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Chapter 1 | General Intduction

Genetic disorders of the skeleton known as skeletal dysplasia shows diverse manifestations (1). Skeletal dysplasia
is a group of skeletal disorders that result fram disturbances in the complex processes of skeletal development and
growth which constitute a diagnostic challenge due to the rarity of these diseases (2). Mulatians are reported either
in regulators of skeletal organogenesis, such as cellular signaling {growth factors and its receptors), or in matrix
components that affect cartilage and bone tissues (3). There are two main classes of skeletal dysplasia;
osteochondrodysplasia and dysostosis. Osteochondrodysplasia develops due to the abnormal growth and
development of bone and/or cartilage. In cantrast, dysostosis is a developmental anomaly resulting from localized
problems in the migration of mesenchymal cells and their condensation (3). The Mosology and Classification of
Genetic Skeletal Disorders provides an overview of different diagnostic enfities based on clinical and radiographic
features and molecular pathogenesis (2). In 2010, in total 456 conditions were described which were divided into
40 different groups. Presently, for 316 of these 456 conditions, the underlying genetic defects are known (2).

Within this classification (2), enchondromatosis syndrome is recognized as a form of osteochondrodysplasia.
Patients with enchondromatosis syndrome have multiple enchondromas (benign cartilage forming tumaors in the
medulla of bone) in their skeleton. The focus of our study concerns the two main subtypes of enchondromatosis
syndrome known as Ollier disease and Mafiucci syndrome. In addition to multiple enchondromas present in Ollier
disease, soft tissue hemangiomas are present in Maffucci syndrome.

Ollier Disease

Ollier disease (OMIM 166000) is a rare, non-familial skeletal disorder (4). Ollier disease was first described by
Louis Ollier, a French surgeon in 1889, The disorder is characterized by the presence of at leas! three enchondromas
with an asymmelric distribution and extreme clinical variability (size, number, location, age of onset and
requirement of surgery) (4-6).

Maffucci Syndrome

Maffucci syndrome (OMIM 166000) is characterized by presence of multiple enchondromas, resulting in bone
deformities, together with soft lissue haemangiomas especially spindie cell hemangiomas or rarely
lymphangiomas (4:7.8).

Chondrosarcomas

Enchondromas in Ollier disease and Maffucci syndrome can undergo malignant transtormation towards
chandrosarcoma. Chondrosarcomas are defined in the 2002 WHO classification as a "Heterogenaous group of
lesions with diverse morphological features and clinical behaviour” (9). Chondrosarcoma is the third most frequent
malignant bone tumor, in which the tumor cells deposit a hyaline cartilaginous matrix (9). The incidence of
chondrosarcoma is slightly increased in males compared to lemales (9). The age of onset varies from 30-60 years
(9). The pelvis is the most commanly affected site followed by femur, humerus, and ribs. The small bones of hands
and feel, spine and craniofacial banes are rarely affected. Symptoms involve pain and swelling. Myxoid changes,
calcification or ossification may be present. Radiographically, the development of chondrosarcoma is manifested
as a lytic lesion, cortical erosion or destruction, soft tissue extensionand irregularity or indistinctness of the surface
of tumor (10).
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MRl is used lo identify soft tissue extensian and the extent of tumor while CT scan can be helpful to see calcified
malrix. As chondrosarcomas are highly resistant 1o chemo- and radiotherapy, surgery is the only option to cure (he
patients sofar (11).

Chondrosarcoma subtypes

Chondrosarcomas can be divided mainly into 5 dilferent sublypes including comventional (BO-85%),
dedifferentiated (6-10%), periosteal (2%), mesenchymal (2%) and clear cell chondrosarcomas (1%). Periosteal
chondrosarcomas (juxtacortical chondrosarcomas) are malignant hyaline cartilage forming tumors located at the
surface of the bone, arising from perichondrium and not connected to the original bone (9:12). Dedilierentiated
chondrosarcoma contains two clearly distinet components: a well-dilferentiated cartilage tumor (gither an
enchondroma or a low grade chondrosarcoma), juxlaposed Lo a high-grade noncartilaginous sarcoma, with a sharp
interface between the two components (1.3). Conventional chondrosarcomas are most frequent and arise de novo
{primary) or from a benign precursor (secondary). Conventional chondrosarcomas are divided into two groups
based on their anatomical location in the bone: i) secondary peripheral chondrosarcomas (10-15%) and ii) central
chondrosarcomas (85-90%). Chondrosarcomas arising in patients with Ollier disease and Maffucci syndrome are
classified as the conventional secondary central subtype,

