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Abstract

Background: Ollier disease is a rare, non-hereditary disorder which is characterized by the presence of multiple
enchondromas (ECs), benign cartilaginous neoplasms arising within the medulla of the bone, with an asymmetric
distribution. The risk of malignant transformation lowards central chondrosarcoma (CS) is increased up to 35%. The
aetiolagy of Ollier disease is unknown.

Methods: We undertook genome-wide copy number and loss of helerozygosity (LOH) analysis using Atfymetrix
SNP 6.0 array on 37 tumours of 28 Ollier patients in combination with expression array using lllumina BeadArray
v3.0for ¥ ECs of 6 pafients.

Results: Non-recurrent EC specific copy number alterations were found at FAMEED, PRKG T and ANKS 18, LOH with
capy number loss of chromosome 6 was found in two ECs from two unrelated Ollier patients. One of these patients
also had LOH at chromosome 3. However, no common genomic alterations were found for all ECs. Using an
integration approach of SNP and expression array we identified loss as well as down regulation of POUSFT and gain
as well as up regulation of MPBL. Nane of these candidale regions were affected in more than two Ollier patients
suggesting these changes lo be random secondary events in EC development. An increased number of genetic
alterations and LOH were found in Ollier CS which mainly invalves chromosomes 9p, 6a, Sgand 3p.

Conclusions: We present the first genome-wide analysis of the largest international series of Ollier ECs and C5
reported so far and demonstrate that copy number alterations and LOH are rare and non-recurrent in Ollier ECs while
secondary GS are genefically unsiable. One could predict that instead small deletions, point mulations or
epigenetic mechanisms play a role inthe origin of ECs of Ollier disease.
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Background

Enchondroma (EC), a benign cartilage Torming tumor in the medulla of the bone, is thought 1o be a precursor of
secondary central chondrosarcoma (CS). EC develops either as asingle, solitary lesion or as multiple lesions in the
context of Qllier disease [1]. Ollier disease is the most common subtype of enchondromatosis and shows multiple
ECs with marked unilateral predominance [1,2]. The risk of malignant transformation towards central C5 is up to
35% in Ollier disease [1,3]. There is no marker that would indicale progression towards malignancy, thus there isa
vital need to understand the genetics of these lumors which may help to develop markers for early diagnosis. A
comprehensive understanding of the molecular evenis in ECs and central G5 also enables the identification of
possible targets for treatment [4]. While the genetics of enchondroma is poorly understood, the involvement of the
EXT genes is well established in the development of solitary as well as hereditary multiple osteochondromas (MO)
(OMIM 133700), benign cartilage tumars aft the surface of bone [5]. The lack of EXT function seems lo disturb
hedgehog signalling in MO, while activated hedgehog signalling in mice seems to underlie the development of the
Ollier related phenotype [4]. Heterozygous mulations in PTH A are found in a small subset of Ollier patients [6-8]. It
is however unclear whether these mutations in PTH1R are causing or modifying the disease [7], and since ~90% of
Ollier patients lack PTHIR mulations, we aimed lo study Ollier relaled ECs by mapping genetic changes using
QENOMIC Arrays.

We hypothesized Ollier disease 1o be a germ-line mosaic condition due to the fact that it is non-hereditary and
because of its unilateral predominance feature [3.9]. An early postzygolic mutation resulling in asymmetric
involvement of skeletal structures can be expecled, as was also shown for polyostatic fibrous dysplasia [10]. One
could speculate that an inactivating mutation in a tumor suppressor gene, similar to EXTs in osteochondroma, would
have occurred in the develaping mesoderm early after gastrulation. In case of a tumor suppressor gene, later on, an
additional hit may be required for the formation of ECs with subsequent genetic changes causing progression
towards central C5. We tested this hypothesis using high-resolution SNP array combined with expression array on
DMA derived from tumar tissue and, whenever available, normal DNA from Ollier patients

SNP arrays provide an excellent possibility for large scale, genome-wide, high-resolution analysis of both DNA
copy number alterations (CNA) and loss of heterozygosity (LOH) in cancer cells. It also pravides a feasible means of
detecting genotyping alterations in the tumors of individual patients and, in principle enables the identification of
new areas with commaon allelic imbalance that could harbor potential tumor suppressor genes which helps in the
identification of novel candidate genes alfected by genomic abnormalities [11,12]. In the present study, we used
Affymetrix Genome-Wide Human SNP Array 6.0 to obtain a comprehensive registry of genetic aberrations in 37
tumars of 28 patients with Ollier disease and correlate it with gene expression using lllumina Human-6 v3
Expression Array and qRT-PCR and protein expression using tissue microarray (TMA). Based on the obtained
genomic profiles with limited and non-recurrent genetic changes in Ollier ECs, we conclude that they are
genetically heterogeneous and that the reported CNA in this study are likely to be secondary random events in ECs.
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Materials and Methods

