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Abstract

Background: Wagner vitreoretinopathy (WVR) is a rare autosomal dominant
vitreoretinopathy caused by pathogenic variants in the VCAN gene. The aim of
this study was to report a novel splicing variant in VCAN identified in a three-
generation Chinese family initially diagnosed with familial exudative vitreoretin-
opathy and to describe the patients’ clinical features.

Methods: Four affected individuals from a three-generation family underwent
detailed ophthalmic examinations, including best-corrected visual acuity by
Snellen E chart, slit-lamp biomicroscopy, indirect ophthalmoscopy under pupil
dilatation, ocular B-ultrasonography, optical coherence tomography scans, and
fundus autofluorescence. Targeted next-generation sequencing was performed
to identify variants of the disease-causing gene for the proband, followed by
co-segregation analysis using Sanger-DNA sequencing. Reverse transcriptase-
polymerase chain reaction (RT-PCR) was carried out to verify the effects of a vari-
ant on VCAN pre-mRNA splicing in the lymphocytes from the patients.

Results: We detected a novel heterozygous variant c.4004-4_c.4004-3delinsCA
of VCAN in all four affected individuals. RT-PCR revealed that the novel variant
caused an abnormal splicing in exon 8 of the VCAN and imbalanced versican
transcripts. All four patients presented vitreous syneresis and bilateral retinal de-
tachment occurring at different ages. The patients also showed different extents
of visual defects and diverse clinical manifestations, including cataract, iris-lens
synechiae, inverted papillae, and ectopic foveas.

Conclusions: Our results expand the mutation spectrum of VCAN and further
confirm that the splicing sites for exon 8 are mutation hot spots. Patients with
WVR may present high phenotype variation; therefore, molecular analysis is very
important for precise diagnosis of patients with inherited vitreoretinopathy.
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1 | INTRODUCTION

Wagner vitreoretinopathy (WVR, OMIM 143200), first de-
scribed by Wagner in 1938, is a rare vitreoretinopathy that
is transmitted in an autosomal dominant pattern (Adam
et al., 2016). Patients with this disorder usually present
with an optically empty vitreous due to massive liquefac-
tion of the vitreous and preretinal avascular membrane
during childhood or adolescence (Adam et al., 2016; Brézin
et al., 2011; Meredith et al., 2007; Miyamoto et al., 2005;
Mukhopadhyay et al., 2006). The other clinical features
include presenile cataract, myopia, progressive chorio-
retinal degeneration or atrophy, and tractional or rheg-
matogenous retinal detachment (Adam et al., 2016; Brézin
et al., 2011; Meredith et al., 2007; Miyamoto et al., 2005;
Mukhopadhyay et al., 2006). Relatively recent studies
have revealed uveitis and congenital glaucoma as other
clinical manifestations (Jewsbury et al., 2014; Rothschild,
Audo, et al., 2013). Patients usually have different extents
of visual defects (Adam et al., 2016; Brézin et al., 2011;
Jewsbury et al., 2014; Meredith et al., 2007; Miyamoto
et al., 2005; Mukhopadhyay et al., 2006; Rothschild, Audo,
et al., 2013).

Wagner vitreoretinopathy is caused by disease-
causing variants of the VCAN gene (MIM: 118661)
(Miyamoto et al., 2005). This gene, also known as the
CSPG2 gene, is located at chromosome 5q14.2-q14.3 and
contains 15 coding exons that encode versican, a large
chondroitin sulfate proteoglycan (Miyamoto et al., 2005).
Versican is an extracellular matrix protein and a constit-
uent of the vitreous, where it plays a crucial role in main-
taining the structural integrity of the vitreous (Islam &
Watanabe, 2020). The versican protein structurally has
three domains: two globular domains at the N- and C-
terminals and chondroitin sulfate (CS) attachment do-
mains in the central region (Islam & Watanabe, 2020).
VCAN can express four different transcripts (VO0, V1,
V2, and V3) by alternative splicing of exons 7 and 8
with a different number of glycosaminoglycan (GAG)
chains (Islam & Watanabe, 2020; Miyamoto et al., 2005).
Isoform VO has the both exons and contains 17-23 GAG
chains, V1 lacks exon 7 and has 12-15 GAG chains, V2
lacks exon 8 and contains 5-8 GAG chains, and V3 lacks
both exons 7 and 8 and has no GAG chains (Kloeckener-
Gruissem et al., 2006).

