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Chapter 1

1.1 Chromosomal aberrations in cancer

It was not until 1960, with the finding of the Philadelphia chromosome in chronic
myelocytic leukemia (Nowell and Hungerford 1960), that the first specific chromosomal
abnormality was definitively associated with human cancer. This in spite of the fact that already
more than 40 years earlier cancerous growth was associated with an aberrant genome {Boveri
[914). The main reason for this delay was the lack of suitable tools for isolation and
identification of human chromosomes.

After the development of specific staining methods in the early seventies, initially
mainly non-solid tomors were cytogenelically analysed because their metaphases were more
ecasily obtained. Subsequently with the development of more recent cytogenetic technigues,
chromosomai analysis of solid tumors became more feasible. A wide variety of chromosomal
aberrations are currently identified in human neoplasia (for review; Mitelman et al. 1997).
These comprise numerical changes, resulting in gains or losses of whole chromosomes,
structural changes as translocations, inversions, deletions, homogencously stained regions
{HSRs) and double minutes (DMs). An example of an abnormal chromosomal pattern as found
in a solid fumor is shown in Figure 1.
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Fig. 1. Karyotype of a testicular seminoma showing various chromosomal aberrations:
numerical (chromosomes 1,2,6,7,8,10,12,14,15,19,20,21,22 X and Y), structural (chromosomes
6,7,8,11 and 12) and two unidentified chromosomes (markers, M1 and M2),
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Introduction

Whife some aberrations can e inherited, the majority oceurs de novo. They can either
originate spontaneously (Bischoff et al. 1990} or under the influence of chemical or physical
carcinogens (Li et al. 1997) or viruses (Akagi et al. [989; Namba et al, 1996), or a combination
of them, When these abnormalities are primary and causative, they can be specific for a certain
type of cancer and may be useful for diagnostic and/or prognostic purpose (Karakousis ef al.
1987; Sandberg 1988; Trent et al, 1989; Fletcher et al. 1991). However, most are secondary,
related to the progression of cancer, and therefore less specific (Johansson et al. 1996).

it has become clear that most solid cancers are clinically manifest after undergoing
several genomic aberrations, involving multiple (paris of) chromosemes. Therefore, it usuaily
takes decades for an incipient tumor fo accumulate the aberrations required for malignant
growth. The first cancer of which the sequential genomic aberrations were elucidated was colon
cancer (Vogelstein et al. 1988). lis carcinogenesis appears to be a multistep process, in which at
least five (epi-)genetic changes are necessary for complete malignant transformation of normal

colon epithelial cells,

Molecular changes in cancer

With the development of molecular techniques in the seventies, it became obvious that
the chromosomal aberrations found in cancer, are indicators for smaller alterations at the DNA
level. These alterations may influence vartous processes within a cell, e.g. DNA repair,
apoptosis and cell cycle control (Pearson and Van der Luijt 1998; Ilyas ef al. 1999; Pihan and
Doxsey 1999). Three main categories of genes are involved in carcinogenesis: proto-
oncogenes, funtor suppressor genes and DNA mismatch repair genes. Aberrations of these
particular genes may influence tumor growth in different ways. Due to mutation, translocation
or amplification proto-oncogenes can be activaled (oncogenes) thereby stimulating tumor
growth, A similar effect can be reached by inactivation of a tumor suppressor gene, cither via
physical foss, mutation or methylation. The DNA repair genes contribute in tumor development
when they are mutated, which can lead to activation of proto-oncogenes and inactivation of
tumor suppressor genes {Kinzler and Vogelstein 1997). In general, tumors with a defect in the
repair sysiem, characterised by microsatellite instability, are diploid (Fishel et al. 1993).
Thusfar, only few mutations have been found in mismatch repair genes especially in
nonpolyposis colorectal carcinoma {Leach et al 1993; Peltomiki et al. [993). In contrast,
numerous {proto-Jonco- and tumer suppressor genes are involved in a wide range of human
cancers (see for review hlfp/fwww.biomedecomp.com and hilp://www.nebinlm.anih.gov/
neicpap/CGAP). Some of these genes are frequently involved in different cancers. For instance,
the fumor suppressor gene P53 is inactivated in approximately 50% of solid malignancies
including breast, lung and colon cancer. Among the proto-oncogenes, the RAS genes (K-, H-,
and N-RAS), coding for regulatory proteins in signal transduction, are most frequently mutated
in colon and pancreatic carcinomas and adenocarcinomas of the lung and ovary {Anderson et

al. 1992).
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Chapter 1

In conelusion, activation (proto-oncogenes) and inactivation (tumor suppressor genes) of
multiple gencs play a role in the development of cancer, and are often associated with a variety
of chromosomal abnormalities. Identification of these specific chromosomal anomalies is an
important step in unravelling the molecular mechanisms of the pathogenesis of a particular type
of cancer. Furthermore, these findings may have applications in early detection, diagnosis and
prognosis of cancer (Jones and Fletcher 1999),