Patient materials and reference samples

Fresh frozen fissues from 37 tumars from 28 patients diagnosed with Ollier disease were collected from the
EuroBoMNet consortium (http://www.eurobonet.eu) (Table 1): Leiden University Medical Center, The Netherlands
(12 tumors), Leuven University, Belgium (5 tumors), Rizzoli Institute, taly (6 tumors), Royal Orthopaedic Hospital,
United Kingdom (7 tumors), Lund University, Sweden (2 tumors), Netherlands Committee on Bone Tumors, The
Netherlands (2 tumars), Heidelberg University, Germany (1 tumor), University of Ghent, Belgium (1 tumor) and
Groningen University Medical Center, The Netherlands (1 tumor). All samples were derived from primary fumors,
not from recurrent tumors, and all were graded according to Evans et al [13]. Diagnoses were originally made in the
multidisciplinary leams of the centers of origin. The histology was revised and representativily was assessed on the
available paraffin ar frozen tissue by one experienced bone tumor pathologist. For SNP array analysis, 14 Ollier ECs,
and 23 Ollier CS (13 grade |, 8 grade Il, 2 grade II) from 28 Ollier patients were used. As controls, normal DNA
derived Irom fresh frozen muscle tissue (n = 3), peripheral blood lymphocytes (n = 4) or saliva (n = 4) was
available for 11 Ollier patients and 3 patients with unrelaled bone diseases, We used blood lymphocyle DNA from
12 healthy controls and 1 HapMap sample. We also isolated DNA from saliva for 3 of these controls to validate the
use of saliva DNA in this study. Twenty eight of these thirty controls and DNA from 10 additional HapMap samples
were used in MLPA. RNA from 4 articular cartilage, 2 growth plates and 7 ECs was used for expression array and 3
articular cartilage, 2 growth plates and 8 ECs were used in qRT-PCR.

Five tissue micro array (TMA) blocks containing 86 tumors were constructed, of which 65 were Ollier related and 21
were solitary central tumors (ECs and CS) from both the EuroBoMet and the European Musculoskeletal Oncology
Society (EMS0S) networks (Table $1): Leiden University Medical Center, The Netherlands (27 tumors), Rizzali
Institute, Ialy (12 tumors), Copenhagen University, Denmark (9 tumors), University clinic of Orthopaedic Surgery
and Medical university of Graz University, Austria (6 tumors), Bem University, Switzerland (5 tumors), University of
Mavarra, Spain (4 tumors), Netherlands Committee on Bone Tumors (21 tumars), Istanbul University, Turkey (2
tumars). All the samples were oblained according to the ethical guidelines of the host institution. Samples were
coded and all procedures were performed according to the ethical quidelines "Code for Proper Secondary Use of
Human Tissue in The Netherlands” (Dutch Federation of Medical Scientific Societies).

DNA and RNA isolation

Tumor samples were selected thal contained more than B0% of tumor cells, as estimated on haematoxylin and
eosin-stained frozen sections. Most of the samples were macro dissected and L2099 sample was micro dissected
to enrich the tumor percentage [14]. DNA from fresh frozen tissue was isolated using the wizard genomic DNA
purification kit (Promega, Madison, W), according to the manufacturer instructions. Blood DNA was isolated as
described by Miller etal [15].
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Patient ID Tumor mnar_iuni

17
17
20
21
21
22
22
23
25
25
26
27
28
29
29
30

3

L1083
L2218
L286"
L204"
L253"
L206
L910
L813
L1251*
L2220"
L1974
L1975"
L1976"
L1977
L1978*
L1980

L810

Table 1 Clinicopathological data of the Ollier patients

C3l
CS|
Csl
G5l
CS|
EC
EC
Csi
EC
EC
Csi
Csi
csl
€5l
EC
csh

csi

melacarpal
phalanx
femur
femur
fibia
phalany
phalanx
humerus
phalany
melacarpal
scapula
femur
tibia
tibia
foot
knee

unknown

M
M
M
M
M
M
M
M

15
14
48
K]
41
41
38
63

Application

1.3
1.3
i
1.3
1234
1234
1.3
1234
1,34
1.3
13
1.3
1.3
1.3

1.3

1.3
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Table 1(Continue)

