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ABSTRACT: Stickler syndrome is a dominantly inherited disordéecting the fibrillar type II/XI
collagen molecules expressed in vitreous and agdil Mutations have been found@®L2A%
COL11Aland COL11A2 It has a highly variable phenotype that can idelumidline clefting,
hearing loss, premature osteoarthritis, congeriigh myopia and blindness through retinal
detachment. Although the systemic phenotype islhigariable, the vitreous phenotype has been
used successfully to differentiate between patiemith mutations in these different genes.
Mutations inCOL2A1 usually result in a congenital membranous vitreanemaly. In contrast
mutations inCOL11Al result in a different vitreous phenotype where thmellae have an
irregular and beaded appearance. However, it is aygparent that a new sub-group@DL2A1
mutations is emerging that result in a differen¢pdtype with a hypoplastic vitreous that fills the
posterior chamber of the eye, and is either opyiehpty or has sparse irregular lamellae. Here
we characterise a further 89 families with Stickégndrome or a type Il collagenopathy, and
correlate the mutations with the vitreous phenatyp& have identified 57 novel mutations
including missense changes in b@L2A1landCOL11Aland have also detected two cases of
completeCOL2A1gene deletions using MLPA©2010 Wiley-Liss, Inc.
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INTRODUCTION

Stickler syndrome (MIM 108300, 604841, 184840) tanective tissue disorder usually caused by auiak
dominant mutations in the genes for the fibrillal@gens that are expressed in cartilage and vigr¢8nead and
Yates 1999). Patients can present with a multiesgsiariable phenotype, that may include premature
osteoarthritis, congenital high myopia, hearing)@s well as craniofacial abnormalities that cetuide midline
clefting (bifid uvula or cleft palate) retrognath&nd malar or midfacial hypoplasia. There is @dogh incidence
of retinal detachment that can lead to blindneastalibns have been found in the genes for typaditgpe XI
collagens COL2A1MIM 120140,COL11A1IMIM 120280,COL11A2MIM 120290) that form heterotypic
(composite) collagen fibrils (Ahmad et al 1991, Milka et al 1995, Richards et al 1996). These haen beferred
to as type 1, type 2 and type 3 Stickler syndroaspectively. The syndrome has also been subdividedd on
the vitreous phenotype resulting from mutationthimvarious loci. Mutations in COL2A1 most oftesuk in a
congenital membranous vitreous anomaly (Snead aelsY1999) and this phenotype can also be se¢hén o
COL2A1disorders (Meredith et al 2007) such as SEDC (MB2900), SEMD Strudwick type (MIM 184250) and
Kniest dysplasia (MIM 156500). In contrast mutaioanCOL11Alresult in a different vitreous phenotype where
the gel, that fills the posterior chamber, displagaded bundles of irregular diameters, probalflgating the role
of type Xl collagen in regulating collagen fibrijenesis (Blaschke 2000, Richards et al 2000a) ofiter type XI
collagen gen€O0L11A2is not expressed in the eye and mutations ingiane result in a non-ocular form of
Stickler syndrome (Brunner et al 1994).

Differential diagnosis based upon systemic featisgresfficult due to variability in the phenotypéxpression.
Some mutations i@OL11Alhave been classified as Marshall syndrome, bdea®nstrated by Annunen et al
(1999) the short nose, anteverted nares, midfag@bdplasia and flat nasal bridge that are commarasges of
Marshall syndrome wit@OL11Almutations, are also often present in young indilid with mutations in
COL2A1 Making differential diagnosis based on facial pdtgpes difficult (Majava et al 2007). In addition,
predominantly ocular or non-systemic forms of Seclsyndrome (MIM 609508) exist due to specificagpf
mutations inCOL2AJ, as well as the non-systemic dominantly inhentegfymatogenous retinal detachment
phenotype (Richards et al 2000b, 2005, 2006), stinduishing the different gene loci based on tstesnic
features alone is also unreliable.

