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Abstract

Stickler syndrome type | (STL1, MIM 108300) is characterized by ocular, auditory,
skeletal and orofacial manifestations. Nonsyndromic ocular STL1 (MIM 609508) char-
acterized by predominantly ocular features is a subgroup of STL1, and it is inherited in
an autosomal dominant manner. In this study, a novel variant c.T100>C (p.Cys34Arg)
in COL2A1 related to a large nonsyndromic ocular STL1 family was identified through
Exome sequencing (ES). Bioinformatics analysis indicated that the variant site was
highly conserved and the pathogenic mechanism of this variant may involve in af-
fected structure of chordin-like cysteine-rich (CR) repeats of ColllA. Minigene assay
indicated that this variant did not change alternative splicing of exon2 of COL2A1.
Moreover, the nonsyndromic ocular STL1 family with 16 affected members showed
phenotype variability and certain male gender trend. None of the family members
had hearing loss. Our findings would expand the knowledge of the COL2A1 muta-
tion spectrum, and phenotype variability associated with nonsyndromic ocular STL1.
Search for genetic modifiers and related molecular pathways leading to the pheno-

type variation warrants further studies.
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1 | INTRODUCTION

Stickler syndrome is characterized by ocular, auditory, skeletal and
orofacial manifestations.? It has been divided into three types:
STL1, STL2 (MIM 604841) and STL3 (MIM 184840) with STL1
being the most common form. STL1 is caused by COL2A1 variants
and is inherited in an autosomal dominant manner. Except the fa-
miliar symptoms in eye such as high myopia, vitreoretinal degener-
ation, retinal detachment (RD) and cataracts, in some cases STL1
also showed short stature, scoliosis/kyphosis, joint hypermobility
/osteoarthritis, cleft palate, midfacial hypoplasia and some degree
of deafness.?® Nonsyndromic ocular STL1 is a subgroup of STL1
and is characterized by predominantly ocular features with absent
or minimal extraocular abnormalities.* However, both STL1 and
nonsyndromic ocular STL1 have a wide phenotypic spectrum, with
considerable interfamilial and intrafamilial variability in its clinical
expression.’

COL2A1 locates in chromosome 12 and encodes the al chain
of collagen Il (ColllA), which is the main component of the cartilage
extracellular matrix and the vitreous of eye.® The pathogenic vari-
ants of COL2A1 cause many diseases related to dysosteogenesis,
including STL1.”® These variants happen in both introns and exons.
While the former usually affects splice sites, the latter is much more
complicated. Pathogenic variants in exons mainly contain premature
stop (ie.,nonsense, frameshift) variants and missense variants. These
two types of pathogenic variants cause diseases usually because of
haploinsufficiency or structure defect of ColllA, but they sometimes
affect cis-elements and alter pre-mRNA splicing process.

In the nucleus, pre-mRNA of pro-ColllA undergoes alternative
splicing at exon2 and produces various isoforms: lIA, a long form that
includes exon 2; IIB, a short form that excludes exon 2; IIC, which
contains only the first 34 nucleotides of exon 2 and has no protein
product; and IID, which contains the same sequence as IIA with an
additional three nucleotides. Compared to IIA and IIB, the preva-
lence of 1IC and 11D is low, so lIA and IIB are the main isoforms.” The
alternative splicing event of COL2A1 is developmentally regulated.
Inappropriate splicing often causes chondrogenesis and ocular dis-
eases. Several pathogenic variants of exon 2 related to STL1 have
been found.1012

The present study reports a novel pathogenic variant of COL2A1
resulting in nonsyndromic ocular STL1 and analyses the clinical het-
erogeneity of this family, which enriches our understanding of non-

syndromic ocular STL1.

2 | MATERIALS AND METHODS

2.1 | Patientrecruitment

Patients and histories were identified in Binzhou Medical University
Hospital. The studies were performed with approval of the Ethics
Committee of the Binzhou Medical University Hospital (2018-008-
01). All persons gave informed consent prior to their inclusion in the

study. Venous whole blood samples were collected for molecular ge-
netic testing. IV-2 and V-4 were missing blood samples and inspec-

tion because they were lost to follow-up.

2.2 | Clinical examination

Ophthalmic, orofacial, skeletal and auditory features were assessed
using previously reported methods.**% A general ophthalmic history
was recorded, with particular attention to the age of onset, degree
and progression of myopia, cataract and vitreoretinal disease. A
full ophthalmic examination was performed, including slit-lamp bi-
omicroscopy and scleral depression with indirect ophthalmoscopy.
Anterior segment photographs were taken when appropriate. Joint
hypermobility was assessed objectively by the reported means of a

series of tests.!*

2.3 | Exome sequencing (ES) and
bioinformatics analysis

Genomic DNA was extracted from the peripheral leukocytes of
all recruited family members using standard protocols for whole
blood DNA extraction. The main portion of the ES was provided
by Novogene Bioinformatics Institute. The exomes were cap-
tured using Agilent SureSelect Human All Exon Vé kits, and high-
throughput sequencing was performed in an lllumina HiSeq X-10.
The basic bioinformatics analyses, including reads, mapping, variant
detection, filtering and annotation, were also provided by Novogene
Bioinformatics Institute. The average coverage for all of the experi-
ments was 70x and was at least 20x for 90% of the targets. Paired
sequencing reads were aligned to the reference genome (GRCh37/
hg19) using BWA 26 and sorted with SAMtools27 and Picard (http://
broadinstitute.github.io/picard/webcite). Post-alignment process-
ing (local realignment around insertions-deletions and base re-
calibration), single nucleotide variant (SNV) and small nucleotide
sequences insertion-deletion (InDel) calling were performed with
Genome Analysis Toolkit (GATK) 28, with parameters adapted to
the haloplex-generated sequences. The called SNV and InDel vari-
ants produced with both platforms were annotated according to
the ANNOVAR Web server (in the public domain, http://wannovar.
wglab.org/index.php).*®

