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Chapter 1

|. Bonetumors
Bone sarcomas are rare neoplasmswith an incidence of around the 1-2 new cases per 100.000
individuals per year. The most common primary malignant bone tumors are osteosarcomas,
followed by chondrosarcomas and Ewing sarcomas. Both osteosarcomas and Ewing sarcomas
have the highest incidence in younger patients, up to twenty years of age, whereas
chondrosarcomas are more prevalent at around the second to fourth decade of life (Table
1.1).

Table 1.1: Overview of the incidence and age of presentation of the most

common primary bone tumors

a) Benign bone tumors

Tumor Incidence Peak occurrence
Osteochondroma 45% <20 years

Giant cell tumor 20% 20 -45 years
Enchondroma ~10% 10 - 50 years
Osteoid osteoma 10% 5-25years
Aneurysmal bone cyst 7 0—20 years
Chondromyxoid fibroma 2% 10 - 30 years
Osteoblastoma 1% 10 - 35 years
Chondroblastoma 1% 10 - 20 years

Incidence is percentage of all benign bone tumors

/?) Bone sarcomas

Tumor Incidence Peak occurrence
Osteosarcoma 21% 10 -20 and 50 - 70 years
Chondrosarcoma 20% 30 - 60 years

Ewing sarcoma 5% 10 - 30 years

Malignant Fibrous Histiocytoma 5% > 30 years
Fibrosarcoma 2% 35-60 years
Adamantinoma extremely rare 10 — 40 years

Incidence is percentage of all malignant primary bone tumors

Clinical features of bone tumors are often non-specific, and as a consequence of this they
often are not detected in the early phases. Symptoms pointing to bonetumorsare pain, swelling
and a general discomfort. They can also be detected through spontaneous fractures, as a
consequence of the fact that the bone structure is altered by the tumor.

[I. Chondrosarcoma

Chondrosarcomas are, after osteosarcomas, the most prevalent bone sarcomas. They are
characterized by the production of cartilage instead of bone. The incidence in males and
females is equal, and it mainly occurs in adults of 30-60 years [1]. Most of these tumors
occur in thelong bones. Within the group of chondrosarcomas different subtypes are discerned
[2-4] (Table 1.2).

Conventiona central chondrosarcomas can arise denovo in the medullaof the bone (primary),
or from an enchondroma (secondary) [5]. This group comprises about 80% of all conventional
chondrosarcomas. The second most prevalent chondrosarcomas are the secondary peripheral
chondrosarcomas, which per definition arise in the cartilage cap of an osteochondroma [6].
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Table 1.2: Clinio-pathological subtypes of chondrosarcoma of bone

Subtype Incidence (% of all chondrosarcomas)
Conventional 80-85 %
Central 83% of conventional chondrosarcomas

60-98 % primary
2-40 % secondary

Peripheral 17% of conventional chondrosarcomas
100 % secondary
Dedifferentiated 6-10 %
Mesenchymal 2%
Juxtacortical 2%
Clear cell 1%

Osteochondroma is a cartilage-capped bony projection arising on the external surface of
bone, and contains a marrow cavity that is continuous with that of the underlying bone [7].
The cartilage is organized histologically in the same manner as the normal human growth
plate. In enchondromas no specific growth pattern is discerned. The peripheral and central
chondrosarcomas look histologically similar and in both three grades of malignancy are
discerned (Table 1.3; Figure 1.1) [2].

Grading is one of the most important prognostic predictors. In high-grade tumors the risk of
metastasis is increased. Where as grade | chondrosarcomas seldom metastasize, 10-33% of
grade |l and ~70% of grade Il chondrosarcomas metastasize [2,8]. However, this method of
grading is somewhat subjective and therefore it would be helpful to find a molecular marker
predicting outcome. Apart from grading also the localization is of importance for prognosis,
asis summarized in chapter 2.

Table 1.3: Histological grading of conventional chondrosarcomas according to Evans etal. [2]

Grade Histological features

1 Marked preponderance of small densely-straining nuclei
Background varies from chondroid to myxoid
Calcification and bone formation are frequent
Multiple nuclei within one lacuna, sometimes infrequent
Occasionally small number of larger, somewhat pleomorphic nuclei are present

I Proportion of nuclei is of moderate size
Low mitotic rate (less than 2 mitoses per 10 high power fields)
Increased cellularity, specifically toward periphery of tumor lobules
Nuclei are paler and have visible intranuclear detail
Background in more cellular areas tends to be more myxoid

11 Two or more mitoses per 10 high power fields in most active areas
Increased cellularity in periphery of tumor lobules
Larger nuclei in areas with increased cellularity as compared to grade I1 chondrosarcomas
Spindle cell shaped cells in high cellular areas, no appreciable chondroid/myxoid matrix
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Figure 1.1: Histology chondrosarcoma grade | (A), Il (B), and I1l (C)

[11. Conventional central chondrosarcoma

About 80% of the conventional chondrosarcomas are originating centrally in the medulla
cavity of the bone central. In contrast to enchondromas that frequently occur in the small
bones of hands and feet, chondrosarcomas are extremely rare at this phalangeal localization.
The most prominent affected sites are femur (30%), pelvis (30%) and humerus (15%) [1]. In
theliterature theincidence of secondary central chondrosarcomas variessignificantly, ranging
from 1-2 % to 40% [ 3,9] depending on if one requires evidence of a pre-existing enchondroma
or evidence of an enchondroma next to a chondrosarcoma (see also chapter 2).

Genetics of conventional central chondrosarcoma

Littleis known regarding the way conventional central chondrosarcomas arise and only few
studies have been performed that make the distinction between central and peripheral
chondrosarcomas. Most central chondrosarcomas are near-diploid [10]. Genetic studies
revealed only few genomic alterations in enchondromas and low-grade central
chondrosarcomas. In high-grade central chondrosarcomas more complex aberrationsarefound
[11,12]. However, most alterations appear to be random. Studies using cytogenetics, |oss of
heterozygosity (LOH) or mutational analysis revealed that some chromosomes or
chromosomal regions seem to be non-randomly affected. Structural aterationsof chromosome
9, mainly focused on 9p, seem to be more common in for central chondrosarcomas [10].
Chromosomal region 9p12-22, which was found to be targeted in at 3 of 12 central
chondrosarcomas, contains the tumor suppressor gene CDKN2A, also known as p16 [10].
This gene is deleted in several types of cancer and could therefore be a candidate gene for
central chondrosarcomas. Also band 17p13, containing the tumor suppressor TP53, has been
studied and loss or mutations were identified, mainly in high-grade tumors. Without
distinguishing central and peripheral chondrosarcomas, loss of chromosome arms 6q, 10p,
11p, 119 or 22q seemed to correlate with grade and loss of 13q was found to be a prognostic
factor for metastasis [12].
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Protein expression studies

Immunohistochemistry studies on chondrosarcomas have been done quite extensively. In
most cases again no distinction was made between central and peripheral chondrosarcomas
and prognostic factors were not found (summarized in chapter 2).