As well as the two common vitreous phenotypesijrd thas now been identified where the vitreouslbas
dense, congenitally hypoplastic architecture, caempéo the regular compact lamellae that can be seersing
through the vitreous in young healthy individudlbese have been associated with atypical mutations
phenotypes ifCOL2A1, (Richards et al 2000a, 2002) and occasionalipasadic instances within families where
other affected individuals present with the membrenphenotype (Richards et al 2006). Here we repfainily
with Stickler syndrome and an unusual hypoplastieous phenotype. We propose a refinement to toategy to
improve mutation identification in this disordeathremains frequently unrecognized and undiagnbgededical
practitioners.

MATERIALS AND METHODS

Clinical assessment

Pedigrees were identified from the Stickler syndeariinic at Addenbrooke’s hospital that receivdemals
from throughout the UK. Studies were performed witiproval of the local ethics committee (LREC 92/@hd
02/172). A general ophthalmic history was recordétl particular attention to the age of onset, degand
progression of myopia, cataract and vitreoretinsgase. A full ophthalmic examination was carrieguding slit-
lamp biomicroscopy and indirect ophthalmoscopy wsitleral depression. A two stage strategy for rnanat
screening depending upon the vitreous phenotypdallasved (Fig. 1). In addition, some families withe
beaded vitreous phenotype were also analysed kggaanalysis. The families documented here weeesed
for mutations over a period of approximately 3.arge

John Wiley & Sons, Inc.
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2

3 e Ophthalmic Examination

g Normal: Screen COL11A2
6

7 Membranous Phenotype Beaded Phenotype

8

9 — == — Hypoplastic Abnormal Architecture

12 PhenotypglUnknown

12

ii Screen COL2A1  <€— {?iﬁiﬁﬁ;ﬂgﬁf —» Screen COL11A1
15

16

17 Screen COL2A1 First

18 Il Negative

19 Screen COL11AL

20 Figure 1. Vitreous phenotypes associated with Stickler syndrome. a) A normal healthy gel appears as a dense
21 homogeneous matrix with lamellae running in the esainection throughout. b) The membranous phenotype
22 consists of a vestigial gel in the retrolental gphounded by a convoluted membrane. c) The beduswbp/pe
23 has irregular and thickened lamellae with a beaggmbarance. d) The hypoplastic phenotype has aéese gel
24 matrix which maybe optically empty or with irregulamellae architecture and, as with the membraaods

25 beaded phenotypes, is a congenital abnormalitiylosy diagram for gene selection and mutation arsiys

26 Stickler syndrome based on vitreous phenotype.

27

28 Linkage analysis

ég Amplification of variable microsatellite markerosk to the genes f&OL2A1(D12S85, D12S1661,

31 D12S361) andCOL11A1(D1S2699, D1S2896, D1S2626) were used for linkagaysis to exclude either of these
32 genes as the mutant locus in certain families. Afredl products were analysed using a CEQ 8000 araly

33 (www.beckman.com) and gene marker software (wwigsoietics.com).

34 : :

35 Mutation screening

36

37 COL2A1

38 Screening oCOL2A1was performed either as previously described @ithet al 2006) using large PCR
39 products and internal primers for sequencing, a high throughput system whereby all 54 exonsthed

40 promoter region were amplified simultaneously, 8$€R products using a variable buffer system (&fastp,
41 www.epicentre.com) in a single microtitre plate enthe same cycling conditions. All products hadvir3

42 sequence tag incorporated onto the 5’ end of ortleeoprimers for use in subsequent sequencing.tiRaaavere
43 subject to denaturation at 95°C 3min, followed Byc§cles consisting of 95°C 30sec, 60°C 1min, 72f@n, and
44 a final elongation period of 72°C 5min. Followingnplification excess primers and dNTPs were remausidg
45 Ampureé™ (www.beckman.com) which as a final step elutedDN& in 40 pl water. Aliquots were transferred to
46 another microtitre plate and used in cycle sequeneith BigDye version 1.1 sequence reaction mix

a7 (www.appliedbiosystems.com) and the M13 sequemceyporated onto one end of each product, as a&prim
48 Following sequencing cycles, products were purifigith Cleansed (www.beckman.com) eluted in 0.05M
gg EDTA and analysed in a 3730 sequence analyser (apphedbiosystems.com). All mutations were confidne
51 a second amplified product.

