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Abstract

Background: Chordoma is a rare primary malignant bone tumour. Treatment options are mainly
restricted to surgical excision, since chordomas are largely resistant to conventional ionising ra-
diation and chemotherapy. Thus, there is a strong need to gain more thorough insights into the
molecular biology and genetics of chordoma to allow for the development of new therapeutic
options. We performed an ultra-deep sequencing analysis to find novel mutations in cancer as-
sociated genes in chordomas to date unseen with Sanger sequencing.

Material and Methods: Nine chordomas (skull base (n=3), mobile spine (n=4), and sa-
crum/coccyx (n=2) were screened for mutations in 48 cancer genes using the Hot Spot Cancer
Panel (lllumina). All putative mutations were compared against multiple databases (e.g. NCBI,
COSMIC, PolyPhen, EGB, SIFT) and published Copy Number Variation (CNV) data for chordoma.

Results: Our results showed mutations with a frequency above 5% in tumorsuppressor- and
onco-genes, revealing new possible driver genes for chordomas. We detected three different
variants accounting for || point mutations in three cancer associated genes (KIT, KDR and TP53).
None of the detected mutations was found in all samples investigated. However, all genes affected
interact or are connected in pathway analysis. There were no correlations to already reported
CNVs in the samples analysed.

Conclusions: We identified mutations in the associated genes KIT, KDR, and TP53. These mu-
tations have been described previously and have been predicted to be tolerated. Further results on
a larger series are warranted. The driver mechanisms of chordoma still have to be identified.
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Introduction

Chordoma is a rare primary malignant bone
tumour that occurs with a reported incidence of 0.08
per 100,000 (1, 2). This neoplasm mainly arises in the
axial skeleton distributed from the base of skull to the
coccyx (1-3). Chordomas are thought to develop from

notochordal remnants in the axial skeleton (3-5) and
usually occur sporadically, although in rare cases they
can be familial (6, 7). Even though chordomas are
histologically considered low-grade neoplasms (2, 8)
the mean survival period after diagnosis is only 7
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years (1, 9, 10). Treatment options are mainly re-
stricted to surgical excision (8, 11, 12), as chordomas
have proven to be largely resistant to conventional
irradiation and chemotherapy (8, 12). Thus, there is a
strong need to gain deeper insights into the molecular
biology and genetics of chordoma to enable the de-
velopment of new therapeutic options. Current
knowledge about putative factors of this disease is
sparse.

In order to screen for novel hotspot mutations in
chordomas we performed targeted analysis of a set of
known hotspot cancer-related genes by using massive
parallel sequencing (MPS), also known as next gener-
ation sequencing (NGS), for the first time. The TruSeq
Amplicon Cancer Panel® (Illumina, San Diego, CA,
USA) allows detection of mutations in 212 hotspot
amplicons of 48 cancer-associated genes. These muta-
tions include single nucleotide variants (SNV), multi-
ple nucleotide variants (MNV) and small insertions
and deletions. Simultaneous multiplexed sequencing
in a single reaction enables a cheap and reliable de-
tection of mutations. In the present study we aim to
apply the TruSeq Amplicon Cancer Panel to nine
chordoma samples in order to screen for novel muta-
tions in cancer-related genes and to identify poten-
tially treatable targets.

Materials and Methods

Study population

The Caucasian study population consisted of
nine chordoma specimens that were obtained from
five male and four female patients. At the time of di-
agnosis the patients” age ranged from 25 to 75 years
(mean 60.3). The tumours were located in the skull
base, the mobile spine and the sacrum/coccyx in three
(33.3%), four (44.4%) and two (22.2%) cases, respec-
tively. The tumour volume, available in seven pa-
tients, ranged from 1.5 to 668.2 cm? (mean 122.44 cm3).
Seven tumours were of classic and two of chondroid
differentiation. All patients had been treated surgi-
cally by an intralesional resection in seven cases
(77.8%), while wide margins could only be obtained in
two (22.2%) of them. The follow-up period ranged
from 2 to 113 months (mean 50.4 months). At last fol-
low-up, five patients (55.5%) had died of disease
(DOD), three (33.3%) were alive with disease (AWD),
in the last examination and another patient (11.1%)
had died of another cause (DOC).