V. Enchondroma

Enchondroma is the benign counterpart of central conventional chondrosarcomas. The
incidence of enchondromasis not known, since they often are asymptomatic, and only found
after a fracture or bone scans on other grounds, such as screening for some metastasis of
epithelial cancer. The risk of malignant transformation is <1%.

Histologically, the distinction between enchondroma and chondrosarcoma is mainly based
on comparison of cytology, architecture and growth patterns. Whereas the enchondromas
are often encased by normal lamellar bone at the outside of the tumor (encasement),
chondrosarcomas show infiltration of tumor tissue in the normal bone (entrapment) [9,13].
However, the distinction is not always easy and molecular markers for diagnostic purposes
would be helpful.

Radiological analysis is helpful in making the distinction between enchondromas and
chondrosarcomas. Plain X-ray is unable to make this distinction [14], whereas magnetic
resonance (MR) improves tissue characterization of cartilaginous tumors and may assist in
identifying low-grade chondrosarcoma. Gadolinium-enhanced MR can be used [15], but
better results are obtained using fast contrast-enhanced MR imaging, that may assist in
differentiation between benign and malignant cartilaginous tumors in adults [16].

V. Enchondromatosis

While most enchondromas and/or conventional central chondrosarcomas are solitary, some
occur multiple in the context of a syndrome (enchondromatosis) [17]. The two best known
are Ollier disease [18,19], characterized by the presence of multiple enchondromas, and
Maffucci syndrome [20], characterized by the presence of multiple enchondromas and

Figure1.2: Radiographs of hands from 2 patientswith enchondromatosis. A) Hand from patient with Ollier disease
with multiple enchondromas, B) Hand from patient with Maffucci syndrome, containing enchondromas and calcified
thrombi in soft tissue haemangiomas. Source: Committee on Bone Tumors, The Netherlands
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haemangiomas (benign vascular lesions) (Figure 1.2). None of the syndromes is hereditary,
though rare cases in which more than one person in the family is affected have been reported.
In patients with enchondromatosis it is frequently seen that only one side of the body is
affected. This could point in the direction of an early mutation event in embryogenesis,
resulting in mosaicism.

Patients with enchondromatosis have an increased risk of malignant transformation and the
chance of devel oping a chondrosarcoma can be as high as 35%, compared to < 1% in patients
with a solitary enchondroma[17]. Enchondromasin patients with enchondromatosis behave
less aggressively and slightly different criteria for malignancy are thus applied: more
worrisomefeatures are accepted in enchondromas[17] from patients with enchondromatosis,
such as increased cellularity and more cytological atypia.

Genetics

Genetic studies on enchondromatosis tumor samples are rare. LOH of chromosomal regions
1314 and 9p21 [21] were found in a chondrosarcoma of one patient and deletion of 1pin
another patient [22]. Also a mutation in the PTHR1 gene, called p.R150C PTHR1, has been
described in two of six patients with Ollier disease, one as a germline mutation and one most
likely somatic [23].

In addition to the well-known syndromes, Ollier disease and Maffucci syndrome, some other,
less well-defined subtypes of enchondromatosis have been described:

1) Shondyloenchondromatosis / spondyl oenchondrodysplasia

Spondyloenchondromatosis [24-27] is a syndrome defined by the presence of multiple
enchondromas and the presence of platyspondyly (flattened vertebral body shape with reduced
distance between the endplates). The patients have short stature, short trunk, and short limbs,
and the hands and feet are only mildly involved. In contrast to Ollier disease and Maffucci
syndrome spondyloenchondromatosis is thought to be hereditary, following an autosomal
recessive pattern.

2) Metachondromatosis

Metachondromatosis [28] is characterized by a combination of multiple enchondromas and
osteochondromas. It follows an autosomal dominant inheritance pattern.

3) Generalized enchondromatosis

Generalized enchondromatosis[29,30] is described by evenly distributed enchondromaswith
severe involvement of hands and feet, mild platyspondyly and skull deformity. It was found
to be familial in one case, following an autosomal recessive pattern.

4) Others

Other subtypes have been described, and they are subdivided based upon varying involvement
of hands and feet, platyspondyly or vertebral lesions [26,30,31].

V1. Phalangeal enchondromas and chondrosarcomas

Most enchondromas are located in the long bones and about 50% of these tumors are found
in the hands and feet [32,33], where they most frequently involve the proxima phalanx,
followed by the middle phalanx, and the metacarpals. In these cases deformations may arise.
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Figure 1.3: IHH/PTHLH signaling in the postnatal growth plate. Chondrocytes in the transition zone secrete
Indian Hedgehog (IHH) protein, which diffuses to its receptor Patched (PTCH) in the hypertrophic zone. This
increases secretion of Parathyroid Hormone Like Hormone (PTHLH), located in the hypertrophic zone [36],
which diffuses to its receptor. Terminal differentiation is inhibited by direct or indirect upregulation of BCL2,
prolonging cell survival [37]. Inthisway, PTHLH regulates chondrocyte differentiation by delaying the progression
of chondrocytes towards the hypertrophic zone and allowing longitudinal bone growth [38]. EXT1 and EXT2 are
expressed in the proliferative and transition zone [39] and are required for the formation of Heparan sulphate
proteoglycans (HSPGs), expressed in all zones of the growth plate [40-45]. HSPGs play a role in the high affinity
binding of ligands to their receptor and possibly the diffusion of the molecules. High affinity binding of the ligand
FGF18 [46] to the receptor (FGFR3, but also FGFR1 and FGFR2), expressed in the proliferation zone, requires
HSPGs. Upon binding cyclin-dependent kinaseinhibitor 1A (CDKN1A, p21) isactivated [47], inhibiting chondrocyte
proliferation, and thereby the IHH expressing cells [48].

