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Abstract

Fibrochondrogenesis is a severe, recessively inherited skeletal dysplasia shown to result from
mutations in the gene encoding the proal(XI) chain of type XI collagen, COL11A1. The first of
two cases reported here was the affected offspring of first cousins and sequence analysis excluded
mutations in COL11A1. Consequently, whole-genome SNP genotyping was performed to identify
blocks of homozygosity, identical-by-descent, wherein the disease locus would reside. COL11A1
was not within a region of homozygosity, further excluding it as the disease locus, but the gene
encoding the proa2(XI) chain of type XI collagen, COL11A2, was located within a large region of
homozygosity. Sequence analysis identified homozygosity for a splice donor mutation in intron
18. Exon trapping demonstrated that the mutation resulted in skipping of exon 18 and predicted
deletion of 18 amino acids from the triple helical domain of the protein. In the second case,
heterozygosity for a de novo 9 bp deletion in exon 40 of COL11A2 was identified, indicating that
there are autosomal dominant forms of fibrochondrogenesis. These findings thus demonstrate that
fibrochondrogenesis can result from either recessively- or dominantly-inherited mutations in
COL11A2.
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INTRODUCTION

Fibrochondrogenesis (OMIM 228520) is a severe, recessively inherited skeletal dysplasia
characterized by short long bones and short ribs with broad metaphyses, a flat midface, and
vertebral bodies which show distinctive hypoplastic posterior ends and rounded anterior
ends, giving the vertebral bodies a pinched appearance on lateral radiographic views. The
chest is small and leads to perinatal respiratory problems which usually, but not always,
result in lethality [Eteson et al., 1984; Whitley et al., 1984; Bankier et al., 1991; Martinez-
Frias et al., 1996; Al-Gazali et al., 1999; Randrianaivo et al., 2002; Leeners et al., 2004;
Tompson et al., 2010; Akawi et al., 2011]. Affected individuals who have survived the
neonatal period have high myopia, mild-to-moderate hearing loss and a severe skeletal
dysplasia [Tompson et al., 2010; Akawi et al., 2011].

Fibrochondrogenesis has been shown to result from mutations in the gene encoding the
proal(XI) chain of type XI procollagen (COL11A1; MIM 120280) [Tompson et al., 2010;
Akawi et al., 2011]. The functional type XI collagen molecule is a heterotrimeric protein
assembled from three different polypeptides, the proal(XI), proa2(XI) and proa3(XI) chains
[Morris et al., 1987]. The proal(XI) and proa2(XI) chains are encoded by COL11A1 and
COL11A2 (MIM 120290), respectively, whereas the proa3(XI) chain is a posttranslational
variant encoded by COL2A1 (MIM 120140) [Wu et al., 1995]. We report on the
identification of COL11A2 mutations in two cases of fibrochondrogenesis, one in which
there was recessive inheritance and a second in which the phenotype was produced by a new
dominant mutation. These data establish a second locus for the phenotype and reveal a
distinct mode of inheritance in some cases.

MATERIALS AND METHODS

Patients

Informed consent was obtained from all individuals under an IRB-approved protocol. DNA
was extracted from peripheral blood samples using the QlAamp DNA Blood Mini Kit
(QIAGEN, Valencia, CA).

Whole-genome SNP Genotyping

For the SNP array genotyping, DNA was processed and hybridized to GeneChip Human
Mapping 250K arrays (Nspl) per the manufacturer's recommendations (Affymetrix, Santa
Clara, CA). Genotypes were called with GeneChip DNA analysis software (Affymetrix) and
then analyzed using IBD Finder (http://dna.leeds.ac.uk/ibdfinder/) with a maximum error
rate of one in six.

Mutation Analysis

All exons and flanking splice acceptor / donor sequences of COL11A1 (MIM 120280;
NM_001854.3), COL11A2 (OMIM 120290; NM_080680.2) and COL2A1 (MIM 120140;
NM_001844.4) were amplified by PCR and sequenced by Sanger dideoxynucleotide
methodology using ABI 3730 sequencers.
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Exon Trapping Splicing Assay

Phusion Hot Start High-Fidelity DNA polymerase (Thermo Fisher Scientific, Lafayette, CO)
was used to amplify a 681 bp genomic region containing COL11A2 exons 17-19 from a
control subject and from case R09-068A. The PCR products were inserted into the multiple
cloning site of the exon trapping vector, pSPL3, using Xhol and BamHI (Fig. 2; Life
Technologies, Baltimore, MD, USA). Normal and mutant minigenes were transfected into
Cos-7 cells using FuGene 6 (Roche Applied Science, Indianapolis, IN), and 24 hours later
total RNA was isolated using the RNeasy Mini Kit (QIAGEN). A High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA) with random primers was
used to generate cDNA, and the splicing vector transcribed cDNA species were then
specifically amplified by PCR using primer pairs corresponding to sequences in COL11A2
exons 17 and 19, respectively (Fig. 2). The resulting RT-PCR products from the normal and
mutant minigenes were visualized by gel electrophoresis, purified by gel extraction and their
sequences determined.