The study was approved by the Ethics Commit-
tee of the Medical University of Graz, Graz, Austria.
The study protocol and the informed consent of pa-
tients were approved by the ethics committee from
the Medical University Graz (vote # 18-192ex06/07;
valid until 17.04.2015).

Immunohistochemistry

HE-sections were generated from formalin-fixed
paraffin-embedded tissues. All cases were reviewed
by a pathologist (B.LA) and the diagnosis of chor-
doma was confirmed prior to inclusion in the study.
Immunohistochemical (IHC) stains were performed
with established antibodies against S-100 (Dako,
Glostrup, Denmark), CK (Dako), Vimentin (Linaris,
Wertheim, Germany), EMA (Dako) and brachyury
(Santa Cruz, Santa Cruz, CA, USA). Adequate posi-
tive and negative controls were included. The anti-
bodies, clones, dilutions, pretreatment conditions and
sources used are enlisted in Table S1.

TruSeq Amplicon Cancer Panel

We extracted genomic DNA from nine fresh
frozen tissue samples using the QIAmp DNA Mini Kit
(Qiagen, Hilden, Germany) and determined the DNA
concentration via photometric measurement (Ep-
pendorf, Hamburg, Germany). We then enriched,
amplified, purified and normalized 212 amplicons of
48 cancer genes (Table 52) using the TruSeq Amplicon
Cancer Panel (Illumina Inc., San Diego, CA, USA)
according to the manufacturer’s protocol. For target
enrichment and amplification, 250 ng of each sample
DNA were amplified with a Verity thermocylcer (Life
Technologies, Foster City, CA, USA). Samples were
marked with patient specific barcode sequences of 8
base-pairs (bp). Dual-indexing strategy was applied
where each sample is identified by a combination of
two different barcodes. We verified the success of
amplification with a DNA 1000 kit (Qiagen, Hilden,
Germany) using a Bioanalyzer 2100 (Agilent, Santa
Clara, CA, USA). Prior to library normalization we
purified the amplicons using Ampure Beads XP
(Beckman Coulter, Brea, CA, USA). Subsequently, the
amplified samples were normalized according to the
manufacturer’s protocol. We then pooled 5 ul of
normalized solution of each sample as well as 10 pM
of PhiX control (Illumina) to create the final library.
We finally performed paired-end sequencing using
the MiSeq system and the MiSeq reagent kit v2 (both
Illumina) reading 2x150 bp. All samples were se-
quenced in one sequencing run, which generated 1.52
Gbases resulting in an average coverage of 1.12 x 106
reads. The library included an external control PhiX to
evaluate run quality, this resulted in an error rate of
0.275%.

Sanger sequencing

All non-synonymous sequence variants ob-
served by Illumina sequencing were manually
checked for conflicts and re-evaluated by using
Sanger sequencing. Polymerase chain reaction (PCR)
products were purified with an ExoSAP-IT kit
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(Affymetrix Inc., Santa Clara, CA, USA) according to
the manufacturer’s protocol. We created capillary
electrophoresis sequencing reactions with the BigDye
Terminator v1.1 Ready Reaction Cycle Sequencing kit
(Life Technologies, Carlsbad, CA, USA). The se-
quencing reactions were purified using Sephadex
plates (Sigma-Aldrich, Vienna, Austria) and run on an
ABI 3130x] sequencer (Life Technologies). Data files
were analysed using ABI SeqScape v2.5 software (Life
Technologies).