Adapted from L. Hameetman et al [49].

Conventional central chondrosarcomas of the phalanx are extremely rare and they only rarely
metastasize (<2%)[34]. Therefore, adifferent histological cut-off between enchondromaand
low-grade chondrosarcoma is applied to these tumors. Thus, enchondromas of the phalanx
can look histologically like a chondrosarcoma, but are still diagnosed as enchondromas
because of the phalangeal localization. However, the reason for this favorable outcome of
phalangeal chondrosarcomasis not known. Either these tumors are biologically different or
the location (and smaller size of these tumors dueto early detection, different vascularization
or lower temperature) could account for their low property to metastasize [34,35].

VII. IHH/PTHLH signaling

The pathogenesis of enchondromas and central chondrosarcomas is not known. It has been
suggested that they arise from cartilage residues of the growth plate. In the normal growth
plate atight signal regulation takes place, organizing the proliferation and differentiation of
the chondrocytes. One of the important signaling pathways is the Indian Hedgehog/
Parathyroid Hormone Like Hormone IHH/PTHLH negative feedback loop [36,38,50-52]
(Figure 1.3). This signaling pathway is suggested to be altered in tumors of patients with
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multiple osteochondromas, a hereditary syndrome caused by mutations in the EXT genes
(see chapter 2).

Binding of IHH to its receptor PTCH will result in the release of Smoothened (SMOH) by
PTCH. Now thetranscription factors GLI-Kruppel family members 1-3 (GL11-3) are stabilized
and transcription of several genes including PTCH, GLI1-3 and Cyclin E (CCNE) is
upregulated [51,53]. Downstream of IHH PTHLH (PTHrP) signalingisfound. Thissignaling
regul atesthe pace of chondrocytes differentiation by delaying the progression of chondrocytes
towards the hypertrophic zone, allowing longitudinal bone growth [38] completing the
negative feedback |oop. In addition, the transition from G1 to S phaseisacrucia step in the
growth and is regulated by, amongst others, Cyclin D1, Cyclin E and p21 (CDKN1A). In
chondrocytes thistransition is partly influenced by IHH (Cyclin E) and PTHR1 (Cyclin D1)
[50-52].

VII. Aim of the study and outline of the thesis

Enchondromasand conventional central chondrosarcomas are cartilage producing bonetumors

as outlined above. Among these tumors two differently behaving subtypes are discerned,

enchondromatosis-related and phalangeal enchondromas/chondrosarcomas.

The purposes of the studies presented in this thesis were to:

further elucidate the multi-step genetic model in central chondrosarcoma.

by identifying the molecular change(s) underlying malignant transformation of enchondroma

weaim at finding molecular markersthat may aid inthe difficult differential diagnosisbetween

enchondromas and low-grade chondrosarcomas.

1) by identifying the molecular change(s) involved in the progression from low-grade
towards high-grade chondrosarcoma we hope to find prognostic markers, independent
of histological grade. Thisis of interest since progression of grade can be observed with
recurrent chondrosarcomas. I n thisthesiswelooked at progression by comparing primary
chondrosarcomas of different grades to each other.

2) investigate if there are molecular differences between enchondromatosis-related tumors
and solitary tumors, to see if we can identify the molecular defect underlying
enchondromatosis and further understand the less aggressive behavior of enchondromas
in patients with enchondromatosis. We looked genome wide both at RNA expression
levels and genomic aberrations. In addition a more hypothesis-driven approach was
chosen, based on the IHH and PTHLH signaling pathways. These pathways areinvolved
in normal cartilage growth and differentiation, which are though to play a role in
osteochondromas and secondary peripheral chondrosarcomas and was alleged to be
affected in Ollier disease.

investigate if there is a biological difference between phalangeal enchondromas and
chondrosarcomas compared to enchondromas and chondrosarcomas | ocated el sewhere, since
phalangeal tumors only rarely metastasize, although the histological appearance suggests
malignancy. The reason for this favorable outcome of phalangeal chondrosarcomas is not
known. Either these tumors are biologically different or the location (and smaller size of
these tumors) may be causative for their favorable prognosis.
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Chapter 2 contains a more detailed review regarding the diagnosis and prognosis of both
conventional central chondrosarcomas and secondary peripheral chondrosarcomas. The
genetics of the different subtypes and an inventory of what was known in the literature of
molecular markers for chondrosarcomas at the start of this study are summarized.

Since the loss of chromosomal region 9p21-22 was found more frequently in central
chondrosarcomas as compared to peripheral chondrosarcomain chapter 3 we investigated
the candidate gene CDKN2A located in 9p21.

In chapter 4 the presence of areported PTHR1 mutation in patients with enchondromatosis
was investigated. The reported mutation was shown to lead to an upregulation of the IHH/
PTHLH signaling. This was puzzling since in osteochondromas the IHH/PTHLH signaling
is downregulated most likely as a consegquence of EXT inactivation.

Chapter 5 describesthe expression of the [HH/PTHLH signaling pathway in several subtypes
of enchondromas and conventional central chondrosarcomas. This pathway most likely plays
an important role in osteochondromas and peripheral chondrosarcomas, which closely
resemble central chondrosarcomas. In this article also samples from patients with Ollier
disease and enchondromas and chondrosarcomas of the phalanx were included, to get amore
complete overview of the IHH/PTHLH signaling in the different subtypes

The results of a genome wide approach to unravel central cartilaginous tumorigenesis are
discussed in chapter 6 and 7. In chapter 6 expression profiles found in enchondromas, the
different grades of chondrosarcomas and those present in Ollier disease are compared. The
genomic alterations, studied with a~1 Mb spaced array CGH, are described in chapter 7 in
which they are combined with array expression studies from chapter 6.