A tiered filtering strategy was used to prioritize the SNVs and
InDels using previously reported methods.* The obtained SNVs and
InDels were further analysed for conservative and possible deleteri-
ous impact by software (dbNSFP version3.0). According to a simple
model of the dominant mode of inheritance pattern, we explored the
SNVs that were heterozygous for the variant allele in the affected
patients but normal in unaffected patients. Then, gene-disease
phenotypic correlation analysis for the candidate variants was per-
formed, and the variants were sorted by relevance. Whether the
variants involved in the splicing process were predicated in Spidex
databases.


http://broadinstitute.github.io/picard/webcite
http://broadinstitute.github.io/picard/webcite
http://wannovar.wglab.org/index.php)
http://wannovar.wglab.org/index.php)

LIU ET AL.

FIGURE 1 Pedigree of the
nonsyndromic ocular STL1 family. The
propositus was indicated by the black

arrow. Normal descendants of the normal
individual were not shown due to limited

6 space. Asterisks: individuals which had
blood available

24 |
co-segregation analysis

Pathogenic variant validation and

Filtered pathogenic variants and co-segregation analysis among all
family members were validated by Sanger sequencing. The primer
pairs were designed by Primer 5 (Table S1), and sequences of the
PCR products were determined using the Eppendorf Mastercycler
Genetic Analyzer. Sanger sequencing was performed at Majorbio.

2.5 | Conservation analysis of variants in COL2A1
Conservation of mutant cite in COL2A1 orthologs was analysed on
UCSC (http://genome.ucsc.edu). Multiple sequence alignment anal-
ysis of CR repeats in ColllA and other proteins was performed using
DNAMAN software.

2.6 | Construction and identification of minigenes

The minigene ‘pcDNAS3.1-WT’ was constructed containing exons
1-3 and full-length intron 1 and intron 2 sequences of COL2A1 ac-
cording to the reported methods.'? Plasmid pcDNA3.1-WT was
constructed with wild-type exon2. The point mutation (c.T100>C:p.
Cys34 Arg or c.G170>A:p. Cys57Tyr) was introduced into exon 2 of
pcDNA3.1-WT using the HieffMut™ Site-Directed Mutagenesis Kit
(Stratagene), to construct plasmid pcDNA3.1-C34R or pcDNA3.1-
C57Y respectively (Figure 4A). The three recombinant plasmids
were sequenced to confirm the normal and pathogenic variant

clones (Figure S3).

2.7 | Cell culture and transfection

HEK-293 cells were cultured in DMEM containing 10% foetal bovine
serum. These cells were transfected with pcDNA3.1-WT, pcDNA3.1-
C34R and pcDNA3.1-C57Y plasmids using Lip2000 and incubated at
37°C for 2 days before harvesting for RNA experiments.

%

1920

17

2.8 | Analysis of spliced mRNA isoforms derived
from the COL2A1 minigenes

Total RNA was extracted from the cells using Trizol (Invitrogen)
according to the manufacturer's instructions. Total RNA was used
to synthesize cDNA with a PrimeScript RT reagent kit (Takara,
RRO37A). Alternative splicing of the minigenes produced either the
IIA or 1IB isoform. The primer pairs RT-F and RT-R (Table S1) were
used to detect the mRNA expression of IIA and IIB isoforms derived
from the minigenes by RT-PCR (Figure 4B). The products of RT-PCR
were detected by electrophoresis in 12% polyacrylamide gels and

were semiquantitative analysed by ImagelJ software.

2.9 | Statistical analysis

The data were expressed as the mean + SD of at least three independ-
ent experiments. Statistical analysis of the data was performed using
one-way ANOVA followed by Bonferroni's multiple-comparison cor-
rection in GraphPad Prism 5.01.

3 | RESULTS

3.1 | Clinical presentations of the patients

The family reported in the present study was from Shandong
Province of China, and it was a five-generation nonsyndromic ocular
STL1 family with 16 affected and 33 unaffected members (Figure 1).
Individual IV-15 (the propositus) had extreme myopia in both eyes at
about age 6. At age 9, this patient suffered a giant-tear retinal detach-
ment in the left eye that was not successfully repaired. Two years
later, this patient developed a cataract in this eye. At age 10, he suf-
fered a giant-tear retinal detachment in the right eye and underwent
retinal repair surgery. At age 11, a complicated cataract appeared in
the right eye, and the retina detached, leaving faint light perception.
At age 36, the left eye was enucleated due to inflammation. Now, at
age 45, a slit-lamp biomicroscopy examination for anterior segment
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of the right eye showed that the oval pupil moved up to temporal,
and the residual lens cortex and capsule were clouded and sublux-
ated in the anterior vitreous (Figure 2A). Ultrasound inspection
showed vitreous opacities and long-standing retinal detachment
(Figure 2B). On joint examination, this patient could easily touch his
fingers to the floor with extended knees despite a herniated disc
(Figure S1A,B). When he was younger, he was able to easily main-
tain his palms to the floor. Furthermore, on examination he was able
to oppose his thumb to the ventral aspect of his forearm, while the
same age control could not do this (Figure S1C,D). Given this, indi-
vidual IV-15 met the diagnostic criteria of joint laxity.}*