Conventional Chondrosarcomas

I} Secondary peripheral chondrosarcoma develop within the cartilage cap of a pre-existing osteochondroma.
Ostecchondroma, a benign tumar, is a cartilage capped bony projection arising at the surface of bone (14). Multiple
osteochondromas (MO, also known as hereditary multiple exostoses) is an autosomal dominant skeletal dysplasia
caused by mutations in EXT1 or £XT2 {15-18) and characterized by the presence of multiple osteochondromas (19).
Although the involvement of EXTT or EXT2 inactivation in osteochondroma formalion is beyond dispute, EXTT and
EXT2 are not involved in the progression towards secondary peripheral chondrosarcoma (20). The most frequent
locatian of secondary peripheral chondrosarcomais ilium, followed by scapula, tibia, femur, pubic bone and ribs.

ii) Central chondrosarcoma arises de nowo in the medulla of the bone (primary) or from a preexisting benign
enchondroma (secondary). Mast of the cenfral chondrosarcomas are believed to arise primary, Clinical signs
suggestive of malignancy are presence of pain, cortical erosion and extension of the lumor into soft tissues (6;21).
Central chondrosarcomas can be found in almoest all parts of the skeleton which are formed by enchondral
ossification. The most preferential sites include lemur, followed by ribs and ilium. The distinction between
enchondroma and low grade chandrosarcoma is difficult at radiological as well as at the histological level (22) and
slightly subjected to interobserver variability (23:24). Criteria ta distinguish include mucoid matrix degeneralion of
more than 20% and/or presence of host bone entrapment (24). In Ollier disease and Maffucci syndrome more
cellularity and atypia is tolerated, making the histolagical distinction even maore difficult,

Histalogically conventional chendrosarcomas can be divided into three grades (Grade |, Il and IIl) (25) {Figure 1),
Grading is so far the most impartant prognostic predictor lor metastasis. The risk of developing metastasis increases
with increase in lumor grade. Studies showed that metastases of grade | chondrosarcomas are rare ar absent, while
10-33% of grade Il and around 70% of grade Il chondrosarcomas metastasize (25,26,
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Figure 1 Histology of enchondroma and different grades of chondrosarcomas
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Approaches to understand complex diseases

Complex diseases are caused by a combination of genetic and environmental factors, For most of these diseases il
is difficult to identify the cause as they do not obey standard Mendelian patterns of inheritance. Genomics is the
ligld of study helping to understand a role of the genome in the development of particular diseases. The Human
Genome Project has changed the view of researchers to gain new insights in pathogenesis of diseases. The known
role of copy-number alterations in sporadic genomic disorders, combined with emerging infarmation about
inherited copynumber variation, indicate the importance of assessing copy-number variants (CNVs), including
cammon copy-number palymorphisms, involved in disease (27). In principle, complex disease can be explained
by the presence of particular single nucleotide polymorphisms (SMPs) or CNVs or variation in noncoding
sequences associated with diseases. As Ollier disease and Maffucci syndrome are non-inherited disorders, we first
started off with a genome-wide analysis to search for candidate regions involved in these disorders. We used high
resolution SMP array combined with expression arrays.

Genome-wide approach
Single Nucleotide Polymorphism (SNP) Arrays

SNP arrays offer an opportunity to identily copy number changes together with loss of heterozygosity (LOH) events
occurring in the tumor, throughout the genome. SNPs are variable positions in the genome with two different allelic
types when fhe frequency of the minor allele exceeds 1% in at least one population (28;29). SNP aays are an ideal
platform to map somatic and germline genetic alterations (30-33). Only SNPs which are heterozygous in germlineg
are informative as an indication of possible LOH. Paired normal DNA is not always available and therefore, an
advantage of SNP arrays are that It provide marker densities that enable the identification of LOH regions, without
using germline paired DNA. SNP frequency has an uneven distribution throughout the whole genome. Including
copy number variation (CNV) probes to a SWP array platform like Afflymetrix SNP 6.0 array can compensale for the
unevenness of the SNPs. SNPs are much less frequent inside coding areas including exomic regions, therefore the
detection rate of genetic changes that encompass only one or a few exons especially for small genes is rather
limited. Also, balanced translocations and point mutations can not be detected by SNP arrays.

Gene Expression Array

Microarrays are used as a routine tool for molecular profiling, identification of new targets and biomarker
discoveries in biomedical research (34). Microarray technology has allowed the abundance of thousands of
different mRNAs to be measured simulianeously in a given sample using a single hybridization reaclion (35;36).
Therefore, analysis of individual genes has provided an opportunily to analyze large sets of genes and relationships
in their expression (35). Interpretation of the results to gain insight into biological mechanisms is still challenging.
There are some critical issues such as correct selection of samples, proper experimental design, sample collection,
preparation of targeled RNA, integrily and purily of RNA related to microarrays in order (o guarantee the quality and
repraducibility of the obtained data (36).

