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11 Cancer and genetic s 

1.11.1 Introduction 
Inn normal adult tissue there is a strict balance between cell division, 

differentiationn and death, so that the number of cells in a particular tissue or organ 
doess not change. Disruption of this balance, by increased cell proliferation or 
decreasedd cell death, leads to growth of cell mass and tumor development. There 
iss overwhelming evidence that the disordered cell proliferation in cancer is initiated 
byy genetic changes. For instance, almost all carcinogens induce mutations, 
chromosomee instability is observed in many types of cancer, and deficiency in 
enzymess necessary to repair lesions in DNA is associated with increased risk of 
cancer.. As cancer is characterized by growth of cell mass, it is evident that genetic 
changess associated with tumor development usually affect genes that control cell 
divisionn or cell death. 

Theree are two mutational routes towards tumor development. The first involves 
thee inactivation of tumor suppressor genes. The gene products of tumor 
suppressorr genes inhibit events leading toward cancer as they prevent cell cycle 
progression,, stimulate cells to die by apoptosis, or prevent mutations by ensuring 
accuratee replication and repair of DNA damage. Both alleles of a tumor suppressor 
genee must be inactivated to change the biological behavior of a cell. The second 
mutationall route involves the activation of proto-oncogenes, encoding proteins 
whosee normal function is to initiate cellular responses to external signals that elicit 
celll growth. Hyperactive proto-oncogenes can induce constitutive activation of 
signall pathways that stimulate cell proliferation without the presence of the correct 
externall signal. Genetic changes by which proto-oncogenes are converted into 
oncogenes,, involve aberrations by which the function of the gene is amplified. This 
cann be caused by the production of a hyperactive gene product or by an increased 
productionn of an unaltered gene product. There are three types of chromosomal 
changess that can lead to oncogene activation: point mutation, chromosomal 
tranlocation,, and gene amplification. All the changes are dominant and affect 
usuallyy only one allele of the gene. (Tannock, 1992; Strachan and Read, 1999). 

6 6 
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1.21.2 Genetic changes and oncogene activation 
Poin tt  mutation s 

Inn the case of a point mutation, a single nucleotide is replaced for another 
nucleotide,, which may lead to a change in amino acid sequence of the encoded 
protein.. In the case the alteration occurs in a nonessential region of the protein, the 
mutationn can exist without consequence. However, when the mutation occurs in an 
essentiall part of the protein, it can lead to inactivation but also to hyperactivation of 
thee protein. In cancer, inactivating point mutations are found in tumor suppressor 
geness whereas activating point mutations are found in oncogenes. A family of 
proto-oncogeness that is frequently found to harbor an activating mutation in human 
tumorss is that of the RAS genes. The RAS proteins are involved in the signal 
transductionn pathways involved in cell growth and differentiation. The RAS proteins 
becomee activated upon external stimuli, by binding of a GTP, after which it 
transmitss the signal onwards in the cell. Through the GTP-ase activity of RAS 
proteins,, active GTP-RAS is rapidly converted into inactive GDP-RAS. Mutated 
RASS proteins have lost their GTPase activity, by which it is slowly inactivated and 
thee cellular responses to the external stimuli are extended (Bos et al. 1989). Point 
mutationss in RAS genes are found in many different tumors including colon, lung, 
breastt and bladder. 

Mostt point mutations arise during DNA replication due to copy errors of DNA 
polymerases.. Although the error rate of DNA polymerases is significantly reduced 
byy its ability to proofread a newly synthesized DNA strand for copy errors, 
replicationn errors resulting in mismatched bases pairs occur frequently. Correction 
off the replication errors by the mismatch repair system (MMR) is important for the 
maintenancee of the genome stability. 

Defectss in MMR lead to genetic instability {Kolodner et al. 1995; Lengauer et al. 
1998).. Although MMR dysfunction not directly enhances cell growth, it results in an 
accumulationn of mutations in oncogenes and tumor suppressor genes by which it 
indirectlyy stimulates tumor development {Lengauer et al. 1998). Therefore, genes 
encodingg proteins involved in MMR themselves may act as tumor suppressor 
genes.. Inactivation, of both alleles of these genes by deletion or mutation may 
stimulatee tumor development. Examples of genes encoding proteins involved in 
MMRR that have a tumor suppression function are MSH2 and MLH1. Mutations in 
thesee genes are found in families with hereditary nonpolyposis colon cancer 
(HNPCC)) (Leach et al. 1993; Papadopoulos et al. 1994), whose members develop 
mostt commonly colon cancer on an early age (Kolodner, 1995). The tumors of 
HNPCCC patients contain frequent mutations in microsatellite repeat sequences like 
(CA)nn or (A)n, which is characteristic for mismatch repair deficiency (Modrich, 1997). 
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Translocation s s 
Inn the case of chromosomal translocation, chromosomal regions of two different 

chromosomess are exchanged, which leads to a rearrangement of DNA segments. 
Activationn of oncogenes by translocation can occur when, as a consequence of the 
translocation,, a hyperactive fusion gene appears. This is the case with the 
translocationn between chromosomes 9 and 22, which is frequently detected in 
myeloidd leukemia patients. This translocation leads to a fusion between the ABL 
oncogenee on chromosome 9 and the BCR gene on chromosome 22, resulting in 
thee production of a new protein with enhanced tyrosine kinase activity, and 
abnormall capacities to transform normal cells into tumor cells (de Klein et al, 
1982).. Alternatively, chromosomal translocation can lead to oncogene activation 
whenn due to the translocation the expression regulation of a proto-oncogene is 
altered.. This is seen in translocations involving the C-MYC proto-oncogene. In 
almostt all Burkitt's lymphomas the C-MYC gene is translocated to an 
immunoglobinn gene. Normally, the transcription of C-MYC is tightly regulated. In 
thee case of C-MYC translocation to an immunoglobulin locus, its transcription is 
influencedd by the regulatory elements of highly expressed immunoglobulin genes, 
resultingg in an increase of C-MYC expression. Deregulation of C-MYC expression 
iss thought to play a causal role in the development of lymphomas (Boxer and Dang, 
2001). . 

Translocationn may appear as consequence of double strand breaks, caused by 
thee inevitable exposure of DNA to damaging agents of exogenous sources, such 
ass ionizing radiation and certain chemicals, or of endogenous sources, such as 
freee radicals generated during essential metabolic processes. Repair of double 
strandd breaks is difficult, as in this type of DNA damage both strands of the double 
helixx are affected, and by that no complementary DNA strand, which could be used 
ass template, is available. There are two main pathways for DNA repair of double 
strandd breaks: homologous recombination (HR) and non-homologous-end-joining 
(NHEJ)) (Khanna and Jackson, 2001; van Gent et al. 2001). HR can repair double 
strandd breaks by using the undamaged sister chromatid of the homologous 
chromosomee as a template, usually resulting in accurate repair of the double 
strandd break. Upon double strand breaks, the repair response is initiated by ATM 
protein.. Incorrect initiation of the repair systems is seen in patients with ataxia 
telangiectasiaa (AT), who have a mutation in the ATM gene. AT disorder is 
characterizedd by a high incidence of chromosomal translocations and the patients 
aree predisposed to cancer (Rotman and Shiloh, 1998). After initiation, HR is carried 
outt by a group of proteins including NBS1, MRE11 and various RAD proteins like 
RAD511 and RAD52. Deletion of RAD51 in mouse embryonic cells is lethal (Lim and 
Hastly,, 1996; Tsuzuki et al.1996). Mice lacking another RAD protein, RAD54, are 
viablee and show no increase of spontaneous tumor development. However, 
RAD54-deficientt embryonic stem (ES) cells and neonatal animals are 
hypersensitivee to double strand break-inducing agents and have defects in HR 
(Esserss et al, 1997). In human, mutations of RAD54 have been observed in 
differentt types of cancer like lymphoma, colon cancer and breast cancer 
suggestingg a causative correlation (Matsuda et al, 1999; Hiramoto, 1999). Although 
thee mechanisms are still unknown, besides the RAD proteins also the breast-

e e 
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cancer-susceptibilityy proteins BRCA1 and BRCA2 are involved in HR. BRCA1- and 
BRCA2-- deficient cells are hypersensitive for DNA-damaging agents and develop 
spontaneouss chromosomal aberrations. Moreover, mutations in these genes are 
foundfound in familial breast tumors, suggesting that a defect of HR can be at least partly 
responsiblee for the induction of breast cancer (Welcsh et al. 2000). 

Inn the absence of a sister chromatid during the G1 phase of the cell cycle or 
whenn the HR system does not function properly, double strand breaks are repaired 
byy NHEJ (Karran, 2000). In the case of NHEJ two broken chromatid ends are 
joinedd together without the use of an undamaged sister chromatid or other 
homologouss sequences. As a result, NHEJ is, in contrast to HR, error prone. NHEJ 
iss not only used for the repair of double strand DNA breaks caused by DNA 
damagingg agents, but also in V(D)J recombination during differentiation of 
lymphocytes.. The key component of NHEJ is the DNA-dependent protein kinase 
(DNA-PK)) encoded by the genes KU70 and KU80. Mice with deficiencies in the 
NHEJJ system have an impaired development of their immune system, are 
hypersensitivee to ionizing radiation and have a high incidence of lymphomas (Smith 
andd Jackson, 1999). 

Amplification s s 
Oncogenee activation by DNA amplification is caused by the generation of extra 

copiess of a proto-oncogene, resulting in increased expression of that gene. The 
amplifiedd DNA segments are usually several hundred kilo-bases in size and 
containn many genes. DNA amplification can be involved in the development and 
progressionn of cancer, when at least one of the genes located in the amplified 
regionn becomes overexpressed. Furthermore, overexpression of the amplified 
genee should result in a selective advantage for tumor cells like an increase of 
proliferationn or a resistance to drug. 

Regionss of DNA amplification can exist as small separated chromosomes 
(doublee minutes), or integrated in normal chromosomes forming a homogeneously 
stainingg region (HSR) (Schwab, 1999). Cells of neuroblastoma often contain HSRs 
thatt harbor sometimes hundreds of extra copies of the proto-oncogene MYCN 
(Schwabb etal. 1983). 
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1.31.3 Mechanisms of gene amplification 
Broadly,, two models have been proposed to explain the mechanism through 

whichh amplifications are generated. The first model suggests the involvement of 
breakage-fusion-bridgee (BFB) cycles in the amplification of human oncogenes 
(Coquellee et al., 1997; Debatisse et al., 1998; Smith et al., 1992). In this model, 
DNAA amplification is triggered by double strand breakage (or telomere dysfunction) 
duringg mitosis (see figure 1). 

Fig.. 1 Scheme illustrating gene amplification via breakage-fusion-bridge (BFB) cycles. Oncogenes, 
yelloww triangles; telomeres, orange (p-arm) or black (q-arm) circles; centromeres, orange rectangles. A. 
Interphase-- an initial break gives rise to an uncapped chromatid. B. Metaphase- fusion of the 2 
uncappedd sister chromatids results in a dicentric chromosome. C. Anaphase-the dicentric chromosome 
formss a bridge between the opposite poles. A break of this chromosome at a fragile site leaves one 
daughterr cell with 3 copies of the oncogene and only one copy in the other cell. Under selection for the 
oncogene,, recurrent BFB cycles will occur, resulting in many copies of the oncogene in inverted 
orientation.. (Taken from Hellman et al., 2002) 

Repairr of the double stand breakage could result in fusion of sister chromatids, 
formingg dicentric ring chromosomes. During anaphase of the mitosis, fused 
chromatidss form a bridge between the opposite poles. If this structure breaks 
asymmetrically,, the daughter cell will receive either a chromatid with duplication of 
thee oncogene or a chromatid with deletion of the gene. Most often the anaphase 
bridgee breaks at common fragile sites (CFS), which are regions in mammalian 
chromosomess that are prone to breakage and rearrangements. Several recurrent 
cycless of chromosomal fusion and breakage under appropriate selection would 
eventuallyy lead to DNA amplification with a ladder-like structure and inverted repeat 
organizationn of the amplified segment. In vivo, BFB cycles proved to drive 
amplificationn of the MET oncogene in human gastric carcinoma (Hellman et al., 
2002).. In different solid cancers with high intra- tumor genetic heterogeneity, 
anaphasee bridges are detected, indicating that BFB cycles might be involved in the 
generationn of genetic instability including DNA amplification (Gisselsson et al, 
1999;; Gisselson et al, 2002). 

10 10 



GeneralGeneral Introduction 

Thee other mechanism that may be involved in DNA amplification events is 
unequall but homologous recombination {Smith et al, 1990). During mitosis, sister 
chromatidss may become unequally paired due to the presence of repeating 
homologouss DNA sequences. The misalignment of the sister chromatids may lead 
too unequal but homologous sister chromatid exchange causing deletion of the 
exchangedd DNA sequence in one of the participating chromatids and duplication of 
thee same DNA sequence in the other participating chromatid. Repeating cycles of 
unequall sister chromatid exchange could result in high-level amplification. Repeats 
inn amplicons arising by unequal sister chromatid exchange would have a direct 
tandemm arrangement. 
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22 Method s of geneti c analysi s in cance r researc h 

2.12.1 DNA analysis 
Polymeras ee chai n reactio n 

Thee Polymerase chain reaction (PCR) has many applications in the analysis of 
DNA.. In this technique, a selective DNA sequence is amplified by the DNA 
polymerasee enzym Taq (Saiki et al, 1988). For selective DNA amplification, two 
oligonucleotidee primers flanking the DNA segment to be amplified are used. 
Repeatingg cycles of DNA denaturation, annealing of the primers to complementary 
DNAA sequences and synthesis of new DNA strands by Taq polymerase, can 
providee selective DNA amplification by a factor of 106. 

Byy selective amplification of DNA sequences containing polymorphic micro-
satellitee markers, which are short tandem repeated sequences from one to four 
nucleotides,, allelic variations in the genome can be determined. In tumor biology, 
thiss allelic variation of micro-satellite markers is used for determination of DNA 
deletionss (Weber et al, 1990). Due to the highly polymorphic character of micro-
satellitee markers, each person is heterozygote for many of the micro-satellite 
markers.. In tumors, deletion of a DNA segment causes loss of heterozygosity 
(LOH)) of the micro-satellite markers located in the deleted region. LOH of micro-
satellitee markers can be visualized by PCR followed by separation of the PCR 
productt by electrophoresis. The PCR technique can also be used for the 
determinationn of DNA amplification. In this application of PCR it is presupposed 
thatt the amount of product synthesized during the PCR cycles correlates with the 
amountt of template at the start of the amplification reaction. 

Fluorescenc ee in sit u hybridizatio n 
Manyy studies of genetic aberrations use the technique of fluorescence in situ 

hybridizationn (FISH). The technique is simple: a specific DNA sequence (probe) is 
labeledd with a fluorescent molecule. The labeled probe and metaphase or 
interphasee target chromosomes are denatured. The fluorescent probe and the 
targett chromosomes are incubated together, allowing complementary sequences 
too anneal. The probe will hybridize to its complementary DNA sequence at the 
targett chromosomes. The location in the target chromosomes, at which the probe 
iss hybridized, can be visualized using a fluorescence microscope. Simultaneous 
hybridizationn of different multiple color fluorescent probes makes it possible to 
determinee the position of DNA sequences relative to each other. For example, by 
simultaneouss hybridization of different colored chromosome specific centromere 
probess with a probe of unique DNA sequence, one can determine at which 
chromosomee the DNA sequence of the probe is located (Trask, 1991; Van Ommen 
ett al, 1995). In cancer research, FISH is used for the detection of DNA deletions, 
amplificationss and translocations. 

12 12 
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Comparativ ee genomi c hybridizatio n 
Comparativee genomic hybridization (CGH) is a molecular cytogenetic 

technique,, by which the total genome is screened for copy-number changes, 
providingg a map of the chromosomal regions that contain deletions or 
amplificationss (Kallioniemi et al, 1992). In tumor research, it is widely used to 
identifyy chromosomal regions that may contain novel tumor suppressor genes or 
oncogenes. . 

CGHH is based on modified in situ hybridization, by which equal amounts of 
tumorr DNA and normal reference DNA are labeled with different colored 
fluorescentt dyes and co-hybridized to normal metaphase spreads. Copy number 
differencee between tumor and normal reference DNA can be detected due to 
unequall emission of the fluorescent dyes on the metaphase chromosomes. DNA 
deletionss are seen as regions with a relatively increased intensity of the fluorescent 
dyee used to label normal DNA, while amplifications are seen as regions with a 
relativelyy increased intensity of the fluorescent dye used to label tumor DNA 
(Kallioniemii et al, 1992; Kallioniemi et al, 1995; Forozan et al, 1997). By CGH, 
singlee copy deletions can be detected when the size of the deleted region is in the 
rangee of 10-20 Mbp (Bentz et al, 1998). The resolution of CGH for high copy 
numberr amplification is such that the amplified segment must be at least 2 Mbp 
(Joosetal,, 1995). 

Arra yy comparativ e genomi c hybridizatio n 
Classicc CGH enables the screening of the total genome for amplifications and 

deletions.. However, due to the limited resolution of this technique, copy number 
changess that involve small chromosomal regions cannot be detected by CGH. This 
limitationn of CGH can be resolved by the use of array-CGH, by which tumor DNA 
andd reference normal DNA, labeled with two different fluorescent dyes, are not 
hybridizedd to metaphase chromosomes but to sequenced and mapped DNA 
segments,, spotted on a glass slide. The human DNA segments are mostly isolated 
fromm bacterial artificial chromosome (BAC) clones containing large human DNA 
inserts.. Like in classic CGH, amplifications and deletions of DNA are detected by 
differencess in emission of the fluorescent dyes hybridized to a specific clone. The 
resolutionn of a clone-based CGH, is determined by the chromosomal distance of 
thee spotted DNA sequences or the length of the DNA segments in the spotted 
cloness (Pinkel et al., 1998). Array-CGH can be used to screen the whole genome 
orr specific chromosomes for DNA copy number changes. A genome-wide array 
withh an average resolution of 1.3 Mb has been constructed by Snijders et al. 
(2001).. Buckley et al. (2002) constructed a chromosome-specific array, which 
coverss 95% of chromosome 22 and has an average resolution of about 75 kb. This 
chromosomee 22 array is an important tool to identify tumor genes involved in 
cancerss that are associated with chromosome 22 such as glioblastoma, 
ependymoma,, meningioma, breast and colon cancer. 

13 13 
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2.22.2 RNA analysis 
Microarra y y 

Large-scalee analysis of gene expression became possible by the introduction of 
thee microarray technology (Schena et al., 1995). Microarrays are glass slides on 
whichh unique DNA sequences of known and predicted genes are printed. The 
printedd DNA sequences are cDNA inserts of IMAGE clones synthesized by PCR or 
oligonucleotides.. One microarray may contain thousands of different DNA 
sequences.. For simultaneous analysis of the relative expression of each printed 
DNAA sequence, total RNA is isolated from two samples, for instance from tumor 
andd from corresponding normal tissue. Of both RNA samples cDNA is made, which 
iss labeled using different fluorescent dyes for each of the two samples. The labeled 
cDNAA samples are mixed and co-hybridized to a microarray. After hybridization, 
fluorescencee measurements are made with a scanner that illuminates each DNA 
spott and measures the intensity of fluorescence for each dye separately. These 
intensitiess are used to determine for each spot at which ratio tumor cDNA and 
normall tissue cDNA are hybridized to the DNA sequence. This hybridization ratio 
betweenn cDNA of the tumor and cDNA of normal tissue correlates with the relative 
abundancee of the spotted DNA sequence, and by that with the relative expression 
off the gene represented by the DNA sequence (Brown et al. 1999). 

