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Abstract

Oilier disease and Maffucci syndrome are rare, nonhereditary skeletal disorders characterized by the presence of
multiple enchondromas with (Maffucci) or without (Ollier) co-existing multiple hemangiomas of soft tissue,
Enchondromas can progress toward central chondrosarcomas. PTHTR mutations are found in a small subset of
Ollier patients. The genetic deficit in Maffucci syndrome is unknown. Here, we report the first genome-wide analysis
using Aftymetrix SNF 6.0 array on Maflucci enchondromas (n = 4) and chondrosarcamas (n = 2) from four cases.
Results were compared lo a previously studied cohort of Ollier patients (n = 37). We found no loss of
helerozygosity (LOH) or common copy number alterations shared by all enchondromas, with the exception of some
copy number variations. As expected, chondrosarcomas were found 1o have multiple genomic imbalances. This is
similar to conventional solitary and Ollier-related enchondromas and chondrosarcomas and supports the multistep
genetic progression model. Expression prafiling using lumina BeadArray-v3 chip revealed that cartilaginous
tumars in Maffucci patients are more similar to such tumors in Ollier patients than to sporadic cartilage fumors,
Paint mutations in a single gene or other copy number neutral genomic changes mioht play a role in
enchondromagenesis.
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Introduction

Enchondromatosis patients have multiple skeletal enchondromas. Enchondromas are benign hyaline cartilage-
forming tumors arising within the medulla of the bone (Lucas and Bridge, 2002; Bovee et al., 2010). Ollier disease
is rare, nonhereditary, and characterized by the often unilateral occurrence of multiple enchondramas. Maffucci
syndrome is extremely rare, also nonhereditary, and demonstrates multiple vascular tumors of sofi tissue inaddition
lo enchondromas (Maffucci, 1881; Mertens and Unni, 2002; Auyeung et al., 2003, Bovee et al., 2010, Pansuriya el
al., 2010). Accarding to Spranger et al. (1978), Qllier disease (type 1) and Maffucci syndrome (type Il are the most
common enchondromatosis sublypes. Diagnosis is based on a combination of clinical, radiological, and
histolegical features (Lewis and Kelcham, 1973). Both the enchondromas and the vascular lesions may pragress to
maligrancy, and the malignant transformation rate is the highest (25—-100%) in Matlucci syndrome (Zwenneke el
al., 2001; Silve and Juppner, 2006).

Because the genelic background of Maffucci syndrome is unknown and genelic studies are limited to a single case
report (Matsumolo et al., 1986), we set oul 1o perform whole-genome analysis on tumors from four Maffucc
patients collected from the EuroBoNeT consartium (www.gurobonet.eu). We used a high-resolution Affymetrix SNP
6.0 array to detect copy number alterations (CNA) as well as loss of heterozygosily (LOH) and lllumina expression
array to study six tumors of four patients.

Materials And Methods

Clinical Information

Patient 1

A 43-year-old man was originally diagnosed with Ollier disease, which was changed to Maffucci syndrome when
later developing hemangiomas. An enchondroma in the femur had transformed to a chondrosarcoma grade |l
(L2195), which was removed by en bloc resection. Subsequently, he developed an enchondroma that was curetted
from his finger. The patient is still alive without any sign of metastasis.
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Patient 2

A 10-year-old girl was initially diagnosed with Ollier disease based on multiple enchondromas. An enchondroma
{rom her left femur and 4 years later in the fourth and fifth digits of the lelt hand were curetted. At the age of 17 and 18,
amputations of the fifth digit and of the left second toe, respectively, were required for histologically established
grade | chondrosarcoma. Six months lfater, a biopsy from her left proximal tibia (L2097a) and her left fifth toe
(L2097¢) confirmed the presence of enchondromas. At the age of 19, she developed multifocal lesions involving
her left ankle and a biopsy demonstrated cavernous spaces with intervening spindle cell proliferation mixed with
some inflammatory cells. The diagnosis of hemangiomas associated with Maffucci syndrome was made. At 21
years, biopsies of the leftfifth toe and fourth finger, respectively, revealed atypical enchondrama. One year later, her
left hallux was curetted demonstrating an enchondroma.