Individual 1V-11 had moderate myopia in the right eye at about
6 years old. Now, at age 48, the optic examination shows that: for
eyesight: OD (right eye): 0.2 (-2.00-0.75 x 557° =0.4), OS (left
eye): 0.6 (-0.75 x 105° =1.0); for axial length (also named antero-
posterior axis), OD: 22.76 mm (millimeter), OS: 22.02 mm. Slit-lamp
examination for the anterior segment showed normal anterior-
chamber drainage-angle development and membranous vitreous
(Figure S2A). Supersonic inspection showed mild dot opacification
in vitreous humor (Figure S2B). Fundus examination showed myo-
pia characteristics of leopard fundal and myopia arc around pupil
(Figure S2C). Her joint examination was normal.

Individual V-3, the son of individual 1V-11, exhibited extreme
myopia in both eyes at 3 years old. At age 13, he suffered retinal
tearing in both eyes, which were repaired with laser treatment.
Now, at age 23, the optic examination shows that, for eyesight,
OD: (-11.75-0.75 x 175° =0.6), OS: (-8.50-1.50 x 40° =0.6); for
axial length, OD: 27.48 mm, OS: 26.26 mm; and for lens thickness,
OD: 3.91 mm, OS: 3.88 mm. Slit-lamp examination for the anterior

(A) (B)

(D) (E)

segment showed normal anterior-chamber drainage-angle devel-
opment, clear crystalline lenses and normal membranous vitreous
(Figure 2D). Ultrasound inspection demonstrated obvious dot opaci-
fication in vitreous humor, irregular circles of vitreous body and
posterior staphyloma, which were high myopia characteristics
(Figure 2E). Fundus examination showed that retina was attached,
and characteristics of myopia such as leopard fundal and myopia
arc around pupil (Figure 2C). Examination revealed retinal tears sur-
rounded by laser spots in the peripheral retina (Figure 2F). Her joint
examination was normal.

The other affected members of this family showed various de-
grees of myopia and retinal detachment (Table 1). All of the patients
had normal stature, hearing, speech development and intelligence,

and did not have cleft palate or midfacial hypoplasia.

3.2 | Anovel pathogenic variant of COL2A1 was
identified in the nonsyndromic ocular STL1 family

ES was performed on four individuals of the pedigree, including three
affected family members (l11-12, IV-13 and V-3) and one healthy in-
dividual (IV-10) (Figure 1). After several prioritization steps, we ob-
tained 21 candidate genes carrying SNVs and nine candidate genes
carrying InDels, and ranked these genes according to their relevance
to STL1. Then, we selected the top two of these genes which might
cause STL1 directly: COL2A1 and COL11A2. Sanger sequencing re-
vealed that only the variant c.T100>C (p. Cys34Arg) in COL2A1 was
identified and co-segregated with other family members (Figure 3A).
This SNV is a novel pathogenic variant of COL2A1.

(©

(F)

FIGURE 2 Ophthalmologic abnormalities of affected individuals of the nonsyndromic ocular STL1 family. (A, D) Anterior segment
examination of IV-15(A) and V-3(D). (B, E)Vitreous ultrasound inspection of IV-15(B) and V-3(E). White arrow: dot opacification. (C, F) Fundal
examination of V-3. White arrow in (C): myopia arc. White arrow in (F): laser spots. Asterisk: retinal tear. Because 1V-15 was blind due to a
retinal detachment, the segment examination was performed without pupil dilation and fundal examination was not performed
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TABLE 1 Evaluation of phenotypic severity of different affected individuals

Retinal detachment

Myopia Left Right

Patient Gender Left Right Agely) Grade Agely) Grade Joints activity
PI-2 F 2 2 N 0 N 0 -
Pll-1 F 8 8 >50 1 >50 1 -
Pll-4 M 3 3 >50 1 N 0 -
PIII-3 M 8 8 20s 2 20s 2

Plll-6 M 3 3 18-19 2 18-19 2 -
PIII-8 F 2 2 N 0 N 0 =
PIlI-10 M 3 3 16-17 2 N 0 -
PIlI-12 F 8 8 N 0 >50 1 -
Plll-14 M 3 3 15-19 2 15-19 2 -
PIlI-19 F 1 3 N 0 N 0 =
PIV-2 M 3 3 12-13 3 12-13 3 -
PIV-4 F 8 3 13 3 12-13 3 =
PIV-11 F 2 2 N 0 N 0 0
PIV-13 F 8 3 13 3 21 2 0
PIV-15 M 3 3 9 3 11 3 1
PV-3 M 3 3 13 3 13 3 0

Note: Score of various phenotypes: Left: the left eye; Right: the right eye. Myopia: 0: normal eyesight; 1: mild myopia,diopter<300; 2: moderate
myopia, diopter 300-600; 3: high myopia, diopter>600. Retinal detachment: Age: the age at onset of retinal detachment, y: years old; >: above some
years old. N: retinal did not detach. Grade: Score of retinal detachment. O: retinal did not detach; 1: retinal detached at age older than 50 years old;
2: retinal detached at age 15-50 years old; 3: retinal detached at before 15 years old; *: suffered retinal tearing, and retinal would detached if this
patients had not be treated appropriately as his eldership. Joint activity:0: normal; 1: excessive joint movement; -: unknown.