Data analysis, variant detection and annota-
tion for NGS

After sequencing data were subsequently de-
multiplexed by MiSeq Reporter v2.3.0.8 (Illumina).
Reads were mapped against the human genome hg19
with Genomics Workbench 6.5.1 (CLCbio, Aarhus,
Denmark) and a quality based variant detection was
conducted. To exclude false variants, which may re-
sult from a deficient polymerase activity during the
amplification or during the sequencing run, we con-
sidered a minimum of 5% variation frequency as a
cut-off. All annotated variants were checked in the
following databases: NCBI (National Center for Bio-
technology Information; http://www.ncbi.nlm.nih.
gov/), COSMIC (Catalogue of Somatic Mutations in
Cancer; http://cancer.sanger.ac.uk/cancergenome/
projects/cosmic/), PolyPhen (Polymorphism Pheno-
typing;  http://genetics.bwh.harvard.edu/pph2/),
EGB (Ensembl Genomes Browser; http://www.
ensembl.org/Homo_sapiens/Info/Index), and SIFT
(Sorting Intolerant from Tolerant;
http:/ /siftjcvi.org/). Two of these databases, namely
PolyPhen and SIFT, allow for prediction whether an
amino acid substitution affects the structure and
function of a human protein and can thus be classified
as benign or pathologic.

Correlation of hotspot mutations and copy
number state

All nine chordoma samples had been tested for
chromosomal abnormalities, or copy number varia-
tions (CNV) using Affymetrix 6.0 CNV/SNP arrays
by Rinner et al. 2013 (data not shown) (13). Mutations
found in sequencing were compared to these data in
order to correlate gene alterations with chromosomal
CNVs to check as to whether similar loci were altered.

Results

Immunohistochemistry

Immunhistochemistry confirmed chordoma di-
agnosis in all nine samples included in the present
study. All samples showed distinct nuclear staining
for brachyury (Figure 1) and were also positive for
S-100 and Pan-CK (data not shown).

Screening for hotspot mutations using the
TruSeq Amplicon Cancer Panel reveals alter-
ations in eight cancer genes

We detected 48 mutations in the nine chordoma
samples. 37 mutations found in GNA11 (guanine nu-
cleotide-binding protein subunit alpha-11;
ENSP00000465935: p.His175Pro, ENSP00000465935:
p.Vall79Ala, ENSP00000465935: p.Pro181GIn), ERBB2
(v-erb-b2 avian erythroblastic leukemia viral onco-
gene homolog 2; ENSP00000463002: p.Phel54Cys)
and HNFIA (hepatocyte nuclear factor 1-alpha;
ENSP00000443964: p.Gly226Ala) were manually ex-
cluded because of misalignment.

Thus, three different point mutations within
coding sequences of three oncogenes remained (Table
1). The oncogenes affected were KDR (kinase insert
domain receptor; also known as VEGFR-2 n=2/11,
18%), KIT (v-kit Hardy-Zuckerman 4 feline sarcoma
viral oncogene homolog; n=1/11, 9%) and TP53 (tu-
mor protein p53; n=8/11, 73%).

The mutations were distributed across eight pa-
tients. One sample did not reveal any mutations at all
(Table 1).

Screening for hotspot mutations in chordomas
using the TruSeq Amplicon Cancer Panel re-
veals alterations in known cancer genes

All mutations detected involved protein coding
genes (Table 1). Already described mutations in-
cluded point mutation c.1621A>C in KIT in one pa-
tient (9%), as well as point mutations in KDR
(c.1416A>T) in two patients (18%), and in TP53
(c.215C>G), which was seen in eight different patients
(89%) (Table 2). Neither of these mutations is reported
to promote tumour progression. Data analysis did not
reveal any multiple nucleotide variants (two or more
consecutive variants), deletions or insertions in any of
our samples tested.

Hotspot mutated genes are not correlated
with CNVs

NGS identified only one nucleotide alteration
located in gain or loss regions as identified by Rinner
et al 2013 via Affymetrix SNP arrays. Thus, we found
no direct correlations of hotspot mutations detected in
NGS to CNVs (Table 3).