Macroarrayss are an alternative for microarrays that can be analyzed by 
conventionall radioactive procedures. In the macroarray procedure, cDNA inserts of 
IMAGEE clones are spotted onto nylon filters (Cox, 2001) and the cDNA probes 
usedd for the hybridization are radioactively labeled. The cDNA probes of normal 
tissuee and tumor sample are hybridized to separate filters. It is not possible, as in 
thee microarray procedure, to directly compare the hybridization intensity of the two 
probess for each spot and, in this way, determine their relative expression levels. 
Instead,, one has to correct for each sample the measured hybridization intensities 
forr differences in hybridization and labeling efficiency, using house-keeping genes 
thatt are supposed to have the same expression levels in all samples. 

Reall  tim e PCR 
Reall time PCR enables quantification of expression levels of individual genes 

usingg gene- specific primers. For this technique total RNA is isolated from tumor 
andd normal tissue samples, and converted into cDNA. The cDNAs are used as 
templatee for gene-specific real time PCR (Higuchi et al, 1992). During real time 
PCR,, the amount of DNA present in the reaction volume is measured after each 
PCRR cycle. In the real time PCR on the LightCycler system, double strand DNA is 
stainedd with fluorescent dye SYBR Green, which can be determined and quantified 
byy a camera and computer. Through amplification of the DNA during the PCR, the 
amountt of double strand DNA will increase and, by that, the fluorescent emission of 
SYBRR Green. By plotting this increase in fluorescent emission to the number of 
cycles,, the complete amplification process can be visualized. The number of cycles 
thatt are necessary to reach a stated fluorescent emission is representative for the 
initiall cDNA concentration and, thus, the expression level of the tested gene. This 
initiall cDNA concentration can be-quantified by extrapolating the data obtained for 
thee tested samples to a standard curve, at which the number of cycles necessary 
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too reach the stated fluorescent emission is plotted to the concentration of template 
att the start of the PCR. The standard curve is made by, performing parallel to each 
experiment,, several PCRs by which different known amounts of template are 
addedd to the PCR mix. 

15 15 
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33 Origin , presentation , and clinica l aspect s of osteosarcom a 

Sarcomass are a heterogeneous group of tumors largely arising from derivatives 
off the embryonic mesoderm, which gives rise to the supporting tissues of the body. 
Theyy can be divided into malignancies of soft tissues and of bone. Soft tissue 
sarcomas,, which include all tumors derived from connective tissues other than 
bonee and cartilage, account for the majority of the sarcomas. The most common 
histologicall types of soft tissue sarcomas are malignant fibrous histiocytoma, 
liposarcoma,, leiomyosarcoma, synovial sarcoma, malignant peripheral nerve 
sheathh and fibrosarcoma (Weiss and Goldblum, 2001). The main bone sarcomas 
aree conventional osteosarcoma and Ewing's sarcoma (Bell and Siegal, 2002). 
Ewingg sarcomas are round-cell tumors of neuroectodermal origin (Lizard-Nacol et 
al,, 1989; Navarro et al, 1994). All conventional osteosarcomas are osteoid or bone 
producingg tumors (Ragland et al, 2002). They are subdivided based on the primary 
differentiationn of the mesenchymal component present. The most commonly 
recognizedd subtypes are osteoblastic tumors (osteosarcoma), chondroblastic 
tumorss (chondroblastoma) and fibroblastic tumors (fibrosarcoma). Less commonly 
observedd subtypes are giant-cell tumors (osteoclastoma), small-cell tumors and 
telangiactaticc tumors (Dahlin and Unni, 1977; Schajowicz and Sobin, 1993). About 
35%% of all bone sarcomas are of the osteoblastic subtype (Dorfman and Czerniak, 
1995).. Although by this it is the most common primary tumor of the bone, 
osteosarcomass are very rare with only 35-45 newly diagnosed patients each year 
inn The Netherlands (Voute et al, 1997). 

Thee peak incidence of osteosarcoma occurs in the second decade of life in 
patientss 10 to 20 years of age. A second but smaller peak incidence is seen after 
agee 50 (Dorfman and Czerniak, 1998). Osteosarcomas in the older age groups 
mayy be associated with Paget disease, which is a bone disorder characterized by 
rapidd bone remodeling resulting in abnormal bone formation (Huvos, 1986; Klein 
andd Norman, 1995). Osteosarcoma in older patients may also be induced by earlier 
therapeuticc radiation of the patient (Mark et al, 1994). 

Althoughh osteosarcoma can develop in any bone, the preferential sites of origin 
aree the methaphyseal regions of the distal femur, proximal tibia and proximal 
humeruss (Campanacci, 1999). An osteosarcoma grows in a radial manner, forming 
aa ball-like mass. The tumors frequently penetrate through and destroy the cortex of 
thee bone and extend into the surrounding soft tissue (Kumar et al, 1987). Areas of 
necrosiss in the tumor are common, especially when the patient is preoperatively 
treatedd with chemotherapy. Depending on cellularity, pleomorphism, anaplasia and 
numberr of mitoses, osteosarcomas that present without metastases are divided 
intoo low-grade (stage I) and high-grade (stage II) variants. Most osteosarcomas 
presentt at stage IIB, which are high-grade tumors associated with soft tissue mass. 
Inn patients with a stage III tumor, metastases are detected at the time of diagnosis 
(Ennekingetal,, 1980). 

Beforee 1970, osteosarcomas were only locally treated by amputation of the 
affectedd extremity. Although in most of these patients no metastases could be 
detectedd at the time of diagnosis, over 80% developed metastases and died most 
commonlyy from pulmonary metastases within 2 years after surgery (Marcove et al, 
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1970).. Over the past three decades management of osteosarcoma has 
dramaticallyy changed. The introduction of adjuvant chemotherapy has resulted in 
ann increase of the long-term survival from 10-15% to 50-60% (Link et al, 1986). 
Thee current treatment of osteosarcoma involves both post- and preoperative 
chemotherapy.. Preoperative chemotherapy induces tumor necrosis and reduction 
off the tumor size, which enables in most patients limb-sparing tumor resections 
insteadd of amputations (Bacci et al, 1993). The chemotherapy regimen generally 
includess high-dose methotrexate, doxorubicin, cisplatin and ifosfamide given in 
variouss combinations (Bacci et al, 2001). 

Thee degree of chemotherapy-induced necrosis is a very powerful indicator for 
prognosiss of patients with an osteosarcoma. Poor responders (most often defined 
ass less than 90% histological tumor necrosis) have a significantly worse prognosis 
thann good responders (90% or more histological tumor necrosis) (Meyers et al, 
1992).. Other important prognostic factors are the staging of the tumor, its initial 
locationn and the presence of metastases. Age of the patient is probably a less 
significantt prognostic factor, however some studies reported that patients aged 5-
255 had poorer prognosis than young adults of 25-30, while the prognosis worsed 
againn with advancing age (Davis et al. 1994). 

AtAt this moment, the response to chemotherapy is the strongest prognostic 
parameter.. It is not possible to determine this at the time of diagnosis when the 
treatmentt is planned. There are no prognostic factors that accurately predict the 
outcomee of treatment in patients with a non-metastatic osteosarcoma before onset 
off the therapy (Davis et al. 1994, Saeter et al. 1997). Additional prognostic markers 
thatt can be used to determine clinical behavior of osteosarcoma would be helpful 
inn the choice of therapy. In recent years, much research is done aiming at 
identifyingg genetic aberrations that are of value in the diagnosis, prognosis and 
biologyy of osteosarcoma. 
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44 Geneti c aberration s in osteosarcom a 

4.14.1 Introduction 
Cytogeneticc studies revealed that osteosarcomas are characterized by complex 

genomicc changes, including changes in chromosome number and structure, often 
withh pronounced cell-to cell variation. Using several molecular genetic techniques 
suchh as FISH, PCR and CGH the genetic aberrations in osteosarcomas were 
investigatedd in detail. The following chromosomal bands or regions were most 
commonlyy involved in structural abnormalities: 1p11~p13, 1q10~q12, 1p21~p22, 
11p15,, 12p13, 17p12~p13, 19q13and 22q11~q13. Chromosome arms 3q, 13q, 
17pp and 18q proved to be most frequently deleted. DNA amplification was most 
frequentlyy detected in chromosome regions 1q21, 3q26, 6p, 8q, 12q12~13, 
14q24~qter,, 17p11~p12, Xp11.2-21 and Xq12 (Sandberg and Bridge, 2003). 

4.24.2 Loss of tumor suppressor genes 
LossLoss  of the retinoblastom a gene 

Deletionn of chromosome arm 13q probably reflects the inactivation of the 
retinoblastomaa gene (RB1) (Toguchida et al, 1988). Deletion of the RB1 locus is 
seenn in about 70% of the osteosarcomas (Belchis et al, 1996). An association of 
osteosarcomaa with the RB1 gene is well recognized, with patients affected by 
hereditaryy retinoblastoma having up to 1000 times the incidence of osteosarcoma 
comparedd with the general population (Abramson et al, 1984; Kitchin and 
Ellsworth,, 1974). The RB1 gene product (RB) has a fundamental role in the 
regulationn of cell division {see figure 2). In normal cells, active RB protein binds to 
thee transcription factor E2F and blocks cell cycle progression. For transition from 
thee G1 to the S phase of the cell cycle, RB protein has to be inactivated by 
phosphorylation,, after which E2F is released and activated resulting in transcription 
off S-phase genes and promotion of DNA synthesis. Abnormalities in either the RB1 
genee or in genes encoding proteins that regulate the activity of the RB protein 
resultt in loss of the G1-S cell cycle checkpoint. The RB protein is phosphorylated 
byy cyclin-dependent kinase 4 (CDK4) in complex with cyclin-D1. Amplification and 
overexpressionn of CDK4 or the cyclin-D1 gene {CCND1) may result in an increase 
off phosphorylation of the RB protein and therefore a decrease in RB activity and a 
functionall inactivation of RB signaling pathway. In turn, the p16 protein, which is 
thee product of the INK4A gene, inhibits the activity of CDK4 (see figure 2). By 
negativelyy regulating the activity of CDK4, the p16 protein may promote the activity 
off the RB protein. Deletion of the INK4A gene and, consequently, loss of functional 
p166 protein will thus also result in the functional inactivation of RB protein. CDK4 
amplificationss and INK4A gene alterations have been found in osteosarcomas and 
provedd to be mutually exclusive events (Benassi et al., 1999; Wei et al., 1998). 
LOHH at the RB1 locus in osteosarcoma has been associated with a poor prognosis 
forr the patient (Feugeas et al, 1996). 
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G1-SS phase: 
Transcription n 
off S-phase 
genes s 

Differentiation n 
Apoptosis s 

G1 1 -*** S-phase 

Fig.. 2 The retinoblastoma pathway. See text for details. (Adapted from Baker and McKinnon, 2004) 
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Los ss of the TP53 gene 
AA chromosomal region frequently identified as abnormal in osteosarcomas is 

17p133 harboring the tumor suppressor gene TP53. In osteosarcoma, genetic 
alterationss affecting the TP53 locus have been reported in many different studies 
withh frequencies up to 50% of the cases (see for an overview Ragland et al, 2002). 
Alterationss in the TP53 gene include allelic loss, gene rearrangement, and point 
mutation.. The TP53 gene product is a transcription factor that regulates the 
expressionn of many genes of which some are involved in cell growth control, DNA 
damagee response, and apoptosis. Loss of the function of the TP53 protein is 
thoughtt to contribute to the development of many tumors including osteosarcoma. 
Evidencee of the association of TP53 with osteosarcoma is further provided by the 
highh risk of bone sarcomas in patients with the Li-Fraumeni syndrome who have a 
germ-linee mutation of TP53 (Nichols et al, 2001). No correlation has been found 
betweenn expression of the mutated TP53 gene product and clinical variables. The 
TP53TP53 mutation status did not differentiate between localized osteosarcoma and 
metastases.. TP53 mutations are evident before the development of metastases, 
indicatingg that these are not a late event in the tumorigenesis of osteosacoma 
(Gokgozetal,, 2001). 

Thee TP53 protein has a central role in mitotic checkpoints. Aberrations in mitotic 
checkpointss are thought to result in chromosomal instability {Cahill et al, 1998). 
Cytogeneticc studies have shown that osteosarcomas are characterized by a high 
frequencyy of structural and numerical alterations, compounded by gross changes in 
ploidy.. Most high-grade osteosarcoma have many atypical mitotic figures (Fechner 
andd Mills, 1993), suggesting that the chromosomal instability in these tumors may 
bee a consequence of aberrant mitosis, leading to unequal segregation of sister 
chromatidss during cell division. Al-Romaih et al (2003), have found an increased 
frequencyy of atypical mitotic figures and numerical aberrations of centrosomes in 
osteosarcomaa cell lines with TP53 mutations. A relationship between TP53 
mutationn and genomic instability was also found by Overholtzer et al (2003), who 
observedd by that the number of genetic changes was significantly higher in 
osteosarcomass with TP53 mutation than in those without TP53 mutation. 

Los ss of othe r tumo r suppresso r genes 
Allelicc losses on the chromosome arms 17p and 13q are respectively 

associatedd with the loss of the tumor suppressor genes TP53 and RB1. Beside 
thesee regions harboring known tumor suppressor genes, deletions of the 
chromosomee arms 3q and 18q are also frequently detected in osteosarcoma, 
suggestingg that at least two other tumor suppressor genes might be involved in the 
tumorigenesiss of osteosarcoma (Yamaguchi et al, 1992). 

Thee chromosomal region 18q21.3 has been linked to Paget disease. Paget 
diseasee is a heritable bone disorder leading to an increased risk of developing 
osteosarcoma.. LOH analysis of osteosarcomas from patients with Paget disease 
revealedd that these tumors undergo LOH in 18q21.3 (Nellissery et al.1998), 
suggestingg that the association between Paget disease and osteosarcoma is the 
resultt of a gene located at that position. Recent LOH analysis of chromosome arm 
18qq in sporadic osteosarcoma has narrowed the putative tumor suppressor gene 
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containingg region to a 500 kb DNA fragment in 18q21.33 (Johnsson-Pais et al., 
2003).. Two previous candidate genes in 18q21.3, RANK and BCL2, are no longer 
withinn this new critical region. This agrees with other data from osteosarcoma cell 
liness and sporadic Paget disease patients that suggested that somatic mutations in 
thee RANK gene do not contribute to the development of osteosarcoma. (Sparks et 
al.,, 2001). Moreover, it could be demonstrated by immunohistochemical methods 
thatt there was no loss of BCL2 expression in the tumors (Johnsson-Pais et al., 
2003). . 

Allelee losses on chromosome arm 3q are found in about 75% of the 
osteosarcomas,, suggesting the presence of a tumor suppressor gene on that 
chromosomee arm (Yamaguchi et al., 1992). Kruzelock et al (1997) defined by 
detailedd LOH analysis the minimal common region of deletion at 3q26.2-3q26.3, 
indicatingg that a putative tumor suppressor gene might be located at that region. 

4.34.3 Amplification of oncogenes 
Amplificatio nn of chromosom e regio n 12q13~q15 

Amplificationn of chromosomal region 12q13~q15 is detected in about 10% of 
thee osteosarcoma (Tarkkanen et al, 1995). The chromosomal region 12q13—15 is 
largee and contains numerous potential oncogenes, including MDM2, SAS, and 
CDK4.CDK4. The MDM2 gene is located at 12q13 and encodes a protein that binds to 
andd inactivates the TP53 gene product. Overexpression of the MDM2 gene caused 
byy amplification of the gene may disrupt the normal TP53 pathway (Freedman and 
Levine,, 1999). Amplification of MDM2 has been associated with tumor progression 
andd metastasis in osteosarcoma (Ladanyi, 1993; Nakayama, 1995). 

MDM2MDM2 is often co-amplified with the flanking SAS (sarcoma amplified sequence) 
gene.. SAS is a member of a transmembrane-protein family. This family includes 
variouss tumor-associated antigens that are thought to be involved in growth-related 
cellularr processes (Meltzer et al, 1991). 

Anotherr gene that might be an amplification target for the 12q13~q15 region is 
CDK4.CDK4. In osteosarcoma, CDK4 amplification may occur in combination with or 
independentlyy of MDM2 amplification (Berner et al, 1996; Elkahloun et al, 1996). 
Ass noted earlier, CDK4 forms a complex with cyclin-D1, which phosphorylates the 
RBB protein resulting in release and activation of transcription factor E2F (see figure 
2).. These events drive cells through the G1-phase of the cell cycle and facilitate 
entryy into S-phase. High CDK4 protein levels disrupt the balance between the 
dephosphorylatedd and phosphorylated form of the RB protein in favor of inactive 
phosphorylatedd RB protein. This will lead to impaired cell cycle control and 
enhancedd cell proliferation. 
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Amplificatio nn of chromosom e arm 8q 
Onee of the regions most frequently amplified in osteosarcomas is chromosome 

armm 8q. The amplification of 8q is complex involving large genomic regions and 
multiplee independently amplified targets (Ozaki et al, 2002; Bayani et al, 2003). 
Usingg CGH, Squire et al (2003) observed thee different patterns of 8q genomic 
gainn in osteosarcoma. First, overall gain of the whole 8q arm or chromosome. 
Second,, gain of variable but extensive regions of 8q including 8q12~21.3 and 
8q22~q24.. Third, localized gain affecting only the proto-oncogene MYC (C-MYC) 
att 8q24.2. Gain of 8q22~q24 without the involvement of MYC has also been 
reported.. Whereas gain of 8q22~q24 is observed in 24% of the osteosarcomas, 
MYCMYC amplifications occur only in 7-12% of the tumors (Ladanyi et al, 1993; 
Pompettii et al, 1996). These results suggest the presence of an oncogene other 
thann MYC at 8q22~q24 that might be involved in the pathogenesis of 
osteosarcoma.. The osteoprotegerin (OPG) and BMP1 genes are mapped in that 
regionn (Tan et al, 1997; Tabas et al, 1991). Both genes are supposed to have a 
regulatoryy function in bone formation (Simonet et al, 1997; Scott et al, 1999), and 
mayy be considered as potential candidate oncogenes in osteosarcoma. Copy 
numberr increase of chromosome arm 8q was found to been associated with poor 
prognosiss for the patient (Tarkkanen et al, 1999). 

