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The expanding spectrum of COL2A1 gene variants IN
136 patients with a skeletal dysplasia phenotype

Mouna Barat-Houari*'»2, Bruno Dumont!, Aurélie Fabre!, Frédéric TM Them3, Yves Alembik?,

Jean-Luc Alessandri’, Jeanne Amiel®, Séverine Audebert’, Clarisse Baumann-Morel®, Patricia Blanchet?,

Eric Bieth’, Marie Brechard!?, Tiffany Busa!l, Patrick Calvas®, Yline Capri®, Francois Cartault'?,

Nicolas Chassaing9, Vidrica Ciorcal?, Christine Coubes?, Albert David!4, Anne-Lise Delezoide!?,

Delphine Dupin—Deguine9, Salima El Chehadeh!®, Laurence Faivre!®, Fabienne Giuliano!?, Alice Goldenbergls,
Bertrand Isidor!4, Marie-Line Jacquemont'?, Sophie Julia®, Josseline Kaplan®, Didier Lacombe?®,

Marine Lebrun?!, Sandrine Marlin??, Dominique Martin—CoignardZS, Jelena Martinovic?4, Alice Masurell®,
Judith Melki%>, Monique Mozelle-Nivoix?®, Karine Nguyen“, Sylvie Odent?’, Nicole Philip”, Lucile Pinson?,

Ghislaine Plessis?®, Chloé Quélin?’, Elise Shaeffer?, Sabine Sigaudy”, Christel Thauvin!®, Marianne Till?,

Renaud Touraine?!, Jacqueline Vigneron”, Genevieve Baujat6, Valérie Cormier-Daire®, Martine Le Merrer®,

David Genevieve>»23! and Isabelle Touitou!"%3!

Heterozygous COL2A1 variants cause a wide spectrum of skeletal dysplasia termed type Il collagenopathies. We assessed

the impact of this gene in our French series. A decision tree was applied to select 136 probands (71 Stickler cases, 21
Spondyloepiphyseal dysplasia congenita cases, 11 Kniest dysplasia cases, and 34 other dysplasia cases) before molecular diagnosis
by Sanger sequencing. We identified 66 different variants among the 71 positive patients. Among those patients, 18 belonged

to multiplex families and 53 were sporadic. Most variants (38/44, 86%) were located in the triple helical domain of the collagen
chain and glycine substitutions were mainly observed in severe phenotypes, whereas arginine to cysteine changes were more often
encountered in moderate phenotypes. This series of skeletal dysplasia is one of the largest reported so far, adding 44 novel variants
(15%) to published data. We have confirmed that about half of our Stickler patients (46%) carried a COL2A1 variant, and that the
molecular spectrum was different across the phenotypes. To further address the question of genotype—phenotype correlation, we
plan to screen our patients for other candidate genes using a targeted next-generation sequencing approach.

European Journal of Human Genetics (2016) 24, 992-1000; doi:10.1038/ejhg.2015.250; published online 2 December 2015

INTRODUCTION

has an estimated incidence ranging from 1 in 7500 to 1 in 9000

Collagen, type II, alpha 1 is the major collagen type synthesized by
chondrocytes and the adult vitreous. Type II collagenopathies include
a wide variety of skeletal dysplasia ranging from lethal disorders, such
as achondrogenesis, type II or hypochondrogenesis (MIM#200610), to
adult early onset osteoarthritis at the milder end of the spectrum.
Stickler syndrome type I, STL1 (MIM#108300) and Stickler syndrome
type 1 nonsyndromic predominantly ocular (MIM#609508) are
the most frequent forms of type II collagenopathies. Stickler syndrome

births (http://ghr.nlm.nih.gov/condition/stickler-syndrome). Stickler
syndrome is characterized by the association of spondyloepiphyseal
dysplasia, joint laxity, myopia with congenital vitreous anomalies, and
the risk of retinal detachment. These are in addition to conductive and
sensorineural progressive hearing loss occurring as early as in the first
year of life.

Molecular defects in the COL2A1 gene (MIM#108300), which
encodes the alpha 1 chain of procollagen type II, result in skeletal,
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orofacial, and ocular disorders. These dominantly inherited diseases
are associated with various COL2A1 variants that include missense,
nonsense, small indels or large deletions.)? The identification of the
causative variant in the COL2A1 gene is essential for establishing the
early management of at-risk individuals to propose an accurate
assessment of the risks of recurrence in siblings and possibly a
prenatal diagnosis.

In 2011, our laboratories developed the molecular screening of the
COL2A1 gene and became the managers of a database specific for this
gene at http://databases.Jovd.nl/shared/genes/COL2A1, which belongs
to the LOVD (Leiden Open Variation Database) project. Most of the
related published studies are focused on variants identified in Stickler
patients. In a recent series of 188 Stickler patients, more than half
(N=100) were found to harbor a variant in the COL2A1 gene.!
However, large series of the other phenotypes associated with variants
in this gene have never been reported. In the present study, we
describe the molecular spectrum of a total of 136 probands referred to
for type II collagenopathies.

