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Comparative genomic bybridization was used to
search for previously unknown gains and losses of
DNA sequences along all chromosome arms in 29
chondrosarcoma specimens obtained from 23 pa-
tients. Extensive genetic aberrations, with a mean
of 6 changes per tumor (range, 1 to 24), were
detected in 21 of the 29 samples analyzed (72%).
The majority of these changes were gains of whole
cbhromosomes or whole chromosome arms. Gains
of DNA sequence copy number were most frequent
at 20q (38%), 17p (38%), 20p (31%), Icen-q24
(28%), and 14q23-qter (28%). High-level amplifica-
tions of small chromosome regions were sporadic,
detected in only 17% of the samples. The only re-
current bigb-level amplification, seen in two tu-
mors (7%), affected the minimal common region
12cen-q15. Otber amplifications, each encountered
only once, involved 1p33-p35, 2p23-pter, 4p, 6p22-
pter, 18q12-q22, 19p13.2, 19q13.2, and 20q13.1.
Losses of DNA sequences were rare and were most
commonly observed at 6cen-q22 (17%) and 9p
(17%). (Am J Patbol 1997, 150:685—-691)

Chondrosarcoma (CS) accounts for nearly 11% of all
malignant bone tumors and is the second most com-
mon primary sarcoma of bone after osteosarcoma.’
Most CSs arise in normal bone, but a small propor-
tion originates from pre-existing benign cartilaginous

lesions, such as enchondroma or osteochondroma.
Approximately 11% of CSs arise in osteochondro-
mas, typically in patients with the hereditary multiple
exostoses syndrome characterized by the presence
of multiple osteochondromas, and 3% of CSs origi-
nate from an enchondroma in patients with Ollier’s
disease (skeletal multiple enchondromatosis).?
When a CS is radically resected, the prognosis is
based mainly on the grade of the tumor, as the grade
correlates with the ability of the tumor to metastasize.
Metastases are rare in grade | CSs, whereas grade
IIl CSs metastasize in approximately 70% of the pa-
tients.

Genetic changes underlying the initiation and pro-
gression of CS are poorly known. This is mainly due
to the limitations of current research techniques for
studying these neoplasms. Conventional cytoge-
netic analysis is often difficult due to the scarcity of
mitotic cells and because of poor chromosome mor-
phology and banding. A few cytogenetic studies on
CS have shown that these tumors are characterized
by complex karyotypes with inter- and intratumor
heterogeneity.>~® Because the number of cytogenet-
ically analyzed CSs is small, no specific or diagnos-
tic cytogenetic markers have been established
so far.3-¢

In studies by Toguchida et al,” p53 mutations were
present in almost one-half of the CSs analyzed. Im-
munohistochemical p53 positivity and/or p53 muta-
tions, seen in 13 to 25% of CSs, were predominantly
features of high-grade tumors, suggesting a role for
p53 in the progression of CS.%° A small number of
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CSs have been studied for RB alterations, but none
have been identified.' In a small CS series, ampli-
fication of CMYC was reported in two of nine tu-
mors. "

A recent study of sporadic CS demonstrated loss
of heterozygosity at 8q24 and at the pericentromeric
region of chromosome 11."2 Both regions have been
implicated in the hereditary multiple exostoses syn-
drome.'®'* The loss of heterozygosity at 8g24 in CS
and the deletions found in this region in osteochon-
dromas'® support the hypothesis that genes predis-
posing to the hereditary multiple exostoses syn-
drome have a tumor suppressor function and may
participate in the tumorigenesis of cartilaginous neo-
plasms.

Comparative genomic hybridization (CGH) makes it
possible to detect DNA sequence copy number
changes in tumors without specific probes or previous
knowledge of the main chromosomal rearrangements
in the tumors."®'” The method is based on co-hybrid-
ization of differentially fluorochrome-labeled tumor
DNA and normal DNA to normal metaphase chromo-
somes. Differences in tumor versus normal fluores-
cence intensities along the chromosomes reveal over-
and under-representations of DNA sequences in the
entire tumor genome. Digital image analysis provides a
quantification of the copy number changes. In the
present study, we used CGH to detect gains and
losses of DNA sequences in CS.