All results are summarized and discussed in chapter 8.
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Chapter 2

Diagnosis and prognosis of chondrosarcoma of bone
LB Rozeman, PCW Hogendoorn and VMG Bovée
Expert Review of Molecular Diagnostics. 2002; 2 (5): 461-472

The mechanisms of chondrosarcoma development are just beginning to be unraveled. The
distinction between benign and low-grade malignant cartilaginous tumors is difficult and is
based mainly on radiological and clinicopathol ogical features. Inthisreview, the conventional
chondrosarcomas are subdivided into central and secondary peripheral chondrosarcomas,
based on their different genetic and clinicopathological background. Thus far, no diagnostic
markers have been identified for central tumors. BCL2 is a good diagnostic marker that can
be used in the distinction between osteochondroma and low-grade secondary peripheral
chondrosarcoma. For the prognosis of chondrosarcomas, the best and most commonly used
marker at present ishistological grade. Several molecular markers, recapitulated in this paper,
have been tested to see if they aid in determining diagnosis and predicting prognosis, but
most are not independent of histological grade.
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The prevalence of primary malignant bone tumorsis estimated 1: 100.000 within the general
population, 17-24% of which are chondrosarcomas [1] .[2] Chondrosarcoma of bone is a
slowly growing malignant tumor characterized by the formation of cartilage instead of bone.
The tumors have an equal sex incidence and principally occur in adults of 30-60 years. Chon-
drosarcomas are found mostly in the long bones (33%), pelvic bones (27%) and in ribs and
scapula (10%). The most adequate treatment is surgery, since the tumors are highly resistant
to chemotherapy and radiotherapy [3]. The final diagnostic assessment is the result of a
multidisciplinary approach involving the clinical, radiological and histopathological data.
Chondrosarcomas can be classified based upon microscopic features. The most common is
conventional chondrosarcoma (80-85%). Dedifferentiated chondrosarcoma (10%), mesen-
chymal chondrosarcoma (2%), juxtacortical chondrosarcoma (2%) and clear cell chondrosa-
rcoma (1%) are rare.

Conventional chondrosarcomas

Conventional chondrosarcomas can be subclassified in two ways. One subdivision is made
between primary (without evidence of a pre-existing benign lesion such as enchondroma or
osteochondroma) and secondary (evidence of a pre-existing benign lesion is present)
chondrosarcomas. Another subdivision can be made according to their location in the bone.
Most chondrosarcomas (83%) arise centrally within the medullary cavity of bone (primary
conventional central chondrosarcomas, or secondary central chondrosarcomasif they develop
from a pre-existing enchondroma), while a minority (17%) consist of secondary peripheral
chondrosarcomas, developing at the surface of bone secondarily within the cartilaginous cap
of apre-existing osteochondroma (cartilage-capped bony protuberance developing from juxta-
epiphyseal regions of long bones) [2,4].

Both central and secondary peripheral chondrosarcoma have similar cytonuclear features
and three grades of malignancy are discerned [5]. Increasing histological gradeis correlated
with anincreased risk of metastases and reduced survival time[5,6]. Thefact that recurrences
of chondrosarcomas can exhibit a higher grade of malignancy compared to the previous
lesion suggests that these tumors may progress in grade [5,7].

Despite the fact that both central and peripheral chondrosarcomas have similar, if not
indistinguishable, cytonuclear features, they do have a different genetic etiology.

Diagnosis of chondrosarcoma

The distinction between enchondroma or osteochondroma and low-grade chondrosarcoma
is difficult both at the radiological level (in case of central chondrosarcomas) [8] and the
histological level (for both central and peripheral chondrosarcomas) [9,10]. Thus far, the
differential diagnosis between benign and low-grade chondrosarcomasis usually based on a
combination of clinical, radiological and histological features. A correct diagnosisisessential
for selecting therapy. Benign lesions can have a wait-and-see policy - since the risk of
malignant transformation is low (about 1%) - or local treatment. In contrast, complete wide
en bloc excision, which may be mutilating, is required for malignant tumors.
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Radiology

Using (dynamic) magnetic resonance imaging (MRI), a fairly reliable assessment of the
differential diagnosis between osteochondromas and low-grade secondary peripheral
chondrosarcomas can be provided by estimating the thickness and eval uating the characteristic
staining of the cartilaginous cap [11]. For the distinction between enchondromas and low-
grade central chondrosarcomas clinical symptoms and radiographic features are of help but
both lack specificity [8,12,13]. Fast contrast-enhanced MRI can be used to confirm the
difference between benign lesions and all conventional high-grade chondrosarcomas, since
in contrast to benign and borderline cases, high-grade chondrosarcomas have a highly
vascularised pattern [14]. Analogously, at the histological level, enchondromas consist of an
avascular cartilaginous matrix without overt induction of neovascularisation. In contrast,
low-grade chondrosarcomas have a fibrovascular stroma surrounding the avascular
cartilaginous nodules [15,16]. These features thus form the basis for dynamic contrast-
enhanced MRI [14].

Histology

At the histological level, the distinction between enchondroma and low-grade central
chondrosarcomais mainly based on growth patterns and cytomorphological features. Host-
bone entrapment (defined as the permeation of tumor around preexisting lamellar host bone),
tumor encasement (defined as new shells of lamellar bone at the periphery of cartilage
nodules), high cellularity , marked nuclear pleomorphism an irregular cell distribution are
the main histological determinators [9,16]. The presence of mucoid matrix degeneration in
20% or more of thelesion, and the presence of host-bone entrapment almost certainly indicates
malignancy [16].

Additional techniques

Several studies have been reported on potential markers for distinguishing benign precursor
lesions (enchondroma, osteochondroma) from low-grade chondrosarcomas. Although some
give significant different expression levels for benign and malignant lesions, a problem is
that the distinction between the expression levels may not always be so accurate. Factors
reported to show asignificantly increased expression in chondrosarcomagrade | ascompared
with their benign counterparts are parathyroid hormone like hormone (PTHLH) and BCL2
[17], both restricted to peripheral tumors[18], and platel et derived growth factor (PDGF)-a
receptor and Ki-67 [19]. These molecular markers may be especially helpful in small biopsies
that are not big enough to assess the growth patterns as described above [9]. No molecular
diagnostic markers are known for the distinction between enchondromas and central
chondrosarcomas.

A major drawback of most molecular genetic reports on chondrosarcomas so far, however, is
that no clear distinction is made between central and secondary peripheral chondrosarcomas.
A distinction is, however, essential because of their different genetic mechanisms of
development. This could mean that potential diagnostic factorsthat are declared unfit for the
assessment of malignancy, may be important diagnostic factors specifically for central or
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peripheral tumors. The genetics of these two different clinico-pathological subtypes will
therefore be discussed separately.