MATERIALS AND METHODS

Clinical assessment

All patients referred to our laboratories (Laboratoire de génétique des maladies
rares et auto-inflammatoires, CHRU, Montpellier, France) for suspected type II
collagenopathy were assessed by a local expert clinician, Professor David
Genevieve (DG), the Coordinator of the competence Centre of rare diseases
for skeletal dysplasia for the South of France at Montpellier, before molecular
screening of the COL2A1 gene. Demographic, clinical and radiographic data
were collected from probands using a specific questionnaire available online at
http://umai.chu-montpellier.fr/diag2.html. DNA or blood samples
requested from all 136 probands and relevant relatives if available (Figure 1).
Informed consent was obtained from each participant before the genetic analysis.

were

Point variant screening and validation

Genomic DNA was isolated from peripheral EDTA anti-coagulated whole
blood using QIAamp DNA Blood Kits (Qiagen, Valencia, CA, USA). Two sets
of primer pairs (sequences available upon request) were designed for the
COL2AI1 gene (NG_008072.1) using the Primer-Blast software (http://www.
ncbi.nlm.nih.gov/tools/primer-blast/). Universal M13 tags were added at the

Skeletal dysplasia
confirmed by a referral centre

COL2A] analysis

NEW COL2A1 gene variants in skeletal dysplasia
M Barat-Houari et al

5’ ends of each primer. Polymerase chain reactions (PCRs) were performed
with the Promega PCR Master Mix according to the manufacturer’s protocol
(Promega, Madison, WI, USA). The entire coding sequence and intronic
boundaries were screened for variants by direct sequencing of two PCR
products using the BigDye Terminator v3.1 Cycle Sequencing Kit and M13
primers, followed by electrophoresis of the amplicons on an ABI 3100XL
Genetic Analyzer according to the manufacturer’s recommendations (Applied
Biosystems, Foster City, CA, USA). The obtained sequences were aligned
against the COL2A1 gene reference sequences from NCBI (NG_008072.1 and
NM_001844.4) using the SeqScape software.

When a putative disease-causing variant was identified, we performed
parental analysis when possible to evaluate segregation and de novo occurrence,
checked the variant frequency in healthy individuals from public databases
(1000 Genomes, Exome Variant Server NHLBI GO Exome Sequencing
Project, dbSNP), and the variant pathogenicity using in silico predictive tools
(Polyphen-2: http://genetics.bwh.harvard.edu/pph2, SIFT: http://sift.bii.a-star.
edu.sg, MutationTaster: http://www.mutationtaster.org/ and Human Splicing
Finder: http://www.umd.be/HSF3/).

Rearrangement screening by MLPA and quantitative PCR
confirmation

Multiplex Ligation-dependent Probe Amplification (MLPA) was performed
according to the manufacturer’s recommendations (MRC Holland, Amsterdam,
The Netherlands). When Sanger sequencing identified no point COL2AI
variant, patients’ DNA were analyzed using the probe set for COL2AI (SALSA
MLPA kit 214).

Deletions and duplications detected by MLPA were then confirmed with a
qPCR assay using specific primers designed to produce amplicons ranging from
100 to 400 bp on a LightCycler 480 instrument (Roche diagnostics, Meylan,
France), as previously described.> To specify the extent of the whole gene
deletion, we used a CytoScanHD array from Affymetrix, according to the
supplier’s instructions.

RESULTS

Phenotype distribution

Clinical charts from the patients referred for possible type II
collagenopathy were reviewed and ascertained by our clinical
referral (DG). Among them, 136 probands showed the clinical
and radiological features of type II collagenopathies. Almost all the

136 probands

[——> 65 negatives

\ 4

71 positives

/\

53 sporadic
cases

Familial recruitment

available

parents from

1
Clinical evaluation
of the relatives
COL2A1 analysis 15 de novo 1 incomplete

of the relatives mutation

penetrance*

18 familial
cases

42 relatives

available
27 15
symptomatic asymptomatic
1 negative 1 incomplete
(genetic heterogeneity or ¢
- penetrance

Figure 1 Workflow showing the different steps and subjects enrolled in our study.

993

European Journal of Human Genetics


http://databases.lovd.nl/shared/genes/COL2A1
http://umai.chu-montpellier.fr/diag2.html
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://genetics.bwh.harvard.edu/pph2
http://sift.bii.a-star.edu.sg
http://sift.bii.a-star.edu.sg
http://www.mutationtaster.org/
http://www.umd.be/HSF3/