Amplificatio nn of chromosom e regio n 17p11.2~p12 
AA region that is frequently amplified in osteosarcoma and therefore is of 

particularr interest is chromosomal region 17p11.2~p12. According to several CGH 
studiess this region is amplified in 13-29% of the osteosarcomas (Forus et al, 1995; 
Tarkkanenn et al, 1995; Tarkkanen et al, 1999; Stock et al, 2000; Zielenska et al, 
2001;; Ozaki et al, 2002; Lau et al, 2004). Besides in osteosarcoma, the 
amplificationn of this chromosomal region is also observed in a number of other 
tumors.. Amplification of 17p was detected by Southern blot and microsattellite 
analysiss in about 5% of high-grade gliomas (Bijlsma et al, 1994; Hulsebos et al, 
1997,, van Dartel et al., 2003). Using CGH, high-level amplification was also 
detectedd in 24% of leiomyosarcomas (El-Rifai et al, 1998), while gain of this 
chromosomall region was observed in 16% of malignant fibrous histiocytomas 
(Larramendyy et al, 1997a), 38% of chondrosarcomas (Larramendy, 1997b), and 
42%% of oral squamous cell carcinomas (Weber et al, 1998). These data strongly 
suggestt that chromosome arm 17p, in particular chromosome region 17p11.2-p12, 
harborss an oncogene or oncogenes that might stimulate the development and/or 
progressionn of these tumors. As amplification of the putative oncogenes located at 
17p112~p122 probably affects the clinical behaviour of the tumor, identification of 
thee amplification targets might be helpful to predict the prognosis and determine 
thee treatment of patients with osteosarcoma. 
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55 Aim and outlin e of thi s thesi s 

AimAim of the thesis 
Osteosarcomaa is a highly malignant bone tumor. The tumor is characterized by 

complexx chromosomal aberrations. In earlier studies, others and we have shown 
thatt amplifications in chromosome region 17p11.2~p12 are frequently occurring in 
thiss tumor. This suggests the presence of one or more oncogenes of which the 
overexpressionn is causally related to osteosarcoma tumorigenesis. This study aims 
att identifying these oncogenes. The identified oncogenes can hopefully be used as 
geneticc markers to more accurately assess diagnosis of the tumor and prognosis 
forr the individual patient and for improvement of treatment decision. Moreover, 
thesee oncogenes and there product(s) might serve as potential targets in 
osteosarcomaa therapy. 

OutlineOutline of the thesis 
Chromosomall CGH (comparative genomic hybridization) analysis revealed the 

frequentt amplification of 17p11.2~p12 sequences in high-grade osteosarcomas, 
occurringg in about 25% of cases. However, the resolution of chromosomal CGH is 
ratherr low. To determine a more exact location of the putative oncogenes causing 
thee amplifications in this region, we established in Chapte r 2 detailed amplification 
profiless by semi-quantitative PCR, using 17 microsatellite markers and 7 candidate 
geness in 19 tumors with chromosomal CGH-proven amplification of 17p11.2~p12. 
Wee detected frequent amplification of the TOP3A gene and, in some cases, very 
high-levell amplification of genes PMP22 and MAPK7. The amplification profiles of 
aa number of the investigated tumors could be explained by assuming the 
involvementt of so-called low-copy repeats in the amplification events. 

Originally,, we detected the amplification of 17p11.2-p12 sequences in high-
gradee gliomas. However, this proved to be an infrequent event, occurring in only 3 
off 60 (5%) investigated cases. To detect additional cases with 17p11.2~p12 
amplification,, we screened in Chapte r 3 in total 104 gliomas of various type and 
grades.. However, no new cases were found. To investigate whether the same 
oncogene(s)) could be involved in osteosarcoma and glioma tumorigenesis, we also 
determinedd in this chapter detailed profiles in the 3 glioma cases with amplification 
usingg the same set of markers and genes as was applied in the study of the 
osteosarcomas.. Distinct and high-level amplifications were found in these tumors. 
Onee of the tumors showed high-level amplification of PMP22. 

Reasoningg that amplification of a causative oncogene in a tumor should result in 
increasedd expression of that gene, we determined in Chapte r 4 the expression 
statuss of genes and expressed sequence tags (ESTs) in 17p11.2~p12. We 
constructedd a 17p11.2~p12-specific macroarray containing 40 genes and 21 ESTs 
fromm this region, which was used for the expression profiling of 11 osteosarcoma 
sampless and of normal human osteoblasts. Genes PMP22 and COPS3 and 3 
ESTss were found to be most frequently overexpressed and to be most consistently 
overexpressedd after amplification in the tumors and where, therefore, considered to 
bee potentially causative oncogenes. The expression status of PMP22 and COPS3 
couldd be confirmed by real time reverse transcription-PCR. 

23 23 



ChapterChapter 1 

PMP22PMP22 is highly expressed in peripheral Schwann cells and encodes an 
importantt constituent of the myelin sheath. It is also expressed at lower levels in 
otherr normal tissues, in which the protein is supposed to be involved in cell growth 
regulation.. Because of its frequent overexpression (and amplification) in 
osteosarcoma,, we studied the expression of PMP22 in greater detail in Chapte r 5. 
Itt is known that in normal Schwann cells PMP22 transcription may start from three 
promoters,, resulting in the synthesis of three alternatively spliced transcripts that all 
codee for the same protein. We studied PMP22-promoter usage in osteosarcoma 
tumorss and in normal osteoblasts by semi-quantitative reverse transcription PCR. 
Inn normal Schwann cells and in NIH3T3 cells, PMP22 expression increases upon 
serumm starvation-induced growth arrest. To characterize PMP22 expression under 
comparablee conditions in osteosarcomas, we determined PMP22 expression in 
osteosarcomaa cell lines after serum withdrawal. We found that the regulation of 
PMP22PMP22 expression differed markedly between normal and osteosarcoma cells. 

Inn Chapte r 6 we discuss the results of our studies, compare these with recent 
dataa obtained by other groups and suggest new directions for future research. 

Inn Chapte r 7 we summarize our findings. 
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Abstrac t t 

Amplificationn of region 17p11.2~p12 has been found in 13%-29% of high-grade 
osteosarcomas,, suggesting the presence of an oncogene or oncogenes that may 
contributee to their development. To determine the location of these putative 
oncogenes,, we established 17p11.2~p12 amplification profiles by semiquantitative 
PCR,, using 15 microsatellite markers and seven candidate genes in 19 high-grade 
osteosarcomas.. Most of the tumors displayed complex amplification profiles, with 
frequentt involvement of marker D17S2041 in 17p12 and TOP3A in 17p11.2 and, in 
somee cases, very high-level amplification of PMP22 and MAPK7 in 17p11.2. Our 
findingss suggest that multiple amplification targets, including PMP22, TOP3A, and 
MAPK7MAPK7 or genes close to these candidate oncogenes, may be present in 
17p11.2-p122 and thus contribute to osteosarcoma tumorigenesis. 
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1.. Introductio n 

DNAA amplification, by which the expression of specific target genes is 
increased,, is a common event in the development and progression of cancer. 
Knownn oncogenes involved in cell cycle regulation and cell proliferation have been 
shownn to be amplified in different tumor types [1]. Because of the influence of these 
oncogeness on the biologic behavior of the tumor, knowledge of their amplification 
statuss and that of unknown oncogenes may be relevant for prognosis and 
treatment. . 

High-gradee osteosarcomas are characterized by complex genomic changes, 
includingg the loss of chromosomal regions containing putative tumor suppressor 
geness and gain or amplification of chromosomal regions with presumptive 
oncogeness (see Ragland et al. [2] for a review). One of the regions found to be 
amplifiedd in osteosarcomas is located in chromosome region 17p11.2~p12. 
Comparativee genomic hybridization (CGH) studies by the present authors and 
otherss revealed amplification of the 17p11.2-p12 region in 13-29% of high-grade 
osteosarcomass [3-5]. Amplification or gain of the region is not restricted to these 
tumorr types. The present authors, using Southern blot and microsatellite analysis, 
previouslyy detected amplification of the 17p12 region in approximately 5% of high-
gradee gliomas [6,7]. Moreover, amplification of 17p was found in 24% of 
leiomyosarcomass [8], while gain of 17p was detected in 16% of malignant fibrous 
histiocytomass [9], 38% of chondrosarcomas [10], and 42% of oral squamous cell 
carcinomass [11]. These results suggest the presence of an oncogene or 
oncogeness in chromosome region 17p11.2-p12 that contribute to the 
tumorigenesiss of these tumor types. Because of the limited resolution of CGH, the 
exactt location of the putative oncogene or oncogenes on 17p is still unknown. In a 
previouss study, Wolf et al. [12] analyzed by microsatellite analysis in more detail 
chromosomee 17p amplification profiles of different types of sarcomas, including a 
limitedd number of osteosarcomas (A/=4) with CGH-proven amplification of the 
17p11.2~p122 region; however, no regions of common amplification could be 
identified. . 

Too distinguish the segments that most likely harbor the putative oncogenes, we 
determinedd which regions in 17p11.2~p12 are most frequently involved in the 
amplifications.. For this purpose, we established, through semiquantitative 
polymerasee chain reaction (PCR) analysis of anonymous markers and candidate 
geness in 17p11.2~p12, amplification profiles for a large series of osteosarcomas (N 
== 19) that were selected based on the presence of amplifications in that region. 
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2.2. Material s and method s 

2.1.2.1. Tumor samples 
Alll osteosarcomas were high-grade tumors. The tumor sample type, tumor 

location,, and amplification status of 17p11.2—p12 as determined by CGH are given 
inn Table 1. Analysis of tumor cases 23, 26, and 28 with a subset of the markers 
usedd in this study was reported previously [12]. Only specimens with more than 
70%% tumor cells were used for DNA analysis. Genomic DNA were extracted from 
thee tumor tissues using standard methods. 

Tablee 1 Clinical data and CGH status of 17p11 
Typee of 
Casee no. 

15 5 
21 1 
23(14) ) 
26(16) ) 
28(17) ) 
41 1 
43 3 
66 6 
68 8 
76 6 
77 7 
78 8 
81 1 
82 2 
88 8 
103 3 
104 4 
109 9 
112 2 

sample e 

Resection n 

Metastasis s 
Biopsy y 
Biopsy y 
Biopsy y 
Resection n 
Metastasis s 
Resection n 
Biopsy y 
Biopsy y 
Biopsy y 
Resection n 
Resection n 
Biopsy y 
Resection n 
Resection n 
Resection n 
Metastasis s 
Biopsy y 

.2p122 in high-grade 

Tumorr location 

Femur r 
Lung g 
Thoraxx wall and 
Femur r 
Humerus s 
Femur r 
Lung g 
Humerus s 
Femur r 
Femur r 
Tibia a 
Femur r 
Femur r 
Femur r 
Femur r 
Femur r 
Tibia a 
Lung g 
Radius s 

osteosarcomas s 

spine e 

CGHH status of 
17p11.2p12 2 

Amplified d 
Amplified d 
Amplified d 
Amplified d 
Amplified d 
ND D 
ND D 
ND D 
Normal l 
Amplified d 
Amplified d 
Amplified d 
Amplified d 
Amplified d 
Amplified d 
Amplified d 
Amplified d 
Normal l 
ND D 

Casee numbers (from Wolf etal. [12]) are in parentheses. Abbreviation: ND, not determined. 

2.2.2.2. Markers and semiquantitative PCR 
Locationss of all microsatellite markers and candidate genes were taken from the 

Augustt 6, 2001 version of the Human Genome Working Draft at 
http://genome.ucsc.edu.. Genes that are candidate amplification targets were 
selectedd on the basis of the information in GeneMap'99 at 
http://www.ncbi.nlm.gov/genemap.. These include known genes in the 17p11.2-p12 
regionn that encode components of signal transduction pathways or are involved in 
growthh regulation. Primer sequences and PCR conditions for amplification of 
microsatellitee markers and candidate genes MAP2K4 (amplimer MEK4.PCR1), 
ADORA2BADORA2B (amplimer ADORA 2B.PCR1), and PMP22 (amplimer PMPexl) were 
takenn from the Genome Database at http://www.gdb.org. Primers for the PCR 
amplificationn of candidate genes COPS3, DRG2, TOP3A, and MAPK7 were 
designedd on the basis of sequence data for the respective genes in the Human Ge-
nomee Working Draft and are given in Table 2. 
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Tablee 2 Primers and conditions for PCR of candidate genes 
Annealingg size 

Genee Primer J^P' (bP) 

C0P3C0P3 Forward: GGCTCACAAGAAGATGATTCAG 58 161 
Reverse: : 
TTAATTTCTTAGTCTCCAGGTGACACTGACAC C 

DRG2DRG2 Forward: AGATCGTGAAGAAGTAAC GGC 58 178 
Reverse:: TCGTCTGCCTACTGAAGAAACT 

TOP3ATOP3A Forward: ACAGAGGAAGAACCCTGGAG 58 172 
Reverse:: GCGTTCTCTACCCTACCCTG 

MAPK7MAPK7 Forward: ATGAACCCTGCCGATATTG 58 160 

Reverse:: CTTTGAGAATGCTCCCATG 

Abbreviation:Abbreviation: Temp., temperature. 

Semiquantitativee PCR for determination of the amplification level was performed 
byy simultaneously amplifying the test and reference marker. Test markers were 
microsatellitee markers and candidate genes in 17p11.2~p12. D13S124 at 13q21 
andd D6S290 at 6q25 were used as reference markers. All PCRs were done in 
duplicate.. Genomic DNA were amplified in a total volume of 15 / iL with 60 ng of 
eachh primer, 30 ng DNA, 1 PCR buffer (Roche Diagnostics, Mannheim, Germany) 
pHH 8.3, 1.5 mM MgCI2), 200 uU each of dATP, dGTP, and dTTP, 2 uU dCTP, 

32 2 

0.0755 ]i\. [a- P] dCTP (3000 Ci/mMol), and 0.3U Taq polymerase (Roche 
Diagnostics).. PCR conditions were 1 minute at , followed by 23 cycles of 1 
minutee at , 2 minutes at , 1 minute at , and one final incubation for 
100 minutes at . After separation of the PCR products on 6% polyacrylamide 
gels,, the gels were dried and the resulting signals quantified with a 
Phosphorimagerr (Molecular Dynamics, Sunnyvale, CA, USA). 

Forr determination of the amplification level of a test marker in the tumor, the 
signall intensity ratio of test and reference marker was calculated. In case of 
heterozygosityy for a marker, the signal intensities of the two alleles were added. To 
normalizee the signal intensity ratio, the mean ratio of three leukocyte DNA of 
unaffectedd persons was determined. The amplification level was calculated by 
dividingg the test marker-reference marker signal intensity ratio of the tumor with 
thee mean ratio of the three leukocyte DNA. Because both reference markers reside 
inn chromosomal regions of which one copy may occasionally be lost in the tumor, 
resultingg in an apparent amplification level of 2, and to exclude simple gains, only 
amplificationn levels of 4 and higher were taken as evidence of true amplification. 
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3.. Results 

Wee determined amplification profiles for 17p11.2~p12 in 19 high-grade 
osteosarcomas.. The tumors were selected for the presence of amplifications in 
17p11.2~p12,, as determined by CGH, or by prescreening with a subset of the 
markerss used in this study. For determination of the amplification profile of the 
17p11.2~p122 region by semiquantitative PCR, we used 15 microsatellite markers 
andd seven candidate genes (MAP2K4, PMP22, ADORA2B, COPS3, DRG2, 
TOP3A,TOP3A, and MAPK7) spanning a 12-Mb segment. Fig. 1 depicts a representative 
autoradiographh showing the analysis of test marker D17S1843 and reference 
markerr D6S290 in various osteosarcoma samples. 

L11 L2 L3 Ct 26 41 68 81 104 

II  1 | 1 | 1 | 1 | 1 | 1 l 1 l i l 1 

D6S290 0 
—— g|M éÊÊk ÉÊÊk WÊm IMP 

mmmm  ^ p a p 

AA 41 tfb  A 
D17S18433 ' * * 

^ J PP ^pi ^  ^^^ ^^^ 

Fig.. 1. Representative autoradiograph showing determination of the amplification level of test marker 
D17S18433 in high-grade osteosarcomas. D6S290 was used as a reference marker. Simultaneous PCR 
off test and reference marker was performed on three leukocyte DNA (L1-L3) and on various tumor NA. 

32 2 

Ct.:: No DNA added. Each PCR was performed in duplicate. The P-labeled PCR products were 
separatedd in a sequencing gel, observed by autoradiography, and quantitated with a Phosphorimager. 

Tumorr 68 had no significant amplification at marker D17S1843 (amplification level 
off 2), whereas tumors 26, 41, 81, and 104 had calculated amplication levels of 6, 8, 
4,, and 12, respectively. In this way, we established amplification profiles for all 
tumorr samples. The amplification data are summarized in Fig. 2. 
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Fig.. 2. Amplification levels for markers and candidate genes in region 17p11.2~p12 in osteosarcomas. 
(Left)) Tumor case numbers. (Top) Markers and candidate genes. Gray boxes denote markers or 
candidategeness with amplification level equal to or greater than 4. (Bottom) Proportion of 
osteosarcomass showing amplification level equal to or greater than 4. Positions of the proximal and 
distall CMT1A-REP and of the proximal and distal SMS-REP are indicated (see text for details). 
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Thee amplification profiles for osteosarcomas 66 and 104 are presented in Fig. 3. 
Amplifiedd segments in the osteosarcomas were often large and discontinuous, 
suggestingg the involvement of several target genes in the amplifications. Relatively 
frequentt involvement in the amplifications can be seen for D17S2041 in 17p12 
(47%% of cases), and for the 17p11.2 segment, in which TOP3A is most frequently 
involvedd (72% of cases). Rather specific and high-level amplification was found for 
PMP22PMP22 in tumor 66 and for MAPK7m tumor 104 (see Fig.3A and 3B, respectively). 

Fig.. 3. Amplification profile of 17p11.2~p12 in osteosarcomas 66 and 104. Amplification levels are 
plottedd for each marker and candidate gene. Distances are given in Mb from the telomere end of 
chromosomee arm 17p. 
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4.. Discussio n 

Thee amplification profiles for the osteosarcomas proved to be complex. In 
general,, markers in band 17p11.2 were considerably more involved in the 
amplificationss than those in 17p12. A considerable proportion of the 
osteosarcomass showed amplification of the marker D17S2041 (47% of cases). 
Frequentt amplification and, in the case of tumor 66, rather specific high-level 
amplificationn can be noted for PMP22 (see Figs. 2, 3A). Amplification of this gene 
hass previously been reported to be present in glioma cell line SF763 and 
osteosarcomaa cell line RH30 [13]; however, the boundaries of the amplifications 
weree not established in that study. Duplication of PMP22, resulting in three copies 
off the gene in the constitutional DNA of patients, leads to the hereditary 
neuropathyy Charcot Marie Tooth syndrome type 1A (CMT1A). Duplication of this 
genee is the consequence of duplication of a genomic segment encompassing 
PMP22PMP22 that is flanked by low copy repeat elements (REP). The duplication arises 
fromm unequal crossing over due to misalignment at the CMT1A-REP sequences. 
Thee distal CMT1A-REP is close to D17S921, and the proximal CMT1A-REP is 
closee to D17S261 [14]. These markers demarcate the PMP22-containing amplified 
segmentt in osteosarcoma 66 (see Fig. 3A) and possibly also in osteosarcomas 21, 
77,, and 81 (see Fig. 2). These data suggest that the CMT1A-REPs might be 
involvedd in some of the amplifications. 