At present, 34 VCAN variants have been reported
based on the Human Gene Variant Database (HGMD)

Professional 2021.4 and 18 of them cause WVR. The 18
variants included 12 different splice variants and six
gross deletions (Ankala et al., 2018; Araujo et al., 2018;
Brézin et al., 2011; Burin-des-Roziers et al., 2017; Chen
et al.,, 2013; Jewsbury et al., 2014; Klee et al., 2021;
Kloeckener-Gruissem et al.,, 2006, 2013; Li, Li, Sun,
et al., 2020; Li, Li, Yang, et al., 2020; Meredith et al., 2007;
Miyamoto et al., 2005; Mukhopadhyay et al., 2006; Ronan
et al., 2009; Rothschild, Audo, et al., 2013; Rothschild,
Brézin, et al., 2013). All the splicing effect variants
have been located in the conserved exon 8 splice site
(Ankala et al., 2018; Brézin et al., 2011; Chen et al., 2013;
Jewsbury et al., 2014; Kloeckener-Gruissem et al., 2006,
2013; Meredith et al., 2007; Miyamoto et al., 2005;
Mukhopadhyay et al., 2006; Ronan et al., 2009; Rothschild,
Audo, et al., 2013; Rothschild, Brézin, et al., 2013),
while the six gross deletions all involved exon 8 (Ankala
et al., 2018; Burin-des-Roziers et al., 2017; Li, Li, Sun,
et al., 2020). The pathogenic variants cause a partial or full
deletion of exon 8, as well as imbalanced levels of versican
isoforms.

In the current study, we reported a novel variant iden-
tified in four patients from a three-generation Chinese
family initially diagnosed with family exudative vitre-
oretinopathy (FEVR). We used RT-PCR to compare the
versican transcription patterns of the patients to those of
normal controls, and we described the clinical features of
our four patients.

2 | MATERIALS AND METHODS

2.1 | Patients

The study was approved by the Ethics Committee of the
Beijing Tongren Hospital and followed the tenets of the
Declaration of Helsinki. Four patients clinically diag-
nosed with FEVR from a three-generation Chinese family
were referred to the Beijing Tongren Ophthalmic Center.
The medical and family histories of the patients were
well documented. All four patients underwent detailed
ophthalmological examinations, including best-corrected
visual acuity (BCVA) by Snellen E chart, slit-lamp biomi-
croscopy, indirect ophthalmoscopy under pupil dilatation,
ocular B-ultrasonography, optical coherence tomography
(OCT) scans, and fundus autofluorescence (FAF) evalua-
tions (Heidelberg Engineering, Heidelberg, Germany).
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2.2 | Targeted exome sequencing (TES)
After informed consent was obtained, peripheral blood
samples were collected from all patients and their avail-
able family members, and genomic DNA was extracted
from peripheral blood leukocytes using a genomic DNA
extraction kit (Vigorous, Beijing, China), according to the
manufacturer's protocol. We performed targeted exome
sequencing (TES) in the proband using a capture panel
that included 373 known inherited retinal degeneration
genes. The Illumina library preparation and capture pro-
cedures were carried out as previously described (Sun
et al., 2018).

2.3 | Bioinformatics analysis

The HGMD and LOVD databases were used to confirm
known pathogenic variants. The pathogenicity of the vari-
ants was predicted by three in silico programs: PolyPhen2,
Mutation Taster, and SIFT. Splice sites were predicted
using ASSP, BDGP, NetGene2, ESEfinder 3.0, and
MaxEntScan. The potential pathogenicity of the variants
was classified according to the criteria described by the
American College of Medical Genetics (ACMG) (Richards
et al.,, 2015). Co-segregation analysis was performed in
all family members whenever their DNA was available.
Variant annotations were described according to the fol-
lowing transcript: VCAN NM_004385.