1.2 Methods for chromosomal analysis of cancer cells

A major breakthrough in the analysis of chromosomal aberrations was the introduction
of the banding techniques in 1970 (Caspersson et al. 1970), Tt allowed the identification of all
human chromosomes based on specific banding patterns and led to a fast development in the
characterisation of specific chromosomal abnormalities in cancer. Most karyotypic data have
been obtained from hematological malignancies (Mitelman 1991), from which metaphases are
more easily oblained than from solid tumors. Therefore, the search for altemative cytogenetic
methods, that circumvent the need of cells in mitosis, continued, and was beneficiated with the
development of in site hybridisation. Although this technique was already discovered in 1969
{Pardue and Gall 1969}, it only became widely applied in the eighties, with the introduction of
fluorescence detection methods, i.e. fluorescence in sifu hybridisation (FISH) (Pinkel et al,
1986). More recent developiments of FISH resulted in comparative genomic hybridisation
{CGH) (Kallioniemi et al. 1992; Du Manoir et al. 1993) and 2d-colour hybridisation, also
known as multi-colour FISH and SKY {Schrock et al, 1996; Speicher et al, 1996), These
developments have expanded the knowledge of chromosomal aberrations in solid tumors (see
for review hitp:/fwwie.nehi.nlm.nih.gov/CCAP/mitelsum.cgi). An overview of the cytogenetic
methods and their application in tumor biology is shown in Table 1. Because FISH and CGH
were applied in the studies described in Chapters 2-7 of this thesis, these methods will be
discussed in more detail in the next paragraphs.

Fluorescence in sitn hybridisation (FISIH)

The radioactive in situ hybridisation approach, introduced by Gall and Pardue in [969,
was the basis for the development of several non-radioactive modifications. Because this
technique is relatively fast and easy, FISH has become a widely used method for mapping,
biomedical research and diagnostic applications {for review see Le Beau 1993; Fox et al. 1995;
Siebert and Weber-Matthiesen 1997, Werner et al. [997; Luke and Shepelsky 1998). Whereas,
conventional cytogenetics was limited by the low number and often poor quality of metaphases,
FISH, which can also be applied on inferphase nuclei, allowed identification of genetic
alterations in many previously unsolved and difficult cases. The technique is based on
hybridisation of a single DNA strand (probe) to a single homologous stranded sequence (target),
fixed on a slide. The probe can be labeled directly by incorporation of nucleotides conjugated
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Overview of the applicability of the (molecular) cytogenetic methods used in this thesis
Jor the identification of numerical and structural anomalies.

Table 1:

MATERIAL

METHODS

SUITABLE FOR IDENTIFICATION OF:

RESOLUTION:
Metaphase karyotyping numerical and (particular) structural anomalies based on chromosome- >2 Mb
specific banding patterns.
FISH numerical and the majority of structural anomalies visualised with specific >5 Kb
probes. Mainly for refining of the characterization of previously detected
Te-arrangements.
SKY numerical alterations, markers and interchromosomal rearrangements >2 Mb
involving large chromosomal fragments; an overview of the genome
Interphase FISH numerical anomalies and a minority of structural aberrations. Especially >5Kb
(1solated nuclei/ the detection of structural aberrations requires pre-knowledge of the
tissue sections) re-arrangements and the need of spanning and flanking probes.
DNA CGH gains and losses (of parts) of all chromosomes; an overview. 22 Mb”

Abbreviations used: FISH = fluorescent i sity hybridisation; SKY = spectral karyotyping; CGH = comparative genomic hybridization.
" The resolution for gains is dependent on the combination of size of the region: mvoived and copy number.



Chapter 1

to fluorochromes or indirectly by incorporation of nucleotides conjugated to haptens, such as
biotin or digoxigenin, and detected with fluorochrome conjugated molecules. The specific
hybrid is visualised by fluorescence microscopy using appropriate filters, The probes can be of
various sizes and complexity, recognizing repetitive sequences such as centromeric and
telomeric regions or single copy sequences. A collection of probes covering an area, such as a
chromosome or a part thereof, can be used as a “painting”’ probe (Yung 1996) (see Figure 2),

Al

Fig. 2:

Schematic representation

of diffevent probes used

Jor in situ hybridisation:

A: centromeric;

B: whole chromosome
paint;

C: unique sequence and

D: telomeric.