Tumor Grade | Tumor EEIL‘-E[!EITI{ Gender ! Application
33 L1685 CS| pubic bone F 23 13
34 L1687 CS| phalanx M 18 13
34 L1686 EC phalanx M 18 1,234
35 L2386 CS| phalanx F 13 1.3
36 L2463" EC tibia F 12 1.3
38 L1629 EC unknown M 36 1.3
38 L1630 EC lliac bone M 36 12,34
42 L2098 cslii humerus F 15 13
43 L2099 CShi humerus F 49 1.3
47 L2103a EC phalanx M 39 1234
47 L2103b CS| phalanx M 39 1.3
48 L2104a CS tibia M 35 1.3
48 L2104b EC femur M 35 13
50 L2221* CS| femur F 42 13
52 L1513* CS| femur F 23 1.3
54 L1490 EC phalanx F 12 13
61 L2205 EC ilium M b 13
64 L1683 EC melacarpal F 29 1,234
68 L2280" CS| acromion F 24 1.3
69 L2513 CS| pelvis M 33 1.3

* Wormal DNA avallable erabling paited analysts. Application - 1 samphe used lor SKP array, 2 expression array, 3; MLPA and 4: qRT-PCR.
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Saliva DNA was isolated using the Oragene DNA kit (DNA Genotek Inc Ontario, Canada) according to the protocal
provided by the supplier and DNA was precipitaled using sodium acetate precipitation. DNA concentration was
quantified spectrophotometrically using Nanodrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA) and
Ihe fragment sizes were determined on 1% agarose gel.

RNA isolation from the fresh frozen tissue was performed as described previously [16]. RNA concentration was
measured spectrophotometrically and the fragment sizes were determined by RNA 6000 Nano LabChig kit using
Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). DNA and RNA from all the samples were good enough to continue
with the experiment.

SNP Array and Data Analysis

We usad the Affymetrix Genome-Wide Human SNP Array 6.0. Genomic DNA preparation, labeling and hybridization
were performed according to Affymetrix’s recommended protocals (Affymetrix, Santa Clara, CA, USA). Then, arrays
were scanned with GeneChip™ GSC3000 7G Whole-Genome Association System (Affymetrix). Overall
hybridization quality was estimated by the genotype call rate using the Birdseed genotype calling algorithm in
Genotyping Console (version 3.0.2, Affymetrix). Average call rate was 97.83%. To analyze the dala we used
slatistical language R version 2.8 and Nexus software version 4.1 (BioDiscovery, CA, USA). We did not use HapMap
samples as baseling in this study to avoid the bias for the experiment perfarmance at different labs, batch effect and
hybridization quality. The analysis was performed on a subset {30 controls, 14 ECs and 23 CS of Ollier patients,
Table 1) ol a larger experiment of 92 samples including samples unrelated to Ollier disease to achieve a larger set of
common controls. Than we performed copy number analysis using 92 samples as a baseline in R software and only
29 control samples of high quality as a baseling in Nexus software. Resulls that we oblained using different
softwares and different baselines were comparable. We used CEL files in R software, For the genomic analysis using
R, we did genotyping using the CRLMM algorithmin the Oligo package [17]. copy number analysis using the aroma
affymetrix package [18], and we constructed LAIR plots to visualize regions of LOH and allelic imbalance [19].
Chromosome-X was not analyzed to avoid gender-related issues [20]. In Nexus, we performed copy number
analysis using CNCHP log-ratio files generated by genolyping console using 29 controls as a baseline. Hidden
Markov model (HMM) based SNP-FASST segmentation was used 1o identify aberrant genomic regions. Here we
considered at least 5 probes for each segment. The data discussed in this publication have been deposited in
NCEBlI's Gene Expression Omnibus (GEQ) database (hitp:/www.ncbi.nim.nib.gov/geo/ accession number
GSE22965).

Multiplex Ligation-Dependent Probe Amplification (MLPA)

MLPA was used o confirm capy number gains and losses found within the selected candidale genes by SNP array,
MLPA probes were designed using NCBI Build 36.1. We used two praobes for TCA4 and one probe for POUSFT,
ANKS 18, FAMBED and PRKGT. Probe sequences can be obtained upon request. MLPA was performed as described
previously [21]. Sample series of SNP array (Table 1) and in addition to that DNA from ten HapMap samples was
used. Data analysis was done using SoftGenelics GeneMarker version 1.70. We set 1.2 and 0.8 as a threshold 1o
detect the gains and losses respectively.
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Expression Array and Data Analysis