Central chondrosarcoma

Most chondrosarcomas are central (intramedullary) chondrosarcomas. They can be primary
or they can devel op secondarily to abenign precursor lesion, enchondroma, whichis estimated
to occur in less than 1% of enchondromas [2]. Most enchondromas are solitary, while in
patients with nonhereditary Ollier disease or Maffucci syndrome, multiple enchondromas
arefound, scattered all over the skeleton, often with aunilateral predominance [20]. Maffucci
syndrome is characterized by the simultaneous occurrence of multiple enchondromas and
soft tissue vascular lesions. The percentage of malignant transformation in patients with
Ollier disease or Maffucci syndrome is much greater than for solitary enchondroma and has
been estimated at 25-30% [2,21].

Origin of central chondrosarcomas

There is considerable debate in the literature about the incidence of secondary central
chondrosarcomas and the percentage ranges from 1-2% [ 2] to approximately 40% [10]. This
wide range is most likely explained by how secondary central chondrosarcoma are defined.
The incidence is low when the definition is applied that a pre-existing enchondroma has to
have been detected previously. A point of discussion is, however, that enchondromas do not
always give complaints and often remain undetected or are only found by chance, for example,
with X-ray after fracture. A much greater incidence of secondary central chondrosarcomais
found if one defines central chondrosarcomas as secondary when the remains of apre-existing
enchondroma are present at the time of diagnosis, histologically or radiologically, next to a
central chondrosarcoma[10]. Not all known secondary chondrosarcomas do, however, show
evidence of the previous enchondroma. For example, Brien et al. [10] described a patient
known to have an enchondroma. When the patient returned with complaints, the benign
lesion had transformed into a chondrosarcoma, without it showing any evidence of the pre-
existing enchondroma. This could imply that a substantial number, if not all, central
chondrosarcomas are actually secondary.

Genetics

Not many genetic aberrations are known to be specific for low-grade central chondrosarcomas.
DNA flow cytometry data that make a distinction between central and secondary peripheral
chondrosarcomas show that central chondrosarcomas are predominantly peridiploid [22].
Loss of heterozygosity (LOH), comparative genomic hybridization and karyotyping show
that a broad range of genomic alterations can be found but most are probably random.
However, there are indications that chromosomes 9 and 22 are more often affected (Figure
2.1) [22].

Recently, an activating mutation in the parathyroid hormone receptor type 1 (PTHR1) gene
(R150C PTHR1) has been found in two patients with Ollier disease, of which in one casethe
mutation was also found in the father of the patient. Thismay suggest a hereditary component
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Figure 2.1: Multistep genetic model for central cartilaginous tumorigenesis

in Ollier disease. The mutation could not be found in any healthy individuals, nor in 50 cases
of sporadic chondrosarcomas. Thissingle base-pair substitution resultsin aconstitutive active
receptor leading to increasing CAMP signaling, resulting in slowed chondrocyte differentiation
[23]. PTHR1 ispart of anegative feedback |oop involved in the maturation and differentiation
of cartilage, which includes other proteins such as Indian Hedgehog (IHH) and BCL2. In
high-grade central chondrosarcomas overexpression of PTHLH and BCL 2 is seen, suggesting
that the IHH/PTHLH pathway could perhaps indeed be affected (Figure 2.1) [17].

Other genes that have been tested for the presence of mutationsin central chondrosarcomas
are p53 and p16. The p53 gene has been found to be genetically affected in some
chondrosarcomas, mainly high-grade. They can show mutations and/or LOH on chromosome
17p13 at the p53 locus[24-28]. The p16 gene, located on chromosome 9p21, has been studied
extensively in central chondrosarcomas. Although both cytogenetics and LOH point to the
9p21 region as an important candidate locus for central chondrosarcoma development [29],
mutations were absent and methylation (a mechanism of gene downregulation) of the p16
gene combined with absent p16 protein expression is found in only a subset of central
chondrosarcomas [30-32].

Secondary peripheral chondrosarcoma

Secondary peripheral chondrosarcomas devel op within the cartilaginous cap of apre-existing
sporadic or hereditary osteochondroma. The hereditary cases represent patientswith multiple
exostoses (MO), an autosomal-dominant disease with genetic heterogeneity. These patients
have multiple osteochondromas, deformities of the forearm and disproportionate short statue.
The development of secondary peripheral chondrosarcomas is estimated to occur in < 1% of
solitary osteochondromas and in 1-3% of cases of MO [33,34].

Genetics

Multiple osteochondromas is a genetically heterogeneous disorder and, so far, two genes
have been identified, EXT1 (8924) and EXT2 (11p11-p12) [35-38]. Additionally, linkage to
MO has been found at chromosomal region 19p [39] but the gene has never been identified
and LOH is absent at thislocus[22,40,41]. Most mutations found in patients with MO result
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in truncation or a nonfunctional protein, inactivating the gene. In addition, both copies of an
EXT gene need to beinactivated for an osteochondromato develop in hereditary cases (Figure
2.2) [41,42]. These genes are therefore hypothesized to be tumor-suppressor genes.

For sporadic cases, however, only one somatic mutation in a sporadic osteochondroma has
been described [43,44], although L OH of the EXT genesisfound in chondrosarcomas derived
from sporadic osteochondromas.

Peripheral chondrosarcomas developing secondary to osteochondroma demonstrate DNA
aneuploidy with DNA indices ranging from 0.56 to 2.01, equivalent to respective half and
double portions of genetic material. Only mild aneuploidy is found in osteochondromas
[44]. Near haploidy, which is very uncommon for human tumors, is restricted to low-grade
tumors. It is hypothesized that additional genetic hits in the cartilaginous cells of
osteochondroma lead to genetic instability, characterizing malignant progression towards
low-grade secondary peripheral chondrosarcoma, which includes near-haploidy resulting in
the detection of a high percentage of LOH [22]. High-grade peripheral chondrosarcomas
display polyploidization of near haploid precursor clones, as confirmed by LOH and FISH
analysis (Figure 2.2) [22,44]. This extensive LOH may be considered as a hallmark of
peripheral chondrosarcomas, but obscuresthe detection of specifically targeted loci. Moreover,
cytogenetic analysis did not reveal any specific aberrations in peripheral chondrosarcomas
[29,45].