Al
A B C D

For visualisation of a hybridised probe, fluorescein isothiocyanaat (FITC) is the
fluorochrome most commonly used, For two colour (double) FISH and more colours
simultaneously, fluorochromes as Texas Red, lissamine, rhodamine or its derivatives, AMCA or
cascade blue are applied (Tanke 1999). Beyond that, multiplicity of FISH is significantly
increased by the use of combinatorially or ratio-labeled probes (Nederlof et al. 1990; Ried et al.
1992). Simultancous visualisation of all human chromosomes became possible by
combinatorial [abeling with five fluorochromes (Schrock et al. 1996; Speicher et al. 1996},
Recently, combinatorial labeling was combined with ratio-labeling (Combined Binary Ratio
labeling; COBRA) achieving a theoretical multiplicity of 48 with the same five fAuorochromes
{Tanke et al. 1999),

FISH is a powerful tool in cancer research. A major application is the assessment of
numerical aberrations in interfase nuclei of tumor cells with centromeric probes (Barranco et al.
1998; Mendelin et al. 1999; Poetsch et al. 1999). Other examples are the precise mapping of
deleted or amplified regions, (Bell et al. 1990; Elkahloun et al. 1996), identification of marker
chromosomes {Boschman et al, 1993; Shi et al. 1993; Brandt et al. 1994; Arkesteijn et al. 1999)
and translocations (Maneini et al. 1994; Janz et al. 1995; Shipley et al. [996; Weber-Matthiesen
et al. 1996).

Besides the use of FISH on metaphases and isolated nuclei, this {echnique can also be
used on frozen lissue sections and formalin-fixed, paraffin-embedded material, allowing

15



Introduction

analysis of chromosomal anomalies in cells within their histological context (Schofield and
Fletcher 1992; Wemer et al. 1997). The value of this method can be enhanced by its
combination with immunohistochemistry (Weber-Matthiesen et al, 1993; Nolte et al. [995),

The estimated lower detection limit of FISH lies between 1-5 kb of target DNA
(Lawrence et al. 1988). However, targets of 10-40 kb are more suited for this technique.
Several attempts have been made to improve the sensitivity either by amplification of the target,
¢.g. primed in sity (PRINS) polymerase chain reaction (PCR) or amplification of the signal in
situ by, e.g. the CARD signal amplification method. The latter technique scems the most
promising and has resulted in a significant increase in the signal intensity for the detection of
both repetitive sequences as well as single copy genes (Raap et al. 1995, for review; Speel et al.
1999). The CARD amplification method is based on the deposition of a large number of
haptenized tyramide molecules by peroxidase activity at the site of hybridisation. Visualisation
of deposited tyramides can be performed either directly by the use of fluorochrome-labeled
tyramides, or indirectly if biotin, digoxigenin or di- or trinitrophenyl conjugated to tyramide are
used, and detected by fluorochrome-labeled molecules (Speel et al. 1995), With this method for
signal-amplification the intensity of the FISH signal could be improved in the range of two- to
100-fold. Furthermore, it improves the detection of weak signals of cosmids in tumor material
(this thesis) and allows the detection of repetitive and single-copy DNA sequences (up to the
level of 1-5 kb) in cell preparations. However, in spite of the higher signal intensities generated
by this detection gystem, it remains to be proven if it allows the visualisation of small targets
which cannot be detected by standard methods.

Comparative geromic hybridisation (CGH)

Although FISH is a powerful technique, in contrast with classical karyotyping, il
investigates a limited number of targets per experiment, and therefore the method requires
previous knowledge on the areas to be investigated. This information is especially scarce for
solid tumors. An alternative approach became available with the technique of CGH
(Kallioniemi et al. 1992; Du Manoir et al. 1993). In a single experiment, CGH provides a global
overview of relative chromosomal gains and losses compared to the average ploidy. Briefly,
differentially labeled test (green) and reference DNA (red) are hybridised simultaneously to
normal metaphase chromosomes. The ratioc between the normalised infensities of the
fluorescence signals, reflects differences in the amount of tumor DNA compared with normal
DNA per chromosomal region. Chromosomal regions with an increased green/red fluorescence
ratio represent DNA gains, while a reduced ratio is a consequence of [oss. The average ratio is
calculated for the entire length of each chromosome using a digital image analysis system, and
plotted along ideograms of the corresponding chromosomes (see Figure 3), The potential of
CGH has been significantly increased with the use of tissue microdissection followed by PCR
amplification of DNA. This allows analysis of specific tissue areas or even individual cells
{Speicher et al. 1993; Speicher et al. 1995; Wiltshire et al. 1995; Klein et al, 1999).
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Fig.3: Schematic overview of the CGH technique. Tumor and reference DNA are labeled with a
green and red fluorochrome, respectively, and hybridised to normal metaphase spreads. Iimages
of the fluorescent signals are captuved, and the green-to-red signal ratios are digitally
quantified for each chromosome homologue. (reprinted with permission from Hermsen et al,
199¢).