gg MLPA

54 Gene dosage was determined by multiplex ligatiggeddant probe amplification (MLPA) using t6®L2A1
55 probe set P214 and reagents from MRC-Holland (wwpamom). The probes covered regions in or close to
56 exons 1,3,6,8,10,16,18,24,27,29,31,35,38,43,461488 54. Amplified products were analysed on a GBQD
57 machine (www.beckman.com) and Genemarker softwanev(softgenetics.com)

58

59

60
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COL11A1

COL11A1lwas either analysed as previously described, usiRYA from cultured skin fibroblasts followed by
RT-PCR and sequencing of cDNA (Martin et al 1999) alternatively Genomic DNA was analysed as a high
throughput screen as described aboveCfOt.2A1, except that the 68 exons, including the altewetispliced
exons 6A and 6B (Annunen et al 1999) were amplifies®d1 PCR products. After denaturation at 95°Gh2mi
amplification was achieved through 35 cycles eamtsisting of 95°C 30sec, 55°C 30sec 72°C 1ming¥edid by
a final elongation period of 72°C 5min. All mutat®were confirmed in a second amplified product.

Genotyping

Over 180 ethnically matched control chromosome®wsed to examine tl@OL2A1¢.2862C>T, and
COL11A1c.2755+5G>A mutations. TH@OL11Alintron 35+5G>A mutation was genotyped by ampliiima of
genomic DNA and restriction enzyme analysis usidg Nthat cut the mutant but not the normal seqgeiehbe
COL2Al1mutation was analysed using Tagman probes labeilibdeither 6FAM or VIC using a chromo 4
machine and opticon monitor software (www.bio-radng.

Splicing reporter analysis

Splicing reporter analysis of a silent mutatioreikon 42 ¢.2862C>T p.G954 was performed essentally
previously described (Richards et al 2005). Exdhgl4 were amplified, the normal and mutant allelese
cloned into the expression vector pcDNA3.1/Myc/Highww.invitrogen.com). Mutant and normal clonesreve
transfected into cultured ARPE-19 cells as previpodsscribed (Richards et al 2005) after 24hr osbise
harvested and RNA prepared. From this RNA, cDNA ssaghesised using a vector specific primer, and
amplified with second upstream vector specific griand one corresponding to exon 44 sequence. &sodere
sequenced and also analysed by electrophoresisd @olyacrylamide gel. Re-amplification of thesequcts
was also performed using nested primers in exorend(043.

RESULTS

The families with mutations documented here wereested over a period of approximately 3.5 yearaden
2006 and 2009. During that time we failed to detectations in 3 cases of patients with the membrarmmomaly
and 5 cases with the beaded vitreous phenotypwidodls with normal vitreous architecture were soteened
for eitherCOL2A1or COL11Almutations. Combined with previous results, thefficy of mutation detection
after vitreoretinal assessment was 96.5% for thelonanous phenotypeJOL2Aland 80% for the beaded
phenotype COL11A1 in over 150 cases of Stickler syndrome.

COL2A1/ Membranous vitreous phenotype

The majority, 71/86, of the patients/families w@tickler syndrome displayed the membranous vitreous
anomaly associated with mutationgG@®L2A1 In these caseSOL2A1was amplified, sequenced and analysed for
mutations and these are summarised in Table. 1t (46571) resulted in premature termination codeitiser by
point mutations or frameshifts. As has previoustgt documented a subset (17/71) altered consepisres sites,
and a second example of a cryptic acceptor splieanvithin intron 23 was also found (Richards e2@06). In
addition the membranous vitreous anomaly was sethrée patients with SEDC who also have mutatiorise
COL2A1gene and are similarly at risk of retinal detachti®eredith et al 2007). These patients, with seve
chondrodysplasia, usually have dominant negativeataumns (typically substitutions of glycine) in tR®L2A1
gene, and this was confirmed in a number of new<f4S266, MS304 and MS306 Table. 1). However,lami
novel missense mutations resulting in substitutibglycines p.G240D (MS137) and p.G270R (MS121)enss0
detected in cases of Stickler syndrome (we havequsly briefly reported the p.G270R mutation, Riddts et al
2008).