AA very high-level amplification in tumor 104, unique amplification in 
osteosarcomaa 68 and frequent amplication in the other osteosarcomas can be 
notedd for the MAPK7 gene in 17p11.2 (see Figs. 2, 3B). MAPK7 is a mitogen-
activatedd protein kinase 7 involved in signal transduction pathways trigged by 
growthh factors that induce cell proliferation, and, as such, a candidate oncogene. 
Off additional note is the frequent involvement of TOP3A, encoding topoisomerase 
(DNA)) III in the amplifications (72% of cases). Both MAPK7 and TOP3A map to 
thee Smith-Magenis syndrome (SMS) region, which is flanked by repeat gene 
clusterss (REPP and REPD) approximately at the positions of COPS3 and MAPK7 
(seee Fig. 2). Another REP (REPM) is located between TOP3A and D17S2019 [15]. 
Patientss have been described in which duplication of the SMS region arose by 
unequall crossing over due to homologous recombination between REPP and 
REPDD [16]. As for the CMT1A region, consecutive repetitions of the duplication 
eventt may have given rise to the amplified copies of this segment in the proximal 
partt of 17p11.2 in a high proportion of the osteosarcomas. In an analogous way, 
REPM,, together with REPP or REPD, may be implicated in some of the 
amplifications,, although the involvement of this REP in the deletion or duplication of 
thee SMS region has not yet been demonstrated. 
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5.. Conclusio n 

Ourr results imply the presence of multiple amplification targets in 17p11.2~p12 
inn osteosarcomas. This is not unprecedented, given the presence of 1) CDK4/SAS 
andd MDM2 as independent amplification targets in 12q13-q15 in malignant 
gliomass [17], 2) at least four independent targets of amplification in 17q23 in breast 
tumorss [18], and 3) additional amplification targets, besides EGFR, in 7p12 in 
astrocyticc gliomas [19]. It remains to be seen whether the amplified candidate 
oncogeness that we detected were the primary targets for amplifications or were 
merelyy co-amplified with the real target genes, which are yet to be discovered. To 
clarifyy this, we are in the process of determining the expression status of the 
candidatee oncogenes and of all other coding sequences in the frequently amplified 
segmentss of 17p11.2~p12. In this way, we hope to identify the genes whose 
overexpressionn is causally related to osteosarcoma tumorigenesis. 
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Abstrac t t 

Wee reported previously the amplification of DNA markers in 17p12 in 3 of 60 
high-gradee gliomas. To detect additional cases, we screened in total 104 gliomas 
off various types and grades by Southern blot analysis using marker 745R, which is 
withinn the commonly amplified region. However, no other cases with significant 
amplificationn (amplification level 4) were found. To investigate in detail the extent 
off the amplifications in the three tumors, which were all glioblastomas, we 
determinedd 17p11.2~p12 amplification profiles by semiquantitative polymerase 
chainn reaction using 15 microsatellite markers and seven candidate genes. Distinct 
andd high-level amplifications, with maximum levels ranging from 15 to 38, were 
foundd in these tumors. The 0.8 Mb-region between D17S1525 and MAP2K4 in 
17p122 proved to be commonly amplified in these tumors. In one tumor, a 
heterogeneouss distribution of the amplification in 17p12 was found, suggesting that 
itt is a late event during glioma tumorigenesis. Another tumor showed additional 
high-levell amplification of PMP22 and D17S1843 in 17p11.2. From the high-level 
amplificationss we conclude that at least one, but possibly more, putative 
oncogeness are present in 17p11.2~p12 whose amplifications and/or 
overexpressionss contribute to glioma tumorigenesis. 
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1.. Introductio n 

Gliomass are the most common primary neoplasms of the central nervous 
system.. These tumors are characterized by the presence of specific genetic 
alterations,, including mutations of TP53, CDKN2A, RB1, and PTEN, amplification 
off EGFR, and deletions of chromosomal arms 1p, 9p, 10p, 10q, 17p, 19q, and 22q 
[1]. . 

Inn previous studies, we detected amplification of DNA markers in chromosomal 
bandd 17p12 in high-grade gliomas [2,3]. However, this proved to be an infrequent 
event,, being present in only three of 60 investigated tumors. By comparative 
genomicc hybridization (CGH), amplification of 17p11.2~p12 was shown to occur at 
considerablyy higher frequency (13-29%) in osteosarcomas [4-6]. Furthermore, 
amplificationn of 17p was found in 24% of leiomyosarcomas [7], while gain of 17p 
wass detected in 16% of malignant fibrous histiocytomas [8], 38% of 
chondrosarcomass [9], and 42% of oral squamous cell carcinomas [10]. 

Thesee data suggest the presence of an oncogene or oncogenes on 17p that 
mayy contribute to the tumorigenesis of these tumor types. Due to the limited 
resolutionn of CGH, the exact location of the putative oncogene or oncogenes is still 
unknown.. Recently, we established by semiquantitative polymerase chain reaction 
(PCR)) detailed 17p11.2~p12 amplification profiles for osteosarcomas [11]. The 
profiless proved to be complex with frequent involvement and, in some cases, high-
levell amplification of marker D17S2041 in 17p12 and genes PMP22, TOP3A, and 
MAPK7MAPK7 in 17p11.2. 

Inn this study, we investigated 17p11.2~p12 amplifications in glioma. To find 
additionall cases, we first screened low- and high-grade gliomas for amplification of 
thatt region. However, no other cases were found. To further demarcate the 
oncogene-containingg region(s), we established detailed 17p11.2~p12 amplification 
profiless for the available gliomas and for glioma cell line SF763, the latter with 
CGH-provenn amplification of 17p11.2~p12 [12]. 
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2.. Material s and method s 

2.1.2.1. Tumor samples 
Thee investigated gliomas were classified and graded according to the World 

Healthh Organization criteria [13]. The tumors for which amplification profiles were 
establishedd have partly been analyzed in previous studies [2,3]. All tumor samples 
containedd at least 70% tumor cells. Genomic DNA were extracted from the tumor 
tissuess and cell line by standard methods. 

2.2.2.2. Probe and Southern blotting 
Thee determination of the amplification level of marker 745R, located between 

D17S9699 and MAP2K4 in 17p12, in the investigated gliomas by hybridization of 
thiss marker and reference marker D17S115 in 17cen~q12 to Southern blots has 
beenn described previously [3]. 

2.3.2.3. Markers and semiquantitative PCR 
Microsatellitee markers and candidate genes from the 17p11.2~p12 region and 

theirr respective locations within that region have been described previously [11]. 
Semiquantitativee PCR for the determination of amplification levels was performed 
byy simultaneously amplifying the test and reference markers. Test markers were 
thee microsatellite markers and candidate genes in 17p11.2~p12. D13S124 at 
13q211 and D6S290 at 6q25 were used as reference markers. Detailed procedures 
forr semiquantitative PCR and calculation of the amplification levels have been 
givenn previously [11]. 

Sincee the reference markers used for the Southern blot as well as 
semiquantitativee PCR analyses may occasionally be lost in the tumor, resulting in 
ann apparent amplification level of 2, and to exclude simple gains, only amplification 
levelss of 4 and higher were considered to represent significant amplifications. 
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3.. Result s 

Too detect cases with 17p12 amplification, we screened by Southern blot 
analysiss a total of 104 gliomas (60 glioblastomas multiforme, 11 anaplastic 
astrocytomas,, 17 low-grade astrocytomas, and 16 oligodendrogliomas and oligo-
astrocytomass of various grades) for the presence of 745R amplification. This probe 
originatess from the commonly amplified region within 17p12 in glioma that we 
definedd previously [3]. Since others have demonstrated by comparative genomic 
hybridizationn 17p11.2-p12 amplification in glioma cell line SF763 [12], we also 
screenedd this cell line for 745R amplification. However, besides glioblastomas 
1197,, 1672 (sample 1), and 1683 (sample 1), with amplification levels of 25, 5, and 
8,, respectively, that we detected previously [2,3], and cell line SF763, with 
amplificationn level of 4, no additional cases with significant amplification were 
found. . 

Too establish detailed amplification profiles of 17p11.2-p12 in the three 
glioblastomass and in cell line SF763, we performed semiquantitative PCR using 15 
micro-satellitee markers and seven candidate genes from this chromosomal 
segment,, which spans 12 Mb. Amplification levels of markers and genes for the 
respectivee cases are given in Fig. 1. 
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Fig.. 1. Amplification levels for markers and candidate genes in region 17p11.2p12 in glioblastomas and 
inn cell line SF763. (Left) Case numbers; (top) Markers and candidate genes. Gray boxes denote 
markerss or candidate genes with amplification level equal to or greater than 4. Positions of the proximal 
andd distal CMT1A-REP are indicated (see text for details). (Bottom) Proportion of osteosarcomas 
showingg amplification level 4 (data from [11]). 
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Thee amplification profiles for the three glioblastomas with high-level 
amplificationss are shown in Fig. 2. 

Fig.. 2. Amplification profile of 17p11.2~p12 in glioblastomas. Amplification levels are plotted for each 
markerr and candidate gene. Distances are given in Mb from the telomere end of chromosome arm 17p. 
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Additionall samples from various sites within glioma 1683 (samples 1683-
2-1683-5)) were available for amplification analysis. Samples 1683-2, 1683-3, and 
1683-55 were histologically classified as grade IV, while sample 1683-4 was 
classifiedd as grade ll-lll. The amplified segment in the grade IV sample 1683-5 (see 
Fig.. 1) also proved to be present in grade IV sample 1683-3 (Fig. 3A) but was 
clearlyy absent in grade IV sample 1683-2 (Fig. 3B), and in grade ll-lll sample 1683-
44 (not shown). 

Fig.. 3. Amplification profile of 17p12 in different parts of glioblastoma 1683. (Left) Histology of parts (A) 
1683-33 and (B) 1683-2. (H & E staining). (Right) Corresponding amplification profiles for (A) 1683-3 and 
(B)) 1683-2. 
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4.. Discussio n 

Fromm the amplification levels and profiles in Figs. 1 and 2 we conclude that the 
0.88 Mb region between D17S1525 and MAP2K4 in 17p12 is amplified in all three 
tumorss and, therefore, may harbor an oncogene whose amplification is relevant for 
thee genesis of these tumors. MAP2K4, to which gene product oncogenic [14] as 
welll as tumor-suppressive [15] functions have been attributed, is unlikely to be the 
rel-evantt oncogene, since this gene is not amplified in tumor 1672-2. Profiling of 
differentt parts of glioblastoma 1683 revealed that the amplification in 17p12 is 
heterogeneouslyy distributed throughout various high-grade segments of this tumor 
andd is absent in a lower-grade segment, suggesting that the amplification is a late 
eventt during glioma tumorigenesis (Fig. 3). In tumor 1672-2, besides the common 
amplificationn in 17p12, additional high-level amplifications were seen for PMP22 
andd D17S1843 (Figs. 1 and 2), which are both located at 17p11.2. 

Inn cell line SF763, significant amplifications are only seen for markers and genes 
inn 17p11.2, including TOP3A and MAPK7 (Fig. 1). Others [16,17] have reported the 
presencee in this cell line of 8-10 copies of the PMP22 gene and of the proximal 
andd distal repetitive elements flanking this gene (REPP and REPD; see Fig. 2 for 
thee location of these elements). As can be seen in Fig. 1, we found comparable 
copyy numbers (amplification level 3, being equivalent to 6 copies) in SF763 for the 
PMP22-containingg segment, although we do not consider these copy numbers as 
beingg representative for true amplifications. 

Recently,, we determined amplification profiles for osteosarcomas and found 
frequentt amplification of markers and genes in 17p11.2 and, in some cases, high-
levell amplification of genes, including PMP22, TOP3A, and MAPK7, in that band 
(seee Fig. 2, [11]). In the hereditary neuropathy Charcot Marie Tooth syndrome type 
1AA (CMT1A), homologous recombination between the misaligned REPP and 
REPDD sequences results in duplication of the PMP22 region that is flanked by 
thesee repetitive elements [18]. We argued that repetitive duplications resulted in 
amplificationn of that region in osteosarcomas. This might also explain the very high 
amplificationn level of PMP22 in glioma 1672. 

Besidess the three glioblastomas that we identified earlier, we did not detect 
additionall cases with 17p12 amplification among 104 gliomas. To identify such 
cases,, we used probe 745R, which is located between D17S969 and MAP2K4 
and,, thus, within the newly derived region of common amplification. Therefore, it is 
unlikelyy that we missed many cases with 17p12 amplification due to the inability of 
745RR to detect the amplification. Amplification levels were determined for all cells 
withinn a given tumor and analysis of tumor 1683 demonstrated that 17p12 
amplificationn may not be present in all parts of a tumor. Thus, it remains possible 
thatt cases in which only a subpopulation of tumor cells carried the 17p12 
amplificationn were not identified as having significant amplification of 745R. Finally, 
itt cannot be excluded that overexpression of the causative oncogene in 17p12 is, 
inn most cases, not the consequence of amplification of that gene. 
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Inn conclusion, the infrequent but very high-level amplifications in 17p12 in the 
threee gliomas imply the presence of an amplification target between D17S1525 
andd MAP2K4. In glioma 1672 and cell line SF763, markers and genes in 17p11.2 
weree found to be amplified. These are also frequently involved in amplifications in 
osteosarcomas.. We want to determine the expression status of all coding se-
quencess in the region between D17S1525 and MAP2K4 in the three gliomas. In 
thiss way, we hope to identify the gene whose overexpression is causally related to 
thee tumorigenesis of these and possibly other gliomas. 
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Abstrac t t 

Osteosarcomass are malignant tumors of the bone that are characterized by 
complexx genetic changes, including loss and amplification of chromosome regions. 
Regionn 17p11.2~p12 is frequently found to be amplified in this tumor, suggesting 
thee presence of an oncogene (or oncogenes) important in osteosarcoma 
tumorigenesis.. We had previously determined amplification profiles for this region. 
Reasoningg that amplification of a causative oncogene in a tumor should result in 
increasedd expression of that gene, we have now determined the expression status 
off genes and expressed sequence tags (ESTs) in 17p11.2~p12. We constructed a 
17p11.2-p12-specificc macroarray containing 40 genes and 21 ESTs from this 
region,, which was used for expression profiling of 11 osteosarcoma samples (9 
tumorss and 2 cell lines) and of normal human osteoblasts. Compared to normal 
osteoblasts,, genes with at least threefold increased expression were considered to 
bee overexpressed in the tumor. Genes PMP22 and COPS3, EST AA126939 
(encodingg part of the hypothetical protein FLJ20343), and two anonymous ESTs 
(AA9184833 and R02360) were found to be most consistently overexpressed after 
amplification.. By real-time reverse transcriptase polymerase chain reaction, we 
couldd confirm the overexpression status of PMP22 and COPS3 but not of 
FLJ20343.FLJ20343. We conclude that PMP22 and COPS3, and possibly also the three 
ESTs,, are candidate amplification targets in 17p11.2~p12 in osteosarcoma. 
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1.Introductio n n 

Osteosarcomass are highly malignant tumors of bone, mostly affecting children 
andd young adults [1]. These tumors are characterized by complex genetic 
changes,, including loss and amplification of chromosome regions containing 
geness that are supposed to be involved in osteosarcoma tumorigenesis (for 
review,, see reference [2]). Loss of heterozygosity is frequently detected at 
chromosomee regions 13q14 and 17p13, which contain the retinoblastoma and 
p533 tumor suppressor genes, respectively [3]. By comparative genomic 
hybridizationn (CGH), frequent gains or amplifications have been found for regions 
onn chromosome arms 1q, 3q, 6p, 8q, 12q, 14q, 17p, Xp, and Xq [4-6]. For most 
off these regions, however, the amplification targets (i.e., the putative oncogenes) 
remainn to be identified. Identification of these oncogenes might increase our 
understandingg of how osteosarcomas develop and progress to malignancy. 

Onee of the regions frequently found to be amplified in osteosarcomas is 
17p11.2~p12.. CGH studies revealed amplification of this region in 13-29% of 
high-gradee osteosarcomas [4-6]. By using semiquantitative microsatellite 
analysis,, other researchers [7] and our group [8] have recently determined the 
amplificationn status of markers and candidate genes in this region in more detail. 
Thee amplification profiles proved to be complex, often involving several 
independentlyy amplified regions. We noted relatively frequent involvement in the 
amplificationss for a region in 17p12 containing marker D17S2041, for a region in 
17p11.22 with candidate gene PMP22, and for another region in 17p11.2 
containingg candidate genes ADORA2B, COPS3, DRG2, TOP3A, and MAPK7. In 
aa parallel study, we found infrequent but high-level amplifications in the 
17p11.2~p122 region in malignant gliomas [9]. 

Too be important in tumorigenesis, amplification of a gene should result in 
overexpressionn of that gene. Therefore, to identify the true amplification targets in 
17p11.2~p122 in osteosarcomas, we determined the expression status of all 
geness in that region and combined this information with the amplification status 
off these genes, which we deduced from the established amplification profiles. 
Wee constructed a 17p11.2~p12-specific macroarray containing 40 genes and 21 
expressedd sequence tags (ESTs), which was used for expression profiling of 11 
osteosarcomaa samples with known amplification profiles and of normal 
osteoblasts.. We found genes PMP22 and COPS3 and three ESTs to be most 
consistentlyy overexpressed after amplification in the tumor samples. By 
quantitativee real-time reverse transcriptase polymerase reaction (RT-PCR), we 
couldd confirm the overexpression status of PMP22 and COPS3. 
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2.Materials2.Materials  and method s 

2.1.2.1. Samples 
Ninee osteosarcoma tumors, two newly established osteosarcoma cell lines (Os2 

andd Os6), and normal human osteoblasts were used in this study. For the 
osteosarcomaa tumors, data on tumor location and type of sample have been given 
previouslyy [8]. Cell line Os2 (passage number 11) was derived from the biopsy of a 
juxtacorticall osteosarcoma, and 0s6 (passage number 8) was derived from a 
biopsyy of an osteosarcoma of the knee [10]. All osteosarcomas were high-grade 
tumorss and contained at least 70% of tumor cells. Tumor sample 66a is another 
partt of tumor 66, which was analyzed for the presence of amplifications in 
17p11.2~p122 in a previous study [8]. Normal human osteoblasts derived from a 37-
year-oldd Caucasian donor were cultured according to the instructions of the 
supplierr (Cambrex Bioproducts Europe, Verviers, Belgium). Genomic DNAs were 
extractedd using proteinase K and chloroform and RNAs were isolated using Trizol 
reagentt (Invitrogen, Breda, The Netherlands) according to standard procedures 
[11]. . 

2.2.2.2. Amplification status of 17p11.2-p12 
Thee amplification status of most of the tumors has been determined previously 

[8].. Additional amplification analyses were performed for tumor 66a and for cell 
liness Os2 and Os6. Microsatellite markers and candidate genes from 17p11.2-p12 
weree used to assess the amplification status of this region, as described previously 
[8].. Only normalized amplification levels of four and higher were considered to 
representt significant amplifications. In tumor 66a, MAPK7 in 17p11.2 and D17S804 
andd D17S969 in 17p12 proved to be significantly amplified. In cell line Os2, only 
D17S8055 in 17p11.2 was found to be amplified, while none of the markers proved 
too be amplified in cell line Os6 (data not shown). 