Materials and Methods

Tumor Specimens

The material consisted of 29 CS samples obtained
from 23 patients treated at the Department of Ortho-
paedics and Traumatology, Helsinki University Cen-
tral Hospital. None of the patients had received
chemo- or radiotherapy before the operation. For 4
patients (tumors 7, 12, 14, and 17), 2 samples were
analyzed (coded a and b), and from 1 patient (tumor
8), 3 samples were included in the study (a, b, and
¢). The material consisted of 5 grade | CSs (tumors 1
to 5), 18 grade Il CSs (tumors 6 to 17), 5 grade I
CSs (tumors 18 to 22), and 1 grade IV CS (tumor 23).
Histopathological and clinical characteristics of the
samples are presented in Table 1. DNAs were ex-
tracted from 26 frozen tumor samples and from 3
paraffin blocks (samples 1, 7a, and 7b).

Comparative Genomic Hybridization

CGH was performed using direct fluorochrome-con-
jugated DNAs for all samples according to a recently

published protocol with minor modifications.'®

Briefly, tumor DNA and normal DNA were labeled by
nick translation with fluorescein-isothiocyanate-con-
jugated dUTP (DuPont, Boston, MA) and Texas-red-
conjugated dUTP (DuPont), and DNA fragments of
600 to 2000 bp were obtained. The hybridization
mixture consisted of 400 ng of tumor DNA, 400 ng of
normal labeled DNA, and 10 ug of uniabeled human
Cot-1 DNA (Gibco BRL, Life Technologies, Gaithers-
burg, MD) dissolved in 10 ul of hybridization buffer
(50% formamide, 10% dextran sulfate, 2X standard
saline citrate (SSC)). The mixture was denatured at
75°C for 5 minutes and then hybridized onto normal
metaphases denatured in 70% formamide/2X SSC at
65°C for 2 minutes. Hybridizations were carried out
at 37°C for 48 hours. The slides were washed three
times in 50% formamide/2X SSC (pH 7.0), twice in 2X
SSC, and once in 0.1X SSC (at 45°C for 10 minutes
each), followed by washes in 2X SSC in a buffer
containing 0.1 mol/L. NaH,PO, and 0.1 mol/L
Na,HPO, (pH 8.0) and in distilled water (at room
temperature for 10 minutes each). The slides were
counterstained with 4',6-diamidino-2-phenylindole-
dihydrochloride and mounted with Vectashield anti-
fading buffer (Vector Laboratories, Burlingame, CA).

Digital Image Analysis

The hybridizations were analyzed using an Olympus
fluorescence microscope and the ISIS digital image
analysis system (MetaSystems Hard & Software,
Altlussheim, Germany) based on an integrated high-
sensitivity monochrome CCD camera and auto-
mated CGH analysis software. Three-color images,
green (fluorescein isothiocyanate) for the tumor
DNA, red (Texas red) for the reference DNA, and
blue  (4',6-diamidino-2-phenylindole-dihydrochlo-
ride) for the chromosome counterstain, were ob-
tained of 12 metaphases in each sample. Chromo-
some regions were interpreted as over-represented
when the green-to-red ratio was higher than 1.17
(gains) or 1.5 (high-level amplifications, >10-fold),
and under-represented when the ratio was lower
than 0.85 (losses). These cut-off values were derived
from analyses of negative controls whereby two dif-
ferentially labeled normal DNAs were hybridized
against each other.'” In each CGH experiment, a
negative (peripheral blood DNA from normal con-
trols) and a positive (tumor DNA with known copy
number changes) control were included and run
simultaneously with the tumor samples.