<
‘@
2
[=3
g
>
o
=
ko
£
<
£
2
=
S
]
>
L
g
oo
<
N
3
3
=
L
=

M Barat-Houari et al

994

fpnys siy| Suiseweq SuiSewep Alqeqold  E¥GYE 043s asuassI|y (49S8G T TA19)d VY <92LVED 61 uox3 uonnyisang
1g7/8 30 IWdiueAIny| €818¢€ 203s asuas (19S0T111A1D)d ¥ <D8ZEED 8% uox3 uonnyisqng
1218 18 Yupassy 6287¢ 1 adA} sappons ESIESSIT (leA82 1 1A19)d 1<9egee™d 8% uox3 uonnyisqng
Apnis siy| Buideweq SuiSewep Alqeqold  zG8YC RIEN asuassI|y (49sZ60TAID)d V<9¥/2€ Ly uoxe uonnpisgng
fpnis siyy SuiSeweq SuiSewep Alqeqold  GEGYg  @dfy yompnas AW3S asuassI|y (3iv680TAID)d vV <9HG9z€2 9t uox3 uonnyisang
‘[e 1o spleyory
mﬁ.\m 18 UaeUIOOH v/8v2 T adA} sapols  uopod dojs ainjewaid (+9€0181y)d 1<0901€™ ¥ uox3 uonnyisqng
e1/€ 12 spieydry
17'/e 19 UdeUI00H £66v2 T adfy Japjols  Uopod dojs ainjewaid (x9€0T3Iy)d 1<0901€" P uox3 uonnyisang
cr/e 18 spieyoly
1€ 39 UdeuIooH 155¥2 T 2dfy Jopjolg  uopod dojs aunjewaid (x9€018Iy)d 1<0901€" P uox3 uonnyisang
om.\m 19 97JulH
g1'/€ 3o ueyy 29Gvez  @dfy yoimpnais A3s ESIESSIT (sh068681y) d 1<0G962 €f uox3 uonnyisgng
gz'/€ 19 spleyoly
ez’ /e 19 qlepiaqn
6218 19 pewyy €182 T 2dfy Jopjolg  Uopod dojs aunjewaid (x2€631y)d L<0¥6/20 2 uox3 uonnysang
gz/8 18 spieyaly
2’12 19 qlepiaqn
6z 1839 ‘NN pewyy 86/vC T adA} Jepolss  uopod dojs ainjewaid (x2e631y)d 1<0v6/2 2y uox3 uonnisqns
fipnis siyy 3uiBeweq Suiewep Alqeqold €58 2a3s asuassI| (dsyz16f19)d VY <9GELZD 2y uoxe uonnisqns
e1/€ 18 spieyary
1'/€ }9 U9euIooH 608Y2 eise|dsAp 1saiuy asuasSI| (shOv0681y) d 1<001/2 T uoxg uonnyisqng
e1/€ 12 spieyory
1*'/€ }© USeUIOOH 008772 T 2dfy Jopfons asuassI|y (skov0631y)d 1<001/2 T uox3 uonnyisang
18 32 1ideUIoOH 0887¢ T adA} sepons  uopod dojs ainjewaid (x£8831y)d 1<065922 Of uox3 uonnisqns
Apnis sty Suideweq SuiSewep Alqeqold  19G¥C RIEN asuassI|y (Biy1e8A1D)d VY<916¥22 8¢ uox3j uonnysang
Apns siyL Buideweq SuiSewep A|qeqoid 218%2 SIsauagoipuoydy 9SUBSSIA| (dsyzzgAp)-d VY <HG9%g 0 Q¢ uox3 uoinyIsgns
fpnis siy Suideweq SuiSewep Alqeqold  6EGYC RIEN asuassI|y (Biye18A19)d V<9D/EVZO L€ uox3 uonnpisqng
/e 18 UdeulooH
gz 1€ 19 spleydly VAZi2 T 2dfy Jopjolg  Uopod dojs aunjewaid (xG8/31y)d 1<0g6€20 Gg uox3 uonnyisang
o178 18 O3oy-elY 988¥2 SI}LYHE03)S0-07 ESIESSIT (sh061£81y)d 1<0GG12? €€ uox3 uonnyisqng
fpnis siy| Buideweq SuiSewep Alqeqold  998%C RIEN asusssI| (195/89A19)d V¥ <96502"2 Z¢€ uox3 uonnysang
Apnis siyy duideweq Suidewep Alqeqold  GGG¥Z 003s asuassI|y (Biy/89A19)d 0<965022 Z€ uox3 uonnisqns