2.4 | RT-PCR analysis

Fresh anticoagulant peripheral blood samples (10 ml)
were collected from the three patients in the fami-
lies and from two normal controls. Lymphocytes were
then isolated using Lymphocyte Separation Medium
(Solarbio, Beijing, China). Total RNA was extracted
from the lymphocytes with an RNAsimple Total RNA
Kit (Tiangen, Beijing, China), followed by reverse tran-
scription using FastKing cDNA Dispelling RT SuperMix
(Tiangen, Beijing, China). The reverse-transcribed reac-
tion included an initial step at 42°C for 15 min, followed
by 95°C for 3 min. The cDNA was amplified with the
four specific pairs of primers for the four known tran-
script isoforms of the VCAN described previously (Li,
Li, Sun, et al., 2020). GAPDH primers were used as a
control. The PCR fragments were electrophoresed in
2% agarose gel. Aberrant cDNA fragments were cut and
purified with a TTANgel Midi Purification Kit (Tiangen,
Beijing, China). Each gel-purified DNA band was con-
firmed by Sanger sequencing.
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3 | RESULTS

3.1 | VCAN variant

TES analysis revealed a small heterozygous indel variant
€.4004-4_c.4004-3delinsCA of the VCAN in the proband
(Figure 1a). This variant has not previously been recorded
in any public database. The novel variant was defined as
uncertain, based on the ACMG guidelines and standards.
Four of the five computational splice site algorithms pre-
dicted that the variant c.4004-4_c.4004-3delinsCA moder-
ately reduced the normal splicing strength of intron 7 in
VCAN (Table 1).

3.2 | Transcript analysis

The RT-PCT results from the lymphocytes revealed an
abnormal VCAN transcript pattern and aberrant bands in
transcripts VO and V1 in three patients (Figure 1b,c). In
the normal controls, the lymphocytes expressed isoforms
V0, V1, and V3 but lacked V2 (Figure 1c). In the patients,
the lymphocytes transcribed isoforms V0, V1, V2, and V3,
and a short aberrant band was observed in isoforms VO
and V1 (Figure 1c). Sanger-DNA sequencing disclosed
that the shortened transcripts lacked the first 39 nucleo-
tides of the exon 8, indicating that the novel variant intro-
duced a cryptic splicing site within exon 8, resulting in a
39bp shortening of exon 8 (Figure 1d).

3.3 | Clinical findings

The three-generation pedigree had four affected mem-
bers, suggesting an autosomal dominant inheritance
mode (Figure 1a). Co-segregation analysis showed that
all patients carried the novel variant c.4004-4_c.4004-
3delinsCA. All patients had experienced retinal detach-
ment in their childhood; however, none of them had
nyctalopia complaints. The main clinical characteristics
of each patient are summarized in Table 2.

The proband (III: 2) was a 3-year-old girl. She had been
noted as being prone to falls during walking at 1year of
age. A dilated fundus examination revealed bilateral trac-
tional retinal detachment (RD) without any retinal tears
(RT). Due to her poor visual prognosis, observation was
selected. At her latest examination in our clinic, she could
not have a BCVA test due to her young age and her intra-
ocular pressure (IOP) was normal. A slit-lamp examina-
tion showed normal anterior segments and mild opacities
of the lenses. Fundus examination exhibited relatively
stable tractional RD (Figure 2a). No RT was observed after
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39bp
i) 3 ycryptic acceptor site
tca;
S exon 7 oo e 2)
intron 7
exon 6 VCAN, ¢.4004-4_c.4004-3delinsCA
(b)
Mutated VO cDNA
Size(bp) M VO VI V2 V3 GAPDH !
500 '
NCl 400 432 ! exon 7 )
300 | Wide type /\ 39bp deletion
' AT ,/\_/\/,\A_ ALY ’MZ\,Z\;/\;H ;J\/L/\, JAVAVAYAVAYAW WUAVAYAY:
. G .C A GGTCG TGAGTGATTTGAGTGTAAT TGGTCATCCA A TAGIATTCA
Size(bp) M I1:2 11 12 NC1 NC2 ! exon 8
Vo ! Mutated V1 cDNA
Vi '
V2 . Wide ¢ exon 6 39bp deletion
+ Wide type ]\ j\
' A A \ A I N
' AL AATAYNATA A/\J\ j\m MAAN WAV P NATAIAY
V3 ' T LaCciGTCG TG AGTGATTTGAGTGTA AT TGGT C A GIATT C
(c) . (d) exon 8

FIGURE 1 Pedigree, co-segregation for the novel variant ¢.4004-4_c.4004-3delinsCA in the family with vitreoretinopathy, and