Telomeric and heterochromatic regions were ex-
cluded from the analysis when they appeared as the
sole aberration present in the sample as these re-
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Table 1. Histopathological and Clinical Characteristics and DNA Sequence Copy Number Changes in 29
Chondrosarcoma Samples Analyzed by Comparative Genomic Hybridization
Sample Age Location of
number Sex (years) tumor (size) Grade Copy number changes, CGH results
1* F 25 Ulna | X
(8 X6 X%X5)P
2* M 44 Pelvis | +Xq22-926
(14X 13 x8)P
3 F 46 Femur | No changes
(NA) P
4 F 44 Sacrum | No changes
(NA) P
5 M 39 Talus | -18
(4P
6 M 32 Pelvis 1l +2pter-g24, +8q
(NA) P
7a M 39 Scapula I No changes
(6x10x8)P
7b M 40 Scapula 1l +6p, +17p, +20
(NA) R
8a M 63 Femur 1] No changes
(NA) P
8b M 64 Soft tissue 1] +5q14-g32, +15g21-g25
(NA) R
8c M 64 Soft tissue I +1cen-g24, +6p, —9p, +9q, +12q, +16q, +17, +20q
(15) R
9 F 39 Pelvis 1] No changes
(NA) P
10 F 36 Femur I -6, +16q, +17p, +18p, —18q, +20, +X
(3xXx6X%X6)P
11 M 65 Tibia ] No changes
(NA) P
12a M 37 Tibia Il +17, +20q, +21
(5x6x4)P
12b M 38 Tibia 1 No changes
(5x6Xx4)P
13 M 78 Rib VHI Il +2, +5, +7, +8q, +14, +15, +16q, +17, +20, +21, +22
(20) P
14a F 34 Femur 1] +1, +2, +6, +7q, —9p, +10, +12pter-q15/cen-q15, + 16q,
(15X 3 %X 5P +17pter-q21, +20
14b F 34 Femur Il No changes
(15X 3 %X 5)P
15 F 72 Pelvis Il +4p, +7q, +8, +9p, +12, +14, +15, +17, +20, +Xq
(4x6x6)P
16 M 73 Humerus Il -X
(1P
17a* F 52 Pelvis Il +1/p33-p35, +2q33-qter, +6p, +7, +8p, +9p, +11, +12g22-qter,
8) P +14923-qgter, +15, +16q, +17, +18, +19/p13.2, q13.2,
+20/q13.1, +21, +22
17b* F 52 Pelvis Il —1q31-gter, +3p, —9p, +12/cen-q24.2, +13q13-qgter, +14q21-qter,
8P +16q, +18/q12-q22, +Xq
18 M 58 Gluteal muscle 1] -1p, +1q, +2q9, —3p, +3q, +4, +5q, —6, +7, +8, —9p, +11,
(NA) M +12, =13, =22, +X
19 M 51 Femur mn —1p, +1q, +5, +7, +14, +18, +20, +21, +22, +X
(NA) P
20 M 24 Clavicle 1] +1, —2p22-pter, —3p, +3q, —5q, —6, +8q, —9p, +9q, —10, +11,
(4x5x%x3)P -18, —22
21 M 27 Femur 1] +1pter-q23, +2/p23-pter, +3p22-pter, +4q, +5p, +6p/p22-pter,
(5Xx3x%x5P —6cen-q22, +6g23-qgter, +7p, —7cen-g22, —8p, +8cen-g21.3,
—10p, —11, —12p, +13, +14g22-qgter, +15qg21-qgter, +17, +18,
+20p, +21, +22, +Xp i
22 43  Tibia mn +2p, +6p, —6q, +14923-gter, +15q923-gter, +16q, +17, +20q,
(7X7X5)P +21, +22
23 M 53 Soft tissue \Y) +1, +2pter-q21, +3p, +4p, +5p, +8q, +9913-31, +12q15-g22,
(8xX9%x8)P +14, +15, +17, +20, +22

Gains of DNA sequences are marked with +, losses with —; high-level amplifications are in bold.
F, female; M, male; NA, data not available; P, primary tumor; R, recurrent tumor; M, metastasis.
*Multiple hereditary exostoses.



688 Larramendy et al
AJP February 1997, Vol. 150, No. 2

= =
b -
- =
- =
-‘ -
= S
® =
| Eid
- =
=|lIf -
= 1 =
. =
=
- =
= |
= =
=l =
Figure 1. Summary of gains and losses of DNA :’ =

sequence copy number in 23 grade I or II CS
samples analyzed by CGH. Losses are shown on
the left and gains on the right. Each line repre-
sents a genetic aberration seen in one sample.
High-level amplifications are shown as thick
lines.
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gions cannot be evaluated reliably by CGH."” DNA
copy number changes involving 16p and 19 were
excluded from the analysis unless they represented
a high-level ampilification.'”'® The exclusion of 16p
and 19 was also based on a CGH experiment with
reverse-labeled DNAs in randomly selected tumors.