Apnis siyl Suieweq 3uiSewep A|qeqoid 208v2 SISeua304puoy oy ENIEN (dsy16GA1D)d V<DZLLTD /2 uox3 uonnyIsans
fpnys siy| Suideweq SuiSewep Alqeqold  €98Y¢ oleERS asuassI|y (19519GA19)d V¥<9H189T"2 9z uox3j uonnyisang
Apnys siyy Suiseweq SuiSewep Alqeqold  968YC SI}IYHe03ISO-0F asuassI|y (skD0gG81y)d 1<08%910 Gg uox3 uonnysang
1€ 19 J3IUON 1187¢  sisauaBoipuoydodiy ESIESSIT (19S€1GAID)d VY <DLEGTD ¥ uox3 uonnyisqng
o€ J9 eInwiysiN 2144 003s asuassI|y (19s170GA19)d Y <9H0TGT2 €g uox3 uonnyisang
Apnys siyy 3uideweq Suidewep Alqeqold 188 2a3s asuassI| (N19ge6wAID)d VY <9Y8Y1d €2 uox3 uonnisqns
Apnys siyy Suiseweq SuiSewep Alqeqold  LEGyZ  9dAy yompnas QWIS asuassI|y (B1y£0GAID)d Y<96T1GT2 €2 uox3 uonnyisang
Apns siyy Suideweq SuiSewep Alqeqold  £98YC T 2dfy Joppong asuassI|y (dsy687A19)d ¥ <9991 19 €2 uox3 uonnysang
fpnis siy| Buideweq SuiSewep Alqeqold  €/8YC RIEN asusssIy (na718G10id)d L<0J€/ET™ Zc uoxg uonnyisqng
Apnis siyl SuiBeweq SuiSewep Algeqoild  G8]/YZ SISeua304puoy Oy QSUBSSIA| (dsyoGvAID)d V<D6¥ET D 12 uox3 uonnyIsans
Apnis siyg Suieweq 3uiSewep A|qeqoid 66/.172 eise|dsAp 1seiuy 9SUBSSIA| (JoSpE0id)d 1<D00€T1°2 12 uox3 uonnyIsans
Apnis sty Suiseweq SuiSewep Alqeqold  £08YC RIEN asuassI|y (n1ozwAID)d V¥ <96G212 0z uox3j uonnyisang
1218 18 Yupassy 1871744 2a3s ESIESSIT (dsygovAlo)d V<9121 61 uox3 uonnyisqng
fpnis siyy Buideweq SuiSewep Alqeqold  0/8YC eise|dsAp 3saiuy asuas (len66eAD) d 1<996110 61 uox3 uonnyisqng
Apnys siy| Buideweq Suidewep Alqeqold  €9G¥g  @dfy yompnas AWIS aSUBSSI|N (dsyGyehlo)d VY <9YE0TD LT uox3 uonnpisqng
Apnis siyy Suideweq SuiSewep A|qissod  G6/YC T 2dfy Japong asuassI|y (yloveely)d V¥<9810T"2 9T uox3j uonnyisang
Apns siyy Suiseweq SuiSewep Alqeqold  G¥GYE T adfy soppong asuassI| (dsy1ezhID)d ¥ <9H2690 0T uox3 uonnyisang
18 38 1ideUI0OH 8€G¥C T adA} sappons ESIESSIT (dsy912AI9)d Y <9/t9 6 Uuox3 uonnpisgng
9z'/E 19 nuuey| 61V8€E T adA} sopfons ESIESSIT (leAeTgAi9)d 1<98€90 6 Uuox3 uonnpisgng
Apnis siyl Suieweq 3uiSewep A|qeqoid G682 SISeua304puoy oy ENIEN (sAD/E181y)d 1<0260%70 9 uox3 uonnyIsans
Apnys siy| Suiseweq SuiSewep Alqeqold  1/8%¢ 1 2dfy Japong asuassI|y (siHEET04d) d ¥ <086€2 9 uox3 uonnyisang
Apnis siyl Buisned ssessiq Gogte eise|dsAp 1saiuy uopod dojs ainjewsaid (s¥guin)d 1<00/ T uox3y uoiinyisqns
ERIEVETENY uoyjerien Jojse| 14IS Z-uaydAjod al renpiaiput adfjousyd 10840 Jueliep asuelo urejoid asueyo YNgo uoljez||eaoy 8dA} Juelie/)
4SH uoneny anot