Patient 3

A 29-year-old man was diagnosed with Maffucci syndrome. Radiologically, bilaterally distributed lesions invalving
the pelvis, fermur, metacarpals, phalanges, carpal bones, metatarsals, and foot phalanges were found. A biopsy of
the left distal femur demonstrated chondrosarcoma and an above the knee amputation was performed. A large
expanding mass involving the metaphysis and epiphysis of the distal femur was seen; the diagnosis was grade ||
chondrosarcoma (L2102). In the same year, a biopsy of the left ileum showed an enchondroma (L2101). In the
following years, biopsies confirmed enchondromas in multiple digits of the left hand as well as of the right distal
femur. In addition, a spindle-cell hemangioendothelioma was excised from the hand, supporting the diagnosis of
Maffucci syndrome (Figure 1). A grade Il chondrosarcoma of the distal phalanx of the fifth digit of the right hand
required ampultation.

Patient4

A 37-year-old woman was diagnosed with Maffucci syndrome based on the presence of histologically proven spindle-cell
hemangiomas and multiple enchondromas. Histologically confirmed enchondromas were present in the phalangeal
bones (L1684). In addition, the patient had superficial hemangiomas in the left thigh. At age 37, an enchondroma was
curetted from her left third finger. The patient is alive and has not developed chondrosarcomas or lung metastases.

Sample Preparation

Fresh frozen tissues from six tumors and one normal muscle of the four patients were collected from the EuroBoNet
network (Table 1), All samples were obtained according to the ethical guidelines of the host institution, Samples were
coded, and all procedures were performed according to the ethical guidelines **Code for Proper Secondary Use of Human
Tissue in The Netherlands™ (Dutch Federation of medical Scientific Societies). All samples derived from primary tumors
and all were graded (Evans el al., 1977).
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Figure 1 Radiographic images from patient 3

Patient 3 with Matfucci syndrome. In addition to the
multiple enchondromas, soft tissue calcifications are
seen representing phleboliths in hemangiomas.

Single Nucleotide Polymorphism Array, Expression Array, and Data Analysis

DMA and RNA were isolated from tumors containing a minimum of 80% tumor cells. Aflymetrix Genome-Wide
Hurman SNP Array 6.0 was performed as described earlier (Pansuriya et al., 2011). The average call rate was 98.3%.
Data analysis was performed using statistical language B version 2.8 and Nexus software version 4.1 (BioDiscavery,
CA) on six tumors (Table 1) and 29 controls as described previously (Pansuriya et al., 2011). Sample preparation,
hybridization to lllumina Human-6 v3.0 BeadChips, and data analysis were performed as previously described
(Table 1) (Pansuriya et al., 2011). Data files are publicly available at NCBI's Gene Expression Omnibus under
accessian number GSE26675 {www.nchi.nim.nih.gov/gen/, accession number GSE26675),

- A
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Table 1 Clinicopathological Data of the Patients

Diagnosis Tumar location Age Gender Application

Patient 1 L2195a Femur 43 M 1.23
Pafient 2 L2097a EC Tibia 18 F 1.2
Patient 2 L20%7¢c EC Too 18 F 1.2
Patient 3 L2102 CSul Femur 29 M 123
Patient 3 3l i]] EC [lism 29 M 1

Patient 4 L16R4 EC Phalanx ar F 123

"Narmal DA avaitable enahling paired analysis. Applications: semples wsed for (1) single raclectide palymanphism array, (2) MUPA_ (3} expression amay. EC,
enchondmma: C5. chondrosamoma

Validation with Multiplex Ligation-Dependent Probe Amplification and Fluorescence In Situ
Hybridization

Because of the shared homologous sequences between the chromosomes 13 and 21 cenfromeric regions and the
short arms of chromosomes 13 and 21, we performed MLPA to confirm the single nucleotide polymorphism (SNP)
array results and performed FISH on metaphases of a normal individual to map the presently assigned 21p11.2
locus sequences by using BAC probes selected from the UCSC database. MLPA was performed for the TPTE locus
(CTCACCTGTCATTGGGGCCGAGCTCAATGATGACTCCCGLCAGGTCAGTCGGATCAGGACTAAAGGACA) using 38
narmal contrals and five Maffucci tumor samples. There was not enough DNA from L2101 to allow further studies.
Data analysis was done as described (Pansuriya et al., 2011) using SoftGenetics Gene Marker version 1.70. Apart
from the region on chromosome arm 21p, candidate regions (FAMEE0 and PRKGT) that we found in Ollier lumars
were also screened in Maffucci tumors (Pansuriya et al., 2011). FISH was perlormed on normal metaphase and
interphase cells using blood derived from normal donors as reported (Pajor el al., 1998) to confirm the location of
the TPTE and BAGE genes at chromosome arm 21p. We used BAC clone RP11-95E16 (Cy3 labeled) covering TPTE
region, FITC-labeled L1.26 alphaid repeal probe specific for chromosome 13 and 21 centromeres, and a whole
chromosome paint (wep) prabe specitic for the leng arm of chromosome 21 (Cy5 labeled)
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Results
Genetic Alterations in Maffucci enchondromas and Chondrosarcomas