3.3 | The cysteine34(C34) was highly conserved in
ColllA orthologs of various species and CR repeats of
different proteins

We compared the ColllA orthologs and found that C34 was highly
conserved in various species (Figure 3B). CR repeats also known as
Von Willebrand factor type C (VWC) domains®’ are ~60-80 amino
acids in length and are mainly defined by a consensus sequence of
10 cysteines, which have been identified in ~200 extracellular matrix
proteins. As matrix protein, ColllA contains CR repeat which is en-
coded by exon2 of COL2A1, and might be involved in bone and eye
development through binding transcription factors by CR repeats.
Therefore, variants in exon2 often are pathogenic.'®? We exerted
multiple sequence alignment of CR repeat of ColllA and other pro-
teins containing CR repeats, such as CHRD, CHRDL1, CHRDL2 and
VWCE. The results showed that several cysteines including C34
and C57 were strongly conserved (Figure 3C), which suggests that
they are very important to maintain the structure of this domain.
We also performed deleterious prediction and conservation annota-
tion of the variant using several general international software. The
results showed that the c.T100>C(p. Cys34Arg) variant of COL2A1
changed the protein's structure or function with high probability and
the mutant site was highly conserved (Table S2). These results sug-
gested that the pathogenic mechanism of this novel variant might be
involved in changes in protein structure.

3.4 | Pathogenic variant of c.T100>Cin COL2A1
did not change alternative splicing of exon 2

Exon2 of COL2A1 pre-mRNA undergoes alternative splicing, which
produces two main isoforms: IIA and 11B.2° Some variants in exon
2 of COL2A1 are often associated with Stickler syndrome, such as
c.G170>A (p. Cys57Tyr) and c.G192>A (Cysé4Stop), and these vari-
ants result in a shift in alternative splicing pattern towards the 1B
isoform, which causes a lower ratio of I1A/I1B.X2 While since the
variant of ¢.T100>C (p. Cys34Arg) also located in exon2 and caused
similar clinical phenotype, it might have the same mechanism to the
reported pathogenic variants. To confirm the pathogenic mechanism
of this variant, we predicted whether the c.T100>C (p. Cys34Arg)
and c.G170>A (p. Cys57Tyr) variants in COL2A1 involved in the splic-
ing process using Spidex databases. In general, it is thought that the
variant affects splicing when the score greater than 4 or less than -4;
however, the score of the two variants could not meet this standard
(Table 2), which indicated that these variants affected splicing with
low probability.

Furthermore, we constructed COL2A1 minigenes, and they
represented wild type, c.T100>C (p. Cys34Arg) and c.G170>A (p.
Cys57Tyr) variants respectively (Figure 4A, Figure S3). Then, the
three minigenes were transfected into HEK-293 cells, and the tran-
scription products were analysed by RT-PCR. The results showed
that the three minigenes all expressed two kinds of mRNA: IlA and
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FIGURE 3 Genetic mutation identified
in the nonsyndromic ocular STL1 family.
(A) A heterozygous COL2A1 variant
c.T100>C (p. Cys34Arg) in exon 2 was
identified in the affected members
(Mutant). Arrow indicated the site of the
heterozygous missense mutation. Wild
indicated the wild-type sequence in
unaffected family members. (B) Multiple
sequence alignment of the COL2A1 across
species.C34 was strongly conserved in
ColllA orthologs, which was displayed in
the box. (C) C34 was strongly conserved
in CR repeats of ColllA, CHRD, CHRDL1,
CHRDL2 and VWCE. The proteins except
ColllA have several CR repeats labeled by
Arabic numbers respectively. The amino
acid residues represented by small letters
at the bottom row including C34 and C57
that noted by black arrow were highly
conserved

Human
Rhesus
Mouse
Dog
Elephant
Chicken
X_tropicalis
Zebrafish
Lamprey

(©COLLIIA
CHRD-1
CHRD-2
CHRD-3
CHRD-4

CHRDL1-1

CHRDL1-2

CHRDL1-3

CHRDL2-1

CHRDL2-2

CHRDL2-3
VWCE-1
VWCE-2
VWCE-3
VWCE-4

1IB (Figure 4B). The expected sizes of the spliced isoforms IIA and
1B derived from RT-PCR were shown in (Figure 4C), and expression
level of isoforms IIA was higher than isoforms IIB in all minigenes.
The total expression quantities of IIA and 1B and the ratios of I|1A/1IB
of the three minigenes showed no difference (Figure 4D,E). These
results suggested that the c.T100>C (p. Cys34Arg) and c.G170>A (p.
Cys57Tyr) variants in COL2A1 did not alter the alternative splicing of

exon2, which was different from the previous reports.

3.5 | Phenotypes of this nonsyndromic ocular STL1
family showed significant heterogeneity and more
serious in male gender

STL1 has obvious heterogeneity in clinical manifestations.® In
our study, the nonsyndromic ocular STL1 family showed a wide
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phenotypic spectrum (Table 1). The clinical manifestations were
mainly in eye and joint, and the abnormalities in eye were myopia
and retinal detachment mainly, while the joint abnormality was joints
flabby indicated by excessive joint movement. In this family, all of the
affected members showed myopia, but the severity varied widely
from mild myopia (diopter<300) to high myopia (diopter>600).
Manifestations in the retina were different from not detached to
detached at various ages which indicated variance in severity. Most
of the affected members’ joints were normal, and a few were un-
known because they were very old or had died, with most severely
lax joints in IV-15.