sesAjeue sonjewlojulolg

eise|dsAp |e}ajays woJy Suayns sjuared aapsod yauai4 T/ ul sjuerea 1yz10D 1 3lqel

European Journal of Human Genetics



.S
7]
=
o
@
=
=]
S
K
£
«
=
%)
p=]
=
.8
s
=
L4
=
S
o0
—~
<
S
[=]
o
=
[re]
=

=
—
LR
=
fas3
=
o
T
y
4
©
m
=

995

*adA} yoimpnag eise|dsAp |essAydejswidaojApuods :yoimpniis ‘qINIS ‘enuaduod eise|dsAp |essAydidaojApuods ‘OQ3s feseqeieq uoneuep uadQ uspla ‘GAQT Hepulq Suldids uewny ‘4SH ‘18suo Ales ‘03 :suoljelnsiqay

[ePGGG+
Apmis sy 2.872 T 2dAy ppons Hlysaweid (GE«sBy6zuD)d €201 09€1+G82 91-T uoiu| uorejep 83ieT
(1P £0TAID 91604d)
>_u3m Syl 0181¢ w_mwcwmoLUcoco< :_wyo\_a pajedun| d _mvﬁmm,m\,\mvmm.o O-1¥ uox3y uolls|ep wm\_mn_
Apmys siy | 698172 1 2dAy sapqons urajoud oN od 1BP(; %) (T7¢) aua3 ||y uorajep adie
Apmis siy Buisneod asessi| €082 1 2dAy ssppons Hiysaweld (GZ+s4sk060018IY) d 9dnpezog ¥ uox3  uonedldnp jjews
/e 38 1eeUI00H 9G6G¥e eise|dsAp jsaiuy Hlusaweld (677:SHaSG688IY) d 0dnpg/9z™d O uox3  uoiedldnp jlews
Apris siy | 3uisned aseasiq v6.12 1 adAy Jaqons Hiysaweld (E9TxSISIHL9PUID)'d  vOdNPOOYT 66€ET2 ¢g uoxy  uonediidnp jlews
Apmys siy | Suisned aseasi( 268172 1 adAy sa1ons Hiysaweld (£xS}1eN092 T1sAT)d 19P6/LLE 8LLE™D 1G uox3j uole[ap |lews
c1’/e 19 spieyory
1''/e 19 H2eUI00H 5872 1 8dA} sefons Hiyssweld (£8+Syelv.¥0T1AD)d 1I9P8ETE™D Gy uox3 uoe[ap |lews
Apmys siy 3uisned aseasiq 098%2 T 2dAy ssppons Hlyssweid (€2S4BIVGO0TAID)d 019pZT0E™ ¥ uox3 uoleIep |lews
Apmys siy | Buisned aseasi( 90812 1 adAy sa1ons Hiysaweld (G£+S4n971€G604d) d 019p858Z 2 2 uoxj uola[ap |lews
Apmys siy | Buisned aseasi( 298172 1 adA} saqons Hiysaweld (0Lxsj0id6GGelY)d VI9pY/9T" Gg uox3 uole[ap |lews
Apmis sy Buisneod asessi| 68.7C 1 2dAy sspyons Hiyssweld (€9Z+sely99ehn)d 119PG60T 0 81 uox3 uorR[ap |lews
Apmis sy Buisned asessi| 50872 1 2dAy sspons Hiysaweld (GTExSIBIYyTE0Id) d J19PT76°2 GT uox3 uole[ap |lews
Apmys siy Buisned asessiq 1 8dAy sepfons lysawel (8T+Spusy66UID)d RIEZYA € uox3 uoleIep |lews
Apmys siy | %00€E 9vS¥e 1 adA} sa1ons Buissacoid YNY id 91IPE+Y L0V 2+ /0Y'0  2G uosu| uolle[ap |lews
Apmys siy | %2 9/8¥2 1 2dA} sa1ons Suissacoid YNY id O<V¥+GGEZD G€ uosul uonnysgng
/e 38 1UseUI00H 16872 1 8dAy sepfons Buisseooid YNY id 0<1Z+£6122 £¢ uoqu| uonnyisqng
Apmys siy %LL 4725174 1 2dAy Jspons Buissaooid YNY id VY <9T+6+¥0Z2 1€ uonu| uonnyIsgng
Apmys siy L %8/ 85812 eise|dsAp 3sejuy Buissaooid YNY id 0<HI+GIET™d g uosu| uonnyisqng
Apmys siy | %¥e 658772 1 adAy saqons Suissacoid YNY id 1<V¥2-99€10 12 uoiu| uonnysgng
yz1e 19 ojowehip 678vz  °dA} Yompnis QNS Suisseooid YNY id 9<VYZ-60L 0T uosy| uoinysang
Apmys sy Suiseweq SuiSewep Alqeqold  9G8Fz  °dA} YoImMpnaS QINIS asuassiy (1691 1dsy)d 1<9G07y #G uox3 uonnyIsang
ye'l€ 1o 138un 65572 eise|dsAp 3sajuy| asuassip (N6EYTIYL)d 1<09TEp™ £G uox3 uonnyisqng
ﬁ.\m J@ JoeulooH
g€ 19 dp1aY-1ydaz 05812 T 2dA} Jopfolls  uopod dojs ainjewaid (+261181y)d L<0t/GE™D 0G uox3 uonnyisqng
2¢9100 pue uey) 16872 adfyompnis AN3S asuassijy (19561 TAID)d ¥V <968GE0 0G uox3 uonnyisqns
2c9100 pue uey) Z88¥z  °dfyompnis AW3s ESICE (os6T1TAID)d VY <DE8GED 0G uox3 uonnyisqng
18 18 Bueyz 79512 RIEEN asuassI (dsyzg1T1A9)d VY <9HGGrED 6% Uox3 uonnyiIsans
ESIEIEIEN] uonelien J8jse ] 14IS Z-uaydAjod aj lenpinipui adfjousyd 10040 JuBLIBA a8ueyo ulvjoid asueyo yNQgo uoljezi|eao] adA} juelie)
4SH uoneny anoi

sasAjeue sojjeuLojuiolg

(panunuo)) T s|qel

European Journal of Human Genetics



o

NEW COL2A1 gene variants in skeletal dysplasia
M Barat-Houari et al

996

COL2A1-related skeletal disorders were represented and probands
were classified as summarized in Table 1. About half of our patients
had Stickler syndrome.