Using an unpaired approach (29 control samples as a baseline) for enchondromas, we found in total nine regions
with copy number gain and eight regions with copy number lass ina minimum of two patients (Table 2). Most of the
identified regions were known to have commaon copy number variants in the DGV (Database of Genomic Variants)
database. Selection of candidate regions for validation was done based on the copy number gain or loss in three or
more enchondromas, with the same copy number event occurring in chondrosarcomas. One of the regions mapped
fo 21p11.2 containing the TPTE gene and a gene cluster (BAGE2, BAGE3, BAGE4, BAGES, and BAGE) in three and
four enchondromas, respectively.

There was no common genomic region with LOH (Figure 2) or CNA in all Maffucci enchondromas, consistent with
previous findings in Ollier enchandromas (Pansuriya et al., 2011). Paired LOH and CNA analysis based on
chondrosarcoma DNA and corresponding normal DNA was only passible for patient 1. This analysis revealed LOH
with copy number lass at small regions of chromosome arms 1q, 7p, 7q, 8q, 12p, 120, 13, 140, 21p, 21, and
copy neutral LOH at chromosome arm 9p. Copy number gains invalving small regions were found at 70 and 15q.
Unpaired analysis on the chondrosarcoma of patient 3 revealed LOH with copy number loss at small regions of
chromasome arms 3p, 6a, 9p, 9a, 12q, 13p, 13g, and 14q. Copy number gaing were observed for small areas of
chromosome arms 16p and 16q.

Expression Array Findings

Expression array analysis demonstrated that the TPTE and BAGE genes were not highly expressed in the tumor
samples. Because we had only one Maffucci enchandroma on the expression array, comparison between Ollier and
Maffucci enchondromas was not possible. There were na significantly differentially expressed genes between grade
Il chondrosarcomas from Maffucci (n = 2) and Ollier patients (n = 4), possibly explained by small sample sizes;
the top 50 genes with the lowest p-values are listed in Supporting Information Table 1. We periormed cluster
analysis on Ollier (n = 16), Matlucei (n = 3), and solitary (n = 19) tumors using the 100 most signilicantly
differentially expressed genes, oblained by LIMMA analysis on Ollier versus solitary lumors (unpublished data). As
expected, the Ollier and solitary tumors show good separation. The Maffucei tumars cluster together with Ollier
tumors (Figure 3).

Verification of Gene CNA by MLPA and Location by FISH

MLPA analysis did not confirm gain of TPTE at 21p11.2 containing TPTE genes in any of the Maffucci tumars at
given threshold (0.8 loss, 1.2 gain). In addition, we screened Malfucei tumors for the candidate genes previously
identified in Ollier disease (Pansuriya et al., 2011), and no copy number alteration (CNA) affecting FAMSED and
PRKGT was seen. FISH results in line with the data from human genome sequencing project reporting polymarphic
gename variant (DGY database: hitp://projects.lcag.caivariation/) proved that indeed 21p11.2 region containing
TPIE gene is polymorphic, as specific signals were observed both al chromosome 21 and 13 close lo the
centromeric signals (Supporting Information Figure 1),
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Figure 2 Genome-wide copy number alterations in the tumors and normal of Maffucci patients
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A: Copy number allerations in enchondromas, chondrosarcomnas, and one normal lissue of Maffucci patients. Gains are
plotled in green above the baseline, and losses are plotted in red below the baseline. The X-axis cormresponds 1o the genomic
region from chromosomes 1 to 22, and the Y-axis represents the percentage of gains and losses of samples used In this
Sludy at the specific location in genome. The number and size of genomic alierations increases with increasing fumor
grade. Also, the number and size of genomic alterations in enchondromas and in conirols are comparable, which can be
attributed to common copy number variation.

B: An overview of genomic aberrations observed in four enchondromas and two chondrosarcomas of Maffucci patients. The
idiogram shows copy nUMDEr gains in green on he right side of the chromosomes and copy number losses in red on the lef
side of the chromosomes in Mallucci enchondromas and chondrosarcomas.
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Figure 3 Supervised clustering of enchondromas and chondrosarcomas occurring in context of
solitary, Ollier and Maffucci syndrome