Discussion

Chordoma is a rare disease with a high incidence
of recurrence and progression with shortened patient
survival and impaired quality of life (14). The patho-
genesis of chordoma is not fully elucidated and the
identification of molecular genetics and mechanisms
involved in cancer biology could lead to modulating
therapeutic approaches.
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Figure 1. Immunohistochemical staining of chordoma. (A) HE staining of a classic chordoma (B) Chordoma with expression of brachyury.

Table 1. Predicted malignancy of mutations based on COSMIC, PolyPhen and SIFT databases (Note: n.DB; not in database)

Prediction of Databases

Transcript ID Protein ID, Amino Acid Change Gene # samples PolyPhen DB SIFT

Biotype Novel/Identifier HumDiv HumVar
ENST00000263923:c.1416 A>T ENSP00000263923:p.GIn472His KDR  Protein coding COSM149%673,  2/9 0,003 0,011 tolerated
151870377
ENST00000288135:c.1621A>C ENSP00000288135:p.Met541Leu KIT Protein coding rs3822214 1/9 0,009 0,005 tolerated
ENST00000269305:c.215C>G  ENSP00000269305:p.Pro72Arg ~ TP53  Protein coding 1rs1042522 8/9 0,000 0,000 tolerated
Table 2. Mutations found in nine chordoma samples sequenced for 48 cancer-related genes.
Cancer-related hot spot genes
Sample ID Gender Tumor location KDR KIT TP53
1 male soft tissue p-Pro72Arg (100%)
Exon 4
2 female bone p-Pro72Arg (53%)
Exon 4
3 male soft tissue p-GIn472His (50.59%) p-Pro72Arg (100%)
Exon 11 Exon 4
4 female clivus
5 female clivus p-Met541Leu (50.86%) p.Pro72Arg (100%)
Exon 10 Exon 4
6 male sacrum p-GIn472His (96.12%) p-Pro72Arg (52.95%)
Exon 11 Exon 4
7 female bone p.Pro72Arg (44.05%)
Exon 4
male bone p.Pro72Arg (99.46%)
8 Exon 4
female bone p-Pro72Arg (99.41%)
9 Exon 4
Total 2/9 1/9 8/9
% 18 9 89
Table 3. Comparison of copy number state and nucleotide variant analysis
Samples
Gene (Mutation analysis) Chr 1 2 3 4 5 6 7 8 9
KIT 4 loss normal normal normal normal normal loss normal loss
KDR 4 loss normal normal normal normal normal loss normal loss
TP53 14 loss normal normal normal normal normal normal normal normal

Note: Three states (normal, gain or loss) represent copy number variations in the target gene. A mutation detected by NGS analysis is marked in bold.
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Loss of heterozygosity (LOH) of the retinoblas-
toma tumour suppressor gene RBI and TP53 muta-
tions were reported to be associated with aggressive
growth and significantly shorter recurrence-free sur-
vival in skull base chordomas (15, 17). However, so-
matic mutations have not been found in mutation
~hotspots” of genes known to be involved in cancer
development: Le LP ef al 2011 failed to show somatic
mutations in thirteen ,hotspots” including APC,
CTNNB1, BRAF, EGFR, FLT3, JAK2, KIT, KRAS,
NOTCH1, NRAS, PIK3CA, PTEN and TP53 in 21 tu-
mour samples.

Even though previous attempts have failed to
identify common mutations in cancer-related genes in
chordoma, more data is required to allow final con-
clusions. In order to verify previous results and to
contribute additional data to the mutation screening
in chordoma, we analysed nine chordoma patients to
identify mutations (single variants, deletions, inser-
tions) in hotspot cancer genes by Illumina Cancer
Panel sequencing. By using deep sequencing strategy
we were able to increase the sensitivity of mutation
detection to a frequency as low as 5%, compared to a
20% threshold for Sanger-based sequencing,.

Whereas Rinner et al 2013 (13) studied chromo-
somal abnormalities in ten chordoma samples, we
have now generated a genomic molecular profile of
nine of these chordomas using the remaining sample
material. Since those analyses were carried out on the
same study group this allows for a comparison of the
data. In total, we were able to detect three different
variants which accounted for 11 point mutations in
three cancer-related genes (KDR, KIT and TP53).
These point mutations affected eight patients, where-
as one patient did not show any mutations at all.