2.3.2.3. Construction and preparation of a 17p11.2~p12-specific cDNA 
macroarray macroarray 

Too generate a 17p11.2~p12-specific cDNA macroarray, we selected, on the 
basiss of the information available in GeneMap'99 (http://www.ncbi.nlm.nih.gov/ 
genemap),, the cedar map (ftp://www.cedar.genetics.soton.ac.uk/pub/chrom17/ 
gmap),, and mapviewer (http://www.ncbi.nlm.nih.gov/mapview/), genes and ESTs 
locatedd between D17S805 in 17p11.2 and D17S804 in 17p12. One hundred thirty-
threee clones containing plasmids with cDNA inserts of these genes and ESTs were 
takenn from the ResGen library (ftp://www.ftp.resgen.com/ pub/sv_libraries/ 
RG_Hs_seq_ver_060101.txt).. DNAs were isolated using the Plus Minipreps DNA 
purificationn System (Promega Benelux, Leiden, The Netherlands) and cDNA 
insertss were PCR-amplified using TIGR primers (TIGR-forward: 
5'' -GTTTTCCCAGTCACGACGTTG-'3; TIGR-reverse: 
5'' -TGAGCGGATAACAATTTCACACAG-'3). The PCR products were sequenced 
usingg the BigDye Terminator Cycle sequencing kit (Perkin Elmer Biosystems, 
Oosterhout,, The Netherlands) and the TIGR-reverse primer. To confirm their 
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identityy and location, the derived cDNA sequences were blasted to the original 
sequencee of the clone and to the Human Genome Working Draft sequence, freeze 
Junee 2002 (http://www.genome.ucsc.edu/). Seventy-one clones appeared to be 
locatedd in the region between markers D17S804 and D17S805. Of the other 
clones,, 42 were located on chromosome 17, but not between these markers, and 
200 clones were located on other chromosomes. (Full information for all clones is 
availablee upon request.) All 133 clones were spotted onto nylon filters (N-Hybond; 
Amershamm Biosciences, Roosendaal, The Netherlands). Before spotting, the PCR 
productss were diluted 1:1 with spotting buffer containing 15% sucrose and 0.01% 
cresoll red. All clones were spotted in triplicate by an in-house-made arrayer using 
split-pinn technology. Before use, filter-bounded DNAs were denatured in 0.5 mol/L 
NaCI/0.55 mol/L NaOH, renatured in 0.5 mol/L Tris-HCI, pH 7.5/1.5 mol/L NaCI, 

2 2 

washedd in 0.5x standard saline citrate (SSC), and cross-linked with UV at 0.2 J/m . 

2.4.2.4. Probe generation and hybridization to the filters 
33 3 

Sevenn milligrams of each total RNA was labeled with [ P]* -dATP by oligo(dT)-
primedd polymerization using Superscript II Reverse Transcriptase (Invitrogen). 
Afterr labeling, 5 pig of COT1 DNA, 5 pig of yeast tRNA, and 5 pig of poly d(A) were 
addedd to prevent nonspecific binding. The probe was boiled for 5 minutes before 
addingg to the filters. These were prehybridized in hybridization mix for at least 2 
hours.. Hybridization was performed for 72 hours at C in 5x standard saline 
citratee (SSC), 5x Denhardt's, and 0.5% sodium dodecyl sulfate (SDS). Filters were 
washedd once with 2x SSC; 0.1% SDS for 1 hour; and twice with 0.2x SSC, 0.1% 
SDSS for 1 hour. 

2.5.2.5. Data analysis 
Hybridizationn signals on the filters were visualized with a Fuji BAS 1800 Imager 

(Raytestt Benelux, Tilburg, The Netherlands) and their intensity was quantified with 
AIDAA software (Raytest Benelux). After regional background subtraction, the signal 
intensityy of each spot was normalized for labeling and hybridization efficiencies by 
dividingg the signal intensity of that spot by the mean signal intensity of all spots on 
thee filter. Next, we calculated the mean signal intensity for the three spots of the 
samee clone. Clones with a mean signal intensity of less than 10% of the mean 
signall intensity of all spots on the filter were excluded for further analysis. The 
normalizedd mean signal intensity of each clone for the tumor sample was 
comparedd with the normalized mean signal intensity of that clone for the normal 
osteoblastt sample. Clones were considered to be overexpressed in the tumor 
samplee when the normalized mean signal intensity for the tumor sample was at 
leastt three times more than that for the normal osteoblast sample. 
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2.6.2.6. Quantitative real-time RT-PCR 
Expressionn levels of PMP22, C0PS3, FLJ20343, and T0P3A were also 

determinedd by quantitative real-time RTPCR. For this purpose, 5 / /g of total RNA 
wass reverse-transcribed by the Superscript II enzyme (Invitrogen) according to 
standardd procedures. All PCRs were performed in the light cycler using the 
LightCycler-Fastt Start DNA Master SYBR Green I kit (Roche, Indianapolis, IN). 
Expressionn levels of the studied genes were normalized to the expression level of 
thee glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH). All PCRs were 
donee in duplicate. Primers for cDNA amplification were designed to span an intron 
too prevent amplification of genomic DNA contamination. Amplifications were 
performedd in a total volume of 10 /-/L with 30 /vmol/L cDNA, 5 //mol/L of each 
primer,, and 5 mmol/L MgCI2 for GAPDH and COPS3, 3 mmol/L MgCI22 for 
PMP22PMP22 and FLJ20343, and 6 mmol/L MgCI2 for TOP3A. Primer sequences, 
positionss in their respective cDNA, and product lengths are given in Table 1. PCR 
conditionss were 1 minute at , followed by 40 cycles of 10 seconds at , 10 
secondss at the annealing temperature C for GAPDH and C for the other 
genes),, and 10 seconds at . 

Tablee 1 Primer sequences for quantitative real-time RT-PCR of candidate and reference genes 

Genee Primer sequence 

PMP22PMP22 5' TCTGGCAGAACTGTAGCACCTC 3' 

5'' TGCTGAAGATGATCGACAGGA 3' 
COPS3COPS3 5' GTCGTGTGCAGTTGTCTGGAC 3' 

5'' GTTATCATGGAAACTGACCATACCG 3' 
FLJ20343FLJ20343 5' GCCGTCACAGGCACAAAG 3' 

5'' GCCAGGTCACTCATCAGCAC 3' 
TOP3ATOP3A 5' AGAGTGTCGCTCAGCTGTGTG 3' 

5'' GGCTACCGCGCTTAAACTTTAAC 3' 
GAPDHGAPDH 5' TGAGCACCAGGTGGTCTC 3' 

5'' AATTCGTTGTCATACCAGGAAAT 3' 

Positionn in 

cDNA A 

227-248 8 

343-323 3 

1013-1033 3 

1131-1107 7 

1137-1154 4 

1238-1219 9 

2278-2296 6 

2402-2380 0 

906-923 3 

1028-1006 6 

Product t 

sizee (bp) 

117 7 

119 9 

102 2 

125 5 

123 3 
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3.. Result s 

Too identify 17p11.2~p12 genes that were overexpressed through amplification, 
wee determined the expression status of these genes in osteosarcoma tumors and 
celll lines with known amplification profiles for that region. High-quality RNA was 
availablee for eight osteosarcoma tumors for which we had determined the 
amplificationn profiles in a previous study [8]. Additional high-quality RNA was 
availablee for tumor 66a and osteosarcoma cell lines Os2 and Os6 [10], for which 
amplificationn profiles were established (see Materials and methods for details). To 
determinee the expression status of genes and ESTs in 17p11.2~p12, we 
constructedd a cDNA macroarray for that region. This macroarrray included 71 
sequence-- and location-verified clones, representing 40 different genes and 21 
ESTs,, from the region between marker D17S805 in 17p11.2 and marker D17S804 
inn 17p12. Among these were PMP22, ADORA2B, COPS3, DRG2, and MAPK7, 
whichh we previously found to be frequently amplified in osteosarcomas [8]. No 
representativee clone was available for TOP3A, which was also found to be 
amplifiedd in a high percentage of the osteosarcomas analyzed. The macroarray 

filterss were hybridized with P-labeled cDNA generated from the osteosarcoma 
tumorss or cell lines and from normal osteoblasts. The hybridization signal for each 
clonee was quantified and normalized for labeling and hybridization efficiencies. A 
genee was considered to be overexpressed when the normalized hybridization 
signall of the corresponding clone in the osteosarcoma sample was at least 
threefoldd higher than in the normal osteoblast sample. Table 2 lists the genes, in 
orderr of decreasing frequency of overexpression, that were found to be 
overexpressedd in at least 4 of the 11 osteosarcoma samples. The amplification 
statuss of each gene in the tumor samples, as inferred from the previously and 
newlyy established amplification profile for each tumor, is also shown in this table. 
Wee conclude from columns O/A and -O/A in this table that genes PMP22 
(representedd by clones H28091 and R2690), as well as COPS3 and ESTs 
AA918483,, AA126939, and R02360, were most consistently overexpressed after 
amplification.. For NT5M (encoding mitochondrial 5'-nucleotidase), the correlation 
betweenn amplification and overexpression was less consistent becausethis gene 
wass amplified without overexpression in two cases (column -O/A). Except for 
COPS3,COPS3, the genes with frequent overexpression after amplification were also 
overexpressedd in cases without amplification, suggesting that their expression can 
bee upregulated by other mechanisms (column 0/-A). 
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Wee wished to validate the expression status of PMP22, C0PS3, EST AA918483, 
ESTT AA126939, and EST R02360 in the tumor samples by an independent method 
usingg quantitative real-time RT-PCR. Exon-based primers for intron-spanning 
cDNAA amplification could not be designed for ESTs AA918483 and R02360, 
however,, because the corresponding genes have not yet been identified. EST 
AA1269699 is part of the hypothetical gene FLJ20343, for which a genomic 
structuree has been proposed (Human Genome Working Draft, freeze June 2002). 
Therefore,, we could only validate the expression status of PMP22, COPS3, and 
FLJ20343.FLJ20343. We also determined the expression status of TOP3A, which was found 
too be frequently amplified in osteosarcomas but had no representative clone 
availablee for the macroarray. The expression levels for the studied genes were 
normalizedd to the expression level for the housekeeping gene GAPDH. A gene was 
consideredd overexpressed in an osteosarcoma sample when the normalized 
expressionn level was at least threefold higher than in the normal osteoblast sample. 
Thee expression level for TOP3A proved to be very low in both normal osteoblasts 
andd osteosarcoma samples, thereby precluding a reliable determination of its 
overexpressionn status in the latter (data not shown). The normalized expression 
levelss of the other genes, together with the normalized expression levels of these 
genes,, as determined by macroarray analysis, are shown in Fig. 1. Although there 
weree quantitative differences between the two methods regarding the levels of 
PMP22PMP22 expression, in eight of nine osteosarcoma samples, the overexpression 
statuss of this gene could be confirmed by RT-PCR, as determined by macroarray 
analysiss (Fig. 1A). Likewise, the overexpression status of COPS3, as determined 
byy macroarray analysis, correlated with the RT-PCR assay in six of the seven 
informativee cases (Fig. 1B). The frequent overexpression of FLJ20434 that we 
detectedd by macroarray analysis, however, could not confirmed by RT-PCR (Fig. 
1C). . 
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Fig.. 1. Validation of the overexpression status of PMP22, COPS3, and FLJ20434, as determined by 
macroarrayy analysis, by quantitative real-time RT-PCR. (Top) Graphic display; (bottom) quantification of 
expressionn levels. Quantitative real time RT-PCR was performed for each of the osteosarcoma tumors 
(15-109)) and cell lines (Os2 and Os6). For each tumor sample, the left bar indicates normalized 
expressionn level relative to normal osteoblasts of PMP22 (A), COPS3 (B), or FLJ20434 (C), as 
determinedd by RT-PCR. The right bar indicates normalized expression level relative to normal 
osteoblastss of these genes, as determined by macroarray analysis. Na, not analyzed because of very 
loww signal intensity on the macroarray; Nd, not determined because of insufficient availability of high-
qualityy RNA. 
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4.Discussio n n 

Too identify in 17p11.2~p12 the genes whose overexpression through 
amplificationn might causally be related to osteosarcoma tumorigenesis, we 
investigatedd the expression status of 61 genes (40 genes and 21 ESTs) by using a 
region-specificc macroarray. Eleven genes were found to be overexpressed in at 
leastt 4 of the 11 investigated osteosarcoma samples (Table 2). All other genes 
weree overexpressed at considerably lower frequencies and, for that reason, were 
nott given further consideration as candidate genes whose overexpression is 
causallyy related to osteosarcoma tumorigenesis. The latter included ADORA2B, 
DRG2,DRG2, and MAPK7, which we had previously identified as being frequently 
involvedd in the amplifications in 17p11.2~p12 [8]. By quantitative real-time RT-
PCR,, the expression level of TOP3A in the osteosarcoma samples and in normal 
osteoblastss proved to be very low. Although we previously found this gene to be 
involvedd in the amplifications in 17p11.2~p12 at the highest frequency (i.e., in 72% 
off cases [8]), its very low expression in the osteosarcoma samples makes its 
functionn as a true amplification target in this region less likely. By comparing the 
expressionn level and amplification status of each of the 11 genes in the 11 
osteosarcomaa samples, we found PMP22, ESTs AA918483, EST AA126939, EST 
R02360,, and COPS3 to be most consistently overexpressed after amplification 
(Tablee 2). Overexpression of PMP22 was detected by two different clones on the 
macroarrayy (H28091 and R2690) and could be confirmed by RT-PCR (Fig. 1A). In 
ourr previous studies, PMP22 proved to be frequently amplified in osteosarcomas 
(50%% of cases) and amplified at high-level in a malignant glioma [8,9] Amplification 
off PMP22 was earlier reported in the rhabdomyosarcoma cell line RH30 and in 
gliomaa cell line SF763 [12]. In our study, PMP22 was overexpressed in eight of the 
examinedd osteosarcoma samples. In four of these cases, this overexpression was 
associatedd with amplification of the gene. In the four other cases, overexpression 
occurredd without amplification, suggesting that it was induced by other 
mechanisms.. More importantly, there were no cases in which PMP22 was 
amplifiedd without overexpression (Table 2). The frequent amplification, 
overexpression,, and the consistent correlation of amplification and overexpression 
makess PMP22 a serious amplification target (i.e., candidate oncogene) in the 
17p11.2~p122 region in osteosarcoma. Very little information is available on the 
expressionn status of PMP22 in other human tumors. Expression of GAS3, which is 
anotherr name for PMP22, was found to be lower in two malignant fibrous 
histiocytomaa cell lines than in normal fibroblasts [13]. In the mouse, down-
regulationn of PMP22 expression has been reported in urethane-induced lung 
tumorss [14]. Although the precise functions of PMP22 remain to be established, it is 
clearr that it may have diverse functions in different tissues. In neural tissues, 
PMP22PMP22 function is merely related to myelin formation because both duplication and 
deletionn of PMP22 are linked to hereditary demyelinating diseases Charcot-Marie-
Toothh disease type 1A [15] and hereditary neuropathy with liability to pressure 
palsiess [16], respectively. In non-neural tissues, PMP22 function is associated with 
moree common cellular functions such as cell growth regulation. The latter is 
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supportedd by the observation that PMP22/GAS3 expression was increased when 
NIHH 3T3 fibroblasts were arrested in the cell cycle after serum starvation or at 
confluencee [17]. In the two malignant fibrous histiocytoma cell lines, however, 
increasedd PMP22/GAS3 expression could not be detected after serum starvation 
[13].. These contradictory results and the amplification and increased expression of 
PMP22PMP22 in osteosarcomas and gliomas that we and others observed suggest that 
thee effect of changes in PMP22 expression on cell growth might be different 
betweenn normal and tumor cells and between tumor cells of different types. 

Inn our earlier study [8], we reported frequent amplification of COPS3 in 
osteosarcomass (56% of cases). In this study, COPS3 was found to be 
overexpressedd in 4 of 11 osteosarcoma samples and, in each case, 
overexpressionn was associated with amplification of the gene. In one case, 
however,, amplification did not result in overexpression (Table 2). The 
overexpressionn status of COPS3 could be confirmed by RT-PCR (Fig. 1B) COPS3 
encodess subunit 3 of the COP9 signalosome [18,19]. This protein complex is 
involvedd in signal transduction and in ubiquitin-dependent proteolysis in the cell. 
Amongg other functions, the COP9 signalosome has kinase activity that may 
increasee the half-life of the protooncogene product Jun [20]. One may speculate 
thatt an increased amount of COP9 signalosome, induced by overexpression of one 
off its subunits (COPS3), could stimulate tumorigenesis by increasing Jun 
stabilization.. Alternatively, because no cases were found in which overexpression 
occurredd without amplification, it cannot be excluded that COPS3 amplification and 
overexpressionn resulted from coamplification with a nearby and as yet unidentified 
targett gene. 

Threee ESTs, AA918483, AA126939, and R02360, were found to be frequently 
overexpressedd and, with only one exception, overexpressed in case of 
amplificationn in the investigated osteosarcoma samples (Table 2). The 
overexpressionn of EST AA126939, however, could not be confirmed by quantitative 
RT-PCRR (Fig. 1C). This EST contains the 3'-end of the hypothetical gene 
FLJ20434,FLJ20434, for which a genomic organization has been proposed (Human Genome 
Workingg Draft, freeze June 2002). On the basis of its hypothetical intron-exon 
structure,, we selected primers for cDNA amplification. One explanation for the 
discrepancyy between the macroarray and RT-PCR data might be that the proposed 
intron-exonn structure for FLJ20434 is incorrect. Another reason might be that 
alternativee transcript variants may exist for this gene and that a minor transcript 
wass analyzed by RT-PCR that was not upregulated in osteosarcoma. The over-
expressionn status of ESTs AA918483 and R02360 could not be evaluated by RT-
PCRR because of the lack of information about the genomic structure of the 
correspondingg genes, which remains to be identified. 
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Inn conclusion, we identified PMP22, COPS3, EST AA126939 (encoding part of 
thee hypothetical protein FLJ20343), and two anonymous ESTs (AA918483 and 
R02360)) as candidate genes whose amplification and overexpression might be 
causallyy related to osteosarcoma tumorigenesis. Additional studies, including 
identificationn of the genes corresponding to the ESTs and functional analyses of 
thee gene products, have to be done to assess their possible significance in the 
developmentt and progression of osteosarcoma. 
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Abstrac t t 

Thee peripheral myelin protein (PMP22) gene is highly expressed in peripheral 
Schwannn cells and encodes an important constituent of the myelin sheath. It is also 
expressedd at lower levels in other normal tissues in which the protein is supposed 
too be involved in cell growth regulation. We recently reported frequent amplification 
andd overexpression of PMP22 in high-grade osteosarcoma. Here, we analyzed 
PMP22PMP22 expression in five osteosarcoma tumors and three osteosarcoma cell lines. 
Inn normal Schwann cells, transcription of PMP22 starts at three promoters, P1A, 
P1B,, and P2, which results in the synthesis of three alternatively spliced transcripts 
thatt all code for the same protein. We found a comparable expression pattern in 
normall osteoblasts. However, promoter P1A-driven transcripts were absent in all 
investigatedd tumors and cell lines and, compared to normal osteoblasts, the 
P1B/P22 transcript ratio was found to be increased in two of three cases with 
PMP22PMP22 overexpression and decreased in all five cases without overexpression. In 
normall Schwann cells and in NIH3T3 cells, PMP22 expression increases upon 
serumm starvation-induced growth arrest. In contrast to this, serum withdrawal 
causedd a considerable decrease of PMP22 expression in the osteosarcoma cell 
lines.. We conclude that the different PMP22 expression in osteosarcoma may 
resultt in alternative availability of the PMP22 protein during the cell cycle and 
aberrantt regulation of cell growth control in osteosarcoma tumorigenesis. 
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1.. Introductio n 

Thee PMP22 gene in chromosome region 17p11.2 encodes the 22-kDa 
peripherall myelin protein, which is an important component of peripheral myelin. 
PMP22PMP22 is involved in the pathogenesis of the hereditary dysmyelinating peripheral 
neuropathiess Charcot-Marie-Tooth disease (CMT1A) and hereditary neuropathy 
withh liability to pressure palsies (HNPP). 