Heatmap depicting supervised clustering of Ollier (yellow, n = 16), Maffucci (red, n = 3}, and solitary (blug, n = 19)
fumior samples using the 100 most significantly differentially expressed genes (unpublished data), oblained by LIMMA
analysis on Ollier versus solitary tumars {all genes have Benjamini 2and Hochberg FOR-adjusted P values < 0.00001). The
heatmap was generated using the function heatmap 2 of R package gpvofs under standard settings. Negative z-scores are
shown in green, while positive 2-scores are shown inred. Maftucei lumors clustered tegether with Ollier tumors, indicating
that the Matfucci tumaors are more similar to tumors of Ollier disease than to solitary turmors. The solitary enchondroma
L8392 clusters fogether with the rest of the Ollier and Maffucci tumors, possibly because of misdiagnosis due to the
undetected lesions. This cannol be proven, because the patient was lost o follow up.
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Discussion

Enchondromatasis is a rare skeletal disorder for which seven subtypes have been described among which Qllier
disease and Maffucci syndrome are the most commaon (Fansuriya et al., 2010). Both disorders can be differentiated
from most of the other enchondromatosis sublypes by their sporadic nature and the predominantly unilateral
occurrence of enchondromas. It is unclear whether these are different ends of a spectrum caused by mutations ina
single gene or whether they represent different diseases. Some of the other enchondromalosis subtypes seemfo be
caused by genes involved in skeletal development and be inherited as Mendelian disorders, Tor example,
metachondromatosis (PTPNTT) (Sobreira et al., 2010; Bowen et al., 2011) and spondyloenchondrodysplasia
(ACPS) (Briggs et al., 2011; Lauschet al., 2011) (Table 3). Two of our patients were originally diagnosed as having
Ollier disease, developing hemangiomas only later in life, demonstrating that these two disorders might be closely
related, Therefore, O1lier patients should be carefully checked for the presence of hemangiomas.

Table 3 Summary of Genetic Findings in Subtypes of Enchondromatosis

Mulation type

S R150C, A12227, Hopyan et al., 2002; i Absent
PIHIA Cllier gisease R255H, GI21E | Couvineau et al., 2008 (unpublished data)
FPREGT Qllier disease copy number gain Pansuriya el al., 2011 ahsent
FMAGED Qilier disease homozygous loss Pansuriya etal., 2011 absant
) Iogs of function Sobreira el al., 2010; Absent (Bowen
Tr . el .
PTENTT Metachondromalasis ki Rowen etal. 2011 absant elal. 2011)

Spandyloench- . Lausch et al., 2011a
; 3 homo 5 Ioss
A3 andromatosis TR s Briggs et al., 2011 ahsent
Symmetrical Cre
liE: Min Lal 1
PTHLH aiichondiatiatss duplication Collinson et al., 2010 ahsent

The pathogenesis underlying enchondroma development as well as the genetic cause of the different
enchondromatosis subtypes are so far unknown, with the exception of PTPNT7 mutations causing autosomal
dominant metachondromatosis in which enchondromas are combined with osteochondroma-like lesions (Sobreira
etal., 2010; Bowenetal., 2011).
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We excluded the presence of PTANTT mutations in our four patients (Bowen et al., 2011). Duplication involving
PTHLH was recently reparted for a patient with symmetrical enchondromatosis (Collinson et al., 2010). We did naot
see any copy number gain at the PTHLH locus at 12p11 in enchondromas from Maffucci patients. Four point
mutations in PTHTA (R150C, A12227, R255H, and G121E) leading to impaired function have been reported in 8%
of patients with Qllier disease (Hopyan et al., 2002; Rozeman et al., 2004; Couvineau et al., 2008). PTH1R is
involved in the IHH-PTHLH negative feedback loop requlating endochondral bone formation. In tolal, 26 patients
{17 tumors and 9 blood samples) with Maffucci syndrome have been screened for PTHTR mutations, but none was
detected (Rozeman et al., 2004; Couvineau et al., 2008). We screened our four patienis for the four known PTHTR
mutations and did not find any of these point mutations (data not shown). Nor were there any CNA in other genes
invalved in the IHH-PTHLH pathway in the lumars from our Malfucei patients,

Overall, the enchandromas did not show any large genomic alterations, The 21p11.2 region is known to contain
copy number variants, and copy number changes are therefore not specific for the disease. Using FISH, we showed
that the current annotation of the pericentromeric regions of acrocentric chromosomes might not be correct and
should be handled with care. Two chondrosarcomas grade Il showed more genomic aberrations. CNA at FAMBED
and PRKGT, which we previously identified in a subset of Ollier enchondromas (Pansuriya et al., 2011), were absent
in Maffucci enchondromas.

