by the missense substitution.

Results: The proband showed a wide spectrum of systemic anomalies, including bilateral ectopia lentis, atrial septal
defect, ventricular septal defect, widening of tibial metaphysis with medial bowing, and dolichostenomelia in digits,
while her mother and elder brother only demonstrated similar skeletal changes. A recurrent mutation, PHEX p.R291%,
was found in all patients, while a de novo mutation, FBNT p.C792F, was only detected in the proband. The FBNT substi-
tution was also predicted to cause significant conformational change in fibrillin-1 protein, thus changing its physical

and biological properties.

challenged.

Conclusions: Taken together, we finalized the diagnosis for this family as X-linked hypophosphatemia (XLH), and
diagnosed this girl as Marfan syndrome combined with XLH, and congenital heart disease. Our study also empha-
sizes the importance of WES in assisting the clinical diagnosis for complicated cases when the original diagnoses are

Background

Marfan syndrome (MFS; MIM 154700), characterized
by complicated manifestations in multiple organ sys-
tems with high degrees of clinical diversity, is one of
the most common autosomal dominant inherited con-
nective tissue diseases with a prevalence of 1 in 5,000
[1]. Cardinal MFS features involve the ocular, skeletal,
and cardiovascular systems, of which ectopia lentis and
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aortic aneurysm are given special clinical significance [2].
Excessive liner growth of the long bones and joint lax-
ity are hallmarks for the skeletal systems. By far, muta-
tions in two genes have been implicated in the etiology
of MFS, including the fibrillin 1 (FBNI; MIM 134797)
gene and the transforming growth factor beta recep-
tor II (TGFBR2; MIM 190182) gene. Most MFES cases
are caused by FBNI mutations [3], whereas the TGFBR2
mutation has only been found correlated with MFS in a
French family [4]. The diagnosis of MFS is usually based
on both clinical signs and genetic findings [2].

Familial hypophosphatemic rickets (FHR) can be trans-
mitted via all three types of Mendelian inheritance pat-
tern. Autosomal dominant hypophosphatemic rickets
(ADHR; MIM 193100) usually correlates with mutations
in the fibroblast growth factor 23 (FGF23; MIM 605380)
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gene [5], whereas mutations in two other genes are impli-
cated in causing the autosomal recessive form, includ-
ing the dentin matrix acidic phosphoprotein 1 (DMPI;
MIM 600980) gene associated with autosomal recessive
hypophosphatemic rickets-1 (ARHR1; MIM 241520)
[6], and the ectonucleotide pyrophosphatase/phospho-
diesterase 1 (ENPPI; MIM 173335) gene related to auto-
somal recessive hypophosphatemic rickets-2 (ARHR2;
MIM 613312) [7]. X-linked hypophosphatemia (XLH;
MIM 307800), presenting a prevalence of 1 in 20,000, is
the most common form of familial hypophosphatemic
rickets (FHR), which is a dominant disorder biochemi-
cally featured by hypophosphatemia caused by renal
phosphate wasting with normal or low 1,25-dihydroxyvi-
tamin D concentrations [8]. Low serum phosphate con-
centration and reduced tubular resorption of phosphate
corrected for glomerular filtration rate (TmP/GFR) are
characteristic for XLH [9]. Comprehensive diagnoses for
XLH need are based on clinical findings, radiographic
signs, laboratory tests and genetic analyses.

The recently developed next-generation sequencing
(NGS) approach enables parallel sequencing of a large
panel of candidate genes with high-efficiency, and has
therefore been proved as an efficient tool for the molec-
ular diagnosis of multiple diseases [10]. NGS includes
whole exome sequencing (WES), targeted gene capture
array sequencing and whole sequencing for mapped cho-
romsomal region. Herein, we report the application of
WES to detect the disease causative mutation for a Chi-
nese family showing complicated clinical manifestations
with significant intrafamilial diversity.
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Methods