Variant distribution and type

We analyzed the entire coding sequence of the COL2A1 gene and its
intronic boundaries, identifying at least one variant in 71 (52%) of our
136 probands (Figure 1). We observed variants in 8 of 9 (89%)
Spondyloepimetaphyseal dysplasia Strudwick type (SEMDSTWK)
cases, 15 of 21 (71%) Spondylo epiphyseal dysplasia congenita cases
(SEDC), 6 of 9 (67%) of the achondrogenesis, type II or hypochon-
drogenesis cases, 7 of 11 (64%) of the Kniest dysplasia cases, 33 of 71
(46%) of the Stickler patients, and 2 of 5 (40%) of the early onset
osteoarthritis (Figure 2a).

The 71 positive probands displayed a total of 66 different variants
(Table 1 and Figure 2b). Missense variants were the most frequently
observed (58%), including 28 glycine substitutions within a Gly-X-Y
repeat. Patients in whom we did not detect point variation by Sanger
sequencing were further assessed for gene rearrangement that revealed,
in three cases, deletions hereafter termed ‘large deletions’.

Novel variants

Among the 66 different variants, 44 were novel (Table 1) and
distributed throughout the gene; 38 of 44 (86%) of these are
mainly located in the triple helical domain of the procollagen «l
(IT)-chain (Figure 3). These 44 novel variants included 26 missense
variants and three large deletions. All but one p.(Ala340Thr),
c.1018G>A, which was also identified in an unaffected parent)
were predicted as likely to be deleterious using the PolyPhen-2 and
Sift online programs  (http://genetics.bwh.harvard.edu/pph2/
and http://sift.jcvi.org/). Interestingly, in a Stickler family, the
p-(Pro314Argfs*315) variant carried by the proband was inherited
from a mosaic father (Table 1).

Attempts to genotype/phenotype correlations

When we plotted the variant type against the patient’s phenotype,
we noticed that the molecular spectrum was different across the
diseases. All variant types were observed in Stickler syndrome, whereas
only missense variants were observed in SEDC (Figure 2c).

Five arginine to cysteine substitutions were identified in pheno-
types with various severities (Table 1). p.(Arg550Cys),
c.1648C>T, and p.(Arg719Cys), ¢.2155C>T were found in two
of the five early onset osteoarthritis cases, p.(Arg989Cys),
c.2965C>T was found in one Strudwick case, p.(Arg904Cys),
c.2710C>T was found in one Stickler case and one Kniest case,
and p.(Argl37Cys), c.409C>T was found in a fetus with achon-
drogenesis, type II. Among the other novel missense variants, we
identified three proline substitutions within the Gly-X-Y repeat:
p-(Prol133His), ¢.398C > A was carried by a Stickler patient and her
affected mother, p.(Pro434Ser), c.1300C>T was identified in
a Kniest patient inherited from his asymptomatic father, and a
homozygous variant p.(Pro458Leu), ¢.1373C>T was found in a
SEDC case, inherited from both parents (Table 1).

Among the seven splice variants putatively affecting RNA proces-
sing, five were identified in Stickler patients and the two others were
identified in a SEMD Strudwick patient and a Kniest patient.

Ten of 11 frameshift variants resulting from small deletions or
duplications were identified in Stickler patients. One frameshift variant,
p-(Ala895Serfs*49), ¢.2678dupC, was carried by a Kniest patient.

We also identified three large deletions in two of the most extreme
phenotypes, namely a 1364-bp in-frame deletion spanning exons 42 to
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Figure 2 (a) Variant distribution according to the patients’ phenotype.
Achondrogenesis, type Il or hypochondrogenesis (MIM#200610), Czech
dysplasia (MIM#609162), Kniest dysplasia (MIM#156550), SEMD Strudwick
type (MIM#184250), SpondyloEpiphyseal Dysplasia Congenita (MIM#183900),
Stickler type 1 (MIM#108300; 609508). (b) Variant distribution among
patients according to the type and effect of the variant. (c) Distribution of the
variant type and effect according to the patients’ phenotype.

46, p.(Pro916_Glyl1074del), c.2745_3221del, in a patient with achon-
drogenesis, type II, a frameshift deletion spanning introns 1 to 16,
p-(GIn29Argfs*35), ¢.85+1360_1023+555del, and a deletion of the
entire gene, p.0, c.(?_-181)_(*442_?)del, in two patients with Stickler
syndrome (Table 1).

Variant segregation analysis

Our series included 71 positive cases, among which 53 were sporadic
and 18 were from multiplex families (with more than one affected
subject; Figure 1).
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Figure 3 Distribution of the 44 novel COL2A1 variants identified in 136 French patients with skeletal dysplasia. I, intron; E, exon; bp, base pair; aa, amino
acid; bracket, large deletion; circle, premature stop codon; triangle, small rearrangement; square, glycine missense; diamond, nonglycine missense and

asterisk, RNA processing.