Microsatellite Analysis

RESULTS

Twelve pan-genomic microsatellites were amplified by PCR, using fluorescent FAM, HEX
or TET-labeled primers. Amplified products were resolved using an ABI 3730 sequencer
and sized by application of the Genemapper software package from Applied Biosystems.

The index case, International Skeletal Dysplasia Registry (ISDR) reference R09-068A, was
the offspring of first cousins of Saudi Arabian descent. The couple previously had an
affected child and has two unaffected offspring. Clinical and radiographic information was
only available for the second affected child, who died at birth. The clinical phenotype
consisted of midface hypoplasia with a small nose and anteverted nares, significant
shortening of all limb segments with relatively normal hands and feet, and a small thorax
with a protuberant abdomen. Radiographs showed characteristic findings of
fibrochondrogenesis that included severe shortening of the long bones with very widened
metaphyses, moderate platyspondyly, delayed ossification of the cervical vertebral bodies,
ischia and pubis, short cupped ribs giving a “bell-shaped” appearance to the thorax, and
small ilia with irregular metaphyses (Fig. 1, Table I). A lateral view of the spine was
unavailable. Based on previous reports showing that fibrochondrogenesis can result from
mutations in COL11A1, sequence analysis of the coding exons and splice junctions of
COL11A1 was carried out commercially (Connective Tissue Gene Tests, Allentown, PA),
but did not reveal any mutations. As the parents were known to be consanguineous,
suggesting an autosomal recessive pattern of inheritance, whole-genome SNP genotyping
was performed to identify blocks of homozygosity wherein the disease locus would be
located. There were many regions of homozygosity across the genome, an expected
consequence of the close relationship between the parents. The COL11A1 gene was not
within a region of homozygosity, further supporting locus heterogeneity in
fibrochondrogenesis. Interestingly, the gene encoding the proa2(XI) chain of type XI
procollagen (COL11A2) was within a 26.7 Mb region of homozygosity, the largest block of
homozygosity identified (data not shown). To test the hypothesis that the phenotype was
produced by homozygosity for a mutation in COL11A2 (NM_080680.2), mutation analysis
was carried out by sequence analysis of all 66 coding exons and splice junction consensus
sequences. Sequence analysis revealed homozygosity for a splice site change, 1VS18+3insG
(Table I1), which was predicted to result in aberrant mMRNA processing. The parents were
both identified as carriers of the mutation as was the one unaffected sibling studied. To
determine the effect of the 1\VS18+3insG change on splicing, an exon trapping splicing assay
was performed, utilizing engineered normal and mutant COL11A2 minigene expression in
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Cos-7 cells (Fig. 2). These data showed skipping of exon 18 in RNA derived from the
mutant construct but not from the control.

Mutation analysis was carried out on an additional fibrochondrogenesis case, R10-691A, the
offspring of a non-consanguineous phenotypically normal couple. The child, who died at
birth, had the typical facial features of fibrochondrogenesis presenting with a relatively large
skull with a wide anterior fontanelle, midface hypoplasia with a small nose and anteverted
nares, micrognathia, significant shortening of all limb segments with relatively normal hands
and feet, and a small thorax with a protuberant abdomen. Radiographs displayed features
characteristic of fibrochondrogenesis, including platyspondyly, shortening of the long bones
with widened metaphyses, a “bell-shaped” thorax and short ribs with metaphyseal cupping,
and hypoplastic ischia, pubis and ilia (Fig. 3, Table I). A lateral view of the spine revealed
posteriorly narrowed vertebral bodies consistent with fibrochondrogenesis. Sequence
analysis of the coding exons, splice junctions and branch sites of COL11A1 and COL2A1 did
not identify any mutations. Sequence analysis of COL11A2 revealed heterozygosity fora 9
bp deletion in exon 40 (c.2899 _2907del9; Table 1) which predicted a 3 amino acid deletion
(p.967_969del3) within the triple helical domain of proa2(XI). Analysis of parental DNA
showed that neither carried the ¢.2899 2907del9 sequence change (Fig. 4), and genotypes at
12 informative pan-genomic microsatellite markers were consistent with parentage (data not
shown), demonstrating that the mutation reflected a de novo event.