Study subjects and clinical assessments

Four participants from family XLHO1 of Hui ethnicity,
including three patients and an unaffected family member,
were recruited from the People’s Hospital of Ningxia Hui
Autonomous Region (Figures 1a, 2a). Our study conformed
to the Declaration of Helsinki, and was approved and pro-
spectively reviewed by local ethics committee. Written
informed contents were obtained from all participants or
their legal guardians before their enrollments. Peripheral
blood samples were collected from all four participants
using 5 mL tubes with ethylene diamine tetraacetic acid
(EDTA), and a QIAmp DNA blood kit (Qiagen, Valencia,
CA) was used for genomic DNA extraction. Family history
was carefully reviewed. Medical and personal history was
obtained from each participant. Detailed systemic evalua-
tions and laboratory tests were performed on all included
family members, including ophthalmic, radiological, car-
diological examinations. Additionally, another 100 healthy
controls free of MFS and XLH from the same ethnic group
were also recruited with their blood samples collected
[11-14].

Exome sequencing and bioinformatics analysis

Exome sequencing was employed on all three patients of
this family, including patients I:2, II:1 and II:2, to iden-
tify the disease causative mutation for this family. One
g genomic DNA sample for each patient was sheared
into 300-500 bp fragments, ligated with Illumina Y
shaped adaptors, purified using the Agencourt AMPure
SPRI beads, and amplified through ligation-mediated
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Figure 1 Clinical presentation for family XLHO1. a Medial bowing in the patients XLHO1-1:2, XLHO1-II:1 and XLHO1-II:2. b, € Anterior segment pho-

: Z ~ i

tography indicates dislocation of lens toward nasal superior side in both eyes. d-i Radiographic findings reveal dolichostenomelia in the digits of
patient XLHO1-II:2 (h), but not in patient XLHO1-I:2 (d) or XLHO1-II:1 (f). Widening of both proximal and distal tibial metaphysis in patients XLHO1-II:1
(f, g) and XLHO1-11:2 (h, i) are shown. Medial bowing is found in all three patients (e, g, i).
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substitution from cysteine to phenylalanine at residue 792.

Figure 2 PHEX and FBNT mutations identified in the current family. a Pedigree of the included family. The PHEX and FBNT genotypes for all included
members were annotated. Black filled, grey filled, and blank symbols represent X-linked hypophosphatemia, Marfan syndrome, and unaffected status,
respectively. b DNA sequencing profiles for the identified disease-causing mutations in the PHEX gene (left panel) and the FBNT gene (right panel).

¢ Orthologous protein sequence alignment of PHEX from seven species. Conserved residues are shaded. The mutated residue 792 is boxed and
indicated. d—e Structural modeling of the wild type and mutant fibrillin-1. One hydrogen bond in the wide type protein was eliminated due to the
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polymerase chain reaction. The SeqCap EZ Hybridization
and Wash kit (Roche NimbleGen, Madison, W1I) covering
44.1 megabases (Mb) was then employed for enrichment
of over 20,000 genes per the manufacture’s protocols. The
post-capture libraries were quantified using Pico green
assay and then sequenced on an Illumina Hiseq 2000
machine as indicated previously [15].

Data were then processed as described previously
[15]. Annotations of genes and exons for SeqCap EZ
Human Exome Library v2.0 were conducted based on
the national center of biotechnology information (NCBI)
RefSeq project (Jan 2010), the Consensus CDS (CCDS;
Sept 2009) and miRBase (v.14, Sept 2009). Sequence
reads were aligned to the NCBI human reference genome
(NCBI build 37.1) for SNP analysis with SOAP (http://
www.soap.genomics.org.cn), and for Indel detection
using BWA (http://www.bio-bwa.sourceforge.net/). Cov-
erage and depth calculations were further performed
as detailed previously [15]. Detected variants were then

filtered against the following databases, including 1000
Genome Project (ftp://ftp.1000genomes.ebi.ac.uk/voll/
ftp), dbSNP135 (http://www.hgdownload.cse.ucsc.edu/
goldenPath/hgl9/database/snp135.txt.gz.), Exome Vari-
ant Server (http://www.evs.gs.washington.edu/EVS/),
NIEHS Exome Sequencing database (http://www.evs.
gs.washington.edu/niehsExome/), ExXAC Browser (http://
www.exac.broadinstitute.org/), and an internal control
database including 997 exomes [16]. We used a cut-off of
minor allele frequency (MAF) 0.1% to reveal variations
shared by all three patients and de novo variants carried
by the proband girl. An additional cut-off of 1% was also
set to seek for homozygous and compound heterozygous
variants that may help to explain the sole phenotypes of
the proband girl.