We have also characterised a second silent mutatio@L2Althat resulted in missplicing of the mRNA. Like
the first case, which resided in exon 30 (Richatdsl 2007), this mutation altered the last base gif/cine codon
from C>T and created a donor splice site withinre@. The same mutation was seen in two other ighals
with Stickler syndrome, but not in over 180 normahtrol chromosomes and was not present in the &itibase
(http://www.ncbi.nim.nih.gov/). Splicing reportenalysis demonstrated utilisation of the GT dinutitb® within
the exon, as a donor splice site that resultedfiaraeshift (Fig. 2). We have also identified adiidnal mutation

John Wiley & Sons, Inc.
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of the initiation codon, unlike the previous examfilat altered the second base of the ATG codarhéRils et al
2007), the mutation here altered the first basealli MLPA analysis identified a complete gene tielein two
patients (Table. 1).

c>gt p.Gly954
cMV gc=gtp.Gly
T e

!
T ATG 40 || a1 | a2 o 14—

T7-X44 X40-X43

T € VvV § T C

C:-GGACCCCTGGCGAGAAGGGAGAGCCTGG
T1:-GGACCCCTGGTGAGAAGGGAGAGCCTGG

T2: —GGACCCCTG‘GGTGCCGAAGGTCCACCAG
Exon 43

»

Figure 2. Splicing reporter analysis. Minigenes consisting of exons 40-44 and eithemtbrmal (C) or mutant
(T) c.2862C>T, p.G954 alleles along with a vectomteol (V), were analysed by transfection into atéd cells
and RT-PCR. Using primers corresponding to theoreE¥ sequence and one in exon 44, a double basd wa
observed for the T allele along with some slowegrating bands. Re-amplification with nested primarexons
40 and 43 produced a similar profile but more d¢{esinowed a deleted product from the T allele comgdo the
C allele (arrowed). The slower migrating bandsemgumed to be heteroduplexes. Lane S are sizeastiznd
consisting of 400, 800,1200 and 2000bp. Sequerstingved that in addition to normal processing ofTitadlele,
missplicing was occurring at the denovo GT sitebid in sequence T1) created by the mutation ltiegun
deletion of the final 35bp of exon 42 in the abnaltynprocessed T2 sequence.

COL11A1/ Beaded vitreous phenotype

Since relatively few of the cases of Stickler symde with the beaded vitreous have been charaaleiise
some instances, when the family structure waskleitéinkage analysis was performed first, with keas for both

John Wiley & Sons, Inc.
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COL2A1andCOL11A1 COL2A1was excluded in all of these familial cases. Surepof COL11Alidentified 13
mutations 12 were associated with the beaded pyye@oEight were splice site mutations (Table. by #our had
substitutions of glycine residues within the codlagdriple helix. Where a cell line had been esshigld the splice
site mutations were analysed by RT-PCR, in albinses exon skipping was demonstrated.

No cell line was available for the IVS35+5G>A miaat but over 180 normal chromosomes did not hhige t
sequence change and they were not present in tRed&tdbase. In one case MS307, vitreous assessmemot
possible due to bilateral retinal detachments had/bung age of the patient. Init@DL2Alscreening was
negative, but analysis @fOL11Alidentified a 27bp inframe deletion in exon 43tthiao maintained the
repeating Gly-Xaa-Yaa collagen sequence, whiclsis the case with skipping of collagen exons, tiically
code for an amino acid sequence [Gly-Xaa-Yadjere n is often 18 and the exon is 54bp long.

Hypoplastic vitreous phenotype

Linkage analysis was also performed on a family 248 which did not display either the membranous or
beaded vitreous phenotypes, but instead exhibiiezhgpty hypoplastic vitreous gel on slit lamp exaation. In
this cas€COL11A1was excluded as the mutant locus. Screenir@Qif2Althen identified the causative mutation
which was another novel glycine substitution p.@2&Zable. 1). In another case a sporadic patien344Svas
referred for gene screening without vitreous asseat Analysis oCOL2A1was negative but a mutation
(triplication of T+2) of the donor splice site intion 41 ofCOL11Alwas found (Table. 1). Subsequent clinical
examination found a similar hypoplastic vitreougpbtype. Both parents appeared clinically normdl an
molecular analysis confirmed that neither had thwation.