Genomic changes (amplification or deletions) often comprise 105 100s of genes, therefore integration of copy
number changes and expression arrays might be mare informative,
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Expression changes (up or down requlation) of genes residing in copy number alteration (CNA) regians of the
genome might identify genes impartant in the pathogenesis of tumors.

Methylation array

ONA methylation plays a critical role in regulating gene expression and cellular funclions during normal
development as well as in carcinogenesis (37). Methylation is largely known as epigenetic modification of DNA
(38). Methylation of DNA accurs exclusively in 5-cytosine and in mammals, the majorily of cylosine methylation
occurs in CpG sites. Non-CpG methylation is rare (39). CpGislands are present in —70% of human promaters (40),
Epigenetic changes (which alter the gene expression) have been recognized as one of the most imporiant molecular
signatures of the lumars inrecent years. These alterations comprise of hypermethylation of tumor suppressor genes
or hypamethylation of oncagenes (38). The exact mechanism of abercant methylation is still unknown, Methylation
profiling helps to understand the nature of gene regulation in cells, and also the epigenetic mechanisms of
interactions between cells and environment (37). There are three methads available for DNA methylation profiling
which includes 1) discrimination of bisulfite induced C to T transition, i) cleavage of genamic DNA by methylation
sensitive restriction enzymes and iil) immunoprecipitation with methyl-binding proteins or antibodies agains!
methylated cytosine (37).

Some of these approaches permil the investigation of the limited number of methylated regions at a time, Whereas,
microarray and sequencing based DNA methylation profiling lechnologies have been developed in order lo assess
methylation status for a large number of genes or even the entire genome.

Hypothesis driven approach

Based on the literature related to chondrocyte differentiation and enchondral bone formation, one could postulate a
number of candidate genes for Ollier disease and/or Maffucei syndrome,

1.NDST1

EXTT or EXT2 are known to be involved in osteochondroma (14-16). While it is evident that inactivation of EXTT or
EXT2 is the driving force for the development of benign peripheral cartilaginous tumors, they are not involved in
central chondrosarcoma and expression of these genes was comparable ta the growth plate (41). The EXT proleins
are glycosyliransferases responsible for the elongation of heparan sulfate (HS) chains (42;43). HS is a large
complex carbohydrate that binds various growth factors and enzymes and its assembly invalves three steps |) chain
initiatian i) chain elongation iii) chain madification.

I} chain initiation occurs when four sugars are atfached to specific serine residue of the core proteins. i) elongation
steps involve N-acetyl glucosamine and glucoronic acids which are alternatively added by copolymerases encoded
by EXT1 or EXTZ. iii} chain modification involves Ndeacetylation/ N-sulfation (NDST1), C5-epimerization, 2-0
sulfation of uronic acids and 3-0 and 6-0 sulfation of glucosamine residues, Presto el al. proposed a GAGosome
model in which cells over-expressing NDST1 and EXT2, NDST1 competes with EXT1 to bind to EXT2 and will form
heteroduplex (44). Binding of mare NOST1 to EXT2 might alter formation and localization of HS. The rale of EXTT,
MOST1 and HS is unknown in enchondromas and chondrosarcomas related to Ollier disease and Maffucc
syndrome.
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2.PTHIR

Enchondroma might arise as a result of abnormal regulation of pathways involved in chondrocyte proliferation and
differentiation. One of the maost important signaling pathways is the Indian Hedgehog/Parathyroid Hormane Like
Hormone IHH/PTHLH negative feed back loop (45). Prehyperirophic chondrocyles secrete IHH which will bind toits
receptor Patched (PTCH) which will result in increased secretion of PTHLH. PTHLH will bind to its receptor PTH1R
which will inhibit further differenliation of chondrocytes by up-regulating BCL2, resulling in less IHH producing
cells (46). PTH1R and IHH pathways are tightly coupled and therefore reduced PTH1R signaling could lead to
impaired chondrocyte proliteration and differentiation.