Sanger sequencing and in silico analysis
Sanger sequencing was then conducted for muta-
tion verification and prevalence test in 100 unrelated
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controls using a previously defined protocol [17]. Infor-
mation of primers was presented in Additional file 1:
Table S1. Evolutionary conservation of the mutated
amino acids was assessed via Vector NTI Advance 11
(Invitrogen, Grand Island, NY) through alignment of
the fibrillin-1 orthologous protein sequences of the fol-
lowing species: Homo sapiens (ENSP00000368682),
Pan troglodytes (ENSPTRP00000037269), Canis lupus
familiaris (ENSCAFP00000019648), Bos taurus (ENS-
BTAP00000000540), Sus scrofa (ENSSSCP00000030440),
Mus musculus (ENSMUSP00000078863), and Gallus gal-
lus (ENSGALP00000026360). SIFT Human Protein DB
(http://www.sift.jcvi.org/) and PolyPhen-2 (http://www.
genetics.bwh.harvard.edu/pph2/) online softwares were
used to detect the potential pathogenic impacts of the
mutation. Crystal structures of the wide type and mutant
phosphate-regulating neutral endopeptidase were
obtained with SWISS-MODEL online server (http://
www.swissmodel.expasy.org/). Predicted structures were
displayed with PyMol software (version 1.5).

Results

Clinical assessments

In June, 2011, the 8-year-old proband (XLHO1-II:1) was
first referred to our ophthalmic clinic for blurred vision
over the past 2 years. She was born at term to a 34-year-
old woman after an uneventful full-term pregnancy and
delivery. Her best corrected visual acuities (BCVAs)
reached 0.1 for the right eye and 0.25 for the left eye.
Slit-lamp test revealed dislocation of lens toward nasal
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superior side and hippus in both eyes (Figure 1b, c). Medi-
cal records included an atrioseptopexy at age five for her
atrial septal defect (ASD). Other than the repaired ASD
presentation, ultrasonic cardiogram (UCG) indicated left-
to-right shunt flow through a ventricular septal defect
(VSD) with the diameter of 4.50 mm. Slight mitral, tri-
cuspid, and pulmonary regurgitations were also detected.
Her calculated Z-score for aortic root was —0.54.

Physical examination on our patient also showed com-
plex skeletal problems. Her height was 117.0 cm [<—2
standard deviation (SD)] and her weight was 30.0 kg
(>+1 SD) on admission. Radiographic examinations
showed widening of both proximal and distal tibial meta-
physis with medial bowing, but dolichostenomelia in her
digits were also revealed (Figure 1h). Laboratory analy-
ses indicated hypophosphatemia, elevated serum alkaline
phosphatase (ALP) level, and reduced tubular resorp-
tion of phosphate corrected for glomerular filtration rate
(TmP/GFR) in this patient (Table 1). Serum calcium,
intact-parathyroid hormone (iPTH), 25-hydroxyvita-
min D3, and 1, 25-dihydroxyvitamin D3 were within the
normal range. Her 41-year-old mother (XLHO1-I:2) and
10-year-old brother (XLHO1-II:2) had no remarkable
ophthalmic or cardiac conditions, but showed similar
skeletal abnormalities as demonstrated by physical and
laboratorial tests with exception of dolichostenomelia in
their digits (Figure 1d, g; Table 1). Her brother’s height
was 113.0 cm (<—3 SD). Her mother was 145 cm in height
and had osteomalacia, severe ostealgia, and difficulties in
walking, but no remarkable change in serum ALP level.