Table 1 Mutations found in COL2A1 and COL11A1

Mutation cDNA Effect Family Examined Vitreous Linkage
Phenotype

COL2A1
Exon 1 c.1A>G p.M1>? M S250 1 Membranous No
Exon 2 c.123T>A p.Y41X MS58 PO STL1 2 Membranous No
Exon 2¢.146delC FS MSAIPO STL1 2 Membranous No
Exon 2 c.166_167delGT FS MS226 PO STL1 4 Membranodls No
Exon 2 c.192C>A p.C64X MS319 PO STL1 1 Membranougs o N
Exon 2¢.211 233dup23 FS MS298 PO STL1 5 Membranous No
IVS2¢.293-1G>A ASS ag>aa uUDS M S228 4 Membranous No
Exon 6¢.406dupG FS M S208 2 Membranous No
Exon 7¢.492delT FS M S236 1 Membranous No
Exon 7¢.509dupC FS M S214 1 Membranous No
Exon 8c¢.572delC FS M S204 3 Membranous No
Exon 11¢.719G>A p.G240D (G40D) M S137 1 Membranous No
Exon 11c.724delC FS M S186 1 Membranous No
Exon 11c¢.756dupT FS M S308 2 Membranous No
Exon 12¢.808G>C p.G270R (G70R) MS121 2 Membranous No
Exon 13c.845G>A p.G282D (G82D) M S218 3 Hypoplastic Yes
IVS13c.870+1G>A DSS gt>at uUDS M S89 3 Membranous No
Exon 14c¢.895 898delAAGG FS M S311 1 Membranous No
Exon 15¢.930 933delGAGT FS M S139 3 Membranous No
Exon 16¢.996 997delAG FS M S215 2 Membranous No
Exon 17 ¢.1030C>T p.R344X (R144X) MS88 3 Membranous No
Exon 17 ¢.1030C>T p.R344X (R144X) MS312 2 Membranou No
Exon 17c¢.1032delA FS M S191 2 Membranous No
IVS19.c.1221+1G>C DSS gt>gc uUDS M S245 2 Membranous No
IVS19.¢.1221+1delG DSS gt> -t uUbDS M S259 1 Membranous No
Exon 21¢.1313delG FS M S244 3 Membranous No
Exon 21¢.1358G>C p.G453A (G253A) M S306 SEDC 1 Membranous No