We graded the clinical manifestations according to its severity,
as shown in Table 1, the most mildly affected members who had the
lowest grades were 1-2, 111-8, 111-19 and 1V-11, and they showed only
mild myopia in general. The most severely affected members who
had high grades were IV-2, IV-4, IV-15 and V-3, and they showed
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extreme myopia, retinal detachment in both eyes before 15 years old
and the joints were lax occasionally (Figure 2, Table 1, Figures 51,52).

We then analysed the heterogeneity in clinical manifestations in
different genders of this nonsyndromic ocular STL1 family. The re-
sults showed that all of the affected male members of the STL1 fam-
ily had high myopia in both eyes; however, a few female members

only showed mild myopia (Figure 5A). Furthermore, the severity of

TABLE 2 Splicing function prediction of the variants in COL2A1

Variants Ref Alt dpsi_max_tissue
C34R A G -0.2304

A C -0.4974

A T -0.5191
C57Y C T 0.6275

C A -0.903

C G -0.4273

Note: C34R represented a variant: c.T100>C (p. Cys34Arg), C57Y
represented variant: c.G170>A (p. Cys57Tyr). Ref: base of wild type.
Alt: base of all possible mutations. Dpsi_max_tissue is the score of
prediction derived from Spidex databases, and it is considered that the
variant affected splicing when the score greater than 4 or less than

-4 generally.
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retinal detachment between male and female patients in the left and
right eyes showed a similar trend. Males had more retinal detach-

ments and had them earlier in life than females (Figure 5B).

4 | DISCUSSION

In this report, we identify a novel pathogenic variant (c.T100>C, p.
Cys34Arg) in COL2A1 in a nonsyndromic ocular STL1 family. The
cysteine at amino acid 34 was highly conserved in ColllA orthologs
of various species and in CR repeats of various proteins, and the
variant did not involve in the splicing process. We also analysed the
clinical heterogeneity of this family and found that the phenotypic
severity showed a certain gender trend.

Pre-mRNA of COL2A1 is alternatively spliced during develop-
ment, and IIA isoforms express predominantly in embryonic carti-
lage, while 1IB isoforms express mainly in adult cartilage.?*2® This
switch between the IlA and |I1B splice forms also have been identified
in the vitreous, and it is reported that the ratio of IIA/IIB was 5:1
in fetal vitreous, while it became 1.5:1 in adult vitreous of the bo-
vine eye.18'24 Several pathogenic variants of COL2A1 associated with
STL1 made a decreased ratio of isoforms 11A/11B.22 However,in our
study, the minigene assay showed that the c.T100>C (p. Cys34Arg)
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FIGURE 4 Alternative splicing of wild-type and variants in exon 2 of the COL2A1 E1-E3 minigenes. (A) Construction of plasmids
pcDNA3.1-WT, pcDNA3.1-C34R, and pcDNA3.1-C57Y. The wild-type minigene pcDNA3.1- WT contains exons 1-3 and full-length intron
1 and intron 2 of COL2A1. The novel variant c.T100>C (p. Cys34Arg) was inserted into pcDNA3.1-C34R. The confirmed pathogenic variant
¢c.G170>A (p. Cys57Tyr) was inserted into pcDNA3.1-C57Y. The arrows show the positions of various pathogenic variants. The numbers
under exons and introns represent the nucleotide sizes of the exon/intron regions, and numbers beside the arrows above exon2 represent
the variant location in COL2A1. (B) Mechanisms of alternative splicing of the minigene to produce either the IIA or IIB isoform. The primers
RT-F and RT-R were used to amplify the cDNA of the two isoforms produced by the minigenes. The fine arrows show the positions of the
primers. (C) RT-PCR products of IIA and IIB spliced isoforms derived from the wild-type and mutant minigenes. Arrow: 256bp indicated IIA,
50bp indicated IIB. WT: pcDNA3.1-WT; C34R: pcDNAS3.1- C34R; C57Y: pcDNAS3.1-C57Y. (D, E) Semiquantitative analysis of the RT-PCR
results of (C): (D)the relative mRNA expression levels of I1A and 1B isoforms, (E) The ratio of mRNA levels of 1IA/IIB (n = 3)
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variant of COL2A1 did not alter the expression level of 1A and IIB and
their ratio. Interestingly, the variantc.G170>A (p. Cys57Tyr) caused
STL1 through a decreasing ratio of isoforms IIA/1IB in the previous
report; however, the ratio did not change in our study. Furthermore,
bioinformatics analysis which is commonly accepted methods also
supported our results, so we believe that both the novel variant
¢.T100>C (p. Cys34Arg) and the reported variant p. Cys57Tyr causes
STL1 not through affecting alternative splicing, which is different
from the previous reports.