In tolal, we analyzed 7 ECs while 2 growth plate and 4 articular cartilage samples served as a control (Table 1),
Expression array was performed using lllumina Human- 6 v3.0 Expression BeadChips (lllumina Inc., San Diego,
CA). For llumina BeadArray assay, cRNA was synthesized with an lllumina RNA Amplification Kit (Ambion, Austin,
TX, USA), purified, labeled and hybridized as per the manufaclurer's instructions. Then, arrays were scanned with
lllumina BeadArray reader (500GX, Illumina) and scanned images were imported in BeadStudio software version
3.1.3.0 (Wumina). For the expression array, unprocessed data were collected from BeadStudio and processed
using VST [22] and quantile normalization with the R bead array package [23]. The processed data was analyzed
using Linear Models for Microarray Data (LIMMA) analysis which uses moderated 1-les to detect differentially
expressed genes between two groups by taking into account natural variance within these groups and correcting for
multiple testing using false discovery rate [24]

Real-time quantitative Reverse Transcriptase PCR (qRT-PCR)

qAT-PCR was used to confirm the results obtained by the integration of SNP and expression array. Here we have
used 5 conlrols (2 growth plates and 3 arlicular carlilage) and 8 ECs (Table 1). RNA used for expression array was
also used for the qRT-PCR. cDNA was synthesized using 1 pg of tolal RNA with AMV reverse transcriptase (Roche
Applied Science, Almere, The Netherlands) in combination with oligo-dT and random hexamer priming and gPCR
was performed as described elsewhere [25], Primer details can be provided upon request. Expression of the genes
of interest (FAM86D, POLSFT and ANKS1E) was normalized by geomelric averaging of multiple internal contral
genes using the geNorm program [26]. Out of four normalization genes the best three were selected within this
program: GPRT08, SRPR and TBP Relative quantification was performed using standard curves, followed by
adjustment with the normalization factor calculated by geMorm program [235]. The average relative expression of
gene of interest in ECs was compared 1o controls. To see the EC specific gene expression changes, relative
expression of ECs with change in copy number was compared with ECs without change in copy number.

Tissue Microarray (TMA)

Five TMA blocks were constructed using TMA master (Zeiss, 3D Histech, Hungary) and each block contain
maximum 70 cores including seven control tissues (growth plate, articular cartilage, breast carcinoma, prostate,
calon, skin and tonsil) for orientation purpose. In total 5 TMA blocks contain 86 tumors, of which 65 Ollier related
and 21 solitary ECs and CS (Table 51}, The TMA blocks contain 2-mm cores of each tumar in triplicate,
Immunchistochemistry

Tissue sections were cut from TMA blocks and dried overnight at 60°C. Slides were kept in Xylol for 20 minutes,
Immunohistochemisiry was perfarmed as described earlier [27]. Detailed information on the antibodies used to
check protein expression of POUSF1 and NIPBL are given in table 52, We used power vision (poly-HRP-GAM/R/R,
Immunologic) as a secondary antibody. Visualization was carried out with liquid Dab+ substrate chromogen
system (DAKD, Glostrup, Denmark).
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As a negative control primary antibody was omitted. Immunostained TMA slides were scanned using a high
resolution Mirax Desk instrument (Zeiss, Miras 30 Histech, Hungary) and scored independently by two observers
(JYMGE and TCP) with the Mirax viewer TMA module software version 1.1.12 (Zeiss) and discrepancies were
discussed. In brief, the intensity (0 = no staining, 1 = weak, 2 = moderate, 3 = strong) and percentage of posilive
lwmors cells (0 = 0%, 1 = 1-24%, 2 = 25-49%, 3 = 50-74%, 4 = 75-100%) were assessed. Cores wilh a
negative internal control and loss of lissue were excluded from the analysis, A sum score = 4 was considered
positive. Statistical analysis was done using Pearson Chi-Square test in SPSS (version 16.0, Chicago, Illinois,
USA).

Results

Genome-wide detection of copy number alterations and loss of heterozygosity using SNP array

Samples L1975, L1974, L1980, L813, L1083 and L286N were excluded lrom further analysis Decause of quality
issues and low call rates. All samples including 29 controls and 32 tumors (14 ECs, 18CS) showed DNA copy
number aberrations mainly restricted 1o known variable regions (Figure 1)[28,29]. CNA were more frequently found
in CS 1l and CS Nl as compared to ECs and CS | (Figure 1), The number of copy number changes in saliva and blood
DNAwere comparable.