Proteins

The EXT gene products are involved in the biosynthesis of heparan sulfate [46-48]. Heparan
sulfate is important for the anchorage of the cells to the matrix and is involved in high
affinity binding of growth factors. Mutation of an EXT gene effects heparan sulfate synthesis
and may influence the distribution of IHH, a member of the negative feedback loop that
includes other proteins such as PTHLH (-receptor), fibroblast growth factor (FGF) (-receptor)
and BCL2, and may be involved in the regulation of proliferation and differentiation of
chondrocytes in the normal growth plate [49,50].

These putative downstream targets of EXT, proteinsfrom the IHH/PTHLH (PTHLH, PTHR1,
BCL2) and the FGF pathway (FGF2, FGFR1, FGFR3, p21) were demonstrated to be mostly
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absent in osteochondromas (Figure 2.2). Upregul ation of these proteinswas seen in peripheral
chondrosarcomas and the expression increased with histological grade. Upregulation of BCL2
and PTHLH was shown to specifically characterize the progression from osteochondroma
towards|ow-grade secondary peripheral chondrosarcomas (Figure2.2) [17]. Moreover, BCL2
was recently confirmed as aval uable immunchi stochemical marker for the di stinction between
osteochondroma and low-grade secondary peripheral chondrosarcoma, in which moderate-
to-strong or diffuse cytoplasmic staining is highly suggestive (95%) of malignancy [51].
Unfortunately, BCL 2 expression does not characterize malignant progression of enchondroma
towards low-grade central chondrosarcoma and to date such markers are still lacking.

Prognostic factors in chondrosarcoma

Thusfar, the best prognostic parameter in both primary conventional and secondary peripheral
chondrosarcomais histological grade. Since chondrosarcomas are heterogeneous, adequate
sampling of the tumor is essential [52]. Because histological grading can be difficult on
small samples, many studies have attempted to find mol ecular markersthat can help distinguish
good and poor prognosis in chondrosarcoma. Unfortunately, most literature on potential
prognostic factors does al so not distinguish central and peripheral chondrosarcoma subtypes.

Clinical and microscopical prognostic indicators

The best known prognostic indicators for chondrosarcomas are based on clinicopathological
criteria. The major factors are tumor localization and size, histological subtype of
chondrosarcoma and histological grade. Size of the tumors can be an indication of the
likelihood of recurrence [6] and the chance of development of metastases (Table 2.1) [3].
The assessment of tumor subtype is also important since the different subtypes have different
prognosis. For instance, dedifferentiated chondrosarcomas have an ominous prognosis, with
90% of patients dying with distant metastases within 2 years [53]. In contrast, juxtacortical
chondrosarcomas have a very good prognosis, if the tumor has been adequately removed
[54]. Grade is of importance because the risk of metastasis increases with increasing
histological grade [5,7]. Incomplete excision or excision with minor margins results in a
higher chance of recurrence. This recurrence can be of the same or higher grade than the
primary tumor [5,7].

In addition, anatomical location is of importance [19,55], since location in pelvis hasamuch
worse chance of curative treatment [3,56] than location in the extremities. Moreover,
chondrosarcomas in phalanges have an excellent prognosis since they rarely metastasize,
despite ominous histological features [57]. Extension of the tumor in soft tissues is also a
negative risk factor, since this often leads to local recurrence.

Molecular prognostic indicators

Several attempts have been made to find molecular markers that can indicate the
aggressiveness of the tumor and the chance of local recurrence or metastasis (Table 2.2).
Most of these markers are, however, not independent of tumor gradein amultivariate statistical
analysis and do therefore not have any additional prognostic value.
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Table 2.1: Clinico-pathological data investigated in cartilaginous tumors

Marker Type of CS Correlation Remarks Ref
(no of cases)
Inadequate margins conv. (191) Survival [3]
dediff. (20)
Inadequate margins conv. (108) Metastases [82]
Recurrence
Survival
Inadequate margins, tumor size conv. (153) Recurrence Multivariate analysis [6]
>10 cm
Size conv. (191) Metastases [3]
dediff. (20)
Grade conv. (114) Metastases Only in univariate analysis [64]
Recurrence
Grade conv. (191) Age [3]
dediff. (20) Metastases
Recurrence
Survival
Grade conv. (42) Survival [83]
Grade, recurrence, conv. (153) Survival Multivariate analysis [6]
extracompartmental spread
Grade, location (28) Recurrence [55]
Grade, location extremities conv. (67) Recurrence Independent factor for disease-free and [19]
Survival overall survival in multivariate analysis
Location pelvis conv. (191) Metastases [3]
dediff. (20) Recurrence
Survival
Tumor extension conv. (114) Metastases Metastases only significant in univariate  [64]

Recurrence analysis
Survival

conv.: conventional; CS: chondrosarcoma; dediff.: dedifferentiated.

Angiogenesis in chondrosarcoma

Important candidates for prognostic markers were thought to be molecules involved in
angiogenesis. Histologically, low-grade chondrosarcomas have a fibrovascular stroma
surrounding the avascular cartilaginous nodules, while in high-grade chondrosarcomas
vascularisation is more prominent including both fibrovascular stroma and vessels in direct
apposition to tumor cells [15].

Angiogenesis, as seen in high-grade chondrosarcomas, requiresinvasion by endothelial cells.
It has been suggested that vascular endothelial growth factor - whose expression appears to
berestricted to tumor cells of high-grade chondrosarcomas (Table 2.2) - isrequired for vessels
to penetrate the cartilage[15]. Moreover, localized proteol ytic modification of the extracel lular
matrix is required, for instance by matrix metalloproteinases (MMP). The activity of MMPs
is related to invasiveness and metastatic potential of tumors. It is suggested that increased
expression of MMP-1, -2, -9 and -13 and a decrease in MMP-3 and -8 expression may be
associated with a high-grade malignant phenotype in cartilaginous tumors (Table 2.2)[58-
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64]. Proteolytic activity is, however, determined by the overall balance between the activity
of MMPs and the activity of tissue inhibitors of MMPs (TIMPs). TIMP-1 and -2 expression
has also been demonstrated in chondrosarcoma [58,62,65-67] and a high ratio of MMP-1 to
TIMP-1 is associated with poor outcome (Table 2.2)[58,65].