Another important breakthrough in the development and application of CGH is the use
of archival (paraffin) material, In most studies test {tumor) DNA has been extracted from fresh
or frozen samples and from cultured cell lines. Recently procedures were improved to isolate
good quality DNA from paraffin-embedded material (Speicher et al. 1993; Tsola et al. 1994).
CGH with DNA extracted from paraffin-embedded material allows retrospective analysis of
nany tumors that ave pathologically well characterised and of patients with knewn clinical
outcome, The main difficulty with the use of paraffin-embedded material is to obfain DNA
fragments which are suitable for CGH after labeling by nicktranslation. The optimal size of
tabeled DNA for CGH is 500-2000 bp, the same size that is often obtained of DNA extracted
from paraffin-embedded material, or DOP (degenerated-oligo-primed)-PCR  products.
Nicktranslation will further reduce the fragment size by the use of DNase. To avoid this
problem, a chemical labeling with platin can be used (Alers et al, 1999), These technical
developments have made CGH more easily applicable for the analysis of solid tumors both
from frozen and paraffin embedded material (see for review
http:/fvwwnw. nherinih. gov/DIRALCG/CGH/index. html).

Depending on the iype of aberration, the ploidy of the tumor cells, intra-tumor
heterogeneity and contamination with normal cells of the specimens under investigation, CGH
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allows identification of chromosomal gains and losses with a fair resolution. Amplifications are
detectable at a higher resolution than deletions. Based on simulation models, an amplified
region can be detected if the product of the size of the amplified region and the number of
copies is at least 2 Mb (Piper et al. 1995). In this way CGH can detect an amplified region as
small as 100 kb as long as the copy number is at least 20 (Joos et al. 1993). The detection limit
of a deletion is in the order of 3 Mb using special detection criteria (standard reference
intervals) (Kirchhoff et al. 1999). Since the main limitation of CGH is the resolution of the
hybridisation target (the chromosomes) (see Table [, CGH has recently been applied on DNA
and ¢cDNA clones from small regions on the genome, arrayed on a slide, in so called micro-
arrays (Pinkel et al. 1998; Pollack et al. 1999), This modification highly improves the resolution
of the approach and can be considered as a bridge between cytogenetics and molecular genetics.

1.3 Testicular germ cell tumors; origin and development

Human germ cell tumors are a heterogencous group of tumors of which the (primordial)
germ cell is the cell of origin. They occur mainly in the gonads, but also in specific
extragonadal sites. This distribution is explained by the migration route of the primordial germ
cells, originating in the yolk sac endoderm of the 4™ week embryo and migraling along the
dorsal mesentery to the genital ridge. In the male, germ cell tumors may develop either in the
testis or in midline sites of the body such as the sacrococcygeal region, retroperitoncum,
mediastinum and brain (Mostofi 1973; Scully 1979), In adolescents and adults (including
elderly) the most frequent site of is the testis. In neonates and infants the majority is found in
the sacral region, predominantly affecting females. The testicular germ cell tumors can, based
on their histology, age of the patient at clinical diagnosis and biological behaviour, be classified

into three groups;

- Testicular germ cell tumors of neonates and infants (GCTI): teratomas and yolk sac
fLTOrS;

- Testicular germ cell tumors of adolescents and young adults (TGCT): seminomas and
nonseminomas;

- Testicular germ cell tumors of the elderly man (S8): spen11a16cytic sentinomas.

In the next paragraphs the main characteristics of these groups and the current view on their
relationship(s) will be reviewed.

Testicular germ cell tumors of neonates and infants (GCTI)
GCTI are found in young children with an incidence of 0.12 per 100.000 (Looijenga
1999, for review). They occur mostly in extragonadal sites (67%), especially in the sacral region
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(45%), and only occasionally in the testis {6%). Histologically, the GCTI are composed of
teratoma or yolk sac tumor. The teratomas are benign and can be cured by orchidectomy alone.
The yolk sac tumors, occurring more often than the teratomas (4:1) (Harms and Janig 1986), are
malignant and may require additional chemotherapy.