Genetic alterations in Ollier Enchondromas

We used paired analysis whichis based on the comparison of tumor and corresponding normal DNA (available for 5
ECs from 4 patients) to study LOH and CNA. Although sequences of homozygous SNPs were identified thal could
indicate LOH, these same sequences were also observed in the carresponding normal sample. We could not find
any LOH in these 5 ECs using both R and Nexus softwares, We have identified 7 EC specific CNA by paired approach
(Table 2). Selection of candidate genes TCRA, ANKS T8 and PRKGT for further validation is based on copy number
change inminimum 10 probes within the gene,

Unpaired analysis revealed absence of LOH in the majorily of ECs. We confirmed the loss of chramasome 6 with
LOH in L206 (Figure 1B) which was in agreement with the resulls published previously by our group using array
CGH [30] proving validity of the assay. Also loss of one copy of chromosome 3 and 6 with LOH was tound in L1683,
These results were confirmed using R and Nexus software, Furthermare, an unpaired approach (29 controls as a
baseline) was used to find most common copy number gains and losses in at least 5 out of 14 ECs (Table S3,
Additional file 1) using Nexus. None of these were confirmed in paired comparison which suggests that they are not
tumar specific changes. When ECs are located in the phalangeal bones, cellularity is increased [1]; we could not
find differences between ECs or CS1 of the hand versus those of long bones at the genomic level although the
sample sizes are small.

Homozygous deletion of FAMBED at chromosome 3p12.3 was found in two EC5 in one patient (L206 and L910) and
selected for further validation (Figure 2). Interestingly both ECs were located in different digits of the hand. It was not
possible to get normal DNA from the same patient to investigate tumor specific loss of FAMBED.
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Figure 1 Genome-wide copy number alterations in all 22 chromosomes
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Table 2 Paired copy number alterations in Ollier enchondromas

FE“Enl l‘[] I .:r | ) 1 I-‘I:

29 L1978 14g11.2° gain TCRA
25 L2220 1223.1° loss ANKS18

29, o4 L2220, L1430 10g11.22 loss intergenic region
54 L1490 1p31.3 loss intergenic region
54 L1490 2q11.2 gain intron of VWA3B
54 L1490 513.2 loss intergenic region
54 L1490 10q11.23" gain intron of PRKGT

* Gandidale regions selected hor further validation based on minimum 10 affected probes within 1he gene.

Genelic alterations in Ollier chondrosarcomas

Ollier CS showed large genomic alterations and LOH at various locations in the genome (Table 3, Figure 1C).
Frequent recurrent CNA involves chromosomes 3p, 5q, 6gand 9p.

Verification of gene copy number alterations by MLPA

To validate regions identified by SNP arrays, we performed MLPA on 37 Ollier tumors (Table 1) and 38 controls for
the candidate genes FAMEED, TCRA, ANKS 18 and PRKGT (Table 4). In addition, a probe was designed at POUFST
which is at chromosome 6p21.31 in order to confirm loss of chromosome 6 in L206 and L1683, We have used 38
controls as a baseling. Results of validation experiments are summarized in Table 4. In short we confirmed three
(FAMBED, PRKGT and monosomy 6) out of five candidate regions. We confirmed the homozygous loss of FAMBED
in two ECs of the same patient (Figure 2). Gain at PRKGT in L1490 is confirmed which seems to be EC specific in
this case but was not found in other ECs and CS. Loss at chromosome 6 using probe at POUSFT was confirmed in
L206 while loss was not confirmed in L1683 at given thresholds. TCRA region at chromosome 14g11.2 is known as
a highly polymarphic region [31] and its frequent rearrangements are observed in blood lymphocyles [32]. We
used majority of blood samples as a baseline and found copy number gaininall ECs al TCRA as a result of SNP array
unpaired analysis, Paired analysis with SNP array showed copy number gain al TCRA in L1978 and was nol
confirmed with MLPA.
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Table 3 Genetic alterations in Ollier chondrosarcomas

L204 5| 1
L253 C5| I
La7v G5l -
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L1513 G5l .
L2280 Cs| =
L2513 C51 2
L2B6 CS I S5p.11p,11q,18p
L1576 Cs 8g

L2038 G5l 2,5,7,15,16,170,18,20.21

L20a0 Csh =
LB10 cs

L1044 Ccsm 10.2p.20.12p,14q
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Expression array and its integration with copy number alterations

Expression array was performed using 7 ECs and 6 contrals with lllumina Human-6 v3.0 (Table 1). We performed
function based analysis by integrating the gene expression resulls with SNP array results. In total 1044 genes were
differentially expressed in ECs compared to conlrols (adj. p-value < 0.01, Table S4). We considered all up
regulated genes (881 genes, adj. p-value < 0.01) with presence of gain in at least one EC and all down regulated
genes (163 genes, adj. p-value < 0.01) with presence of loss in at least two ECs. We found MPBL which was gained
as well as up regulated while POUSFT that was lost as well as down regulated in ECs compared to controls. The
same pattern was found in CS