The extracellular matrix provides a structural scaffold that im-
parts physical properties to connective tissue, and they also act as
an instructive platform for soluble modulators of cell behaviour.?®
TGF-p (transforming growth factor-beta) binds to extracellular ma-
trix macromolecules and plays an important role in embryonic tis-
sues, and its dysregulation involved in the pathogenesis of retinal
detachment.?® BMP4 (bone morphogenetic protein 4) is a secreted
ligand of the TGF-$ superfamily and plays critical role in ocular de-
velopment.?”28 In recent report, a novel heterozygous BMP4 vari-
ant was first identified to cause STL1.2” The CR repeats can bind
members of TGF-f superfamily and are proposed to regulate growth
factor signalling. ColllA contains a 69-amino acid chordin-like CR re-
peat, which encoded by exon2 that exists in type 1A exclusively.??
ColllA interacts with proteins of the TGF-p superfamily by CR re-
peat and therefore potentially regulates growth factor signalling
during development.'® The isolated CR ColllA repeat binds BMP-2
and TGF-B in solid-phase binding assays,'” and binding to BMP-4 is
competed by BMP-2 and TGF—[S.30 So the CR repeat of ColllA plays
a role during development through regulating growth factor signal-
ling, and changes in its sequence or structure may cause abnormal
development of related organs or tissues. Pathogenic variants in
exon 2 of the COL2A1 gene often cause nonsyndromic ocular STL1,
such as the pathogenic variants Gly67Asp, Trp47Ter, Cysé64Ter and
CysS7Tyr.10'12 Additionally, intronic sequence variants affecting the
alternative splicing efficiency of exon 2 of COL2A1 have been asso-
ciated with an increased risk of retinal detachment.3! In this study,
we found C34 amino acid was highly conserved in different species
and in multiple CR repeats of different proteins. O'Leary et al. specu-
late the solution structure and dynamics of a prototypical CR repeat
from ColllA, and found Cys34 and Cys57 formed disulphide bond,
which is important to maintain the structure of the CR repeat.®? So,
all of the analysis suggests that the variant c.T100>C (p. Cys34Arg)

mutation of COL2A1 might dysregulate the growth factors through
altering the structure of the CR repeat.

While gender trends for clinical manifestations of SLT1 have
been rarely described in literature thus far, there have been a few
reports describing gender trends for both myopia and RD. Several
studies suggest a higher prevalence of nonpathological myopia
among females compared to males.®®3* However, in Hyman's
report, myopia progressed in females only slightly more than in
males.%” Contrarily, Chen found that testosterone levels positively
correlate with high myopia both in males and females; progester-
one was negative correlation in contrast. Additionally, he reported
that levels of estradiol were significantly higher in myopic males,
but lower in myopic females.3® However, despite these studies
demonstrating female trend in myopia, several studies have re-
ported that male sex is associated significantly with greater risk
of RD.%7"%? Incidence of RD after cataract surgery or Pars Plana
Vitrectomy also appeared increased in male gender.*°=4? Male sex
was reported as a risk factor for pseudophakic retinal detachment
after cataract extraction in Taiwanese adults.*® However, one re-
port demonstrated a contrary results that significant risk factors
for recurrent retinal detachment include size of retinal tear, age,
prior vitrectomy and female gender.** From the above reports, it
is difficult to definite the relationship between RD and gender,
but several studies suggest that RD might have a higher incidence
in males. We report that many major characters of STL1 including
myopia and RD seem to have an association with gender. In our
study, the affected male members displayed more serious myo-
pia than females, which is different from the trend of nonpatho-
logical myopia. Perhaps with this particular genetic background,
the progression of myopia is more sensitive to the sex hormones
such as testosterone, which was found at a higher level in males.
Furthermore, RD in males was more serious than in female in our
study, possibly due to more serious high myopia, previously pub-
lished male trend in RD, genes modification related to sex that
have not been yet described in literature. It was reported that 32
STL1 patients complained of hearing loss (37%, 95% Cl 27-48) of
whom 17 required hearing aids.* In contrast, our current report
did not have any patients complaining of hearing loss, neither
required hearing aids. Our previous report shows that a mouse
model with a missense mutation in the mouse Col2al gene re-
sulted in a mouse phenotype similar to human STL1, including
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hearing impairment ranged from 35 to 50 dB hearing loss to com-
pletely deaf in a mixed genetic background.® All of these reports
suggest that genetic background plays important roles in the
phenotypic variations. Search for genetic modifiers and related
molecular pathways leading to the phenotype variation warrants
further study.

In summary, in this study, we identified a novel missense patho-
genic variant in COL2A1 in a nonsyndromic ocular STL1 family. The
pathogenic mechanism of this variant may be involved in protein
structure changing. The nonsyndromic ocular STL1 family showed
clinical variability and a male gender trend with unknown reason.
Our findings expand the knowledge of the COL2A1 mutational spec-

trum and clinical heterogeneity associated with STL1.

ACKNOWLEDGMENTS

The authors thank the patients and the family members who par-
ticipated in this study. This study was supported by the National
Natural Science Foundation of China (81530030, 81500797 and
31500765) and the US National Institute of Health (R0O1DC015111).

CONFLICT OF INTEREST
The authors declare that there is no conflict of interests to report.

AUTHOR CONTRIBUTIONS

Xiuzhen Liu: Conceptualization (equal); Investigation (equal); Project
administration (equal); Writing - original draft (equal). Hongliang
Dong: Investigation (equal); Methodology (equal); Project admin-
istration (equal); Writing - original draft (equal). Yuerong Gong:
Investigation (equal); Methodology (equal). Lianging Wang: Formal
analysis (equal); Methodology (equal); Supervision (equal). Ruyi
Zhang: Data curation (equal); Resources (equal). Tihua Zheng:
Funding acquisition (equal); Investigation (equal); Validation (equal).
Yuxi Zheng: Data curation (equal); Supervision (equal). Shuang
Shen: Formal analysis (equal); Software (equal). Chelsea Zheng:
Formal analysis (equal); Supervision (equal). Mingming Tian:
Methodology (equal); Validation (equal). Naiguo Liu: Data curation
(equal); Formal analysis (equal). Xiaolin Zhang: Conceptualization
(equal); Investigation (equal); Supervision (equal). Qingyin Zheng:
Conceptualization (equal); Funding acquisition (equal); Investigation

(equal); Supervision (equal).