In contrast {o its presence in the adjacent parenchyma of TGCT (see below), carcinoma
in sify (CIS), the common precursor of TGCT (Skakkebmk et al. [987), has not been
convincingly demonstrated adjacent to GCTL Sacrococcygeal germ cell tumors are usually
large, benign teratomas presenting at or shortly after birth. Patients older than 6 months of age
have a greater risk of developing a malignant yolk sac tumor either within a pre-existing
teratoma or at the site of a previously incompletely resected teratoma (Perlman et al. 1994).

Flow cytometry studies have shown that teratomas are in general diploid (Hoffher et al.
1994; Silver et al. 1994; Stock et al. [995) while yolk sac tumors may be aneuploid, mainly
near-tetraploid (Oosterhuis et al, 1989; Kommoss et al, 1990; Perlman et al. 1994; Jenderny et
al. 1995). This ploidy difference was confimmed by cytogenetics: both FISH and karyotypic
analyses showed no chromosomal aberrations in the teratomas and several aberratlions in the
yolk sac tumors. Whether this absence of chromosomal aberrations in the teratomas is due to
loss of tumor cells upon handling is unknown thusfar, In the yolk sac tuniors, karyotyping
revealed anomalies of the short arm of chromosome 1, in particular loss of band p36, the long
ann of chromosome 6 and abnormalities of 3p (Kaplan et al. 1979; Oosterhuis et al. 1988;
Oosterhuis et al. 1993; Hoffher et al. 1994; Perlman et al. 1994; Bussey et al. 1999), FISH
confirmed the chromosome 1 aberrations but demonstrated also copy number changes for
chromosomes 8, 10, 12, 17 and X in the yolk sac tumors {(Hu 1992; Stock et al. 1994; Jenderny
et al. 1995; Perlman ¢t al. 1996). No FISH data on chromosome 3 attd 6 are available.

Testicnlar germ cell tumors of adolescents and adults (TGCT)

Epidemiology

Although TGCT are one of the rarer types of malignancies, accounting for only 1-3 % of
all neoplasms in men, it is the moslt common cancer in young adult males (15 — 45 yrs)
(Swerdlow 1993). The worldwide incidence has naore than doubled over the past 40 years (Bosl
and Motzer 1997). Several epidemiological studies show geographical and racial differences in
the occurrence of these tumors. In European populations the incidence is about 5/100.000 while
the incidence is lower in African and Asian populations (Parkin and Muir 1992} with exception
of the New Zealand Maori, in whom the incidence is one of the highest in the world
(8.3/100.000). There is also a wide variation within geographical regions: for instance, in 1980,
Denmark showed a ten fold higher incidence than Lithuania (Adami et al. 1994). There is no
explanation for these racial and geographic differences thus far. Interesting is the finding that
cryplorchidism, which is a major risk factor (4-5x) (Potlern et al. 1985; Giwercman et al. 1987)
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for the development of TGCT, is three times lower in black than in white males (Henderson et
al. 1988). Other factors can be the onset of puberty, which occurs late in Maori boys, and
genetic predisposition (Wilkinson et al. 1992), Suggestions that environmental factors are of
etiological importance came from a study in Denntark. It showed that men born during the
second world war have a lower risk for TGCT than those in birth cohorts preceding and
following the war (Mailer 1989). Recent publications suggest that the increasing presence of
estrogenic compounds in the environment plays a role in the increasing incidence of TGCT
{Sharpe and Skakkebaeck 1993; Toppari et al. [996).

Histology, clinical behaviour and models of progression

Clinicatly and morphologically, TGCT can be divided into two different entities:
seminoma (SE) and nonseminoma (NS). SE becomes clinically manifest at a mean age of 35
years, while NS usually presents approximately one decade earlier. SE is composed of the
neoplastic counterparts of early germ cells, probably primordial germ celis. NS may be
composed of embryonic tissues (embryonal carcinoma, immature and mature teratoma) and/or
extra-embryonic tissues (yolk sac tumor and choriocarcinoma), Of the TGCT, 40 % and 50 %
present as NS and SE, respectively. The remaining TGCT, composed of both a SE and a NS
component, are classified as combined tumor (CT) according to the British classification (Pugh
1976) and as NS according to the WHO classification (Mostofi et al. 1998}.

In general, SE is less aggressive than NS, although the aggressiveness of the latter
depends on the histologic subtype. The overall cure rate of patients with TGCT is high, but still
about 10 % of the patients die of their disease. Aggressive {reatment may lower this percentage.
Thus far there are no reliable factors predicting outcome of therapy on an individual basis
(Bokemeyer and Schmoli 1995).