Results

Overview of DNA Copy Number Changes

Of the 29 CS samples, 21 (72%) showed extensive
changes (a mean of 6.0 = 1.2 aberrations per sam-
ple; range, 1 to 24). The 8 samples without DNA
copy number changes were all grade | CSs (tumors
3 and 4) or grade |l CSs (tumors 7a, 8, 9, 11, 12b,
and 14b; Table 1). Gains were more frequent than
losses (gains:losses = 4.6:1). All chromosomal re-
gions with an increased or decreased DNA se-
quence copy number are summarized in Figures 1
(CS grades | and 1) and 2 (CS grades llI-IV), and the
most frequent changes are listed in Table 2.

Gains and High-Level Ampilifications

Gains of DNA sequence copy number were most
commonly observed in chromosomes 1 (28%), 8
(24%), 14 (28%), 15 (24%), 16 (24%), 17 (38%), 20
(38%), and 21 (24%). The most frequent minimal
common regions were 20q, 17p, 20p, 1cen-g24, and
14923-qter. Other minimal common regions of gains
are presented in Table 2.
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High-level ampilifications of small chromosomal re-
gions were found in 17% of the samples: in four
grade Il CSs (tumors 14a, 15, 17a, and 17b) and one
grade Il CS (tumor 21). Amplifications affected
12cen-q15 in sample 14a and 4p in sample 15. The
two samples of tumor 17 contained different ampli-
fied regions involving 1p33-p35, 19p13.2, 19913.2,
and 20g13.1 (17a), and 12cen-g24.2 and 18q12-g22
(17b). In tumor 21 (grade Ill CS), high-level amplifi-
cations were detected at two sites, 2p23-pter and
6p22-pter (Table 2).

Losses

Losses most frequently affected chromosomes 1
(7%), 3 (7%), 6 (17%), 9 (17%), 10 (7%), 18 (10%),
22 (7%), and X (7%). Minimal common regions with
the most frequent losses were 6cen-g22, 9p, and
18q. Less frequent losses affected 1p, 3p, 10p, 22,
and X (Table 2).

Low-Grade CS (Grades | and Il) versus
High-Grade CS (Grades lll and IV)

The mean numbers of DNA sequence copy number
changes per sample in low-grade CSs and high-
grade CSs were 3.8 = 1.0 and 14.3 = 1.9, respec-
tively. In both categories, gains were more frequent
than losses (low-grade CS, 78 gains and 9 losses
8.7:1; high-grade CS, 64 gains and 22 losses
2.9:1). Thus, the relative frequency of DNA sequence



losses in high-grade CS is three times higher than in
low-grade CS.

Multiple Samples from the Same Patients

CGH did not reveal any changes in samples 7a, 12b,
and 14b, whereas samples 7b, 12a, and 14a from
these patients were found to contain changes. The
most likely explanation for the normal findings is that
the normal tissue contribution within the samples
was greater than 50% of the total DNA content, mak-
ing it impossible to detect the changes. Changes
seen in samples 8b and 17a were different from
those detected in samples 8c and 17b. A possible
reason for this finding could be different clonal evo-
lution among different tumor specimens (Table 1).

Discussion

Our study reports the first CGH analysis performed
on chondrosarcomas. The analysis revealed that
72% of the 29 CS samples showed gains and/or
losses of DNA sequences involving at least one, but
typically several, different chromosomal regions. On
average, the tumors had six copy number aberra-
tions per sample, with almost all chromosome arms
affected. Gains of whole chromosomes or chromo-
some arms were clearly more frequent than losses.
Gains were most frequent at 1q, 8q, 12q, 14q, 16q,
17p, 20, and 21. High-level amplifications were rare.
A similar complexity has also been seen in conven-
tional cytogenetic studies, but often the complexity
makes it impossible to interpret the karyotypes.3-©
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The minimal common region of gain at 8q (8cen-
g21.3) did not appear to include CMYC at 8g24.1.
Recent findings show that, rather than CMYC, other
oncogenes of 8q may be involved in the tumorigen-
esis of osteosarcomas with amplification of 8g.'®
Raskind et al'2 recently reported loss of heterozy-
gosity at two of the three known hereditary multiple
exostoses loci (EXT) in sporadic CS. Accordingly,
the genes at EXT1 (8g24) and EXT2 (pericentromeric
region of chromosome 11) are likely to have a tumor
suppressor function significant in the development of
CS. In the present study, we detected no losses of
DNA sequences at 8q. Thus, the loss of heterozy-
gosity reported in CS might be caused by mecha-
nisms other than physical loss. It is also possible that
the deletions are small and beyond the resolution
capacity of CGH.