Table 1 Laboratory analyses for family XLHO1 at their initial visit

Indexes Normal Range XLHO1-I:2 XLHO1-lI:1 XLHO1-1I:2
Age (years) - 41 8 10
Sex - Female Male Male
TmP/GFR (mg/dL) 22-36%29-65" 043 0.85 0.92
Serum ALP (U/L) 40-110 69 337 589
Serum iPTH (pg/mL) 14-72 65.3 438 454
Serum 25-hydroxyvitamin D3 (nmol/L) 5-200 65 105 95
Serum 1, 25-dihydroxyvitamin D3 (pmol/L) 60-108 75 85 88
Serum calcium (mmol/L) 2.1-26%225-28" 236 238 238
Serum potassium (mmol/L) 3.5-55 0.79 091 0.92
Serum sodium (mmol/L) 135-145 140 140 144
Serum chloride (mmol/L) 96-106 102 102 97
Serum phosphonium (mmol/L) 1.0-16%13-1.9 0.79 091 092
Serum magnesium (mmol/L) 0.7-1.1 1.10 0.84 0.72

Urine amino-acids* (=)
Urine glucose* (=)
Urine protein* (=)

ALP Alkaline phosphatase, iPTH intact-parathyroid hormone and TmP/GFR tubular resorption of phosphate corrected for glomerular filtration rate.

* Qualitative test; ' for adult; for child; (—) negative.


http://www.sift.jcvi.org/
http://www.genetics.bwh.harvard.edu/pph2/
http://www.genetics.bwh.harvard.edu/pph2/
http://www.swissmodel.expasy.org/
http://www.swissmodel.expasy.org/

Sheng et al. J TransI Med (2015) 13:179

Table 2 Overview of data production

Items XLHO1-1:2 XLHO1-1l:1 XLHO1-11:2
Raw reads 52,834,894 65462,716 60,937,646
Reads mapped to genome 50,880,007 63,035,145 58,693,151
Mapping rate (%) 96.30 96.29 96.31
Initial number of generated SNVs 178,276 207,524 187,354
Initial number of generated Indels 7,632 8,235 7815
Mean depth of target region (X) ~ 28.23 3763 3512
Coverage of target region (%) 96.76 96.71 96.69
Rate of nucleotide mismatch (%)  0.29 0.26 0.23
Fraction of target covered >4 93.85 94.83 9461

X (%)
Fraction of target covered >10 7549 80.56 7945

X (%)
Fraction of target covered >20 5748 66.88 64.97

X (%)
Duplication rate (%) 792 9.59 8.80
Gender test result F M F

SNV Single nucleotide variants and Indel insertions and deletions.

The proband was thereafter treated with a surgical
removal of the dislocated lens with implantation of an
artificial intraocular lens and received amblyopia train-
ing after surgery. At the 3-year follow-up, her BCVAs
improved to 0.4/0.5 (OD/OS). She also had follow-up vis-
its in the cardiology and pediatric departments and was
supplemented with elemental phosphorus and calcitriol.
Her ALP level was back to normal at 2-year follow-up
with no complication.

Genetic findings

To assist the clinical diagnosis in this unusual fam-
ily, we performed whole exome sequencing (WES) on
patients XLHO1-1:2, XLHO1-1I:1 and XLHO1-11:2 (Table
2). The average mean depth of the three tested sam-
ples was 33.7X. A total of 24 variants passed the ini-
tial filtration process and were confirmed carried by
all three patients and absent in the unaffected father
(Additional file 1: Table S1). Conversely, a different set
of 24 variants with MAF <0.01% in the Chinese popula-
tion present in the proband but not in the brother or
mother were selected to confirm paternity of the father.
All 24 variants were observed as heterozygotes in the
father (Additional file 1: Table S2), a finding that is not
likely to occur in the setting of non-paternity. Among
the initial 24 post-filtration variants, a recurrent het-
erozygous/hemizygous mutation in the PHEX gene
(c.871C>T [NM_000444]; p.R291* [NP_000435]) was
identified in all three affected individuals (Figure 2a, b).
This mutation was previously reported in a patient with
XLH, and was predicted to generate a premature ter-
mination codon at residue 291, which would suspend
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translation [18]. We therefore believed that this PHEX
variation was more likely the disease causing mutation
for this family than other identified variants. In addi-
tion, a de novo heterozygous mutation in the FBNI
gene (c.2375G>T [NM_000138]) was only called in the
affected girl (Figure 2a, b). This mutation would cause
the amino acid change from the hydrophilic cysteine to
the hydrophobic phenylalanine at residue 792 (p.C792F
[NP_000129]). Residue Cys792 was predicted to be
highly conserved among multiple species (Figure 1c),
and both SIFT (score: 0.02; damaging) and PolyPhen-2
(score: 0.997; probably damaging) softwares suggested
the deleterious impact of this substitution. Crystal
structural modeling of the wide type and mutant fibril-
lin-1 (residues 584-950) was constructed on the basis
of low-density lipoprotein receptor (protein data bank
[PDB] ID: 1N7D) with the sequence similarity of 0.38
(Figure 2d, e) [19]. One hydrogen bond between resi-
due 792 and Thr791 was eliminated due to the substitu-
tion from cysteine to phenylalanine, which significantly
altered its tertiary structure and would further change
relevant protein properties.