John Wiley & Sons, Inc.
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2
3 Exon 23c.1501G>C p.G501R (G301R) M S266 SEDC 1 Membranous No
4 IVS23 ¢.1527+135g>a Insertion of 234bp MS147 4 Membranous No
> CSS cgg>cag +PTC
6 Exon 25 ¢.1597C>T p.R533X (R333X) MS283 2 Membranou No
; Exon 25¢.1602dupG FS M S318 1 Membranous No
9 Exon 26 ¢.1693C>T p.R565C (R365C MS56 8 Membranouys  No
10 IVS27 ¢.1833+1G>A DSS gt>at uUDS MS131 1 Membranous No
1 IVS27 ¢.1833+1G>A DSS gt>at uUDS MS295 3 Membranous No
12 IVS27 ¢.1833+1G>A DSS gt>at uUDS MS333 4 Membranous No
13 IVS28 ¢.1888-1G>C ASS ag>ac| UDS MS27 2 Membranoys o N
14 Exon 29¢.1908del T FS M S248 1 Membranous No
15 Exon 29¢.1943dupG FS M S229 3 Membranous No
16 Exon 30 ¢.1957C>T p.R653X (R453X) MS145 7 Membranou No
17 Exon 30 ¢.1957C>T p.R653X (R453X) MS252 1 Membranou No
18 Exon 33 ¢.2101C>T p.R701X (R501X) MS268 1 Membranou No
19 IVS33¢.2194-1G>A ASS ag>aa | UDS MS217 1 Membranous No
20 Exon 35 ¢.2353C>T p.R785X (585X) MS234 3 Membranous No
21 Exon 38c.2473G>T p.G825X (625X) M S231 1 Membranous No
22 IVS 38¢.2517+1G>C DSS gt>ct | UDS M S106 2 Membranous No
23 IVS39c¢.2625+1G>T DSS gt>tt | UDS M S128 3 Membranous No
24 Exon 40c.2653G>T p.G885X (685X) MS171 2 Membranous No
25 Exon 41 ¢.2710C>T p.R904C (R704C) MS321 1 Membranoy No
26 Exon 42¢.2760del T FS M S184 3 Membranous No
27 Exon 42¢.2787delA FS M S243 1 Membranous No
28 Exon 42¢.2789delG FS M S313 1 Membranous No
29 Exon 42 ¢.2813dupC FS MS232 4 Membranous No
30 Exon 42c¢.2814del T FS M S225 2 Membranous No
31 Exon 42¢.2862C>T p.G954 (G754) M S122 6 Membranous No
32 CSS gcgaga>gtgaga
33 Exon 42¢.2862C>T p.G954 (G754) M S300 1 Membranous No
34 CSS gcgaga>gtgaga
35 Exon 42¢.2862C>T p.G954 (G754) M S287 2 Membranous No
36 CSS gcgaga>gtgaga
37 Exon 42¢.2869G>T p.G957X (G757X) M S323 1 Membranous No
38 IVS42 ¢.2896-1G>A ASS ag>aa | UDS M S272 3 Membranous No
39 Exon 43¢.2976_2977delAG FS M S253 1 Membranous No
32 Exon/IVS43c.2974_3003+5del36 | UDS M S144 11 Membranous No
DSS
42 IVS43 ¢.3003+1G>A DSS gt>att UDS MS235 1 Membranous No
43 Exon 44 ¢.3106C>T p.R1036X (R836X) MS220 1 Membteno No
44 Exon 44 ¢.3106C>T p.R1036X (R836X) MS249 5 Membteno No
45 Exon 44 ¢.3106C>T p.R1036X (R836X) MS288 2 Membteno No
46 Exon 45 ¢.3138delT FS MS325 2 Membranous No
47 Exon 46¢.3263_3264delGA FS M S135 1 Membranous No
48 Exon 49c¢.3474G>C p.G1158A (G958A) M S304 SEDC 1 Membranous No
49 Exon 49¢.3488del G FS M S224 3 Membranous No
22 Exon 50c.3596dupC FS M S196 3 Membranous No
50 Exon 51¢.3714C>A p.Y1238X M S219 1 Uncertain No
53 IVS51 c3886+1G>A DSS gt>at Exon 51 skip MS211 1 nieanous No
54 IVS51 c3886+1G>A DSS gt>at Exon 51 skip MS263 4 nieanous No
55 IVS51 ¢3886+2T>C DSS gt>gq  Exon 51 Skip MS223 3 O Nembranous No
56 Del Exons1-54 Gene Deletion MS117 1 Membranous No
57 Del Exons1-54 Gene Deletion MS289 1 Membranous No
58
59
60
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Intron 14 ¢.1630-2delA ASS Exon 15 skip MS92 3 dB=h No
Intron 14 ¢.1630-2delA ASS Exon 15 skip MS111 6 aded Yes
Intron 14 ¢.1630-2delA ASS Exon 15 skip MS246 3 ated No
Intron 15¢.1683+3A>C DSS Exon 15 skip M S140 6 Beaded No
Exon 16¢.1694G>T p.G565V (G37V) M S107 12 Beaded Yes
Intron 18c.1845+5G>A DSS Exon 18 skip MS119 3 Beaded No
Intron 19¢.1900-1G>A ASS Exon 20 skip M S216 2 Beaded Yes
Intron 22¢.2043+1G>A DSS uDS M S193 4 Beaded Yes
Intron 35¢.2755+5G>A DSS uUbDS M S238 7 Beaded Yes
Exon 40c.3079G>C p.G1027R (G499R) M S328 1 Beaded No
Intron 41¢.3168+2T[3] DSS ubS M S344 1 Hypoplastic No
Exon 43c¢.3329_3355del27 p.V1110-P1118del M S307 1 Uncertain No

(V582-P590)
Exon 61c. 4538G>A p.G1513D (G985D) M S296 1 Beaded No
Exon 61¢.4547G>T p.G1516V (G988V) M S316 1 Beaded No