DATA AVAILABILITY STATEMENT
All data that support the findings in this study are included in this

published article and its supplementary information files.

ORCID
Xiuzhen Liu "= https://orcid.org/0000-0002-2298-1757
REFERENCES

1. Stickler GB, Belau PG, Farrell FJ, et al. Hereditary progressive
arthro-ophthalmopathy. Mayo Clin Proc. 1965;40:433-455.

2. Snead MP, Yates JR. Clinical and molecular genetics of Stickler syn-
drome. J Med Genet. 1999;36:353-359.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Stickler GB, Hughes W, Houchin P. Clinical features of hereditary
progressive arthro-ophthalmopathy (Stickler syndrome): a survey.
Genet Med. 2001;3:192-196.

Richards AJ, Martin S, Yates JR, et al. COL2A1 exon 2 mutations:
relevance to the stickler and wagner syndromes. Br J Ophthalmol.
2000;84:364-371.

Liberfarb RM, Levy HP, Rose PS, et al. The Stickler syndrome: gen-
otype/phenotype correlation in 10 families with Stickler syndrome
resulting from seven mutations in the type Il collagen gene locus
COL2A1. Genet Med. 2003;5:21-27.

Myllyharju J, Kivirikko KI. Collagens, modifying enzymes and their
mutationsin humans, fliesand worms. Trends Genet. 2004;20:33-43.
Nishimura G, Haga N, Kitoh H, et al. The phenotypic spectrum of
COL2A1 mutations. Hum Mutat. 2005;26:36-43.

Donahue LR, Chang B, Mohan S, et al. A missense mutation
in the mouse Col2al gene causes spondyloepiphyseal dyspla-
sia congenita, hearing loss, and retinoschisis. J Bone Miner Res.
2003;18:1612-1621.

McAlinden A, Johnstone B, Kollar J, Kazmi N, Hering TM. Expression
of two novel alternatively spliced COL2A1 isoforms during chon-
drocyte differentiation. Matrix Biol. 2008;27:254-266.

Korkko J, Ritvaniemi P, Haataja L, et al. Mutation in type Il procolla-
gen (COL2A1) that substitutes aspartate for glycine alpha 1-67 and
that causes cataracts and retinal detachment: evidence for molec-
ular heterogeneity in the Wagner syndrome and the Stickler syn-
drome (arthro-ophthalmopathy). Am J Hum Genet. 1993;53:55-61.
Richards AJ, Laidlaw M, Whittaker J, et al. High efficiency of mu-
tation detection in type 1 stickler syndrome using a two-stage ap-
proach: vitreoretinal assessment coupled with exon sequencing for
screening COL2A1. Hum Mutat. 2006;27:696-704.

McAlinden A, Majava M, Bishop PN, et al. Missense and nonsense
mutations in the alternatively-spliced exon 2 of COL2A1 cause the
ocular variant of Stickler syndrome. Hum Mutat. 2008;29:83-90.
Richards AJ, Baguley DM, Yates JR, et al. Variation in the vitreous
phenotype of Stickler syndrome can be caused by different amino
acid substitutions in the X position of the type Il collagen Gly-X-Y
triple helix. Am J Hum Genet. 2000;67:1083-1094.

Beighton P, Solomon L, Soskolne CL. Articular mobility in an African
population. Ann Rheum Dis. 1973;32:413-418.

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data. Nucleic
Acids Res. 2010;38:e164.

Qi G, Liu P, Gu S, Yang H, Dong H, Xue Y. Whole-exome sequenc-
ing reveals a rare interferon gamma receptor 1 mutation associated
with myasthenia gravis. Neurol Sci. 2018;39:717-724.

Bork P. The modular architecture of a new family of growth reg-
ulators related to connective tissue growth factor. FEBS Lett.
1993;327:125-130.

Reardon A, Sandell L, Jones CJ, McLeod D, Bishop PN. Localization
of pN-type IIA procollagen on adult bovine vitreous collagen fibrils.
Matrix Biol. 2000;19:169-173.

Zhu Y, Oganesian A, Keene DR, Sandell LJ. Type IIA procollagen
containing the cysteine-rich amino propeptide is deposited in the
extracellular matrix of prechondrogenic tissue and binds to TGF-
betal and BMP-2. J Cell Biol. 1999;144:1069-1080.

Ryan MC, Sieraski M, Sandell LJ. The human type Il procollagen
gene: identification of an additional protein-coding domain and lo-
cation of potential regulatory sequences in the promoter and first
intron. Genomics. 1990;8:41-48.

Sandell LJ, Morris N, Robbins JR, Goldring MB. Alternatively
spliced type Il procollagen mRNAs define distinct populations of
cells during vertebral development: differential expression of the
amino-propeptide. J Cell Biol. 1991;114:1307-1319.

Sandell LJ, Nalin AM, Reife RA. Alternative splice form of type Il
procollagen mRNA (IIA) is predominant in skeletal precursors and


https://orcid.org/0000-0002-2298-1757
https://orcid.org/0000-0002-2298-1757

LIU ET AL.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

non-cartilaginous tissues during early mouse development. Dev
Dyn. 1994;199:129-140.

McAlinden A, Shim KH, Wirthlin L, Ravindran S, Hering TM.
Quantification of type Il procollagen splice forms using alternative
transcript-gPCR (AT-gPCR). Matrix Biol. 2012;31:412-420.