Validation of integration approach of SNP and expression array using gRT-PCR

Using gRT-PCR, we confirmed lower expression of ANKSTE, FAMBED and POUSFT (Table 4). L2220 showed one
copy loss of ANKS 18 and its expression was decreased in this EC as compared to the average of relative expression
of other 7 ECs however there is no difference in the expression comparing all ECs versus controls. SMP array results
revealed homozygous loss in L206, L910 and one copy loss in L2103 for FANMSBED, FAMBGD expression was
decreased in ECs compared to contrals. There was no expression of POUSFT,

Protein expression

Using a TMA we demonstrated that POUSFY protein expression was absent in all Ollier tumars which is in line with
the expression array and qRT-PCR results. For NIPBL, 30% of Ollier tumors were positive (Figure 3, Table 4). Only
34/65 Qllier and 11/21 solitary tumors could be analyzed since cores from the rest of the tumors were lost during
the immunohistochemistry. There was no significant difference in the expression of NIPBL within the tumars of
different grades in Ollier disease (Pearson Chi-Square, p-value = 0.1),

Figure 3 NIPBL protein expression
AR . T B Tumor | Oflier Salitary
N § . B grade |
. ¢ EC 922 F/r]
' iy, 7. el [csi 118 10
csll 4 23
. y R ; csil . 45

A) Example of nuclear expression of MIPEL in Ollier enchandroma (400 times magnification).
B Murmber of Cllier and solitary tumoss with nuclear NIPBL expeession
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Table 4 Summary of validation experiments for the candidate genes

Technique used Summary of validation

FPREGY MLPA Mo copy number change in controls, Gain in tumar {1/37)

Loss in controls (5/38), gain in conlrols (1/38), HMIoss in fumaes (2/37)

FAM&ED MLPA, gRT-PCR foss in tumaurs (6/37). Lower m-RNA exprassion in Ecs

Gain in controls (3/38), loss in lumors (4/37), gain in tumaors (2737)
- |
POUSFT MLPA, QRI-PCR, IHG It mRNA and protein expression was absenl in lumors

Mo copy number changas in controls and tumars. Lower m-RNA axpression in

PA_gAT-PCR :
A1 MLPA, URFRG L2220 compared wilh other TECS
TCRA probed MLPA Loss in controls {4/38), gain in lumars (2737)
TCRA probed MLPA Loss in cantrels (4/38), gain in tumaors (2/37)
MIPEL IHC 30% Ollier urmors showed prodein expeession
Discussion

The origin of both solitary and Ollier refated ECs is largely unknown. To address this, we performed genomewide
analysis of ECs occurring in non-hereditary Qllier disease. Since these tumaors are polyostolic, with a unilateral
predominance, manifesting early in life, we postulated that there may be a germ-line mosaicism. We altempted lo
find causative genes for ECs of the Oilier disease using a high-resolution SNP array containing 1.8 million markers
combined with expression array and obtained comprehensive genetic profiles of 37 Ollier disease related tumors,
This is the first and largest genomewide molecular study on Ollier disease reported so far, which was possible
through the collaboration of many different institutes within the EuroBoNeT Network and the European Musculo-
Skeletal Oncology Society (EMSOS).

In general, the obtained genomic profiles showed absence of large genetic aberrations in Ollier ECs except loss of
chromosome 6 in two ECs from two unrelated Ollier patients. Small non-recurrent genetic changes combining the
SNP and expression array at FAMBED, PRKGT, ANKS 18, MIPBL and POUIF5 1 were found in ECs. Most of these genes
are not known to play an important role in carfilage formation. We found homozygous loss ol FAMEED intwo ECs of
the same patient. Funclion of FAMBED is still unknown. We confirmed intronic gain at PRKGT in one EC, which is
involved in fatty acid metabalism [33]. We found lass at ANKS T8, while overexpression of ANKSTE is reported in
pre-B cell acute lymphocytic leukaemia [34].
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Gain at MPBL was found in L2205 while at the protein level only 30% of Qllier ECs and CS expressed NIPBL.
Inactivaling mulations in MPBL are associated with Comelia de Lange syndrome and one of the characteristic
features of this syndrome is reduction in limb growth (OMIM 122470). Loss of POUSFT was found in two ECs with
monosomy at chromosome 6 and its mRNA and protein expression was absent inall Ollier and solitary ECs and CS.
The transcription factor POUSFT (OCT3/4) is involved in regulating pluripotency and is normally expressed during
early embryogenesis in embryonic stemand germ cells [35].