COL2A1Exons are numbered 1-54. Mutations are numbereglation to the reference cDNA sequence
NM_001844.3. This sequence has 157bp of a 5'uratsregion. +1 corresponds to the A of the ATG
translation initiation codon. Amino acids are numggecorresponding to the reference sequence NP 36(.8
COL11A1Exons are numbered 1-6A,6B-67. Mutations are nuathi relation to the cDNA sequence NM-
001854 that lacks exon 6B. +1 corresponds to tloéthe ATG translation initiation codon. Amino asidre
numbered corresponding to the reference sequence®1B45.3.Amino acid substitutions within the coda
helix are also numbered (in parenthesis) accortdirige historical system whereby the first glyciri¢he collagen
helix is 1. FS=frameshift. UDS=Undetermined spliceffect. ASS= acceptor splice site, DSS= dondceslite,
CSS= cryptic splice site. Individuals /familes hayge 1 stickler syndrome STL1, unless indicated,F¥L1=
Predominantly ocular Stickler syndrome type 1. SEB@ondyloepiphyseal dysplasia congenita. Linkaggyais
performed prior to screening is also indicated. Qlete gene deletions detected by MLPA are indichteBell-
54. The vitreous phenotype was designated as mewisaf one or more family members displayed this
phenotype. The hypoplastic phenotype was designfaadichffected individuals displayed the phenatyp he
number of affected individuals clinically examinedeach family is shown. Mutations in bold typefaepresent
novel mutations.

DISCUSSION

Although mutations resulting in Stickler syndronme asually due to haploinsufficiency (Richards|e2G06)
here we have identified three novel missense gubstis of glycine within the Gly-Xaa-Yaa repeagian of the
type Il collagen triple helix, namely p.G240D; p.AR; p.G282D. Usually these dominant negative nurtat
result in more severe chondrodysplasias (Sprangdrl®94), and also demonstrated here in patMdS&266,
MS304 and MS306 that had SEDC. Two similar casegyaine substitution resulting in mild phenotypges/e
previously been documented (Korkko et al 1993, Ridhk et al 2005), one was originally classified\&gner
syndrome p.G267D (G67D) and the other as dominamitigrited retinal detachment p.G318R (G118R)hbtsé
cases there was little or no involvement of nonarctissues, Wagner syndrome was at that time éetiyiand
erroneously considered as Stickler syndrome witegstemic involvement. Here the Glycine substingio
resulted in typical Stickler syndrome with variablestemic features and indistinguishable from offaients with
haploinsufficiency.

In comparison to type | collagen relatively fewajhe substitutions in type Il collagen have beecuthented.
Factors that can affect the phenotype of osteogemaperfecta due to glycine substitutions in typellagen
include the nature of the substituting amino aBiddk et al 2000, Marini et al 2007), disruptiorirttermolecular
association with other components of the extratzllnatrix (Marini et al 2007), and possible diffaces that the
abnormal protein, retained within the endoplasratculum, has on cell viability (Bateman et al 2R09

As indicated by th€OL2A1silent mutations p.G654 (Richards et al 2007) p4&@nd the p.A107V
substitution (Richards et al 2008) which createoo splice sites, not all mutations may be hatiair effect
via the amino acid change that missense mutatigparantly result in but may also be affecting pesagg of pre-
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1

2

3 mMRNA. However previous analysis of the p.G318R miomadetected no abnormal splicing (Richards 0415).
4 The location of these glycine substitutions, towgaite N-terminal end of the collagen triple heléxgonsistent

2 with the observation that similarly located mutasan type | collagen resulted in almost exclusiven-lethal

7 cases of osteogenesis imperfecta (Marini et al P8lHough non-lethal cases can also occur in o#gions of

8 the molecule. Too few of these misse@$@l 2A1mutations have been fully characterised to dramv fi

9 conclusions regarding their pathogenic mode obacths the effect of these apparent missense mugatin

10 splicing, and on collagen synthesis, remains tarzdysed.