Bishop PN, Reardon AJ, McLeod D, Ayad S. Identification of alter-
natively spliced variants of type Il procollagen in vitreous. Biochem
Biophys Res Comm. 1994;203:289-295.

Ramirez F, Rifkin DB. Extracellular microfibrils: contextual platforms
for TGFbeta and BMP signalling. Curr Opin Cell Biol. 2009;21:616-622.
Paralkar VM, Vukicevic S, Reddi AH. Transforming growth factor
beta type 1 binds to collagen IV of basement membrane matrix:
implications for development. Dev Biol. 1991;143:303-308.
Sasagawa S, Takabatake T, Takabatake Y, Muramatsu T, Takeshima
K. Axes establishment during eye morphogenesis in Xenopus by
coordinate and antagonistic actions of BMP4, Shh, and RA. Genesis.
2002;33:86-96.

Huang J, Liu Y, Oltean A, Beebe DC. Bmp4 from the optic vesicle
specifies murine retina formation. Dev Biol. 2015;402:119-126.
Nixon TRW, Richards A, Towns LK, et al. Bone morphogenetic pro-
tein 4 (BMP4) loss-of-function variant associated with autosomal
dominant Stickler syndrome and renal dysplasia. Eur J Hum Genet.
2019;27:369-377.

Larrain J, Bachiller D, Lu B, Agius E, Piccolo S, De Robertis EM.
BMP-binding modules in chordin: a model for signalling regulation
in the extracellular space. Development. 2000;127:821-830.
Spickett C, Hysi P, Hammond CJ, et al. Deep intronic sequence vari-
ants in COL2A1 affect the alternative splicing efficiency of exon 2,
and may confer a risk for rhegmatogenous retinal detachment. Hum
Mutat. 2016;37:1085-1096.

O'Leary JM, Hamilton JM, Deane CM, Valeyev NV, Sandell LJ,
Downing AK. Solution structure and dynamics of a prototypical
chordin-like cysteine-rich repeat (von Willebrand Factor type C
module) from collagen lIA. J Biol Chem. 2004;279:53857-53866.
Matamoros E, Ingrand P, Pelen F, et al. Prevalence of Myopia
in France: a cross-sectional analysis. Medicine (Baltimore).
2015;94:€1976.

Shapira Y, Mimouni M, Machluf Y, Chaiter Y, Saab H, Mezer E. The
increasing burden of myopia in israel among young adults over
a generation: analysis of predisposing factors. Ophthalmology.
2019;126:1617-1626.

Hyman L, Gwiazda J, Hussein M, et al. Relationship of age, sex, and
ethnicity with myopia progression and axial elongation in the correc-
tion of myopia evaluation trial. Arch Ophthalmol. 2005;123:977-987.
Chen ZT, Wang 1J, Liao YT, Shih YF, Lin LL. Polymorphisms in
steroidogenesis genes, sex steroid levels, and high myopia in the
Taiwanese population. Mol vis. 2011;17:2297-2310.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Wi LEYJﬂ

Tuft SJ, Minassian D, Sullivan P. Risk factors for retinal detach-
ment after cataract surgery: a case-control study. Ophthalmology.
2006;113:650-656.

Van de Put MAJ, Hooymans JMM, Los LI. Dutch rhegmatoge-
nous retinal detachment study G. the incidence of rhegmatog-
enous retinal detachment in The Netherlands. Ophthalmology.
2013;120:616-622.

Bjerrum SS, Mikkelsen KL, La Cour M. Risk of pseudophakic retinal
detachment in 202,226 patients using the fellow nonoperated eye
as reference. Ophthalmology. 2013;120:2573-2579.

Erie JC, Raecker MA, Baratz KH, Schleck CD, Burke JP,
Robertson DM. Risk of retinal detachment after cataract ex-
traction, 1980-2004: a population-based study. Ophthalmology.
2006;113:2026-2032.

Kim J, Ryu SY, Hong JH, Chung EJ. Incidence and risk factors for
retinal detachment after cataract surgery in Korea: a nationwide
population-based study from 2011 to 2015. Graefes Arch Clin Exp
Ophthalmol. 2019;257:2193-2202.

Poulsen CD, Green A, Grauslund J, Peto T. Long-term outcome of
patients operated with pars plana vitrectomy for primary rheg-
matogenous retinal detachment. Ophthalmic Res. 2020;63(1):25-33.
Sheu SJ, Ger LP, Chen JF. Male sex as a risk factor for pseudophakic
retinal detachment after cataract extraction in Taiwanese adults.
Ophthalmology. 2007;114:1898-1903.

Scott IU, Murray TG, Flynn HW, Feuer WJ, Schiffman JC. Outcomes
and complications associated with giant retinal tear management
using perfluoro-n-octane. Ophthalmology. 2002;109:1828-1833.
Terhal PA, Nievelstein RJ, Verver EJ, et al. A study of the clinical and
radiological features in a cohort of 93 patients with a COL2A1 mu-
tation causing spondyloepiphyseal dysplasia congenita or a related
phenotype. Am J Med Genet A. 2015;167A:461-475.

SUPPORTING INFORMATION
Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: Liu X, Dong H, Gong Y, et al. Novel
missense mutation of COL2A1 gene in a large family with
stickler syndrome type I. J Cell Mol Med. 2022;26:1530-
1539. doi:10.1111/jcmm.17187



https://doi.org/10.1111/jcmm.17187