Versican (VCAN) transcript analysis. (a) Pedigree, co-segregation for the novel variant c¢.4004-4_c.4004-3delinsCA in the family

with vitreoretinopathy. (b) Schematic diagram shows the position of the novel variant and the cryptic acceptor site. (c) Agarose gel
electrophoresis displays the RT-PCR products for VO-V3 of the VCAN mRNA transcripts and the mRNA of GAPDH from lymphocytes of
a normal control (NC). Agarose gel electrophoresis displays the RT-PCR products for VO-V3 of the VCAN mRNA transcripts in the three
patients and the normal controls. (d) Partial sequence chromatogram of this aberrant VO and V1transcripts lacking the first 39bp of VCAN

exon 8.

careful examination. Ocular B-ultrasonography revealed
vitreous opacities and RD (Figure 2b). The axial length
was 19.0 mm in both eyes.

The proband's 36-year-old father (II: 2) had undergone
multiple ocular surgeries. He had suffered a sudden visual
acuity loss in the left eye at age 9 after a crush injury. His
BCVA was 1.5 OD and no light perception (NLP) OS. An
ocular examination revealed severe vitreous hemorrhage
and RD in the left eye. He underwent pars plana vitrec-
tomy (PPV) and pneumatic retinopexy. Postoperatively,
his RD receded and his VA in the OS was 0.02; however,
the RD reoccurred at the 1-year follow-up visit and his vi-
sion reduced to LP. No further surgical intervention was
performed due to the poor visual function outcome. He
had experienced a sudden vision reduction in the OD at
age 20. An ocular examination had revealed rhegmatoge-
nous RD in the OD, and he had received PPV and silicon
oil tamponade injection. He had then received multiple
surgical procedures, including removal of the silicon oil,
cataract extraction, and intraocular lens implantation at

age 21. Postoperatively, his RD receded, and the VA in the
OD was 0.4. Recurrent RD in the OD was found at age 30,
and he underwent PPV and silicon oil tamponade again.
The retina remained reattached after the surgery, with
BCVA 0.2 in the right eye. At his latest examination at our
eye center, his BCVA was 0.05 OD and LP OS. Iris-lens
synechiae, iris atrophy, and opacities of the lenses were
observed in both eyes, and an ectopic intraocular lens was
found in his right eye (Figure 2c). His fundi were invisible
due to the dense cataracts in both eyes and his ocular B-
ultrasonography showed dense vitreous opacity after sili-
con oil tamponade in the right and a complete RD in the
left eye (Figure 2d).

The proband's 10-year-old sister (III:1) had blurred
vision in her right eye at the age of eight. A fundus exam-
ination revealed bilateral rhegmatogenous RD in the in-
ferotemporal quadrant peripheral retina. She underwent
scleral buckle and cryoretinopexy surgeries in both eyes
at another hospital, and her retina remained attached
at the 2-year follow-up visit. At her latest examination
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TABLE 2 The clinical features of the four patients in the family
Gender/ BCVA Iris-lens Vitreous Chorioretinal Additional
Patient  age (y) OD/0S synechiae  Cataract Glaucoma opacity RD atrophy features
Il M/71 NA/LP No Yes Yes Yes Yes Yes -
1I:2 M/36 0.05/LP Yes Yes No Yes Yes NA NA
III:1 F/10 1.0/0.3 No No No Yes Yes Yes EF and IP
III:2 F/3 NA No Yes No Yes Yes No =

Abbreviations: BCVA, best-corrected visual acuity; EF, ectopic foveas; IP, inverted papilla; LP, light perception; NA, not available; OD, right eye; OS, left eye;

RD, retinal detachment; y, years.

