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Chondrosarcoma (CHS) is a heterogeneous collection of malignant bone tumours and is the
second most common primary malignancy of bone after osteosarcoma. Recent work has
identified frequent, recurrent mutations in /DH1/2in nearly half of central CHS. However,
there has been little systematic genomic analysis of this tumour type and thus the
contribution of other genes is unclear. Here we report comprehensive genomic analyses of
49 cases of CHS. We identified hypermutability of the major cartilage collagen COL2A1
with insertions, deletions and rearrangements identified in 37% of cases. The patterns of
mutation were consistent with selection for variants likely to impair normal collagen
biosynthesis. In addition we identified mutations in /DH1/2 (59%), TP53(20%), the RB1
pathway (33%) and hedgehog signaling (18%).
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Forty-nine cases of untreated CHS including 30 central, 4 peripheral, 14 dedifferentiated and
1 arising in a patient with synovial chondromatosis, along with matching normal tissue were
subjected to whole exome sequencing as previously described?. Dedifferentiated CHS is
characterised by biphasic histology represented by conventional CHS abutting a high-grade
non-cartilaginous component. For the dedifferentiated CHS, sequence was obtained from the
non-cartilaginous high-grade component of the tumour in each case. Case distribution by
grade is indicated in Supplementary Table 1. The exomic sequence coverage at a minimum
depth of 30x was 65-70% and data was processed as previously described?. Sequence
variants were confirmed as somatic utilising custom targeted capture and sequencing
combined with manual data inspection. Candidate genes were evaluated in an extension
series of 26 cases (Supplementary Table 1). Allele specific copy number was assessed with
SNP6.0 arrays and direct analyses of exome reads as previously described!-2.

In total, 1428 somatic mutations were identified, with somatic mutation burden ranging from
1to 115 (Supplementary Table 2). Mutations comprised 944 missense, 61 nonsense, 37
essential splice, 80 indels, 301 synonymous changes and 5 substitutions in miRNAs.
Somatic mutation burden showed a significant association with increasing grade. High grade
(grade 11, grade 111 and dedifferentiated) had on average more than double the somatic
mutations per sample as grade | CHS (Wilcoxon rank sum test, p=0.00017).

The most striking finding of this study was the identification of mutations in COLZA1 that
encodes the alpha chain of type 11 collagen fibers — the major collagen constituent of
articular cartilage. Somatic mutations were initially identified in 8 cases from the exome
screen, all small indels. This remarkable concentration of mutations prompted a more
thorough investigation of COL2A1to look for rearrangements in addition to point
mutations. The entire gene footprint was tiled with baits for custom capture and all exome
cases plus the 26 follow-up tumours were subjected to capture and sequencing. In total 44%
(33/75) of cases had at least one mutation which would be predicted to affect coding
sequence (Figure 1, Supplementary Table 3). The mutations consisted of splice site (n=2),
indel (n=23), missense (n=2) and large-scale rearrangements (n=36). No synonymous
mutations were identified (Supplementary Table 3). The majority of rearrangements had
both breakpoints located within the footprint of COLZ2AI (Supplementary Figure 1) and
none were predicted to form in frame fusion events. Whole genome shotgun sequencing at
low depth in 6 of the CHS cases demonstrated that breakpoints were clustered in COL2A1
and that chromosome 12 was not highly rearranged elsewhere (Supplementary Figure 1). In
13 cases a single COL2A1 mutation was identified, however 20 tumours had more than 1
mutation. A one-sided Fisher exact test indicated that amongst all cases, high grade tumours
(grade Il, 111 and dedifferentiated) were significantly more likely to contain a COL2A1
mutation than low grade (grade 1) tumours (p=0.029). This association however was not
significant when restricted to only to central CHS cases (p=0.093).

Although finding 20 cases with more than one COL2A1 mutation is formally compatible
with a loss of function mechanism, the presence of multiple cases with a single heterozygous
mutation suggests that functional consequences at the protein level may be more complex.
We therefore performed immunohistochemistry for COL2A1 protein on 43 available
tumours (21 mutation positive and 22 wild-type, Supplementary Table 4). Abnormal
staining (absent or focal compared to diffuse staining seen in normal cartilage, see
Supplementary Figure 2) was identified in 31/43 tumours, with absence of staining in 8
tumours and focal staining in 23. Of the eight cases with no staining, 6 were mutant with
only one of those having two demonstrable mutations. For the 23 cases showing focal
staining, 12 were mutant (2 with more than 1 mutation) and 11 had no detectable mutation.
It is possible that COL2A1 mutations in a proportion of the “wildtype” cases have not been
detected, in particular given the complex nature of the rearrangements that predominate, or
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have otherwise aberrant type Il collagen deposition for reasons that remain obscure. These
data argue against complete loss of protein being the predominant outcome of COL2A1
mutation.