SE and NS have a common precursor, known as CIS (Skakkebwmk et al. 1987),
composed of intrajubular fumor cells resembling SE cells. Extrapolation, based on follow up
studies of men diagnosed for CIS without an invasive TGCT, showed that CIS will always
progress info an invasive TGCT (Burke and Mostofi 1988; Dieckmann and Loy 1993;
Giwercman et al. 1993). The initial expansion of the CIS cells can be seen either as intratubular
or micro-invasive seminoma.

Basically two models exist for the development of CIS into an invasive TGCT. One
assumes that all histological variants of TGCT originate independenlly (Mostofi 1984,
Sesterhenn 1985) while the other supposes SE to be an intenmediate stage between CIS and the
various nonseminomatous lineages (Oliver 1987; Qosterhuis et al. 1989). Cytogenectic studies
favor the latter model with the finding of common structural chromosomal aberrations in hoth
the SE and NS component of a CT (Haddad et al. 1988; Van Echien-Arends et al. [995a). This
model was recently adjusted with the hypothesis that in every stage during the development of
TGCT, reprogramming of CIS or seminoma cells to pluripotent embryonal carcinoma cells, the
stem cells of nonseminomas, can take place (Oosterhuis et al. 1997). It is suggested that the

20



Chapter 1

chance of reprogramming of CIS and SE to a NS decreases with age, explaining the observation
that the nonseminomas are clinically manifest at an earlier age than the seminomas (Oesterhuis
et al. 1989).

Chromosomal constitution

Flow cytometric studies showed that TGCT are aneuploid tumors with SE being
hypertriploid and NS hypotriploid (Qosterhuis et al. 1989; Fossé et al. 1991; El-Naggar et al,
1992). In contrast to the model proposed by Nowell (Nowell 1976; Nowell [986) in which
polyploidization is related to tumor progression, in TGCT polyploidization is most likely one of
the first events, followed by net loss of chromosomal material. The propensity for
polyploidization in TGCT may be related to the (primordial) germ cell derivation of these
tumors, These cells may be particularly prone to polyploidization because they combine high
mitotic activity and bridge formation. Interestingly, a defective mechanism of bridge formation
has been implicated in the pathogenesis of TGCT (Gondos 1993).

Polyploidization and subsequent net loss of chromosomes in TGCT results in a specific
pattern of copy numbers of chromosomes as found by karyotyping (De Jong et al. 1990;
Castedo et al. 1989; Van Echten-Arends et al, 1995b). These studies showed, compared to a
triploid DNA index, overrepresentation of chromosomes 7, 8, 12 and X and underrepresentation
of chromosomes 11, 13, I8 and Y, both in SE and NS. Other frequently found chromosomal
abnormalities are loss of chromosome 4, 5 and 9, gain of chromosome 21 and at a lower
frequency (< 20%) deletions or derivatives of 1p21-26, 6ql4-25, 7ql1-q36 and 12q12-24
(Murty and Chaganti 1998). These are, however, not consistentty found and occur also in other
tumors, suggesting a tumor progression related event. Despite common aberrations found in SE
and NS, a significantly higher copy number of chromosomes 7, 15, 19 and 22, and a
significantly lower number of chromosome 17 was found in SE compared with NS {Van
Echten-Arends et al. 1995b).

Besides the fact that TGCT are virtually always near-lriploid, the only other consistent
genetic anomaly is overrepresentation of the short arm of chromosome 12, mostly as an
isochromosome of 12p [i(12p)] (see Figure 4). This isochromosome was first deseribed in 1982
{Atkin and Baker 1982) and is found in about 80% of TGCT (De Jong et al. [990; Sandberg et
al. 1996). The uniparental origin of both chromosomal arms of i(12p) (Sinke et al. 1993)
supports the idea that i(12p) originates from misdivision of the centromere rather than from a
non-sister chromalid exchange as supposed by others {Mukherjee et al. 1991). Even though 12p
aberrations are always present in TGCT, polyploidization precedes i(12p} formation. This was
shown by the finding of retention of heterozygosity of the long arm of chromosome 12 in i(12p)
positive TGCT (Geurts van Kessel et al. 1989),
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Fig.4: Representatives of schematic and actual G-banding of a normal chromosome 12 (A} and
an isochromosome 12p [i(12p}] (B).

The idea that overrepresentation of the short arm of chromosome 12 is of imporlance in the
development of TGCT was confirmed by FISH (Samaniego et al. 1990; Suijkerbuijk et al.
1993). I was shown that also the i(12p) nepative TGCT show gain of 12p. Moreover,
amplification of a restricted region of the short arm of chromosome 12 was found in a
metastasis of a SE (Suijkerbuijk et al. 1994).