11 Although there are no particul@OL2A1hot spots, with mutations in virtually all of thd exons having been
12 documented, some mutations such as the arginistepocodon substitutions are recurrent. A proportibthese
13 may be due to ancestral mutations, but others waypiebar to represent de novo mutations, basededarthily

14 structure. The splice site mutations foun€i@L2A1Stickler syndrome will presumably result in uglion of

15 cryptic splice sites leading to frame shifts angdlbsufficiency, as exon skipping would be expddteresult in
16 the more severe Kniest dysplasia (Wilkin et al J98®wever differences in the outcome of RNA preoeg may
17 explain some of the phenotypic variability seesfitkler syndrome (Richards et al 2008). We hadiptesly

18 suspected that one patient (MS117) lacked@@é&2Alallele (Richards et al 2006). This was confirmedetby
19 MLPA analysis that also detected a complete getetide in another patient. These two individualgresent

20 only the second and third examples of a complete geletion o€COL2A1 However the probes used for MLPA
21 analysis are all within thEOL2A1gene and so do not allow the extent of the genaiglietion to be determined.
22 To date only four glycine mutations have been dcened in the collagen helix ofL(XI) collagen (Richards
23 et al 1996, Annunen et al 1999, Majava et al 20tir3,report doubled that number to eight whichgeafrom

24 p.Gly565 to p.Gly1516. The position and type ofsiibtions within the collagen helix can affect tiigenotype
25 of various collagenopathies such as osteogenepirfectta (Marini et al 2007). Previously, mutatiafis

26 COL11Alhave either been described as resulting in Mdrsiiatirome, Stickler syndrome or of a mixed

27 phenotype where it was difficult to distinguishweén the two based on facial characteristics. ldiéi& the

28 families / patients, except two displayed the bdad&eous phenotype that we have previously assediwith

29 mutations in th&€OL11A1gene, emphasising the importance of vitreous assd in the differential diagnosis.
30 In contrast the systemic features associated WwiheCOL11A1mutations were typical of the variability seen in
31 Stickler syndrome.

32 In contrast taCOL2A1, mutations so far documented@®L11Alhave generally affected splice sites (Griffith
33 et al 1998, Annunen et al 1999 Martin et al 1999)I8on et al 2004 Majava et al 2007). UnlBO®L2A1, where
34 utilisation of cryptic splice sites are common,dlthe splice site mutations @OL11Althat have been analysed
35 by RT-PCR cause exon skipping. This results ireimi& mRNAs and molecules capable of exerting a damhin
36 negative effect via the association of mutant gatachains with pro-alpha collagens from normadled of

37 COL11A1 COL11A20r COL2AL Itis possible that haploinsufficiency 6GOL11Alresults in a milder phenotype
38 that is more difficult to recognise.

39 Previously the hypoplastic vitreous has been assmtiwith unusual mutations @OL2A1p.L667F and

22 p.G1305D (Richards et al 2000a, 2002), or seerasiially within families that display the membrasou

42 phenotype (Richards et al 2006). Here we have is@ssociated with mutations in bafOL2A1andCOL11A1
43 In the case o€OL11A1(MS344), both parents were clinically and moledylaormal, and although the sequence
44 chromatogram showed no evidence of mosaicism, we s@en the hypoplastic phenotype associated with

45 mosaicism inCOL2A1 however we have also seen it associated withi@rgpmutation (Richards et al 2006). It
46 is possible to confuse the congenital hypoplastieous with developmental and progressive refvaatelated

47 syneresis, so it is important not to dismiss awiais of Stickler syndrome due to lack of the meanbus or

48 beaded phenotypes. Although the vitreous phenadsypeeliable indicator of mutant gene locus wegssj that it
49 is used as a separate but complementary nomeretattie “Stickler type 1, 2" etc. which has become

50 synonymous with gene designation.

51

52 ACKNOWLEDGEMENTS

53 We thank colleagues who have referred patientsewitreoretinal service. Maureen Laidlaw, Verkalgt,

54 Patrick Seymour and Leigh Parker for technicalstaace. The Evelyn Trust for financial support, $tiekler

55 syndrome support group, and Gillian Whitmore, ttiekBr syndrome clinic research co-ordinator.

56

57

58

59

60

John Wiley & Sons, Inc.



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Human Mutation Page 10 of 11

10 Richards et al

NOMENCLATURE

Mutations annotated with c. and p. numbering cgoad to guidelines suggested by HGVS
(http://www.hgvs.org/mutnomen/). Mutations in patr@sis correspond to the historical system foragmhs
whereby the first glycine of the triple helix ismbered as 1.
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