The entire COL2A1 gene was also sequenced in 56 osteosarcomas, 24 chordomas, 10 other
cartilaginous tumours and 73 meningiomas to compare patterns of mutation. The results
revealed an accumulation of mutations across the gene footprint of COL2A1 that was
restricted to CHS (Supplementary Table 5). This pattern suggested that COL2A1 is
hypermutable in CHS. Given that COLZ2A1 is transcribed at a substantial rate in
chondrocytes the data may support a transcription-associated mutation/recombination
(TAM/TAR) mechanism3. An elevated COL2A1 mutation rate does not preclude biological
significance of the mutations. Analyses of the patterns of mutation provided evidence of
selection. No silent coding mutations were found. There was a preponderance of frame-
shifting indels in the exons compared to substitution mutations (Supplementary Table 6a). In
the introns these mutation classes were in equal proportion. Considering just indels there are
very few mutations in coding sequence that were multiples of three (“in-frame”) as opposed
to the non-coding portions of the gene (Supplementary Table 6b). These data suggest
positive selection for those mutations that would substantially disrupt COL2A1 coding
potential. To further explore the specificity of COL2A1 mutation in CHS, mutations across
all collagen genes were assessed in multiple bone and cartilage tumours including
chondroblastoma (6), chondromyxoid fibroma (2), chordoma (24) and osteosarcoma (56).
The results clearly indicate an enrichment for non-synonymous mutations that was restricted
to COLZA1in chondrosarcoma (Supplementary Figure 3).

Mature collagen fibrils are formed via the assembly of pro-collagen alpha chains into triple
helix formations involving post-translational modifications that stabilise the triple helical
conformation. Constitutional mutations of COL2A1 lead to a variety of skeletal and ocular
disorders that range from lethal perinatal dwarfism due to de novo missense mutations in
achondrogenesis type 11 (OMIM 200610) to Stickler syndrome type | (OMIM 108300)
caused primarily by familial truncating mutations. The variety of COL2A1 somatic
mutations reported here in CHS would likely lead to disruption of the collagen maturation
process via production of aberrant pro-collagen alpha chains — with possible dominant
negative effects given the heterozygous nature of many of the mutations. In a mouse model
carrying a dominant negative Co/Zal mutation found in the human disease
spondyloepiphyseal dysplasia congenita (OMIM 183900), depletion of collagen fibrils was
found to significantly impair chondrocyte differentiation®. However, there is no reported
increased predisposition to CHS in these human developmental disorders nor in their mouse
models — similar to the lack of cancer predisposition found for germline alleles of FGFRs
that give rise to other skeletal disorders. Of note, targeted Pten deficiency in chondrocytes
leads to dyschondroplasia resembling human enchondroma®. A dedifferentiated CHS
(PD6363a) found to have PTEN homozygous deletion did not have a COLZAI or IDH
mutation. Lastly, amongst various matrix components, it was type 2 collagen that was found
to restore cartilaginous features of otherwise dedifferentiated primary chondrocytes in
monolayer culture8. Thus, there is a rational basis to hypothesise that COL2A1 mutations in
CHS may not be merely passenger events but that they bring about fundamental perturbation
of matrix deposition and signaling which may contribute to oncogenesis through abrogation
of normal differentiation programs. These data indicate that development of in vivo
approaches for mechanistic investigation of COL2AL in CHS will be important.

As we previously reported, /DH mutations are prevalent in central chondrosarcoma’ and
absent from peripheral CHS. /DH1/2were recurrently point mutated in 29/49 (59%) (Figure
2). A Fisher exact test for a difference in the proportion of tumours of different grades
bearing an /DH mutation gave no significant result (p=0.22). Given the active development
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of inhibitors for mutant /DH®, CHS would be a compelling indication as there are currently
no effective treatments other than radical surgical resection. In addition, the evaluation of 2-
hydroxyglutarate, the ‘oncometabolite’ produced by mutant /DH, as a biomarker® in CHS
management is warranted.