Gains of DNA sequences in chromosomes 5, 6,
and 12, although occurring at low frequencies, af-
fected mainly 5q, 6p, and 12qg, and a high-level
amplification in 12q was observed in two low-grade
tumor samples. Genes encoding several fundamen-
tal components of normal cartilage have been
mapped to these chromosome arms. The gene for
the human cartilage link protein necessary for pro-
teoglycan-hyaluronate aggregation has been as-
signed to 5q13-q14.1,%° and the gene for the a,
chain of fibrillar collagen type XI (COL11A2), a minor
structural component of cartilage fibrils, has been
mapped to 6p21.3.2" In chromosome 12, the gene
for type Il collagen (COLQAT), a major constituent of
normal cartilage, has been mapped to 12q13.22 Of
the seven tumors with an increased copy number at

> (UMD

-
[

Figure 2. Summary of gains and losses of DNA
sequence copy number in six grade IIl or IV
chondrosarcoma samples analyzed by CGH.
Losses are shown on the left and gains on the
right. Each line represents a genetic aberration
seen in one sample. High-level amplifications
are shown as thick lines.
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Table 2. The Most Frequent Gains, High-Level Amplifications, and Losses of DNA Sequence Copy Number Detected by

CGH in 29 Chondrosarcoma Samples

Gains High-level amplifications Losses
Number of Number of Number of
Location samples (%) Location samples (%) Location samples (%)

20qg 11 (38) 12cen-q15 2(7) 6cen-q22 5(17)
17p 11(38) 1p33-p35 1(3) 9p 5(17)
20p 9(31) 2p23-pter 1(3) 18q 3(10)
1cen-g24 8 (28) 4p 1(3) 1p 2 (7)
14g23-qter 8 (28) 6p22-pter 1(3) 3p 2 (7)
8cen-g21.3 7 (24) 18q12-g22 1(3) 10p 2 (7
15g23-925 7 (24) 19p13.2 1(3) 22 2 (7)
16q 7(24) 19q13.2 1(3) X 2 (7)
21 7 (24) 20913.1 1(3)

2p 6 (21)

2cen-g21 6 (21)

6p 6 (21)

7q 6(21)

12q15 6(21)

12922 6 (21)

22 6 (21)

Xq22-926 6 (21)

12q, five showed a gain at 1qg, which suggests that
simultaneous gains at 1q and 12q might contribute
to the development and progression of CS.

In 38% of the samples, a gain was seen at 17p.
Similar observations have been reported in osteosar-
coma.’®2® The target gene or genes in these copy
number increases are not known at present.

A gain at 20q was detected in 38% of the CS
samples. Similar observations have been reported in
breast cancer, with an increased copy number at
20g13.2* As the only highly amplified site of 20q in
CS affected the same chromosome band, this loca-
tion may harbor novel oncogenes.

We observed recurrent losses, albeit rare, mainly
in the long arm of chromosome 6 (with the minimal
common region 6cen-g22) and in the short arm of
chromosome 9. The deletion of 6q is supposed to be
associated with regulatory gene loss, possibly con-
tributing to primary cellular transformation in a large
number of malignancies,?® and two tumor suppres-
sor genes, p16 (MTS7) and p15 (MTS2), both en-
coding cyclin-dependent kinase 4 inhibitors, have
been mapped to 9p21.26

The mean number of DNA sequence copy number
changes per sample was approximately 4 in low-
grade CSs and 14 in high-grade CSs. This indicates
a clear increase in the total number of aberrations
with the increasing grade of the tumor and reflects
the aggressiveness of high-grade tumors. Further-
more, the relative frequency of losses of DNA se-
quences was three times higher in high-grade CSs.
All samples that did not contain any aberration de-
tectable by CGH were of grade | or Il. High-level
amplifications were seen in both categories.

In conclusion, our CGH results reveal several
novel chromosomal regions that may contain genes
with an important role in the initiation and progres-
sion of chondrosarcomas. CGH demonstrated that
gains of DNA sequences affected mainly whole
chromosomes or chromosome arms, whereas high-
level amplifications and losses were rare.
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