(Profo-)oncogenes and suppressor genes

Although information becomes available about the cytogenetic changes in the
development of TGCT, molecular research in TGCT is still in its initial stage. To obtain more
information about the possible role of tumor suppressor genes, loss of heterozygosity was
addressed in several studies. Although contradictory results were obtained, some results were in
accordance with cytogenetic data, e.g. deletions of regions involving 1p (Mathew et al. 1994),
5q (Murty et al. 1994a; Peng et al. 1995; Peng et al. 1999) and 12q (Murty et al, 1992).

In addition, some hotspots for deletions have been found, including DCC (18921) and
RB! (13q14) (Murty et al. [1994b). However, most fumor suppressor genes and (proto-
Joncogenes show no or only a low percentage of aberrations in TGCT: e.g. MYC (¢-MYC;
8q24, N-MYC; 2p24), c-KIT (dq11-12) (Tian et al. 1999) and P53 (17p13) (Lothe et al, 1995),
K-RAS (12p12) (Dmitrovsky et al. 1990) and NME] (17q22) (Schmidt et al. 1997).

At the RNA level, increased expression has been found of the proto-oncogenes ¢-K7T
{Rajpert-De Meyts and Skakkebxk 1994; Stroluneyer et al. 1995), N-MYC, ¢-MOS (Shuin et
al. 1994), cyclin D2 and K- or N-RAS (Houldsworth et al. 1997). A decrease or loss of
expression was found for RB, DCC (Murty ef al, 1994b), INT-2 (Yoshida et al. 1988;
Shimogaki et al. 1993} and ¢-ERB-1 and 2 (Shuin et al. 1994).
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Since no microsatellite instability has been found thusfar with one exception (Murty et
al. 1994c), there is no indication that defects of repair genes participate in the development of
TGCT (Lothe et al. 1995).

Familial TGCT

Epidemiological and linkage analyses suggest that one third of all TGCT-patients may
be genetically predisposed (Nicholson and Harland 1995). Several investigators have tried to
identify the chromosomal regions harboring the susceptibility gene(s). Linkage analysis of 50
families with 221 markers, (Leahy et al. [995) identified regions on chromosomes 1, 4 (2
regions}, 5, 14 and 18 as candidates. Re-analysis of this series and combining the results with
those of an extended study by the International Testicular Cancer Linkage Consortium, provides
suggestive evidence for linkage to paris of chromosomes 3, 5, 12 and 18 (Rapley ef al. 1998).
Unfortunately, the results do not provide strong evidence for the location of a predisposing
gene, for which genetic heterogeneity (different genes causing the same disease endpoint) might
be an explanation. A recent study indicated linkage to Xq27 in case of bilateral TGCT and
TGCT reldated to cryptorchidism (Rapley et al., 2000).

Germ cell tumors of the elderly man (S8)

The third type of germ cell tumor which can be distinguished in the testis is
spermatocytic seminoma (SS), predominantly found in elderly men, usually over 50 years of
age. They never arise in extra-testicular sites, and mostly run a benign course {Talerman 1980;
Burke and Mostofi 1993). Phenotypically, 88 is characterised by cellular heterogeneity with
large, intermediate and small cells. Morphologically they can mimic SE (Talerman 1980). In
contrast to the SE, SS are supposedly derived from more differentiated cells: the spermatogonia
B (Masson 1946; Rosai et al. 1969; Romanenko and Persidskii 1983). CIS can not be found in
the adjacent parenchyma of these tumors, although intratubular S8, supposedly the pre-invasive
precursor of this neoplasm, is often present {Muller et al. 1987),

Although in general a separate pathogenesis for SS is accepted, there are still some
doubls. Based on the finding of ¢-KIT positivity in 40% of 8§, it was most recently suggested
that at least some of the S§S originate more directly from primordial gerny cells (Kraggerud et al.
[999), Immunohistochemical detection of PLAP indicated clear differences between the
different histologies. SS were negative (Dckker et al. 1992; Burke and Mostofi 1993) while CiS
and SE were positive (Manivel el al. 1987). Flow cytometry showed a heterogeneous pattern for
S8 including both diploid and aneuploid stem lines {Takahashi 1993, Looijenga et al. 1994).
Because of their rarity (0.2 per 100.000) (Burke and Mostofi 1993) little is known about their
chromosomal constitution.
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1.4 Aims of this thesis