DISCUSSION

The first fibrochondrogenesis case, R09-068A, resulted from homozygosity for a COL11A2
splice donor mutation that led to skipping of exon 18. Since homozygosity for null
mutations in COL11Az2 is associated with otospondylomegaepiphyseal dysplasia (OSMED,
OMIM 215150), a non-lethal skeletal dysplasia with much less severe skeletal abnormalities
[Melkoniemi et al., 2000; Temtamy et al., 2006], we infer that the mutation is not a null
allele and that the presence of abnormal chains had a detrimental effect on type XI collagen
function. This inference is further supported by the observation that mice deficient for
proa2(XI) have skeletal manifestations that markedly resemble OSMED and not
fibrochondrogenesis [Li et al., 2001]. For the exon skipping mutation, transcripts lacking the
54 bp exon are predicted to encode proa2(XI) chains harboring an 18 amino acid deletion at
position 556-573 (NP_542411.2), toward the amino-terminal end of the triple helical
domain. The carrier parents were phenotypically normal, without abnormalities in either
hearing or vision, indicating that heterozygosity for the defect is tolerated. This is in contrast
to two fibrochondrogenesis carriers heterozygous for substitutions of two different triple
helical glycine residues in COL11A1, in which mild short stature and myopia were observed
[Tompson et al., 2010].

The second case studied, R10-691A, was heterozygous for a COL11A2 mutation that
predicted a more distal 3 amino acid deletion within the triple helical domain of the
proa2(XI) chain, corresponding to amino acids 967-969 (NP_542411.2). No other mutations
were identified in COL11A2, and mutations were not found in either COL11A1 or COL2Al.
The mutation was not present in the parental DNA and parentage was confirmed by
microsatellite analysis, proving that the mutation was de novo. These data thus indicate that
there is an autosomal dominant form of fibrochondrogenesis. Furthermore, there is
precedent for mutations in COL11A2 producing both dominant and recessive forms of the
same disorder, with reported cases of dominant and recessive forms of OSMED [Pihlajamaa
et al., 1998; Temtamy et al., 2006] as well as nonsyndromic hearing loss [McGuirt et al.,
1999; Chen et al., 2005].

Am J Med Genet A. Author manuscript; available in PMC 2013 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tompson et al.

Page 5

We cannot exclude the theoretical possibility of digenic inheritance with the de novo
COL11A2 mutation inherited with a second mutation from a carrier parent. However, the
possibility of compound COL11A1/COL11A2 or COL2A1/COL11A2 mutant genotypes has
been excluded by sequence analysis. Furthermore, both parents were of normal height and
had normal vision and hearing, so the possible second mutation would have to be of no
phenotypic consequence. While there are rare examples in the literature for new mutations
in recessive disorders, where the affected individuals have inherited a point mutation carried
by one parent in addition to a new mutation (Cremonesi et al., 1996), these have typically
been observed for disorders in which the carrier frequency is high. Fibrochondrogenesis is a
very rare disorder, perhaps less than 1 in 1,000,000 births in outbred populations, which
would imply a carrier frequency of 1 in 500. Consequently, it is more likely that this case
resulted solely from the new mutation in COL11A2, consistent with the conclusion that there
are autosomal dominant forms of the disease.

Several dominantly inherited type XI collagenopathies have been reported to result from
incorporation of molecules containing abnormal proa2(XI) chains into fibrils. Autosomal
dominant forms of OSMED (OMIM 277610) can result from substitution for a triple helical
glycine residue [Pihlajamaa et al., 1998]. In-frame triplet-repeat deletions of 18 amino acids
in two cases and 9 amino acids in a third have been described for non-ocular Stickler
syndrome (MIM 184840) [Vikkula et al., 1995; Sirko-Osadsa et al., 1998; Vuoristo et al.,
2004]. Finally, nonsyndromic hearing loss (OMIM 601868) caused by cysteine for arginine
or glutamate for glycine amino acid substitutions within the triple helical domain have been
identified in two independent families [McGuirt et al., 1999]. Thus mutations that lead to the
synthesis of abnormal proo2(X1) chains can result in a spectrum of dominantly inherited
phenotypes ranging in severity from hearing loss to perinatal lethal fibrochondrogenesis,
likely reflecting the nature and location of the molecular defect.

The newborn radiographic phenotype of fibrochondrogenesis, consisting of shortened long
bones with metaphyseal flaring leading to a dumbbell-shaped appearance, along with
platyspondyly and epiphyseal abnormalities, bears some similarity to the phenotypes of
OSMED and Kniest dysplasia (Table I). This similarity is evident in case R10-691A in
which, despite perinatal lethality, there was a milder radiographic appearance. In particular,
there was less pronounced metaphyseal widening and irregularity of the long bones, reduced
anterior cupping of the ribs and a lack of caudally protruding spurs from the basilar portion
of the ilia as compared with some fibrochondrogenesis cases, including the recessive case
presented here. However, the dominant case exhibited the characteristic clinical findings of
fibrochondrogenesis, especially the typical craniofacial abnormalities, distinguishing it from
the other, related disorders.