We identified frequent involvement of the RB pathway (Figure 2, Figure 3a). Copy number
analyses identified 13 CHS with homozygous deletions of CDKNZA consistent with
previous reports!? (Supplementary Table 7, Supplementary Figure 4). A p.D108G missense
mutation with loss of the wild-type allele was also identified as well as two further
truncating mutations in the extension series. We found focal amplifications of CDK4 (1
case) and CDKG® (2 cases) one of which also had a CODKNZA mutation. CDK4 was co-
amplified with MDMZ as has been previously reported!l. CDK®, to the best of our
knowledge, has not been previously identified as amplified in CHS. Taken together 27%
(13/49) exome series cases have mutation of RB regulatory constituents. 7253 mutation
plays an important role in CHS, with 20% (10/49) of cases having coding mutations.
Mutations of other known cancer genes included SE7TDZ2, KDM6A, NF2, SF3B1, TETZ,
DNMT3A and TSCI1. Germline EXT1/2 mutations were identified in three grade |
peripheral CHS. PD7299a, the case with the largest substitution burden, had a somatic
MUTYH missense mutation previously reported in the context of colorectal cancer
susceptibility in FAP212-15 (OMIM 608456).

We identified evidence for Indian hedgehog (IHH) signaling pathway involvement in CHS
(Figure 2, Figure 3b). IHH signaling is crucial for normal chondrocyte differentiation.
Mutations resulting in constitutive hedgehog signaling are causal in benign cartilage
tumours6-18, We identified 4 mutations of P7CHJ in the exome screen (2 missense and 2
truncating) and a missense in the extension series (Figure 2, Supplementary Table 2). An
inactivating SUFU mutation and a GL/Z amplification was identified in two additional
cases. Further, we identified focal amplifications of RUNX2and HHIP- both tightly linked
to IHH signaling6:17. Taken together there is mutation evidence for IHH pathway activation
in 18% (9/49) of exome cases. Hedgehog pathway inhibition via the small molecule
Vismodegib targeting SMO has recently been shown to have significant activity in advanced
basal cell carcinoma, including patients with basal-cell nevus syndrome due to hedgehog
pathway mutationl8. Assessment of hedgehog pathway inhibitors in that subset of CHS
patients with demonstrable pathway mutations may be an important line of therapeutic
investigation.

Combined with our previous efforts identifying /OH mutation in central CHS, the
comprehensive analysis presented here begins to paint a more complete picture of CHS
genomics for the most common and most lethal subtypes. Involvement of the RB, IHH
pathways and the novel finding of fundamental perturbation of matrix biology via COLZ2A1
mutation have been identified as likely contributory to CHS. In addition to opportunities for
exploiting /DH mutations in therapeutic and biomarker contexts, delineating contributions of
RB and IHH pathway mutations present opportunities for focused therapeutic exploration.
Further, if the production of mature collagen fibrils is indeed compromised by mutant
COL2A1, then there may be an opportunity to explore therapeutic strategies exploiting
cellular and endoplasmic reticulum stress responses to improperly folded proteins. This
study illustrates the necessity to characterise comprehensively all cancer types/subtypes to
generate maximum opportunity for comparative oncogenomics and, crucially, expedited
development of therapeutic and diagnostic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Representation of the protein coding sequence and major domain in the COLZA1 gene.
Somatic mutations identified in the primary and extension investigations are indicated as
circles; truncating (red), essential splice site (blue) and missense (green). Large deletions are
depicted by red bars beneath the gene.
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Figure2.

Known and likely driver variants identified in the 49 primary tumours. Mutated genes are
shown in each row and the 49 tumours presented in each column. Clinical grade for each
tumour is indicated above the columns. The tumours are classified as *Central’, ‘Peripheral’
or ‘S’, indicating a malignant chondrosarcoma that arose in a patient with synovial
chondoromatosis. Statistical anaylsis to look for non-random accumulation of non-
synonymous substitutions confirmed IDH1 as significant (see Supplementary Methods).
Variants are depicted with shaded squares; missense (green), truncating and rearrangements
(red), homozygous deletions (blue with triangle), amplifications (purple with triangle), in
frame deletion (orange) and germline truncations (black). Boxes with crosses indicate the
samples with more than 1 COLZ2AI1 mutation.
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Figure3.

(a) RB1 pathway indicating genes with mutations in this series. Genes in green are activated
by mutations, while genes in red are inactivated. (b) Hedgehog pathway with known cancer
genes mutated in this series indicated. Genes in green are activated by mutations, while
genes in red are inactivated.
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