Inn CMT1A, as a result of the duplication of a 1.5-Mb region containing PMP22, 
threee instead of two copies of this gene are present in the constitutional DNA of 
patientss [1]. Deletion of the same 1.5-Mb region results in only one copy of PMP22 
inn the constitutional DNA of HNPP patients [2]. In both hereditary diseases, these 
copyy number aberrations cause a disturbance of the peripheral nerve myelination 
byy Schwann cells, suggesting that the level of PMP22 expression is a crucial factor 
inn the pathogenesis of these diseases and must be under strict control. PMP22 is 
expressedd at high level in myelinating Schwann cells. It is also expressed, although 
att lower levels, in many other tissues [3-5]. The precise functions of PMP22, 
besidess being a component of the myelin sheath, remain to be clarified. One of its 
functionss may be associated with cell growth control, as can be concluded from the 
inhibitionn of cell growth and induction of apoptosis after overexpression of PMP22 
inn NIH3T3 cells [6]. 

Littlee is known about PMP22 expression and function in tumors. A down-
regulationn of PMP22 expression has been reported for urethan-induced lung 
tumorss in mice [7]. Compared with normal fibroblasts, expression of GAS3, which 
iss another name for PMP22, was found to be lowered in two malignant 
histiocytomaa cell lines [8]. These findings suggest a potential tumor suppressor 
functionn for PMP22. In contrast to this, we found frequent amplification and 
overexpressionn of PMP22 in high-grade osteosarcoma and infrequent but high-
levell amplification of PMP22 in high-grade glioma [9-11]. Amplification of PMP22 
wass earlier reported to occur in rhabdomyosarcoma cell line RH30 and in glioma 
celll line SF763 [12,13]. The latter observations suggest a potential oncogenic 
functionn of PMP22 in these tumors. 

Too study PMP22 expression in osteosarcomas in greater detail, we determined 
promoterr usage and the effect of serum starvation on its expression. Transcription 
off PMP22 is normally regulated by three promoters, P1A, P1B, and P2, which 
resultss in the synthesis of three transcript variants. These variants differ in their 5'-
untranslatedd region but encode the same protein. [4,13,14]. We found that all three 
promoterss were used in normal osteoblasts, but that promoter P1A was no longer 
activee in the investigated osteosarcoma tumors and cell lines. In NIH3T3 cells, 
GAS3/PMP22GAS3/PMP22 expression increases upon serum depletion [15]. In contrast to this, 
wee found in osteosarcoma cells that serum starvation-induced growth arrest 
causedd a considerable decrease in PMP22 expression. Taken together, these data 
suggestt that, compared with normal osteoblasts, PMP22 gene expression is 
differentt in osteosarcoma, implicating alternative availability of the PMP22 protein 
andd cell growth control in osteosarcoma tumorigenesis. 
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2.. Material s and method s 

2.1.2.1. Samples and culture conditions 
Alll osteosarcomas were high-grade tumors, containing at least 70% of tumor 

cells.. Clinical data for these tumors have been given previously [9]. Characteristics 
off the osteosarcoma cell lines MG-63, MNNG-HOS, and SaOs-2 can be found in 
Witloxx et al. [16]. The tumor cell lines were maintained in Dulbecco's modified 
Eaglee medium, supplemented with 10% fetal calf serum (FCS), 50 lU/mL penicillin, 
500 lll/mL streptomycin, and 2 mmol/L l-glutamine (all from Invitrogen, Breda, The 
Netherlands)) at C in a 5% C02 humidified atmosphere. Human Schwann cells 
weree from a short-term primary human Schwann cell line established from 
peripherall nerves, as described by Kwa et al. [17]. Normal human osteoblasts were 
culturedd according to the supplier's instructions {Cambrex Bioproducts Europe, 
Verviers,, Belgium). Genomic DNA was extracted using proteinase K and 
chloroform,, and RNA was isolated using Trizol reagent (Invitrogen) according to 
standardd procedures [18]. 

2.2.2.2. Semiquantitative revere transcriptase polymerase chain reaction (RT-
PCR) PCR) 

Too determine and quantitate relative promoter usage for PMP22, total RNA was 
reverse-transcribedd with Superscript II enzyme (Invitrogen) according to standard 
procedures.. Next, semiquantitative PCR was performed by simultaneously 
amplifyingg the three transcript variants (1A, 1B, and 2) using transcript-specific 
forwardd primers (F1A, F1B, and F2) and a reverse primer (R) in exon 3 of PMP22 
(seee Fig. 1). The transcript-specific forward primers were those of Hühne et al. 
[13,14],, the sequence of the newly developed reverse primer was 5'-
CAGAGATCAGTTGCGTGTCCAT-3'.. The 3'-part of primer F2 is complementary to 
transcriptss 1A and 1B. However, the annealing temperature that was used in the 
PCRR reactions ) was far too high to allow efficient binding of primer F2 to 
thesee transcripts. PCR was performed in a total volume of 25 \A. with 40 ng cDNA; 
0.44 mmol/L of each primer; 10 mol/L Tris-HCI, pH 8.3; 1.5 mmol/L MgCI2; 50 mmol/ 
KCI;; 0.4 mmol/L each of dATP, dGTP, and dTTP; 4 mmol/L dCTP; 0.125 

32 2 

//L[occ P]dCTP (3000 Ci/mmol/L); and 0.5 units Taq polymerase (Roche 
Diagnostics,, Mannheim, Germany). PCR conditions were 3 minutes at , 
followedd by 25 cycles of 30 seconds at , 30 seconds at , 45 seconds at 

,, and one final incubation for 5 minutes at . After separation of the PCR 
productss on 6% polyacrylamide gels, the gels were dried and the resulting signals 
quantitatedd with a Fuji BAS 1800 Imager and AIDA software (Raytest Benelux BV, 
Tilburg,, The Netherlands). 
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2.3.2.3. Northern blot analysis 
Totall cellular RNA (15 pig) was elecrophoresed through 1% agarose gels 

containingg 6.7% formaldehyde. After electrophoresis, the integrity and amount of 
RNAA were analyzed by ethidium bromide staining, and the 18S and 28S rRNA 
bandss were quantitated with AIDA software (Raytest Benelux BV). RNA was 
blottedd onto a Hybond nylon membrane (Amersham Biosciences, Roosendaal, The 
Netherlands)Netherlands) in 16.9x standard saline citrate and 5.7% formaldehyde and cross-

32 2 

linkedd to the membrane by exposure to UV light. Hybridization with a [<* PjdCTP-
labeledd probe containing the complete coding sequence of PMP22 [19]was 
performedd in 0.5 mol/L NA2HP04, pH 6.8, 7% sodium dodecyl sulfate (SDS), and 
11 mmol/L EDTA at . Filters were washed twice with 40 mmol/L Na2HP04, pH 
6.8,, 1% SDS at C and once with 40 mmol/L Na2HP04, pH 6.8. PMP22 signal 
intensitiess were quantitated with a Fuji BAS 1800 Imager and AIDA software. To 
correctt for differences in sample loading, PMP22 signal intensity was normalized to 
thee signal intensity of the 18S and 28S rRNA bands. 

2.4.2.4. Cell cycle analysis 
Standardd fluorescence-activated cell sorter (FACS) analysis was used to 

determinee the proliferative activity of osteosarcoma cell lines after serum 
starvation.. In brief, the cell lines were cultured for 24 hours in normal medium 
containingg 10% FCS. When the cells were subconfluent, the medium was changed 
too 0.5% FCS and the ceils were left in that medium for 12, 48, or 72 hours. Nuclei 
isolatedd at the various time points were stained with propidium iodide and 
subjectedd to analysis on a FACS Calibur flow cytometer (Beckton Dickinson, 
Franklinn Lakes, CA). DNA histograms were obtained and analyzed with WinMDI 
2.88 software (Scripps Research Institute, La Jolla, CA). Proliferative activity was 
definedd as the fraction of cells in the S/G2/M-phase. 
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3.. Result s and discussio n 

3.1.3.1. PMP22 promoter usage in osteosarcoma tumors and cell lines 
Alternativee splicing of PMP22 transcripts results in three transcript variants (1A, 

1B,, and 2), starting at promoters P1A, P1B, and P2, respectively, which encode the 
samee protein (Fig. 1). Promoter 1A is highly active in myelinating Schwann cells, 
whilee promoter 1B is predominantly used in non-neural tissue [4,20]. Promoter P2 
wass originally ignored because transcript 2 was considered to be an aberrantly 
splicedd mRNA of low abundance in human peripheral nerves [4]. In later studies, 
however,, it was shown that promoter P2 is active in glioma cell line SF763, 
rhabdomyosarcomaa cell line RH 30, and in peripheral nerves [13,14]. Promoter P2 
directlyy precedes exon 2, which contains the translational start site for PMP22 and 
iss included in all transcripts. 

Too study the effect of PMP22 amplification and over-expression on its 
transcriptionall profile, we analyzed, by semi-quantitative RT-PCR, PMP22 
promoterr usage with transcript-specific forward primers (F1A, F1B, and F2) and a 
reversee primer (R) in exon 3 (Fig. 1). 

Exonn 1A / Exon IB / \ \ Exon 2 Exon 3 

P1AA - ^ P1B - ^ P2 -^> V " 

F1AA FIB F2 R 

Fig.. 1. Alternative splicing of transcripts starting at promoters P1A, P1B, or P2 of PMP22. Genomic 
organizationn of the exon 1A-3 region of PMP22. Arrows indicate positions of splice variant-specific 
forwardd primers (F1A,F1B,and F2) and the shared reverse primer (R). 

Too validate our experimental system, we first analyzed PMP22 promoter usage 
inn Schwann cells derived from a short-term culture of human peripheral nerve. In 
accordancee with data obtained for cultured Schwann cells of rat [21], we found that 
thee P1B-driven transcript was expressed at a higher level than the P1A-driven 
transcriptt (Fig. 2A). This is in contrast to the predominant P1A promoter usage in 
nonculturedd peripheral nerve of rat [21]. We also noticed significant usage of the 
P22 promoter, thereby confirming the data of Hunne et al [14]. Next, we investigated 
thee regulation of PMP22 expression in osteosarcoma tumors and cell lines with and 
withoutt amplification and/or overexpression and in normal osteoblasts (Fig. 2B). 
Thee PMP22 amplification and overexpression data for the osteoblasts and tumors 
weree taken from previous studies [9,11], those for the cell lines were determined 
heree using the methods detailed in these studies. In normal osteoblasts, all three 
transcriptt variants proved to be present. P1a-driven transcripts, however, were 
absentt in all investigated tumors and cell lines. The low level of P1A-driven 
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transcriptss in the normal samples (cultured normal Schwann cells and normal 
osteoblasts)) is understandable, given the myelination dependence of P1A 
expressionn and the absence of myelination in these cells. Apparently, P1A-
associatedd expression is no longer needed in the osteosarcoma tumors, 
irrespectivee of the amplification and overexpression status of the PMP22 gene. The 
quantitativee data in Fig. 2B demonstrate that the relative levels of the remaining 
P1B-andd P2-driven transcripts in the tumors and cell lines varied considerably 
(P1B/P22 transcript ratio of 1.6, 1.4, 3.2, 3.5, 0.5, 1.1, 0.9, and 0.9 for samples 41, 
66a,, 81, 109, 125, MNNG-HOS, SaOs-2, and MG-63, respectively) and deviated 
fromm the relative level in normal osteoblasts (P1B/P2 transcript ratio of 2.4). It is 
interestingg to note that, compared with normal osteoblasts, two of three cases with 
PMP22PMP22 overexpression had increased P1B/P2 transcript ratios and that all five 
casess without overexpression had lowered ratios. 

AA B 

P1A A 

PIBB |k 

1 1 

3 3 
X X 

2633 bp 

2299 bp 

160bp p 

Amplified d 
Overexpressed d 

P1A A 
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0 0 
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0 0 
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Fig.. 2. PMP22 promoter usage in various tissues. Total RNA was extracted from normal Schwann cells 
(A);(A); normal osteoblasts; osteosarcomas 41, 125, 81, 109, 66a; and osteosarcoma cell lines MNNG-
HOS,, SaOs-2, and MG-63 (B); and subjected to semiquantitative RT-PCR using PMP22 promoter-
specificc forward primers P1A, P1B, and P2 and shared reverse primer R. The P-labeled products of 
duplicatee experiments, except for tumor 81, were applied to a sequencing gel, separated on length, 
subjectedd to autoradiography, and quantitated. The lengths of the resulting PCR products are indicated 
onn the right. The relative levels of the transcripts, calculated from the signal intensities generated by the 
promoter-specificc PCR products, are indicated for each sample below the corresponding 
autoradiograph,, as are the PMP22 amplification and expression status. Note that the signal intensities 
off the transcripts are not representative for the overexpression status of each tumor, which was 
determinedd separately. 
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Inn a previous study [11], we found frequent overexpression, with or without 
concomitantt amplification, of PMP22 in high-grade osteosarcoma. Here, we 
demonstratee that in contrast to normal osteoblasts, the myelination-associated 
promoterr 1A is no longer used in osteosarcomas and that this absence of usage 
occurss in tumors with and without PMP22 overexpression. The relative levels of the 
remainingg P1B and P2-dependent transcripts showed some correlation with the 
PMP22PMP22 overexpression status in the investigated tumors and cell lines. However, 
thee functional significance, if any, of this differential promoter usage remains to be 
determinedd and requires the transcriptional analysis of a larger series of tumors. . 

3.2.Serum3.2.Serum dependence ofPMP22 expression in osteosarcoma cell lines 
Severall studies have indicated that PMP22 has a role in growth control and 

apoptosis.. Overexpression of PMP22 causes inhibition of cell growth and apoptosis 
off NIH3T3 cells [6]. In rat Schwann cells, overexpression of GAS3/PMP22 delayed 
theirr entry into S phase [22]. Serum starvation of NIH3T3 cells induces growth 
arrestt and an increase in GAS3/PMP22 expression [15]. GAS3/PMP22 expression 
wass also found to be associated with nonproliferating rat Schwann cells [3]. We 
investigatedd whether serum withdrawal induced a comparable effect on PMP22 
expressionn in osteosarcoma cell lines MNNG-HOS, SaOs-2, and MG63. As in 
NIH3T33 and normal Schwann cells, PMP22 was not amplified and/or 
overexpressedd in these cell lines (data not shown). The level of PMP22 expression 
wass determined by Northern blot analysis, using total RNA taken at various time 
pointss after replacing the culture medium with 10% FCS with 0.5% FCS (Fig. 3A). 
Thee Northern blots were hybridized with a probe containing the whole coding 
sequencee of PMP22 [19]. Normalization of PMP22 expression levels was 
performedd with the 18S and 28S rRNA bands, which were visualized by ethidium 
bromidee staining and then quantitated (Fig. 3B). The normalized PMP22 
expressionn levels in the cell lines at the various time points, as percentage of the 
expressionn level at the start of serum withdrawal, are shown in Fig. 3C. In the 48 
hourss after serum withdrawal, in which PMP22/GAS3 expression in NIH3T3 cells 
increasess from a very low level to a maximum level [15], the PMP22 expression 
levell decreased in all three osteosarcoma cell lines from 100 to 15-60% after 48 
hourss and 25-45% after 72 hours. This is accompanied by a considerable growth 
arrest,, as reflected by the decrease in the percentage of cells in S/G2/M phase 
fromm 40-50% at the start of serum withdrawal to 15-30% after 72 hours (Fig. 3D). 
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Fig.. 3. Expression of PMP22 after serum starvation-induced growth arrest in osteosarcoma cell lines. 
(A)(A) Total RNA was isolated from growing cell lines MNNG-HOS, SaOs-2, and MG-63 at the indicated 
timess after changing the medium from 10 to 0.5% FCS and separated on formaldehyde-containing 

32 2 

agarosee gels. After transfer to Northern blots, the RNAs were probed with a P-labeled clone containing 
thee complete PMP22 coding sequence. (8) Before transfer, the gels were stained with ethidium 
bromidebromide for visualization and quantitation of the 18S and 28S rRNA bands. (C) Normalized PMP22 
expressionn level at the indicated times as percentage of the normalized expression level at the time of 
changee of medium. Normalized expression levels were calculated from the PMP22 and 18S/28S RNA 
signall intensities in And B. (D) Proliferative activity of the cell lines at the indicated times expressed as 
percentagee of cells in the S/G2/M phase. The fraction of cells in S/G2/M phase was determined by 
FACSS analysis. 
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Comparablee data for other tumors are scarce. Serum starvation-induced PMP22 
expressionn was reported to be less up-regulated in two malignant histiocytoma cell 
liness than in normal fibroblasts [8]. In that study, it was found that in fibroblasts the 
up-regulationn of PMP22/GAS3 expression specifically correlated with GO growth 
arrest.. For that reason, the authors hypothesized that the absence of adequate 
PMP22PMP22 up-regulation upon growth arrest in the histiocytoma cell lines, and possibly 
inn other tumors, is caused by their failure to enter a true GO state. In the rat C6 
gliomaa cell line, PMP22 expression was not induced under conditions of cell growth 
arrestt [23]. The latter data and our data on the absence of growth arrest-induced 
expressionn suggest that, compared with normal cells, PMP22 expression is 
regulatedd differently in osteosarcomas and possibly in other tumors. Earlier studies 
havee indicated that PMP22 expression may be regulated by post-transcriptional 
mechanismss involving changes in the stability of PMP22 transcripts [15]. The 
differentt promoter usage that we noted in the osteosarcoma tumors and cell lines 
resultss in the generation of alternative PMP22 transcripts that may differ in stability 
andd possibly temporal availability. This may imply a different regulation of PMP22 
proteinn availability during the cell cycle and, therefore, aberrant regulation of cell 
growthh control, resulting in the oncogenic phenotype. 
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Abstrac t t 

Wee summarize and briefly discuss recent findings with respect to the 
amplificationn and overexpression of candidate oncogenes in 17p11.2~p12 in high-
gradee osteosarcomas. Amplification of this region occurrs in about 25% of cases. 
Thee amplification profiles are often complex and suggest the involvement of more 
thann one oncogene. The 17p11.2~p12 region harbors many low-copy repeats 
(LCRs).. We propose LCR-mediated repeated duplication by mitotic nonallelic 
homologouss recombination as mechanism for the generation of the amplifications 
inn this region. Genes PMP22 and C0PS3 and three expressed sequence tags from 
withinn 17p11.2~p12 have been found to be frequently overexpressed and 
consistentlyy overexpressed after amplification, which identifies them as candidate 
oncogeness in this region. Overexpression of COPS3 has been linked to TP53 
proteinn degradation and, being equivalent to TP53 mutation, the induction of 
genomicc instability, which frequently occurrs in highgrade osteosarcoma. These 
findingss may serve as a framework for future work aimed to identify the causative 
oncogeness in 17p11.2~p12, to clarify the mechanism of their amplification, and to 
determinee their importance in osteosarcoma tumorigenesis. 
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1.. Introductio n 

Cytogeneticc and molecular studies have shown that osteosarcomas are 
characterizedd by complex structural and numerical chromosomal aberrations and 
byy genetic changes that cause the inactivation of tumor suppressor genes and 
activationn of oncogenes (for a recent update, see ref. [1]). One of the chromosomal 
regionss most frequently involved in these changes is 17p11.2~p12. Amplification 
(high-levell gain) of this region has been found in 13-32% of the highgrade 
osteosarcomas,, suggesting the presence of an oncogene (or oncogenes) whose 
activationn may contribute to osteosarcoma tumorigenesis. Recent studies have 
noww provided more detailed information about the extent and position of the 
amplifiedd segments within 17p11.2~p12 and about structural elements in this 
regionn that may facilitate the amplification events [2-5]. In other recent studies, 
geness have now been identified in 17p11.2~p12 that are overexpressed (and 
amplified)) in osteosarcomas, making them candidate oncogenes in this region 
[6,7].. The results of these studies will be presented and briefly discussed. 