In conclusion, we report the first genome-wide study of enchondromas and chondrasarcomas from four individuals
with Maffucci syndrome. Similar to Ollier-associated enchondromas, Maffucei associated enchondromas do not
show LOH or comman GNA. For the enchondromagenesis, small mutations and/or copy number neufral genomic
alterations might be causafive, which can be further investigated using a next-generation sequencing approach. An
increased number of genetic alterations are found in Maflucci chondrosarcomas, supporting the mullistep genetic
progression madel for chondrosarcomagenesis.
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Figure S1 FISH of chromosomes 13 and 21

FISH results indicated chromosomes 13 and 21 in metaphase. Probe RP11-85E16 (Cy3 labeled, red) and
cenfromeric probe binds to the chromosome 13 and 21 (FITC, green) and wep 21 (blug). A colocalization of all
4 red and green signals was seen indicating the presence of RP11-95E16 signals both at chromosome 21 and

13; inaddition several secondary signals of the RP11-95E16 clone were observed al other chromosomes.
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Table S1 Top fifty genes with the lowest p-value between Ollier and

Maffucci chondrosarcoma grade I
Gene Symbol Fiobe 1D logFC ) adj. p-value
C1Tarf@r? 7510619 -1.04410334 3.B9E-06 0111094124
NOMOZ2 2650040 0.765193013 1,25E-05 0.15298435
ZP4 7400392 -0.49531778 1.61E-05 0.15298495
ARL4A 7560615 -0.92348800 2.50E-05 0.157254509
FTGFR 2480139 -2.1611789 2 96E-05 0.157254508
FTGFR 770551 200072338 393E-05 0.157254509
CNTNARZ 1400520 -2 48996817 4, 16E-05 0157254500
TNESFI0 arozn2 -0.B381B461 4 41E-05 0.157254508
CSPGS 160397 -0.52438993 6.53E-05 0. 20696256
TCFLY 050678 0.31782816 B.05E-05 022981711
SELP 4610456 -0.70:240586 9.35E-05 0.242309961
AR 2370561 (.68969674 00001544 0367116161
CASPY 14501 36 -0.91852242 0.0001706 0.37449079r
SLC26A7 GTE0221 0.48107142 0.000241 (L469B74082
GORAR Ba0d441 0.937104%9 0000247 0469674062
FL14213 4610672 -0.62513607 0.0002934 0.515246514
ADAMTS 18 329033 -0. 29706855 0.000307 (.515246514
Chorf 141 450632 -0, 264952098 0.0003508 (.556052553
THNSLT 5260520 042022175 (.000379 0560047
PREZ 1580195 -1.54328552 (0.0003932 056094817
SLegicr 2510554 -0.43268572 0.0004278 0.581158031
FLOD2 460338 13128973886 0.0004555 0.582134774
MAP3K? 4230373 -0.65515342 0.0004703 0582134774
TPG3 G060 31 -0.90703834 0.0005088 0.582134774
LOC25845 2TA006E -0.72352259 0.0005454 0.582134774

80
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Gene Symbol

Probe 10

Table S1 (Continue)

logFG

ad). p-value

Ext
CEST
KCTDI4
CNAT
SALLY
ARLAA
CeLao
FAMT458
Exat
FIENTZ
TCPTILT
LOCE49553
GGTS
HOXAZ
EMIDY
MYLIO
NOSTRIN
HESS
MEQKT
GREIO
KCNEY
MAGECT
SLC22A3
SATEZ
ABCG2

5720040
2680056
2040632
4010152
2050270
1410113
4220246
5BE00G3
ABS0377
2De0609
1070753
4040563
B70536
2900048
6100487
4730427
7210113
6590300
1230594
5060725
(900196
TES0TH
6200333
840053
T160Z20

-1.61785141
-0.99532331
0567228862
028482701
-0.45354179
-2 26725707
-2.39865682
-1.72158352
-0. 20367975
A1.7534637
0401831792
0.190343381
1.20784023
0.18387521
1.455113M
0.18551934
-1.245946
-0.4334798
0. 79694545
0385577604
-0.333615
-0.28558901
-0.23877922
-0.334B1726
-0.28215736

0.0005548
0.000356
0.0005939
0.0006165
0.0006362
0.0006541
0.0006695
0.0006733
0.0007209
0.000749
0.0007517
0.0007615
0.0008607
0.0008736
0.0009094
0.0010966
00011105
0.0011293
00011413
0.0011508
0.0012007
0.0013058
0.001324
0.0014166
0004351

0582134774
0582134774
0582134774
0582134774
0582134774
0582134774
0582134774
0582134774
0.587 165546
0.587 165540
0.5387163546
0.587165546
0639070504
0639070504
0.G48682531
(.729648862
(.729640862
0.729648862
[.729646862
0.720648862
074472513
(.78609823
0.78699823
0.797785001
0. 797789001