Other molecular prognostic factors

In addition, several other factors have been tested, like heat shock protein 72 [68], FGFs
[17], plasminogen activators (PA) [55,64,69] and cathepsins (Table 2.2) [64,64,67]. For
instance, cathepsin B is an enzyme involved in lysosomal proteolysis and degradation of
antigens correlating with poor prognosis when overexpressed (Table 2.2) [64]. However, it
is difficult to define cathepsin B overexpression.

Genetic prognostic indicators

A recently reported prognostic factor isloss of chromosomal region 13g. Investigation of 59
chondrosarcomas showed it to be an independent prognostic factor for metastasis (relative
risk = 5.2), regardless of tumor grade or size [67]. In this study, other genomic aberrations
such as6q, 10p, 11p, 11q, 22q al so showed acorrelation with impaired metastasis-free survival .
However, significance was lost in a multivariate statistical analysis when other factors, like
tumor grade and size, were included in the comparison [70].

DNA flow cytometry datado al so have some prognostic value[71-79]. The tumours showing
aneuploidy are mainly high-grade chondrosarcomas and thus have aworse prognosis (Table
2.2). Therefore, aneuploidy is not a prognostic factor independent of histological grade.
The complex and aspecific cytogenetic aberrations that increase with histological grade
interfere with the identification of specific prognostic factors. The result is that different
lesions show different karyotypes and/or mutations with some found more often than others.
A good example is p53 which has been found mutated in a subset of the chondrosarcomas,
mainly related to high-grade or dedifferentiated chondrosarcomas, but not in al (Table 2.2)
[24,25,27,28,68,72,80,81].

Summary and conclusions

Although the mechanisms of chondrosarcoma development have been the subject of many
studies in the past, their multistep genetic pathways are just beginning to unravel. Based
upon their location, the tumors can be subdivided in two groups: central and peripheral,
which demonstrate different mechanisms of development. Most of the multistep genetic
model for central chondrosarcoma development remains to be elucidated. In contrast, more
is known about the multistep model for secondary peripheral chondrosarcomas, arising in
the cartilaginous cap of osteochondroma. For development of osteochondromas both copies
of the EXT genes need inactivation. In addition, secondary peripheral chondrosarcomas
demonstrate genetic instability, including near-haploidy. High-grade peripheral
chondrosarcomas show polyploidization of these near-haploid precursor clones. Thus far,
the distinction between benign and low-grade malignant cartilaginoustumors has been difficult
and ismainly based on radiological and clinico-pathological features. It would be helpful to
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Table 2.2: Prognostic molecular markers investigated in cartilaginous tumors

Marker Type of CS  Correlation Remarks Ref
(no of cases)
BMP-2, 4, -6, -7, -RIB, -RII conv. (12) BMPRII is significant correlated with the [84]
dediff. (8) dediff. tumor type
High expression FGF2, FGFR1, conv. (49) Grade A difference has been made between [17]
FGFR3, PTHrP, BCL2 central and peripheral CS
High expression PTHLH, BCL2 conv. (12) Grade [18]
dediff. (2)
hsp 72 ?2(37) Grade [85]
Expression CTGF(low), PCNA(high)  conv. (18) Grade Expression CTGF >30% has better survival — [86]
High expression Ki-67 conv. (29) Grade Also in multivariate analysis [68]
Recurrence
Survival
High expression Ki-67 conv. (25) Grade [87]
High expression Ki-67 conv. (39) Grade [82]
Recurrence
Survival
High expression Ki-67, PDGF-AA conv. (67) Grade [19]
High expression PDGF-alpha conv. (67) Grade High expression associated with shorter [19]
receptor Survival survival
Collagen I, I, IIL, IV, V and IX conv. (15) Type I, Il and V increased with increasing [88]
histological grade
Cts B conv. (114)  Grade [64]
Recurrence
CtsL conv. (114)  Grade [64]
Recurrence
Survival
Cts B,H, Kand S conv. (12) No correlation found [67]
CtsL conv. (12) Grade [67]
Expression MMP-1, 2,9 and TIMP-1  conv. (11) Matrix staining more present in tumors [60]
with higher malignancy
Expression MMP-13, bFGF(=FGF2)  conv. (16) MMP-13 expression regulated by bFGF [59]
Expression MMP-2 conv. (114) Overexpression is feature of larger/more [64]
advanced lesions
Expression MMP-2, MMP-14 conv. (12) Recurrence  No statistical analysis [52]
Expression MMP-2, TIMP-1, and 2 conv. (22) No correlation found [61]
mes. (1)
High expression MMP-2, TIMP-2, conv. (34) Grade [62]
MMP-14 dediff. (8)
mes. (7)
cc. (5)
MMP9 conv. (114)  Grade More in male patients [64]
Recurrence
High ratio MMP1/TIMP1 conv. (7) Recurrence [65]
dediff. (5) Metastases
mes. (1)
cc. (1)
High ratio MMP1/TIMP1 conv. (29) Recurrence Independent factor for survival [58]
Survival
Expression TIMP-2 conv. (12) Grade No statistical data [52]
Recurrence
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Table 2.2, continued