Previously, a R150C PTHIR (3p22 (47)-p21.1) point mutation was reported in two out of six patients with
constilutively active IHH signaling {48) but an elaborative study on 28 Ollier patients failed to detect any mutations
in PTHRT by our group (49). G121E PTH1R, A122T PTH1R and R255H PTHTA mutations were subsequently found
in 3 out of 14 Ollier patients (50). Two heterozygous mutations, G121E PTHTR and A122T PTHTR were present only
in enchondroma from an Ollier patient while R255H PTHTA was present in tumor as well as in leukocyte DNA. All
these mutations were claimed to alter the ligand affinity of the receptor as well as its expression at the cell surface
and ultimately impaired its function (50). In lotal four dilferent heterozygous mulations were reported. Thus,
heterozygous PTHRT mutations may contribute or act as amadifier in small subset of Ollier patients (48-50).
3.1DH1 andIDH2

Gliomas are the most frequent non-cartilaginous tumars associated with Ollier disease (51;52). Also, six patients
with Maffucci syndrome having a glioma have been reported in the literature (52-57). Glioma is the most comman
type of primary brain tumaor (58). Heterozygous mutations af the R132 codon of isocitrate dehydrogenase 1 (10HT)
and R172 codan of isocitrate dehydrogenase 2 ({0H2), mutations were described for up to 70% of gliomas (59).
Mutations in /OHT and I0H2 are mutually exclusive with rare exceptions, which suggest mutation in either of these
two isoforms s sufficient to confer growth advantage and/ar cell survival (60). Mutations in /OHT or IDHZ were also
reported for solitary central and periosteal chondrosarcomas as well as for few patients with enchondromalosis
syndrame (61),

IDH catalyzes the oxidative decarboxylation of isocifrale to a- ketoglutarate (a-KG) and reduce NAD(P+) o
MNAD(PIH (Figure 2). IDH1 is located in the cytoplasm and in the peroxisome while I0HZ is located in the
mitochondria, They are involved in lipid melabolism and in the Krebs cycle (Figure 2). Mutant IDH1 or IDH2 leads 1o
gain of function by producing 2- hydroxyglatarate (2HG), a structural analogue of a-KG (62) and ultimately lead to
reduction in a-KG production (Figure 2). Based an the increased incidence of gliomas and /0 mutations in solitary
central cartilaginous tumars, we hypothesized that (D4 and/or (D42 mutations may occur in patients with Qllier
disease and/or Matfucci syndrome.

4.GNAS

Like gliomas, juvenile ovarian granulosa cell tumors show an increased incidence in patients with Ollier disease
and Maffucei syndrome (52,53,63;64).
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Mutations in GNAS at R201 were reported in 30% of juvenile ovarian granulosa cell lumors (B5), Apart from this,
somatic mosaic GNAS mulations are also found in McCune-Albright syndrome, which is a non hereditary disorder
characterized by polyostatic fibrous dysplasia combined with endocrinopathies (66). Based an the association of
Juvenile ovarian granulosa cell twmors with Ollier disease and Maffucci syndrome, we hypothesized that GNAS
mutations might be present in these patients.

represented. Mutant IDH1 produces 2HG and reduces the amount of a -KG.




Chapter 1 | General Intduction

Aim of the investigation and outline of the thesis

The main purpose af the sludies described in this thesis is 1o Tind the genetic deficit in Ollier disease and Malluccl
syndrome and understand their functional consequences. As Ollier disease and Maflucci syndrome are very rare,
non-inherited syndromes with a unilateral predominance of the multiple enchondromas, we hypothesized the
presence of somatic mosaicism with an early post zygotic mutation resulting in asymmetric involvement of skeletal
structures, similar to McCune Albright syndrome caused by somatic mosaic GNAS mutations, (67) .

We first searched the literalure and present a detailed overview of all different sublypes of enchondromalosis
syndrome in Chapter 2,

In Chapter 3 and 4, the Aflymelrix Genome-Wide Human SNP Array 6.0 platiorm was used 1o identify candidate
gene/genes for Ollier disease (Chapter 3) and Maffucei syndrome (Chapter 4). The arrays contain 1.8 million
reporters, including more than 906,600 SNPs and 946,000 probes for the detection of CNV. We compared
genotypes between tumor and paired blood or saliva DNA. We have integrated copy number variation results with
Illumina genome-wide expression v3 array and selected few candidate genes for enchondroma development,

In Chapter 5 and 8, a hypothesis driven approach was used 1o study the five genes as outlined above. As described
earlier in detail, NOST! was selected as a candidate gene and other components of heparan sulfate pathway were
analyzed in Chapter 5. Since a small subset of patients with Ollier disease showed mutations in PTHIA, we also
perfarmed mutation analysis as described in Chapter 6. Based on the increased incidence of gliomas and juvenile
granulosa cell tumors in Ollier disease and Maffucci syndrome, and mutation studies on non-syndromal
chondrosarcomas, we evaluated the occurrence of I0HT, IDH2 and GNAS mutations. In addition we performed
epigenetic studies to investigate the mechanism of enchondroma development using Illumina Humanhethylation
arrays in Ollier disease and Maffucci syndrome as described in Chapter 6. Finally, resulls are summarized and
discussed in Ghapter 7.
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