FIGURE 2 Fundus photographs (FP), ocular B-ultrasonography, and anterior segment photographs (ASP) of the proband and her
father. (a) FP of the proband’s right eye shows retinal detachment (RD). (b) Her ocular B-ultrasonography shows bilateral RD and vitreous
opacity or strands. (c) ASPs of the proband's father exhibit pupil synechiae, iris atrophy, and opacities of the lenses in both eyes, ectopic IOL

in his right eye. (d) His ocular B-ultrasonography shows dense vitreous opacity after silicon oil tamponade in the right eye and a complete

RD in the left eye.

at our eye center, her BCVA was 1.0 OD and 0.3 with
refraction -2.00CX155 OS. A slit-lamp examination
showed normal anterior segments. A fundus examina-
tion revealed inverted papilla, ectopic foveas, vitreous
veils, and mild RPE mottling in the mid-periphery ret-
ina (Figure 3a). A mild dragging of the retinal vascula-
ture from the disk was observed in the right eye, while

macular atrophy, retinoschisis, and fibrotic proliferative
members were found in the left eye (Figure 3a). FAF
revealed an abnormal hypo- or hyper-autofluorescence
pattern in the central retina (Figure 3b). SD-OCT ex-
amination revealed dense vitreous and vitreous veils in
both eyes (Figure 3c). Retinoschisis and outer retinal
tubulations, small cystoid cavities, and atrophy at the
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FIGURE 3 Fundus photographs (FP), fundus autofluorescence (FAF), and OCT images of the proband's sister. (a) FPs show an inverted
papilla, ectopic foveas, vitreous veils, mild RPE mottling in the mid-periphery retina, and demarcated chorioretinal atrophy in the peripheral

retina (green arrowhead). (b) FAF displays relatively normal autofluorescence pattern in the right eye and abnormal hyper-autofluorescence
in the left eye. (c) OCT images show a dense posterior hyaloid forming a bridge over the foveal pit (white arrow) in both eyes and
retinoschisis and outer retinal tubulations at the macula (yellow asterisk), and a vitreous veil in the left eye (blue arrow).

macula were observed in the left eye (Figure 3c). Her
ERG recordings were relative normal in her right eye
and mild decreased rod function as well as severe de-
creased cone function in her left eye.

The proband's 71-year-old grandfather (I:1) suffered
profound visual defect in the right eye since his child-
hood without ocular examination. He had received cata-
ract extraction and intraocular lens implantation in the
left eye at age 50 at another hospital. Postoperatively,
his VA in the OS was 0.6. He experienced obvious visual
blurring in his left eye 4 months ago. B-ultrasonography
showed dense vitreous opacity and RD in both eyes.
He then underwent the right eye ball enucleating due
to corneal epithelial and stromal edema and uncontrol-
lable elevated IOP at another hospital. At his latest ex-
amination at our eye center, his VA in the OS was LP.
Fundus examination revealed vitreous opacity and rheg-
matogenous RD. He would accept PPV in his local hos-
pital based on our recommendation.

4 | DISCUSSION

This study described a novel splice variant c.4004--
4 ¢.4004-3delinsCA of the VCAN identified in a Chinese
family initially suspected of having FEVR. We also dem-
onstrated by RT-PCR analysis that this novel variant
caused unbalanced alternative splicing in the pathogen-
esis of WVR.

At present, only 18 distinct disease-causing variants of
the VCAN have been reported, and 12 of them are splic-
ing effect variants involving exon 8 (Table 1). The novel
variant c.4004-4_c.4004-3delinsCA reported here is lo-
cated in the third and fourth positions of the acceptor
splice site of intron 7, which are not the canonical accep-
tor splicing sites of intron 7. According to in silico anal-
ysis, the novel variant has less of a decrease in splicing
strength than observed with variants in the canonical ac-
ceptor splicing site of intron 7, but the predicted values
were consistent with the values of the variants located in
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the fifth and sixth sites. Despite this smaller decrease in
strength, our mRNA analysis of the patients verified that
the novel variant caused an abnormal splicing of exon 8
and an expression shift in the VCAN isoforms. Our mRNA
analysis results were similar to those reported for other
variants residing at the acceptor splicing site of intron 7
(Brézin et al., 2011; Miyamoto et al., 2005; Mukhopadhyay
et al., 2006; Rothschild, Audo, et al., 2013). Our results fur-
ther suggest that the variant effects on splicing predicted
by in silico analysis might be underestimated. Therefore,
mRNA analysis is essential for variants not occurring at
the canonical splicing sites, which usually are AG or GT
sequences at the 3’ and 5” splice sites.