Marker Type of CS  Correlation Remarks Ref
(no of cases)
VEGF, intracartilage and conv. (19) Grade No statistical data, pericartilage vessels [15]
pericartilage vessels myx. (1) in all, increased with grade; intracartilage
mes. (1) vessels and VEGF mainly in high grade
Microvessel densities conv. (32) Grade More vessels in high grade tumors [89]
nm23 (NDP kinase) conv. (22) Grade Higher expressed in high grade tumors [90]
Expression p21(wafl/cipl) conv. (49) Grade Dependent of grade, expression [17]
Survival increases with grade. central and
peripheral CS separated
Expression p2 1(wafl/cipl) conv. (14) Grade Less frequent in higher grade tumors [91]
p53 overexpression conv. (7) Grade Expression increasing with grade and in [72]
dediff. (4) dediff. CS
p53 overexpression conv. (29) Grade Expression increasing with grade [68]
Survival
P53 overexpression dediff. (8) Grade Expression increasing with grade [80]
p53 overexpression and mutations conv. (126)  Grade Expression and presence of mutations [28]
myx. (32) Metastases increase with grade
P53 mutations conv. (9) 4 CS had a mutation in p53 [81]
p53 overexpression and mutations conv. (10) Grade Only found in 1 conv. grade Il and 1 [24]
myx. (2) CC. grade ITI
cc. (3)
p53 overexpression and mutations conv. (15) Associated with high grade and dediff. [27]
dediff. (15) subtype
myx. (12)
mes. (3)
cc. (1)
p53 overexpression and mutations conv. (15) Grade Associated with high grade and dediff. [25]
dediff. (3) subtype
mes. (1)
Expression P-glycoprotein conv. (11) Present in almost all tested tumors [92]
dediff. (7)
cc. (1)
Expression u-PA conv. (114)  Age [64]
Grade
Recurrence
u-PA, PA inhibitor (PAI)-2 (28) Metastases
Survival [55]
u-PA, tissue- type PA (t-PA), PAI conv. (14) Grade Significant higher expression in high [69]
dediff. (10) grade sarcomatous components in
dediff. compared with conv. CS
Expression c-myc, c-myb, c-Ha-ras conv. (8) Two CS showed c-myc amplification [93]
and c-fins mes. (1)
Abl conv. (15) Grade High expression in low grade [94]
dediff. (1)

Aneuploidy conv. (9) Grade More aneuploidy in high grade [71]
Aneuploidy conv. (7) Grade Allhigh grade conv. and dediff. [72]
dediff. (4) aneuploid
Aneuploidy (11) Grade More aneuploidy in high grade [73]
Aneuploidy conv. (36) Recurrence More aneuploidy in high grade [95]

dediff. (1)
23



Chapter 2

Table 2.2, continued

Marker Type of CS  Correlation Remarks Ref
(no of cases)
Aneuploidy conv. (45) Grade More aneuploidy in high grade [75]
Recurrence
Survival
Aneuploidy conv. (13) High grade more likely to be aneuploid [76]
Aneuploidy conv. (26) Grade More aneuploidy in high grade [77]
dediff. (3)
Aneuploidy conv. (191)  Grade More aneuploidy in high grade [3]
dediff. (20) Metastases
Aneuploidy conv. (140) No correlation found [78]
Aneuploidy conv. (16) No correlation found [79]
PTEN mutations all (40) No correlation found [96]
LOH 10q conv. (18) No correlation found [97]
LOH 13q, 17q conv. (28) Grade [26]
LOH chr. 6q, 10p, 11p, 11q, 13q, conv. (53) Metastases Only significant in multivariate analysis [70]
22q dediff. (6) for LOH chr. 13q
pl4 ARF mutations conv. (18) No correlation found [31]
dediff. (3)
myx. (1)
pl6 genetic alterations conv. (17) Grade? No statistical data [32]
dediff. (3)
myx. (1)
mes. (1)

Abl: Abelson murine leukemia virus oncogene; BMP: Bone morphogenic protein; cc.: Clear cell; conv.: Conventional; CS:
Chondrosarcoma; Cts: Cathepsin; dediff.: Dedifferentiated; FGF: Fibroblast growth factor; LOH: Loss of heterozy gosity;
mes.: Mesenchymal; MMP: Matrix metalloprotease; myx.: Myxoid; NDP: Nucleoside diphosphate; PA: Plasminogen
activator; PAI: PA inhibitor; PCNA: Proliferating cell nuclear antihen; PDGF: Platelet-derived growth factor; TIMP:
Tissue inhibitor of MMP; u-PA: Urokinase PA; VEGF: Vascular endothelial growth factor.

have molecular markers to aid the pathologist in this differential diagnosis. BCL2 is a good
diagnostic marker that can be used in the distinction between osteochondroma and |ow-
grade secondary peripheral chondrosarcoma. Thus far, no diagnostic markers have been
identified for central tumors. For the prognosis of chondrosarcomas the best available marker
isthehistological grade. Many molecular and genetic markersweretested on chondrosarcomas
but most are not independent of histological grade and therefore do not have additional
prognostic value, except in small lesions not big enough to ascertain the histological grade
by using the present criteria.

Expert opinion

The difference between benign and low-grade malignant cartilaginous tumors is difficult
and is so far mainly based on clinico-pathological and radiological features. Unfortunately,
most of the research on chondrosarcomas does not di stinguish between central and secondary
peripheral chondrosarcomas, probably because of their similar cytonuclear features. Although
peripheral chondrosarcomas are rare, the distinction is, however, important because they
have a different genetic etiology. Thus, it is imperative to distinguish between central and
secondary peripheral chondrosarcomas, sinceitislikely that diagnostic and prognostic markers
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may also be different for the two subtypes, as is demonstrated by BCL 2 being a diagnostic
marker for peripheral but not for central tumors. Eventually, a similar pathway may turn out
to be affected at different levels, for which the EXT downstream negative feedback loop,
involved in the formation and maturation of chondrocytes within the normal growth plate, is
a good candidate.

Five year view

In the next 5 years, more molecular and genetic markers will probably be tested. Many of
these markers will be chosen hypothetically, based on their involvement in what is presently
known about the devel opment and maturation of chondrocytesin physiological circumstances.
In addition, other pathwaysinvolved in the development of chondrosarcomas and their benign
lesions may be discovered with the use of new high-throughput techniques such as cDNA
microarray. This will probably lead to an improved understanding of the biology of
chondrosarcomas, which may in turn lead to better diagnostic and prognostic markers.

Key issues
The distinction between benign and low-grade malignant chondrosarcomas can be diffi-
cult and is currently based on radiologic and clinicopathologic features
Conventional chondrosarcomas are classified in three histological grades, correlating with
prognosis
Based on their location in bone, conventional chondrosarcomas should be subdivided into
central (medullary cavity) and peripheral (surface of bone, within osteochondroma) chon-
drosarcomas
Peripheral and central chondrosarcomas have a different genetic mechanism
BCL2 is a good diagnostic tool for the identification of progression from osteochondro-
mas to low-grade secondary peripheral chondrosarcomas
A diagnostic tool to distinguish enchondromas from low grade central chondrosarcomasis
still lacking
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