2.. Amplificatio n of 17p11.2~p12 

Metaphasee comparative genomic hybridization (CGH) analyses have 
demonstratedd gain or amplification of 17p in approximately 25% of high-grade 
osteosarcomass [2,5,8-13]. The amplifications that were found were usually 
restrictedd to 17p11.2 or 17p11.2—p12, although one paper [13] reported 
amplificationn of 17p13 only. To further define the amplified segments within 
17p11.2~p12,, amplification profiles were established by semiquantitative 
polymerasee chain reaction (PCR), using 15 microsatellite markers and 7 candidate 
genes,, in 19 high-grade osteosarcomas [2]. Most of the tumors displayed complex 
amplificationn profiles with frequent involvement of markers and genes in 17p11.2 
andd in the proximal part of 17p12, and with less frequent involvement of markers 
andd genes in the distal part of 17p12. The findings suggest that multiple 
amplificationn targets, including PMP22, TOP3A, and MAPK7 or genes close to 
thesee candidate oncogenes, may be present in 17p11.2~p12 and contribute to 
osteosarcomaa tumorigenesis. In accordance with the microsatellite-based 
amplificationn profiles, recent combined metaphase CGH and spectral karyotyping 
(SKY)) analyses revealed frequent amplification and rearrangement of 
chromosomall regions 17p11~p13 [3] or 17p11.2 [5] in osteosarcomas. Another 
high-resolutionn mapping of 17pwas recently performed by using microarray CGH 
[4].. It was found that five of nine tumors displayed amplification of 17p11.2-p12 
andd that three of these had lost one copy of the 17p13 region, which includes the 
TP53TP53 gene. Unfortunately, the mutational status of the remaining TP53 allele was 
nott given for the latter cases. Loss of heterozygosity (LOH) at the TP53 locus and 
att other positions in 17p was earlier reported for osteosarcomas with 17p 
amplificationn [14]. In general, mutation and/or allelic loss for TP53 is a frequent 
eventt in osteosarcoma, occurring in 50-60% of cases [15,16]. It is known that 
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TP53TP53 mutations disrupt checkpoint responses to DNA damage, resulting in the 
accumulationn of genetic changes. Indeed, it has been shown recently that the 
presencee of TP53 mutations in osteosarcomas correlates with high levels of 
generall genomic instability [17]. It will be interesting to determine whether this 
relationshipp is also apparent with respect to the amplification status of 
17p11.2-p12. . 

3.. Amplificatio n of 17p11.2-p12 in othe r tumo r type s 

Exceptt for other sarcomas, gain or amplification of 17p11.2~p12 seems to be 
infrequentt in other tumor types. By using metaphase CGH, gain of 17p was 
detectedd in 50% of leiomyosarcomas and amplification, with a minimal overlapping 
regionn in 17p11.2~p12, in 25% of these tumors [18,19]. Furthermore, gain of 17p 
wass found in 16% of malignant fibrous histiocytomas [20] and 38% of 
chondrosarcomass [21]. Gain of 17p was also detected in 42% of oral squamous 
celll carcinomas [22]. More detailed information with regard to the portions of 
17p11.2~p122 implicated in the amplifications has been obtained for high-grade 
gliomass [23-25]. Amplification of this region was detected in only 3 of 60 (5%) 
investigatedd glioblastomas. Detailed 17p11.2—p12 amplification profiles for these 
tumorss were determined [25] by using the same markers and genes that were 
appliedd in the profiling of the osteosarcomas [2]. Distinct and high-level 
amplificationss were found in the three tumors and a 0.8-megabase (Mb) region in 
17p122 proved to be commonly amplified. One tumor displayed additional high-level 
amplificationn of the PMP22 gene. It could be shown that in two of these tumors 
bothh copies of the TP53 gene were inactivated by mutation or deletion [23,24]. This 
suggestss that, as in osteosarcoma, TP53 may be involved in the induction of 
genomicc instability, as exemplified by the amplifications in 17p11.2~p12. 

4.. Mechanis m of 17p11.2~p12 amplificatio n 

Finee mapping by microsatellite marker analysis suggested that in a number of 
thee investigated osteosarcomas, the boundaries of the amplifications coincided 
withh the positions of so-called REP sequences that mediate constitutional 
duplicationss and deletions in patients [2]. A 1.4-Mb genomic fragment 
encompassingg the PMP22 gene in 17p12 is duplicated in patients with Charcot-
Marie-Toothh type I disease (CMT1A) and deleted in patients with hereditary 
neuropathyy with liability to pressure palsies (HNPP) [26,27]. This genomic fragment 
iss flanked by two low-copy repeats (LCRs) of approximately 24 kilobases (kb), 
whichh are named proximal and distal CMT1A-REP. A 4-Mb genomic fragment in 
17p11.22 is likewise duplicated and deleted in patients with, respectively, 
dup(17)(p11.2p11.2)) syndrome and Smith-Magenis syndrome (SMS) [28,29]. The 
rearrangedd segment is flanked by large LCR of approximately 200 kb (proximal and 
distall SMS-REP) and contains one additional large LCR in the middle (middle 
SMS-REP).. The constitutional duplications and deletions in these patients are 
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thoughtt to arise during meiosis by nonallelic homologous recombination (NAHR) 
involvingg the misaligned REPs [30,31], LCR-mediated NAHR also occurs at mitosis 
inn somatic cells. It was therefore hypothesized that the same REPs may also be 
implicatedd in the repeated duplication of the CMT1A and SMS regions, giving rise 
too the amplification of these segments in at least some of the investigated tumors 
[2].. Other established amplification profiles of 17p11.2~p12 are not easily 
explainedd by the involvement of the CMT1A or SMS region-associated REPs. The 
recentt completion of the human genome sequence, however, has now allowed the 
detectionn of many other LCRs in proximal 17p. They constitute more than 23% of 
thee analyzed genome in this region, which is two- to fourfold higher than 
predictionss based on the virtual analysis of the whole genome [32], and have 
alreadyy been implicated in the generation of unusually-sized constitutional 
deletionss and chromosome translocations in patients [32] and in the formation of 
isochromosomee 17q in hematologic malignancies [33]. These additional LCRs may 
explainn the generation of the 17p11.2~p12 amplifications, in which the CMT1A and 
SMSS REPs seem not to be involved [4]. With respect to the latter, it is interesting to 
notee that the highest density of LCRs and the longest ones were present in 
17p11.22 and in the proximal part of 17p12 [4]. This distribution corresponds to the 
frequencyy in which markers and genes within this region were found to be 
implicatedd in the amplifications in osteosarcoma [2]. This suggests a causa! 
relationshipp between LCR density and frequency of amplification. Further 
refinementt of the breakpoints flanking the amplified segments by high-resolution 
microsatellitee marker analysis or region-specific (micro)array CGH and mapping of 
thesee breakpoints with respect to the positions of the LCRs should be performed to 
determinee whether these elements are important mediators of the amplifications in 
17p11.2~p12.. LCR-mediated nonallelic homologous recombination resulting in 
deletionn of a chromosomal segment is also now increasingly being recognized as 
ann important mechanism for inducing LOH in tumors (reviewed in [34]). It is 
interestingg to note that LCRs have also been mapped in 17p13, which contains the 
TP53TP53 gene [4]. One may speculate that LCRs in 17p mediate in osteosarcomas 
bothh the amplifications in 17p11.2—p12 and the inactivation of TP53 by LOH in 
17p13. . 

5.. Gene expressio n in 17p11.2~p12 

Onlyy limited information is available with regard to the expression status of 
geness in 17p11.2~p12 in osteosarcoma. By using cDNA microarray analysis the 
totall genome expression of 5,184 genes and expressed sequence tags (ESTs) 
wass determined in 3 osteogenic sarcoma cell lines and compared with their 
expressionn in normal osteoblasts [35]. However, from the eight genes that were 
foundfound to be most upregulated in all three cell lines, none mapped to 17p11.2~p12. 
Reasoningg that amplification of a causative oncogene in a tumor should result in 
increasedd expression of that gene, a 17p11.2—p12-specific cDNA array was 
constructedd which contained 40 genes and 21 ESTs, which was used for 
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expressionn profiling of 11 osteosarcoma samples and of normal osteoblasts [6]. 
Geness with at least threefold increased expression {compared with normal 
osteoblasts)) were considered as being overexpressed in the tumor. Genes PMP22 
andd COPS3 and ESTs AA126939, AA918483, and R02360 were found to be the 
mostt frequently overexpressed and to be most consistently overexpressed after 
amplification.. The overexpression of COPS3 was always accompanied by its 
amplification.. Several tumors displayed overexpression of PMP22 and the ESTs 
withoutt concomitant amplification. This suggests that mechanisms other than 
amplificationn caused their overexpression. EST AA126939 is derived from a gene 
thatt encodes the hypothetical protein FLJ20343 with unknown function. EST 
AA9184833 is from NCOR1, coding for nuclear receptor corepressor 1, which 
mediatess the transcriptional repression activity of some nuclear receptors. R02360 
iss an EST from a gene of hitherto unknown structure and function. By real-time 
reversee transcription-PCR, the overexpression of PMP22 and COPS3 could be 
confirmed.. Since no overexpression could be detected for TOP3A and MAPK7, 
whichh have been found to be amplified at high frequencies [2], the authors 
excludedd these genes as potentially causative oncogenes. It was concluded that 
PMP22PMP22 and COPS3, and possibly also the three ESTs, are candidate oncogenes 
inn 17p11.2-p12 in osteosarcoma. Amplification of PMP22 has also been detected 
inn rhabdomyosarcoma cell line RH30 [36], glioma cell line SF763 [36], and in a 
glioblastomaa [25]. PMP22 may have diverse functions in different tissues. In neural 
tissue,, its function is merely related to myelin formation, as both duplication and 
deletionn of PMP22 are linked to hereditary demyelinating diseases [26,27]. In non-
neurall tissues, PMP22 function is, in a complex way, associated with cell growth 
regulation.. In normal Schwann cells and in NIH3T3 cells, PMP22 expression 
increasess upon serum starvation-induced growth arrest. In contrast to this, serum 
withdrawall caused a considerable decrease of PMP22 expression in osteosarcoma 
celll lines [37]. It is clear that further studies at the transcriptional and protein level 
aree needed to clarify the function of PMP22 in osteosarcoma and possibly other 
tumorss as well. Amplification and overexpression of COPS3 in osteosarcoma has 
recentlyy been reported by others [7]. COPS3 is a subunit of the COP9 
signalosome.. Phosphorylation by this complex targets the TP53 protein to mouse 
doublee minute 2 homolog (MDM2)-mediated ubiquitination and subsequent 
degradationn by the 26S-proteasome. Overexpression of COPS3 (or of MDM2 on 
chromosomee arm 12q) would then result in increased degradation of TP53 protein 
and,, being equivalent to TP53 mutation, induction of genomic instability. The 
authorss noted that none of the osteosarcomas in their series with COPS3 or MDM2 
amplificationn had a TP53 mutation, suggesting that these are mutually exclusive 
events.. Given the earlier proposed concept that TP53 inactivation may induce 
genomicc instability, including amplifications in17p11.2-p12, it will be of interest to 
determinee the TP53 mutation status of tumors with and without inclusion of COPS3 
inn their 17p11.2~p12 amplification. 
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Inn conclusion, PMP22, COPS3, and the three ESTs are candidate genes whose 
amplificationn and overexpression might be causally related to osteosarcoma 
tumorigenesis.. Additional studies, including identification of the genes 
correspondingg to the ESTs and functional analyses of the gene products, will have 
too be done to assess their possible significance in the initiation and progression of 
osteosarcoma. . 
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Summar y y 

Amplificatio nn of 17p11.2~p12 in osteosarcom a (Chapte r 2) 

Oncogeness are characterized by their aberrant expression in tumors, which is in 
mostt cases over- and/or constitutive expression. Overexpression of a gene is often 
thee consequence of amplification of that gene, which is in many cases realized by 
amplificationn of a genomic segment containing that gene. Earlier metaphase CGH 
andd molecular studies by us and others have shown that chromosome region 
17p11.2~p122 is frequently amplified in osteosarcomas, occurring in about 25% of 
cases.. This frequent involvement suggests the presence of one or more 
oncogeness which are of relevance for osteosarcoma tumorigenesis. However, the 
establishedd amplification profiles proved to be complex, suggesting the 
involvementt of multiple target genes (oncogenes) and no commonly amplified 
region(s)) could be discerned. To gain more insight into the structure of the 
amplifiedd segments in this region, we determined detailed amplification profiles for 
aa large series of high-grade osteosarcomas (19 cases) with CGH-proven 
amplificationn of 17p11.2~p12. This was performed by semi-quantitative PCR with 
155 microsatellite markers and 7 candidate genes. Again, most of the tumors 
displayedd complex amplification profiles. In general, markers in 17p11.2 and in the 
proximall part of 17p12 were considerably more involved in the amplifications (40-
70%% of cases) than those in the distal part of 17p12 (10-30% of cases), the only 
exceptionn being D17S2041 in distal 17p12, which was found to be amplified in 47% 
(8/19)) of tumors. We detected frequent amplification of TOP3A (72% of tumors) 
and,, in some cases, very high-level amplification of PMP22 and MAPK7. The 
amplificationn profiles of a number of the investigated tumors could be explained by 
assumingg the involvement of low-copy repeats in 17p11.2 in the amplification 
events.. These low-copy repeats mediate the generation of the constitutional 
duplicationss that are found in this region in patients with the hereditary disorder 
Charcott Marie Tooth syndrome type 1 (CMT1A) and with dup(17)(p11.2p11.2) 
syndrome.. In conclusion, our findings suggested that multiple amplification targets, 
includingg PMP22, TOP3A, and MAPK7, or genes close to these candidate 
oncogenes,, may be present in 17p11.2~p12 and contribute to osteosarcoma 
tumorigenesis. . 
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Amplificatio nn of 17p11.2~p12 in gliom a (Chapte r 3) 

Wee reported previously the amplification of DNA markers in 17p12 in three of 60 
high-gradee gliomas. To detect additional cases with 17p11.2 amplification, we 
screenedd in total 104 gliomas of various types and grades by Southern blot 
analysiss using marker 745R, which is within the earlier-determined glioma-specific 
commonlyy amplified region. However, no other cases with significant amplification 
(amplificationn level more than 4) were found. To investigate in detail the extent of 
thee amplifications in the three tumors, which were all glioblastomas, we determined 
17p11.2~p122 amplification profiles by semi-quantitative PCR using the same set of 
markerss and candidate genes as in the study of the osteosarcomas. Distinct and 
high-levell amplifications, with maximum levels ranging from 15 to 38, were found in 
thesee tumors. The 0.8 Mb-region between D17S1525 and MAP2K4 in 17p12 
provedd to be commonly amplified in these tumors. In one tumor, a heterogeneous 
distributionn of the amplification in 17p12 was found, suggesting that the 
amplificationn is a late event in glioma tumorigenesis. Another tumor showed 
additionall high-level amplification of PMP22 and D17S1843 in 17p11.2. From the 
high-levell amplifications we concluded that at least one, but possibly more, putative 
oncogeness are present in 17p11.2~p12 whose amplifications and/or 
overexpressionss contribute to glioma tumorigenesis. 

Overexpressio nn throug h amplificatio n of gene s in 17p11.2~p1 2 in 
osteosarcom aa (Chapte r 4) 

Reasoningg that amplification of a causative oncogene in a tumor should result in 
increasedd expression of that gene, we have determined the expression status of 
geness and expressed sequence tags (ESTs) in 17p11.2~p12. We constructed a 
17p11.2~p12-specificc macroarray, containing 40 genes and 21 ESTs from this 
region,, which was used for expression profiling of 11 osteosarcoma samples (9 
tumorss and 2 cell lines) and of normal human osteoblasts. Genes with an, 
comparedd to normal osteoblasts, at least 3-fold increased expression were 
consideredd to be overexpressed in the tumor. Genes PMP22 and COPS3 and 
ESTss AA126939, AA918483, and R02360 were found to be most frequently 
overexpressedd and to be most consistently overexpressed after amplification.. The 
overexpressionn of COPS3 was always accompanied by its amplification.. Several 
tumorss displayed overexpression of PMP22 and the ESTs without concomitant 
amplification.. This suggests that other mechanisms than amplification caused their 
overexpression.. EST AA126939 is derived from a gene that encodes the 
hypotheticall protein FLJ20343 with unknown function. By real time reverse 
transcription-PCR,, the overexpression of PMP22 and COPS3 could be confirmed. 
Sincee no overexpression could be detected for TOP3A and MAPK7, which we 
previouslyy found to be amplified at high frequency (Chapter 2), we excluded these 
geness as potentially causative oncogenes. We concluded that PMP22 and COPS3, 
andd possibly also the 3 ESTs, are candidate oncogenes in 17p11.2~p12 in 
osteosarcoma. . 
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PMP22PMP22 expressio n in osteosarcom a (Chapte r 5) 

Thee peripheral myelin protein (PMP22) gene is highly expressed in peripheral 
Schwannn cells and encodes an important constituent of the myelin sheath. It is also 
expressedd at lower levels in other normal tissues, in which the protein is supposed 
too be involved in cell growth regulation. In Chapters 2 and 4 we reported frequent 
amplificationn and overexpression of PMP22 in high-grade osteosarcoma. In this 
chapter,, we analyzed PMP22 expression in five osteosarcoma tumors and three 
osteosarcomaa cell lines. In normal Schwann cells, transcription of PMP22 starts at 
threee promoters, P1A, P1B, and P2, resulting in the synthesis of three alternatively 
splicedd transcripts that all code for the same protein. Promoter usage was studied 
byy semi-quantitative reverse transcription PCR, with transcript-specific forward 
primerss and a reverse primer in exon 3 of PMP22. We found that the expression 
patternn in normal osteoblasts was comparable to that in normal Schwann cells. 
However,, promoter P1A-driven transcripts were absent in all investigated tumors 
andd cell lines and, compared to normal osteoblasts, the P1B-P2 transcript ratio was 
foundd to be increased in two of three cases with PMP22 overexpression and 
decreasedd in all five cases without overexpression. In normal Schwann cells and in 
NIH3T33 cells, PMP22 expression increases upon serum starvation-induced growth 
arrest.. In contrast to this, serum withdrawal caused a considerable decrease of 
PMP22PMP22 expression in the osteosarcoma cell lines. We concluded that the different 
PMP22PMP22 expression in osteosarcoma may result in alternative availability of the 
PMP222 protein during the cell cycle and aberrant regulation of cell growth control in 
osteosarcomaa tumorigenesis. 
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Conclusion s s 

1.. Amplification of 17p11.2~p12 is a frequent event in osteosarcoma, occurring in 
aboutt 25% of cases. It is also frequently found in other sarcomas and 
infrequently,, but with high amplification levels, in high-grade gliomas. The 
amplificationn profiles are often complex and suggest the involvement of more 
thann one oncogene. The frequent occurrence of these amplifications point to an 
importantt role of the oncogenes in this region in osteosarcoma tumorigenesis. 

2.. The 17p11.2~p12 region harbours many low-copy repeats (LCRs). These 
structurall elements could be involved in the generation of the amplifications in 
osteosarcomas. . 