The product of VCAN gene expression is versican, a
large chondroitin sulfate (CS) proteoglycan that is secreted
and incorporated into the extracellular matrix (Islam &
Watanabe, 2020). It has four different classical isoforms
created by alternative splicing of exon7 and exon8; these
exons encode GAG-attachment domains GAGa and
GAGS (Islam & Watanabe, 2020; Miyamoto et al., 2005).
Expression patterns of each isoform varied among human
tissues: V1 and V3 variants were relatively widespread,
whereas VO and V2 showed tissue-specifically transcribed,
such as adult whole brain expressed only V2, while heart
organ expressed VO, V1, and V3 (Miyamoto et al., 2005).
Human retina expressed all the isoforms, with relatively
high expression of the VO and V3 isoforms (Miyamoto
et al., 2005). Compare to expression pattern (VO, V1, and
V3) observed in the normal lymphocytes, the lymphocytes
of the patients in this pedigree expressed all the four iso-
forms, which was consistent with previous observation
(Mukhopadhyay et al., 2006). Due to the difference of
mRNA transcript of VCAN in human tissue, we could not
predict how this novel variant affected VCAN expression
in the retina. Similar to the reported variants at the ac-
ceptor splicing site of intron 7, the novel variant also led
to skipping of exon 8 or a deletion of 39 base pairs (bp)
(Brézin et al., 2011; Miyamoto et al., 2005; Mukhopadhyay
et al., 2006; Rothschild, Audo, et al., 2013). The 39bp se-
quence encodes 13 amino acids located at the start of the
GAGp chain (VCAN p.1335-1347). These 13 residues do
not contain any GAG-attachment sites, but they are highly
conserved among mammals, implying their significance
for the structure and function of versican. A recent struc-
tural bioinformatics study by Tang et al. (2019) identified a
novel putative matrix metalloproteinase (MMP) cleavage
site within the deletion region. Those authors speculated
that the elimination of this MMP site due to the 13 resi-
due deletion could affect proteolytic processing of versi-
can and its interactions with its binding partners in the
vitreous.

The four patients in this family all had vitreous strands
or veils and RD, which are the typical clinical features of

WVR (Adam et al., 2016; Brézin et al., 2011; Jewsbury
et al., 2014; Meredith et al., 2007; Miyamoto et al., 2005;
Mukhopadhyay et al., 2006; Rothschild, Audo, etal., 2013).
RD is the main reason for visual impairment in patients
with WVR and is usually caused by contraction of the vit-
reous strands or the preretinal membranes. Although all
four patients carried the same pathogenic variant, their
onset ages for RD differed. The proband had bilateral trac-
tional RD at 1year of age, while her father and sister ex-
perienced rhegmatogenous RD at about age 8 or 9years,
which was close to the average onset age of 9.5years for
RD reported in previous studies (Adam et al., 2016). This
implies that other environmental or genetic modifiers are
probably involved.

The proband was initially misdiagnosed with FVER,
which is another relatively common inherited vitreoreti-
nopathy (Adam et al., 2016; Edwards, 2008). The highly
variable phenotypes make WVR diagnosis particularly
challenging, especially in younger children who cannot
undergo full fundus examinations. For this reason, molec-
ular analysis is very useful for providing an accurate diag-
nosis. An accurate diagnosis of WVR can be valuable for
genetic counseling while also identifying patients at risk
of RD or patients with asymptomatic RD. The proband's
father presented bilateral iris-lens synechiae, but whether
his iris-lens synechiae were due to a primary anterior uve-
itis or a secondary result from his multiple surgical inter-
ventions is difficult to ascertain. None of the four patients
had a night blindness complaint; however, patient III:1
(the sister of the proband) showed demarcated chorioret-
inal atrophy in her peripheral retina. The chorioretinal
atrophy observed in patients with WVR progresses with
aging (Adam et al., 2016); therefore, we intend to follow
up this patient in the future.

We did not perform quantitative RT-PCR for the
VCAN transcript in the three patients, and this is one
limitation of this study. However, previous studies have
indicated that the expression level for different versican
isoforms in blood cells or skin fibroblasts was not related
to patient phenotype (Kloeckener-Gruissem et al., 2006;
Mukhopadhyay et al., 2006). Another limitation is the
small number of patients in this family.

In conclusion, our results expand the mutation spec-
trum of VCAN and further confirm that the splicing sites
in exon 8 are mutation hot spots. Patients with WVR may
present high phenotype variation; therefore, molecular
analysis is very important for precise diagnosis of patients
with WVR.
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