OSMED can result from homozygosity for null mutations in COL11A2 [Temtamy et al.,
2006], heterozygosity for missense mutations in COL11A2 [Pihlajamaa et al., 1998] or
heterozygosity for an in-frame deletion in the triple helical domain of the COL2A1 product
[Miyamoto et al., 2005]. Kniest dysplasia has been shown to result from heterozygosity for
mutations in COL2A1 [Winterpacht et al., 1993]. These genotypic differences distinguish
the fibrochondrogenesis cases studied here from the other phenotypes in this spectrum of
disease, and provide insight into the effect of discrete mutations and molecular mechanisms
that alter the function of the main structural component of cartilage, the type 11/XI collagen
heterotypic fibril. The phenotypic similarities among these disorders likely arise from the
contribution of the gene products affected in all three disorders to the cartilage collagen
fibril.

This study has identified COL11A2 as a second locus for fibrochondrogenesis, has indicated
that synthesis of structurally abnormal proa2(XI) collagen molecules can produce
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fibrochondrogenesis, and has extended the spectrum of severity among the type XI
collagenopathies resulting from COL11A2 mutations. The data further demonstrate that
there are dominant forms of fibrochondrogenesis, and this finding must now be taken into
account when counseling families in that recurrence risk will need to consider the possibility
of parental germline mosaicism for dominant mutations. Analysis of additional cases will
help determine the relative frequencies of mutations in COL11A1 and COL11A2 in
fibrochondrogenesis as well as the proportion of cases with dominant and recessive
inheritance.
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R09-068A

Figure 1. Radiograph of autosomal recessive fibrochondrogenesis case R09-068A at full term
Anterior-posterior view. Note the short long-bones with substantial metaphyseal flaring,
short ribs with anterior cupping, platyspondyly, delayed ossification of the cervical vertebral
bodies, and small ilia with hypoplastic ischia and pubis.
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Figure 2. Skipping of exon 18 resulting from the splice donor 1VS18+3insG mutation in case
R09-068A

(A) Splicing construct showing the COL11A2 genomic region and vector/collagen exon
organization. V1 and V2 are the vector exons. Normal and mutant COL11A2 genomic DNA
fragments containing exons 17-19 were cloned into the Xhol and BamHI restriction
endonuclease cleavage sites of the vector. (B) Gel electrophoresis image of fragments
generated by RT-PCR from RNA derived from transfected cells using vector only (C),
normal (WT) and mutant (M) constructs. Diagrammatic representations of the PCR product
exon structures, based on sequence analysis, are shown on the right. PCR primers used to
generate the fragments are indicated by arrows in (A).
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R10-691A "«

Figure 3. Radiograph of dominant fibrochondrogenesis case R10-691A at full term
Anterior-posterior view. (Inset) Lateral view. Note the platyspondyly with hypoplastic
posterior and rounded anterior ends of the vertebral bodies, giving them a pinched
appearance.

Am J Med Genet A. Author manuscript; available in PMC 2013 February 1.

Page 10



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Tompson et al.

€.2899_2907del9
|

| 1
-------- tagGGTGACCCTGGTCC

l_'_l

BstEll

Mother Proband Father Control
+/+ +/M ++ ++
M —> amespnr
5 E: G I e
S . e

Figure 4. New dominant COL11A2 mutation in fibrochondrogenesis
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(A) Genomic sequence showing the region of COL11A2 in exon 40 (upper case) harboring
the mutation and the adjacent splice acceptor site of intron 39 (lower case). The position of
the ¢.2899_2907del9 mutation and overlapping BstEII restriction endonuclease site are

indicated. (B) Agarose gel electrophoresis of BstEll digested PCR products. The PCR

product was undigested in the mutant (M) allele as it lacked the BstEII site, whereas all

normal alleles (+) generated two digestion fragments.
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Table Il
COL11A2 mutations in fibrochondrogenesis cases

The COL11A2 nucleotide changes are shown with respect to mRNA sequence NM_080680.2. The
corresponding predicted amino acid changes are numbered from the initiating methionine residue with respect
to protein sequence NP_542411.2. Exons are humbered sequentially 1-66.

Patient ID | Inheritance | Exon | Nucleotide change | Predicted amino acid change

R09-068A Recessive 1VS18 1VS18+3insG p.556_573del18

R10-691A Dominant 40 €.2899_2907del9 p.967_969del3

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN
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