3.. We found genes PMP22 and COPS3, and ESTs AA126939 (from a gene that 
encodess the hypothetical protein FLJ20343), AA918483, and R02360 to be 
frequentlyy overexpressed and consistently overexpressed after amplification in 
osteosarcoma,, making them likely candidate oncogenes in 17p11.2~p12. 
Furtherr analyses revealed a, compared to normal osteoblasts, aberrant 
regulationn of PMP22 expression in osteosarcomas with respect to promoter 
usagee and serum-starvation induced growth arrest. Others have independently 
documentedd the overexpression of COPS3 in osteosarcoma and gave evidence 
forr an association of this overexpression with TP53 protein degradation and the 
inductionn of genomic instability. 



ChapterChapter 7 

Nederlands ee samenvattin g 

Inn gezond volwassen weefsel bestaat een strikte balans tussen de aanmaak en 
afbraakk van cellen, waardoor de totale hoeveelheid cellen gelijk blijft. De aanmaak 
enn afbraak van cellen wordt gereguleerd door bepaalde genen. Als een fout 
ontstaatt in één van deze regulerende genen dan kan zijn activiteit veranderen. 
Hierdoorr kan de aan- en afbraakbalans van cellen verstoord worden, wat kan 
leidenn tot ongecontroleerde toename van het aantal cellen, dat is tumorvorming. 

Err zijn twee groepen genen die zorgen voor handhaving van die balans. 
Activiteitt van de eerste groep genen onderdrukt tumorvorming 
(tumorsuppressorgenen),, doordat zij zorgen voor remming van de celdeling en/of 
stimulatiee van celdood. Als genen uit deze eerste groep geïnactiveerd raken kan 
ditt leiden tot een versnelde celaanmaak en/of vertraagde celafbraak. Activiteit van 
dee tweede groep van genen zet aan tot tumorvorming doordat zij celdeling 
stimulerenn (oncogenen). In tegenstelling tot de eerste groep, waarbij verlaging van 
dee activiteit zorgt voor tumorvorming, leidt bij deze tweede groep een verhoging 
vann activiteit tot tumorvorming. Dit proefschrift gaat vooral over verhoging van de 
activiteitt van oncogenen. 

Err zijn drie mechanismen die kunnen leiden tot een verhoogde activiteit van 
oncogenen:: puntmutaties, translocaties en amplificaties. In dit onderzoek is alleen 
gekekenn naar de amplificatie van genen. Normaal zitten er in elke cel twee kopieën 
vann een gen. Als een gen geamplificeerd is, zijn er van dat gen in een enkele cel 
vee!! meer kopieën aanwezig. Indien de activiteit van de extra kopieën niet geremd 
off geblokkeerd wordt, kan hun aanwezigheid zorgen voor een verhoging van de 
activiteitt van het oncogen, wat weer kan leiden tot tumorvorming. 

Amplificati ee van de chromosomal e regi o 17p11.2~p12 in osteosarcome n 
(Hoofdstu kk 2) 

Osteosarcomenn zijn zeldzame bottumoren die vooral voorkomen bij kinderen en 
jongg volwassenen in de leeftijd van 10 tot 20 jaar. Omdat osteosarcomen vaak 
uitzaaienn is de prognose voor patiënten met een osteosarcoom slecht. Uit eerdere 
onderzoekenn bleek dat in ongeveer 25% van de osteosarcomen een stukje DNA in 
dee chromosomale regio 17p11.2~p12 geamplificeerd is. Deze bevindingen 
suggererenn dat er in 17p11.2~p12 een oncogen ligt, dat overactief is in 
osteosarcomenn en mogelijk bijdraagt aan de vorming of ontwikkeling van deze 
tumoren.. Doel van dit onderzoek is om dit veronderstelde oncogen te lokaliseren 
enn uiteindelijk te identificeren. Identificatie van dit oncogen kan van belang zijn 
voorr patiënten met een osteosarcoom omdat het mogelijk bijdraagt aan de 
verbeteringg van diagnose en prognose en aan de ontwikkeling van nieuwe 
therapieën. . 

Omm de exacte locatie van het mogelijke oncogen in 17p11.2~p12 te weten te 
komenn hebben we van een groot aantal osteosarcomen gedetailleerd in kaart 
gebrachtt welke regio in 17p11.2~p12 geamplificeerd is en de grootte van die regio. 
Wee hoopten hiermee een stuk DNA te vinden dat in alle tumoren geamplificeerd is. 
Inn dat gemeenschappelijk geamplificeerde gebied zal hoogst waarschijnlijk het 
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oncogenn liggen dat van belang is in osteosarcomen. Wij hebben het amplificatie 
gebiedd van 19 osteosarcomen bepaald door de amplificatiestatus van DNA 
markerss en kandidaatgenen te bepalen met een techniek die "semi-kwantitatieve 
PCR"" wordt genoemd. Het bleek dat in verschillende tumoren verschillende 
gebiedenn geamplificeerd waren, dat in sommige tumoren er meerdere 
onafhankelijkee gebieden geamplificeerd waren en dat er niet één overlappend 
amplificatiee gebied bestond. Wel bleek dat sommige gebieden vaker 
geamplificeerdd waren dan andere. Over het algemeen waren DNA markers die in 
dee regio 17p11.2 en in het proximale gedeelte van 17p12 lagen vaker 
geamplificeerdd dan die in het distale gedeelte van 17p12. Marker D17S2041 was 
echterr een uitzondering. Deze marker ligt in het distale gedeelte van 17p12 en 
bleekk vaak geamplificeerd in de osteosarcomen. De gebieden waarin de genen 
TOP3A,TOP3A, PMP22 en MAPK7 liggen waren het meest frequent geamplificeerd. Het 
amplificatiee gebied waarin PMP22 ligt wordt begrensd door zogenaamde "low-
copy-repeats".. Dit zijn stukken DNA die meerdere keren op het chromosoom 
voorkomen.. Deze "low-copy-repeats" zorgen bij de erfelijke afwijking Charcot-
Marie-Toothh syndroom type 1 (CMT1A) voor een verdubbeling van het PMP22 
gen.. Mogelijk dragen deze "low-copy-repeats", door herhaalde verdubbeling, bij 
aann de amplificatie van het PMP22 gen in osteosarcomen. 

Dezee resultaten suggereren dat er meerdere amplificatie-doelen in 
17p11.2~p122 liggen en dat mogelijk meerdere kandidaat-oncogenen, inclusief 
PMP22,PMP22, TOP3A en MAPK7, bijdragen aan de onwikkeling van osteosarcomen. 

Amplificati ee van chromosoo m 17p11.2~p12 in gliome n (Hoofdstu k 3) 

Amplificatiee van 17p11.2~p12 komt niet alleen voor in osteosarcomen, maar 
ookk in andere tumoren. In eerder onderzoek hadden we in 3 van 60 (5%) 
hooggradigee gliomen (hersentumoren) amplificatie van 17p11.2~p12 gevonden. 
Omm te achterhalen of deze amplificatie in meer gliomen voorkomt, hebben we in 
totaall 104 laag- en hooggradige gliomen gescreend. Dit hebben we gedaan met 
behulpp van "Southern blot analysis" waarbij we als probe marker 745R gebruikt 
hebben.. Uit onze eerdere studies was gebleken dat deze probe in het gebied ligt 
datt in gliomen geamplificeerd kan zijn. Wij vonden echter geen nieuwe gevallen. In 
dee 3 gliomen met amplicatie van 17p11.2~p12 vonden we scherp begrensde 
geamplificeerdee regio's, die hoog geamplificeerd waren, met maxima van 15 tot 38 
maal.. Het gebied tussen marker D17S1525 en MAP2K4 in 17p12 was 
geamplificerdd in alle 3 gliomen. Dit gebied was in osteosarcomen niet frequent 
geamplificeerd.. In één van de tumoren werd naast dit gebied ook een hoog 
amplificatiee niveau gevonden voor de regio in 17p11.2 met het PMP22 gen. Dit 
tweedee gebied was wel frequent geamplificeerd in osteosarcomen. In één van de 
tumorenn bleek 17p11.2-p12 in bepaalde delen van deze hooggradige tumor wel 
geamplificeerdd te zijn en in andere delen niet. Deze heterogeniteit in amplificatie 
binnenn één tumor suggereert dat de amplificatie plaats vindt in een laat stadium 
vann de ontwikkeling van gliomen. 
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Uitt de hoge amplificatie niveaus en de verschillende amplificaties die in de 
gliomenn zijn waargenomen concluderen we dat er één, maar mogelijk meerdere 
oncogenenn liggen in 17p11.2~p12, die van belang kunnen zijn bij de ontwikkeling 
vann gliomen. 

Overexpressi ee doo r amplificati e van genen in 17p11.2~p12 in osteosarcome n 
(Hoofdstu kk 4) 

Genactiviteitt houdt in dat het stukje DNA waarop het gen ligt overgeschreven 
wordtt (transcriptie) waardoor een mRNA molecuul ontstaat. Aanwezigheid van 
mRNAA moleculen van één bepaald gen wordt genexpressie genoemd. Het mRNA 
molecuull gaat vervolgens naar het ribosoom waar de code van het molecuul wordt 
gelezenn en er een eiwit wordt gemaakt (translatie). Het eiwit is uiteindelijk van 
belangg voor processen als celgroei en celafbraak. 

EenEen oncogen komt verhoogd tot expressie in tumoren, waardoor er, vergeleken 
mett normale cellen, meer eiwit wordt gemaakt, hetgeen resulteert in meer celgroei. 
Overexpressiee van een gen kan het gevolg zijn van amplificatie van dat gen, 
waardoorr er meer kopieën van dat gen beschikbaar zijn voor transcriptie. 
Overexpressiee kan ook op andere manieren worden bewerkstelligd, bijvoorbeeld 
doorr mutatie van het gen of door stimulering van de transcriptie door andere 
factoren. . 

Wee veronderstellen dat de amplificaties die we gevonden hebben in 
17p11.2~p122 resulteren in verhoging van het aantal kopieën van het oorzakelijke 
oncogenn (of de oncogenen), waardoor er overexpressie van het gen en 
overproductiee van het eiwit ontstaat, hetgeen resulteerde in de tumorvorming. De 
kandidaat-oncogenenn die we zoeken in 17p11.2~p12 moeten dus niet alleen 
geamplificeerdd zijn, maar ook verhoogd tot expressie komen. 

EenEen methode om de expressie van veel genen tegelijk te bekijken is de macro-
arrayy analyse. Wij hebben voor dit onderzoek een 17p11.2~p12-specifieke macro-
arrayy geconstrueerd. Op de macro-array staan alle bekende genen die in 
17p11.2-p122 liggen. Daarnaast staan er stukjes DNA op uit dit gebied waarvan 
verondersteldd wordt dat ze een deel van een gen bevatten (expressed sequence 
tags,, ESTs). Met behulp van de macro-array kon het expressie niveau van alle 
bekendee genen en ESTs in 17p11.2~p12 bepaald worden. We hebben dit gedaan 
voorr 9 osteosarcomen, 2 osteosarcoma cellijnen en voor osteoblasten. 
Osteoblastenn zijn de normale (niet-tumor) cellen, waaruit een osteosarcoom 
ontstaat.. Of een gen tot overexpressie komt in de tumoren wordt bepaald door van 
datt gen de expressie te bepalen in de tumoren en deze te vergelijken met zijn 
expressiee in de osteoblasten. Een meer dan drievoudige toename van de 
expressiee in de tumor, vergeleken met de expressie in de osteoblasten, werd als 
overexpressiee gedefinieerd. De genen PMP22 en COPS3 en de ESTs AA126939, 
AA9184833 en R02360 kwamen het meest frequent tot overexpessie en kwamen 
vrijwell altijd tot overexpressie na amplificatie. Het COPS3 gen kwam alleen tot 
overexpressiee als het ook geamplificeerd was. Het PMP22 gen en de ESTs 
kwamenn in sommige tumoren ook tot overexpressie zonder dat ze in deze tumoren 
geamplificeerdd waren. Dit suggereert dat in deze tumoren een ander mechanisme 
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dann amplificatie zorgde voor hun overexpressie. Van de ESTs wordt verwacht dat 
zee onderdeel zijn van tot nu toe onbekende genen die coderen voor bekende of 
onbekendee eiwitten. EST AA126939 codeert bijvoorbeeld voor het hypothetische 
eiwitt FLJ20343 waarvan we de functie nog niet weten. De overexpressie die we 
vondenn voor de bekende genen PMP22 en COPS3 konden we bevestigen met 
"reall time reverse transcription-PCR" wat een andere techniek is om de expressie 
vann genen te bepalen. In de amplificatie studies hadden we gezien dat de genen 
TOP3ATOP3A en MAPK7 vaak geamplificeerd waren in osteosarcomen en daarom 
werdenn deze genen als potentiële oncogenen beschouwd. Echter, uit de expressie 
studiess bleek dat TOP3A en MAPK7 in osteosarcomen niet tot overexpressie 
kwamen,, ook niet na amplificatie. Daarmee vallen deze genen af als kandidaat-
oncogenen.. Uit het amplificatie- en expressie-onderzoek kunnen we concluderen 
datt de genen PMP22 en COPS3 en de 3 ESTs kandidaat-oncogenen zijn in 
17p11.2—p122 in osteosarcomen. 

PMP22PMP22 expressi e in osteosarcome n (Hoofdstu k 5) 

Eenn van de genen die we in osteosarcomen vaak geamplificeerd vonden en 
waarvann de amplificatie altijd resulteerde in overexpressie was het PMP22 gen. 
Hett PMP22 gen codeert voor een eiwit dat vooral voorkomt in de myeline schede 
vann perifere zenuwen. Deze myeline schede wordt aangemaakt door Schwann 
cellen.. Het PMP22 gen komt hoog tot expressie in perifere Schwann cellen. Het 
PMP22PMP22 gen komt ook, op een lager niveau, tot expressie in andere cellen, waarin 
hett zeer waarschijnlijk betrokken is bij de regulatie van de celgroei. Omdat uit onze 
vorigee studies bleek dat het PMP22 gen zowel met als zonder amplificatie vaak tot 
overexpressiee komt in osteosarcomen, en het dus een kandidaat-oncogen is, 
hebbenn we onderzocht hoe de expressie van het PMP22 gen wordt gereguleerd in 
dezee tumor. De enzymen en eiwitten die zorgen voor de transcriptie van een gen 
moetenn aan het DNA binden. De binding van deze transcriptiecomponenten vindt 
plaatss op een specifiek stukje DNA voor het gen, de promotor. Pas nadat het DNA 
enn de enzymen en eiwitten met elkaar verbonden zijn kan de transcriptie beginnen. 
Hett PMP22 gen heeft drie verschillende promotoren (P1A, P1B en P2), waardoor 
transcriptiee van dit gen op drie verschillende plaatsen kan beginnen. Als alle drie 
promotorenn gebruikt worden ontstaan er drie verschillende mRNAs van het PMP22 
gen.. Ondanks dat er drie verschillende mRNAs zijn van het gen is hun eindproduct 
(hett PMP22-eiwit) gelijk. Met behulp van semi-kwantitatieve PCR hebben we 
gekekenn welke mRNAs in osteosarcomen en in normale osteoblasten worden 
gemaakt.. Door de aanwezige mRNA moleculen (het expressie patroon) te 
bestuderenn kon bepaald worden welke promotoren van het PMP22 gen in de 
verschillendee cellen gebruikt werden. We hebben gevonden dat het 
expressiepatroonn in normale osteoblasten vergelijkbaar is met het 
expressiepatroonn in normale Schwann cellen. In beide celtypes waren alle drie 
verschillendee mRNAs aanwezig. Echter in geen van de osteosarcomen was het 
mRNAA dat ontstaat wanneer promotor P1A gebruikt wordt, meer aanwezig. 
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Alss normale Schwann cellen of NIH3T3 cellen, een bepaald type tumorcellen, 
tijdenss het kweken uitgehongerd worden door geen serum aan het kweekmedium 
toee te voegen, worden ze geremd in de groei en neemt de PMP22 genexpressie 
toe.. Uit deze bevinding was eerder geconcludeerd dat het PMP22 eiwit in deze 
cellenn een negatieve invloed heeft op de groei van cellen. Uit ons onderzoek bleek 
remmingg van de groei door uithongering van osteosarcomakweken juist gepaard te 
gaann met een duidelijke afname van de PMP22 genexpressie. De afwijkende 
PMP22PMP22 expressie in osteosarcomen resulteert mogelijk in een andere 
beschikbaarheidd van het PMP22 eiwit gedurende de cel-cyclus en een afwijkende 
regulatiee van de groei van cellen tijdens het ontstaan en de ontwikkeling van 
osteosarcomen. . 

Conclusie s s 

1.. De chromosomale regio 17p11.2~p12 wordt frequent geamplificeerd gevonden 
(ongeveerr 25% van de gevallen) in osteosarcomen. Amplificatie van deze regio 
wordtt ook vaak gevonden in andere sarcomen, maar is infrequent, alhoewel 
mett hoge amplificatieniveaus, in gliomen. De gevonden amplificatie- profielen 
zijnn vaak complex en suggereren de betrokkenheid van meer dan één oncogen. 
Hett gegeven dat dit gebied zo frequent geamplificeerd wordt gevonden duidt op 
eenn belangrijke rol van een oncogen, of van oncogenen, in 17p11.2~p12 bij de 
ontwikkelingg van osteosarcomen 

2.. De 17p11.2~p12 regio bevat veel "low-copy-repeats" (LCRs). Deze stukjes 
DNAA zijn mogelijk betrokken bij de vorming van de amplificaties in deze regio. 

3.. We hebben gevonden dat de genen PMP22 en COPS3, en de ESTs AA126939 
(vann een gen dat codeert voor het hypothetische eiwit FLJ20343), AA918483 en 
R023600 frequent tot overexpessie kwamen in osteosarcomen en vrijwel altijd tot 
overexpressiee kwamen na amplificatie. Hierdoor zijn deze genen en ESTs 
serieuzee kandidaat-oncogenen in 17p11.2~p12. De expressie van het PMP22 
genn bleek in osteosarcoma tumoren bovendien anders gereguleerd te worden 
dann in normale osteoblast cellen, wat betreft het gebruik van de promotoren en 
hett effect van groeiremming door uithongering. Onafhankelijk van ons hebben 
anderee onderzoekers laten zien dat het COPS3 gen in osteosarcomen vaak tot 
overexpressiee komt. Overexpressie van dit gen zou geassocieerd zijn met 
afbraakk van het TP53 eiwit en de inductie van genetische instabiliteit. 
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Abbreviation s s 

AT: : 
BAC: : 
BFB: : 
cDNA: : 
CFS: : 
CGH: : 
CMT1A: : 
ES: : 
EST: : 
FISH: : 
GTP: : 
HNPCC: : 
HNPP: : 
HR: : 
HSR: : 
LCR: : 
LOH: : 
Mb: : 
MMR: : 
NAHR: : 
NHEJ: : 
PCR: : 
REP: : 
RT-PCR: : 
SMS: : 

ataxiaa telangiectasia 
bacteriall artificial chromosome 
breakage-fusion-bridge e 
complementaryy DNA 
commonn fragile sites 
comparativee genomic hybridization 
Charcot-Marie-Toothh syndrome type IA 
embryonicc stem 
expressedd sequence tag 
fluorescencee in situ hybridization 
guanosinee triphosphate 
hereditaryy nonpolyposis colorectal cancer 
hereditaryy neuropathy with liability to pressure 
homologouss recombination 
homogeneouslyy staining region 
low-copyy repeat 
losss of heterozygosity 
megabase e 
mismatchh repair 
non-allelicc homologous recombination 
non-homologous-end-joining g 
polymerasee chain reaction 
repeatt element 
reversee transcriptase-PCR 
Smith-Mageniss syndrome 

palsies s 
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