Here we studied extensively candidate genes obtained from paired analysis of enchondromas. Normal DNA was
available from 4 Ollier patients enabling paired analysis. Despite the low number of paired samples our data suggest
that no common CMA are associated with EC development. Extending the analysis with the unpaired samples we
could not see any common GNA in all ECs. All aberrations we oblained in at least 5 out of 14 ECs are reported as
common copy number variants in DGV database (hitp://projects.tcag.ca/variation/). Loss of chromosome 6 was the
only recurrent change in ECs of two unrefated Ollier patients. Therefore, relatively small numbers of copy number
alterations that we found per ECs are more likely to be secondary random genetic changes. Although SNP array
technology is a powerful analysis fool, it can not detect balanced chromosomal translocations, inversions and
whale-genome ploidy changes. However, balanced translocations and inversions have not been reporied for the
Ollier tumors in the literature so far [2].

Previously, PTH1R was reported to be the gene causing Ollier disease [6]. However, in subsequent studies it was
shown that PTHTR is only mutated in a sub group of patients (—10%) decreasing receptor function to —70%,
sugoesting that it may contribute to the disease but is probably not causative [7]. PTH1R is a key player within the
IHH pathway which is crucial for endochondral ossification. The presence of known point mutations (R150C,
RZ255H, G121E and A122T) in PTHTR was excluded in the present series (unpublished data). Also, we could not find
a deletionar LOH at the 3p21.31 region harboring the PTHTR gene. Recently, inactivating mutations in PTPNTT are
reported in another enchondromatosis sublype called metachondromatosis in wihich multiple ECs are combined
with osteochondroma- like lesions [2,36]. In our series we could not detect any CMA or LOH at PTPNTT by SNP
array. Also, expression of PTPNT 1 was not decreased in ECs as compared 1o controls in expression array.

Large gains, losses and LOH were seen more often in Ollier CS as compared to ECs, which is in line with increased
genetic instability and aneuploidy seen in solilary central chondrosarcoma progression. Most comman CNA
involve 3p, 5q, 6g.and 9p in Ollier CS. However, we could not detect recurrent CNA in all Ollier CS that could have
been responsible for malignant transformation of ECs. For Ollier CS, a delelion at the short arm of chromosome 1
[37], LOH at RBT at chromosome 13 and p15/p16 loci at the short arm of chromosome 9 [38] were reported in
single cases each. Our results show very few copy number alterations in ECs and an increased number of variable
genomic alterations in CS. This is in support of the multistep model for CS development [39].

56
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In conclusion, we present genome-wide copy number and expression profiles of the larges! international series of
Ollier ECs and C5 reported so far, We show absence of recurrent CNA and LOH in majority of ECs suggesting thal
instead point mutations or other copy number neutral structural changes (inversions, insertions, balanced
translocations) or deletions below the resolution of this platform involving a single or a few exons only [40] might
have an important role in EC pathogenesis. This opens the possibility to study these tumaors further using a next
generation sequencing approach. An increased number of genetic alterations are found in Ollier CS, supporting the
multistep genetic progression model,

Abbreviations
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Supplemantary Data

Table $1 Clinicopathological data of 86 tumors used in TMA

Totzl number of patiants 43
Totzl number of tumar samples 65
EC k]t
Csl 17
csl

Csu 9
Male-Female 20:19°
Median age at diagnosis years (range) 19 {3-63)

Protein

HIPBL

POUSFY

60

Antibody

\dentification

250133

ah7 0%

* Gender information was nof available los four Ddlier patsenis

Table 52 Antibody information

Dilufion :: Staining

Citrate,
1:600 microwave narmal lung nuclear
citrate, lesticular
1:3 MiGHwWave furmor Cyloplasm

21

21

Lh

138

55 (29-84)

Company

Abbioter

Abcam
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Table S3 Unpaired copy number changes in 35% of EC (min. 5 out of 14)

Copy number

Cyloband
avenl

5 chr1:0-218,741 paA.33 gaimn i 9.8
i chri:142,693,808-143.978.0M 0211 pain 11 10
5 chel:16,758,730-16,878 452 pa6.13 oain 3 100
5 chr1:194,993,350-195.068,330 9313 gain 2 100
5 chri:25,468,751-25.519.541 361 pain 1 100
f chrd:69,056,055-69,170.240 Q3.2 odin 1 100
5 chri- 142,155 396-142 171,867 034 gain 1 100
5 cheB:12 286,604-12,287 223 pe3 gain 1 100
5 chrd:44,839 904-47 006,984 p112 - pitd gain 3 100
5 chrd:65,336,136-70,168,361 gi2-q13 gain 23 100
5 chr(:46,401,243-46.481,060 g11.22 Qain 1 100
5 chr11:18,905,781-16, 918,566 piad gain 1 100
5 chr11:5,745.410-5,759,390 po.4 gain 1 100
f chr11:55,125,250-55,213,752 gt fain 1 100
5 chrid: 18,072 112-19,492 811 qit1-qn.2 fain 9 92.32