Two patients revealed mutations in KDR. KDR is
also known as vascular endothelial growth factor re-
ceptor 2 (VEGFR?2), which is one of the two receptors
of VEGF. We detected one KDR-mutation in two of
our patients. The mutation had already been reported
previously in chordoma and is supposed to be toler-
ated (13). According to the literature, VEGF has been
shown to be expressed in 77.8% of 28 sacral chor-
domas (17, 18). Akhavan-Sigari et al 2013 (19) reported
low expression of VEGFR-2 in 145 clivus chordomas,
yet high expression of VEGFR-2 was correlated with a
poor prognosis in their samples. In addition, a recent
report has described a durable stabilization of chor-
domas of the skull base and the sacrum, respectively,
after treatment with Erlotinib, an EGFR antagonist
given in combination with the antiangiogenetic agent
Bevacizumab (20). This supports a potential role of
EGFR- and VEGFR-inhibition in the treatment of
chordoma.

Another patient showed a mutation in the KIT

gene. In previous studies imatinib and sunitinib, both
tyrosine receptor kinase inhibitors known also to tar-
get KIT, have shown promising effects against chor-
doma in clinical trials (21, 22). Although this mutation
wasn’t recurrent in our samples it had been reported
previously in chordoma as shown by the databases
applied. In combination with the encouraging data
from early phase clinical trials this supports KIT to be
kept in mind as a potential target for chordoma ther-
apy. It may furthermore be speculated that more KIT
mutations might be found in larger sequencing stud-
ies. Interestingly, eight (89%) out of nine tested chor-
doma patients showed a mutation in TP53. TP53 has
repeatedly been linked to chordoma biology e.g. by
Hallor et al 2008 (23) who reported TP53 copy number
losses in more than five out of 30 tumour samples
which had been obtained from 26 patients as identi-
fied by CGH (microarray-based comparative genomic
hybridization). Expression of p53 was recently also
described as being more common in paediatric com-
pared to adult chordomas (24). Furthermore, p53 ex-
pression has been reported to be associated with ag-
gressive growth and significantly shorter recur-
rence-free survival in skull base chordomas (15, 16).
However, the specific TP53 mutation found in our
samples (p.Pro72Arg) is a well-known germline mu-
tation and predicted to be benign by databases. Bru-
notto et al 2014 (25) reported that there was no signif-
icant association between different allelic variants of
Arg72Pro (rs1042522) in head and neck cancer, thus
supporting the benign nature of this mutation.

Our study could contribute another, not pub-
lished study with two datasets (50 chordoma samples
and 18 chordoma samples) of a chordoma sequencing
project, therefore we thougt to identify mutations to
better understand chordoma research (26). However
there are very limited data regarding the mutational
spectrum of chordoma but every mutation which is
present in a chordoma tumor can be critical to identify
and/or develop effective treatment strategies.

In conclusion, our deep sequencing mutation
analysis by quantitative assessment of mutant alleles
revealed three hotspot mutations in the cancer genes
KDR, KIT and TP53. Although these mutations have
been reported to be “tolerated” and thus not altering
protein functions, all three genes involved have been
linked to chordoma pathogenesis and thus might
form potential treatment targets. Apart from a toler-
ated mutation of TP53, which was observed in a high
percentage of our samples, the mutations in KDR and
KIT only affected one and two patients, however, this
mutations have well-known biological functions in
cancer. This is well in line with other sequencing pro-
jects so far failing to eludicate recurrent mutations
occurring in a majority of chordomas (27). Yet partic-
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ularly this heterogeneity in potential genetic altera-
tions in chordomas might indicate a screening for hot
spot mutations in cancer associated genes prior to a
personalised treatment approach in patients with
limited therapeutic options.

Supplementary Material

Table S1 and Table S2.
http:/ /www jcancer.org/v06p0984s1.pdf
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