Sporadic cases

DNA from both parents was available for 16 sporadic cases.
The variant was found to be a priori de novo in 15 cases, but was
detected in the asymptomatic mother of one achondrogenesis, type II
fetus carrying p.(Argl37Cys), c.409C>T (Figure 1).

Familial cases

Among the 42 available relatives of the multiplex families, 15 were
asymptomatic and 27 were symptomatic (Figure 1). Of those 27
symptomatic relatives, 26 carried the proband’s variant and 1 did not,
whereas one of the 15 asymptomatic relatives displayed the proband’s
variant p.(Ala340Thr), c.1018G> A. These observations support the
genetic heterogeneity and the existence of a variant of uncertain
significance, respectively. Two representative multiplex families are
shown in Figure 4.

DISCUSSION

In this work, we reported the screening for mutants of the COL2A1
gene in a cohort of 136 probands with clinical and/or radiographic
suspicion of a type II collagen disorder. A majority 71 of 136 (52%) of
this large cohort were Stickler patients, but 20 of 136 (15%) of the cases
were SEDC patients and 5 of 136 (4%) were early onset osteoarthritis
patients (Table 1). We identified 66 different COL2A1 variants spread
throughout the COL2A1 gene. Forty-four of these were novel, which
substantially adds to an approximate 300 COL2A] variants previously
reported in the LOVD database (Table 1) and in the literature.>?

No variant hotspot was observed in our study, as previously
reported.! Glycine changes represented 19 of 44 (43%) of the novel
variants and were all located in a triple helical region of the collagen 2
(Table 1, Figure 3). The substitution of glycine with bulkier amino

acids in a Gly-X-Y repeat were more often associated with severe
phenotypes, such as achondrogenesis, type II or hypochondrogenesis,
or with severe short stature phenotypes including Kniest, SEDC and
SEMD Strudwick types.*® Counter to previous reports, variants in the
X or Y positions of the Gly-X-Y motif in the collagen chain did not
seem to influence the phenotypes observed in our patients.

Three new proline substitutions were identified in different
phenotypes, which were p.(Prol33His), ¢.398C>A, in Stickler,
p.(Pro434Ser), ¢.1300C>T, in Kniest, and p.(Pro458Leu),
¢.1373C>T, in SEDC (Table 1). Although the former was located
in the X position of the repeat found in the N-terminal region, the
two other variants were in the Y position of the repeats found in
the triple helical domain. Interestingly, another proline variant
located in the Y position p.(Pro986Leu), ¢.2957C>T was pre-
viously shown to segregate with mild SEDC in a three-generation
family.” Proline is a highly conserved amino acid in the Y position
that contributes to the thermal stability of the triple helix.® Thus,
the replacement of the proline with a leucine in the Y position
might affect the collagen structure and likely accounts for the short
stature observed in dysplasia. However, the pathogenicity of the
Pro434Ser substitution remains uncertain, as it was inherited from
an asymptomatic parent.

We also report five arginine to cysteine variants, including
p-(Arg137Cys), c.409C>T; p.(Arg550Cys), c.1648C>T; p.(Arg719Cys),
c2155C>T; p.(Arg904Cys), ¢.2710C>T; and p.(Arg989Cys),
¢.2965C>T (Table 1). The first one, p.(Argl37Cys), c.409C>T, is
novel and was identified in a fetus with achondrogenesis, type IL
Although it was predicted to be pathogenic by the Polyphen program
or damaging by the Sift program, this variant was inherited from the
healthy mother. Thus, we propose that it either does not cause the
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Figure 4 Pedigree of two representative Stickler multiplex families. (a) Segregation of the p.(Gly366Alafs*263) (c.1095delT) frameshift deletion.
(b) Segregation of the intronic ¢.2355+4A>C variant. Open and dark symbols denote asymptomatic and affected subjects, respectively. The year of birth and

the variant status are shown below the symbols.