Discussion

MEFS and XLH are both systemic diseases but with
opposite skeletal changes. MFS and XLH have not been
simultaneously reported in any individual before. In our
case, the affected girl had a broad spectrum of systemic
anomalies, including bilateral ectopia lentis, ASD, VSD,
widening of tibial metaphysis with medial bowing, doli-
chostenomelia in digits, hypophosphatemia, elevated
serum ALP level, and reduced TmP/GFR. Similar skeletal
and laboratory changes, but except for dolichostenomelia
in digits, ocular or cardiac conditions, were also demon-
strated by her mother and older brother. The phenotypic
complexity and intrafamilial diversity have challenged
the original diagnosis for this family, especially for the
proband. With the power of WES, we have identified a
nonsense mutation PHEX p.R291* shared by all three
patients, plus a de novo FBN1 p.C792F exclusively in the
proband. The radiological findings, laboratory results,
and presence of the nonsense PHEX mutation in all 3
patients suggest the diagnosis of XLH for this family [9].
The bilateral ectopia lentis, dolichostenomelia in digits,
and the cysteine substitution in FBN1, the most common
type of FBNI mutation that correlates with moderate
phenotypes of presumed MFS, revealed in the proband
confer an additional diagnosis of MFS to this patient [2].
Another diagnosis of congenital heart disease (CHD)
was also finalized to this proband based on the ASD and
VSD presentations. Therefore, the clinical presentations
and genetic findings confirm the diagnosis of XLH in this
family, and MFS combined with XLH and CHD in the
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8-year-old proband. To the best of our knowledge, this is
the first report of the comprehensive diagnosis of MFS,
XLH and CHD in a single patient. Our report also sup-
ports the significant role of clinical genetics in the diag-
nosis of complicated diseases.

Traditional approaches for mutation detection have
their limitations, usually resulting into their low diag-
nostic rate. When compared with traditional methods,
NGS has revolutionized the speed and cost for gen-
erating large quantities of sequence data [10]. In the
present study, mutations were identified via a series
of genetic analyses including initial WES, optimized
bioinformatics analysis, cosegregation analyses, and
mutation screening in control groups [12, 15]. In silico
analyses, including the crystal structure modeling tests,
also support pathogenicity of identified mutations [13].
With these efforts, our results strongly support that
those variants detected are disease-causing mutations
rather than rare polymorphisms, and suggests NGS
as a promising technology for identifying the novel
disease-causing genes associated with monogenic dis-
eases. However, our study also has limitations. WES of
the proband alone followed by Sanger sequencing of the
variants identified would be a more economic and suf-
ficient strategy for this case.

Conclusion

In summary, our study not only reports an extremely
rare case, but also emphasizes the importance of recently
developed approach of WES in the assistance of clini-
cal diagnosis for complicated cases. Genetic counselling
and molecular diagnosis would significantly assist clini-
cal diagnoses for such patients with complicated pheno-
types, and direct the clinical management.

Additional file

{ Additional file 1: Supplementary Tables. }
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