9 chri5:18.671,839-20,157 067 qn.2 gain 11 100
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Table 53 Unpaired copy number changes in 35% of EC (min. 5 out of 14)

Copy numbes

Cyloband
i gver ovErlap

5 chrif:32.6859.978-33,530.318 pi1.2 gaimn 4 100
g chrifi:34,320,629-34,620.525 p11.2 - pit.l qain . 100
5 chr19:A47 950 927-48,049.905 qian oain 7 100
5 chr20:1,509,277-1,530,137 p13d gain 1 100
5 che21:9 985,800-10,195,652 p11.2 -pitd pain B 100
f che8:7 225 806-7 830,758 p23 loss 26 100
5 chr10:27,265,053-27 260,233 2 loss 1 100
5 chri4:18.072.112-19,495,051 git.1-qii2 lgss g 092.32

chr2:1,509,277-1 543 885 pl3 s 1 100

o
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Table S4 List of first 50 up and down regulated genes in enchondromas compared to

RPLS
SEPHST
FBALT
PENK
HNAPATL-2
KIHDC2
AP5134
PATT
NARS
ooosT
SUBT
MORFAL
SERPT
HNRFEL
RGME
ARPPIY
NOUFBTO
PCBR2
APS3A
UBE4E
WRE
RAPGEFG
RPS15
MBNL2
S0C2

Probe 10

830609
3700612
6980056
6220019
7320424
ZB10364
2370193
4650674
2220653
6450605
1660661
4900343
1770541
2570358
840553
6620356
1820462
B4E0411
6380255
2140563
4590102
3300504
5400603
990128
2690026

Lo fold change

1.408288353
0.882184
0411650382
f.282102003
1445469169
1. 249636151
1.70815712
313226951
1. 472789211
1.169205597
0812277392
1.B92734065
1,250963064
0910611746
1178603561
0.616295729
1467683024
1.206922763
0995648646
0.6513494649
0563758352

0.672882046

1.512440234
1603622517
1600923972

controls using expression array (adj. p-value<0.001)

1.23E-05
1 44E-05
2 24E-05
2.87E-05
2 8TE-05
£ 8TE-05
3.15E-05
3.27TE-05
327E-05
3.£TE-05
3.B1E-05
5.16E-03
5 45E-05
5 85E-05
6.55E-05
6.55E-03
6.64E-05
6.64E-05
6.64E-05
6.64E-05
6.64E-05
6.64E-05
6.76E-05
7. 1GE-D5
7.16E-05

up

down
]

up
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Table 54 (Continue)

Probe 1D Lo fold change Adjusied p-valug
ChPr2 1510364 1.281962806 7. 16E-03 up
MAGED2 3420467 1.247397333 7.16E-05 up
RP33A 6560164 1.230142924 7.16E-05 up
GOLT18 2100368 (1 BE2688589 7.16E-03 up
SUCLG2 4060692 1144442877 7 65E-05 up
C17onie 3300477 0920304871 7 65E-05 b
AILPLT S220309 1.001128512 BAZE-05 up
RP53A 3180438 1.267085346 9.56E-05 up
SNAPIN B70041 0448976723 0.000100663 up
FASTK 770687 0914367321 0.0001063 g
cave 910353 0679047002 0.0001063 g
FPRERA T 0.634038593 0.0001063 up
FAM 1554 3710046 0.75233413 0.0001063 up
¥t 610279 1128257546 0000107047 up
COLaa2 70196 2609506099 0000107794 b
ODART o292 1.740797333 0.00011324 up
baG? 2060021 0840321903 1.000122272 up
GABARAP 6290132 0673758241 0.000122272 up
UBESE 5420025 0321545224 0.000130534 up
NELLT 1990731 2 60BBAG501 0.000137633 up
MWD 4010048 1.0693442886 0.000137633 up
ga01 6040465 0.44041778 0.000137633 up
TMEM454 6280520 1.546856003 0.000138337 up
RPLT 26E0082 1.196436462 0.000152905 up
C12om62 6620360 0.75246323 0.000152905 up

For moee detall please see Orphana! J Rare Dis, 2011, 14,6:2