disease phenotype or is not fully penetrant. In accordance with this
hypothesis, it has been reported that unlike the other four variants,
p-(Argl37Cys), c.409C>T is not located within the critical triple
helical region of the collagen chain, and arginine to cysteine variants
never result in lethal conditions.” Sequencing the DNA of this fetus for
DTDST/SLC26A2, a gene associated with achondrogenesis, type Ib,
was also negative. We are currently developing next-generation
sequencing using a custom panel of 29 candidate genes that include
GDF5 and FGFR3 to resolve this case and in the cases in which
no COL2AI variant was identified. Two other arginine to cystein
variants, p.(Arg550Cys), ¢.1648C>T and p.(Arg719Cys), ¢.2155C>T,
were observed in two early onset osteoarthritis probands and
both segregated with the disease (manuscript in preparation).
p.(Arg550Cys), ¢c.1648C>T was novel, but p.(Arg719Cys),
¢2155C>T has already been reported once in a patient with
osteoarthritis and mild chondrodysplasia.!” Eyre et al.!! have demon-
strated that p.(Arg719Cys), ¢.2155C>T is responsible for a reduction
in protein secretion and a limited collagen assembly. The fourth
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arginine to cystein variant, p.(Arg904Cys), ¢.2710C>T, was found
once in a Stickler case and once in a Kniest case, from our series.
This variant was already observed in several Stickler cases.>?"14
Finally, p.(Arg989Cys), ¢.2965C>T was carried by one of our SEMD
Strudwick patients, and this variant has been previously reported in
several SEDC cases.”!>!7 In accordance with the literature, we
observed that arginine to cysteine changes were associated with a
broad spectrum of diseases, but they were more often encountered in
the moderate phenotypes.” Nevertheless, our data confirm that
variants such as p.(Arg904Cys), ¢.2710C>T and p.(Arg989Cys),
€.2965C>T, located near the carboxyl terminus of the collagen triple
helix were associated with more severe phenotypes.” Arginine to
cysteine substitutions introduce novel cysteine residues into the triple
helical region, leading to aberrant disulfide bonds between mutant
pro-collagen chains.! It has also been shown that arginine changes
located within a thermostable region such as p.(Arg989Cys),
€.2965C>T alter both the assembly of collagen into fibrils and their
interaction with other proteins of the cartilage matrix.'® Hence, these
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variants could disturb the thermostability of the protein and exert a
dominant negative effect.

We have also identified 11 small deletions and duplications that
result in frameshift variants and premature stop codons (PTC;
Figure 2c). The p.(Ala895Serfs*49), ¢.2678dupC variant was carried
by one of our Kniest patients, but this variant was previously identified
in a Stickler case.! The p.(Pro314Argfs*315), c.941delC variant was
transmitted from a mosaic Stickler father to his affected young
daughter who, unlike her father, presented with myopia. One-third
(10/33) of our Stickler patients carried PTC variants. Such variants are
usually subject to nonsense-mediated decay (NMD), resulting in a loss
of function. This mechanism of type II collagen deficiency had often
been reported in cases of milder skeletal dysplasia such as Stickler
syndrome.! In addition to small rearrangements, we also identified
three large deletions (Figures 2b and c). The first was a whole
gene deletion detected in a patient with a complex phenotype
that included Stickler features. This deletion encompassed a wide
region of 2.23Mb on the chromosome 12ql13.11 (GRCh37/hgl9,
chr12:46,316,398..48,547,316), which contained several genes around
the COL2A1 gene (data not shown). Deletions of the entire COL2A1
gene and its boundaries have been previously published.'®?> The
second large (10.554 bp) deletion, p.(GIn29Argfs*35), ¢.85+1360_1023
+555del, was identified in a Stickler proband and his affected father.
Both patients displayed severe myopia, and the proband also had
bilateral retinal detachment and skeletal anomalies. Thus, the pheno-
typic differences between the proband and his father suggest an intra-
familial variance in clinical expression, suggesting the involvement of
modifiers.?> These two deletions, which were both identified in
Stickler cases, were also predicted to be subjected to NMD like the
smaller rearrangement described above and would result in a
haploinsufficiency.'® The third large deletion was an in-frame deletion
p.(Pro916_Gly1074del), c.2745_3221del, that was expected to result in
a shortened peptide lacking 159 amino acids that would exert a
dominant negative effect on the ‘healthy’ component of the trimeric
collagen. This hypothesis might account for the severe phenotype
observed in this lethal achondrogenesis, type II case.

Splice site variants potentially lead to an abnormal RNA processing
that could result in out-of-frame insertions or deletions, creating PTC
subjected to NMD. The underlying pathogenic mechanism is therefore
a loss of function often associated with mild phenotypes such as
Stickler syndrome.! Consistently, five of the seven RNA-processing
variants we reported (Table 1) were all identified in Stickler cases.
These were ¢.1366-2A>T, ¢c.2049+1G>A, ¢.2193+2T>C, c.2355
+4A>C, and c.4074+2_4074+3delTG. Moreover, c¢.2355+4A>C
segregated in one multiplex Stickler family (Figure 4). The sixth
¢.1365+1G > C splice variant was carried by a Kniest dysplasia patient.
Interestingly, the seventh variant ¢.709-2A > G was carried by a SEMD
Strudwick patient. This latter variant was previously reported in an
oto-spondylo-megaepiphyseal dyplasia case (OSMED, #215150) and
was shown to cause exon skipping, resulting in short transcripts that
escaped NMD and led to an in-frame deletion of the triple helical
region of the collagen chain.?*

Our observations provide a nearly 15% increase in the number of
novel variants shown in previous records and illustrate the
wide mutability of the COL2A1 gene and its various associated
phenotypes.?®> Our results also demonstrate the limits of focusing on
a single gene during genetic diagnosis given the lack of clear phenotype
to genotype correlations. To address this issue, we are now implement-
ing next-generation sequencing approaches in our routine settings.?*
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