This thesis aims at a further understanding of the molecular genetics of germ cell tumors
of the testis. In particular, the three entities (GCTL, TGCT and SS) are investigated regarding
their chromosomal constitution using karyotyping, CGH and FISH. The results will be used to
identify chromosomal abnormalities involved in the development of these types of cancer, as a
first step in the identification of the involved genes. In addition, the results will be used to
discuss the possible pathogenetic relationship between these tumor types,
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Abstract

Chromosomal information on germ cell tumors of the infantile testis, i.e. {eratomas and
yolk sac fumors, is limited and controversial. We studied two teratomas and four yolk sac tumors
using comparative genomiic- and in situ hybridisation {(CGH and FISH). No chromosomal
anomalies were found in the teratomas by any of the methods, not even after CGH on
microdissected tumor cells, All yolk sac turmors showed aneuploidy, loss of parts of 49 and 6q,
and gain of parts of 20q. Underrepresentation of parts of 8q, and overrepresentation of paris of 3p,
9q, 12p, 17, 19q, and 22 were detected in most cases. In addition, one recurrent yolk sac tumor
after a sacral teratoma was studied, showing a highly similar pattern of imbalances. While CGH
demonstrated loss of 1p36 in one testicular yolk sac tumor, FISH revealed loss of this region in all
yolk sac tumors, High level amplification of the 12q13-ql4 region was found in one yolk sac
tumor, MDM2, of which the encoding gene maps {o this chromosomal region, was found in all
cases using immunohistochemistry, while no P53 could be detected. Accordingly, no mutations
within exons 5-8 of the P33 gene were obseived.

These data prove absence of gross chromosomal aberrations in teratomas of the infantile
testis, and show a characteristic pattern of gains and losses in the yolk sac tumors, Besides
confirmation of previously found anomalies, the recurrent losses of 1p21-31, 4923-33 and gains of
9q34 and 12pl12-13 are novel. While genetic inactivation of P53 seems unimportant in the
pathogenesis of these tumors, biochemical inactivation by MDM2 might be involved. These data
support the existence of three entities of germ cell tumors of the human testis, i.e. teratomas and
yolk sac tumors of infants, seminomas and nonseminomas of adolescents and young adults, and
spermatocytic seminomas of elderly, each with their own specific pathogenesis.
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Introduction

Human germ cell tumors comprise a heterogeneous group of neoplasms, which can be
found at different anatomical localizations (gonads and several exiragonadal sites), and present
clinically at different ages {(Costerhuis et al., 1997; Looijenga and Qosterhuis 1999, for review).
Within the testis, three entities can be distinguished. The most common types are those of
adolescents and young adults: the seminomas and nonseminomas (Mostofi et al.,, 1987). They
originate from carcinoma in sifu {(CIS) (Skakkebak 1972), which can be frequently found in
preserved parenchyma adjacent to an invasive tumor. Both seminomas and nonseminomas are
characterized by consistent gain of the complete short arm of chromosome 12 (Sandberg et al.,
1996, for review). In addition, these tumors express wild type P53 extensively (Schenkman et
al,, 1995; Guillou et al., 1996). Less common are spermatocytic seminomas, mostly found in
elderly men (Burke and Mostofi 1993). We demonstrated recently using karyotyping and
comparalive genomic hybridisation (CGH) that these tumors are characterised by gain of
chromosome 9 (Rosenberg et al., 1998). The third group of testicular germ cell tumors comprise
those found at young age, histologically divided into teraloma and yolk sac tumor, although other
histological elements have sporadically been reported.

Information about the chromosomal constitution of germ cell tumors of infants,
including those of the testis, is limiled, mainly due to their rareness, and sometimes
inconsistent. Flow cytometry demenstrated in general that teratomas are diploid, whereas yolk
sac tumors can either be diploid, tetraploid or aneuploid (Kommoss ¢t al,, 1990; Silver et al,,
1994). This difference was confirmed by karyotyping, showing no aberrations in teratomas,
while anomalies of the short arm of chromosome 1, in particular loss of band p36, the long arm
of clromosome 6, and abnormalities of 3p were observed in yolk sac tumors (Kaplan et al,
1979; Qosterhuis et al., 1988; Qosterhuis et al., 1993; Hoffher et al., 1994; Perlman ¢t al., 1994;
Stock et al,, 1995; Stock et al,, 1996; Bussey et al, 1999). /n sifu hybridisation supported
absence of numerical abnormalities in teratomas, but demonstrated in addition to chromosome }
aberrations, also copy number changes for chromosomes 8, 10, 12, [7, and X in the yolk sac
tumors {Hu et al., 1992; Stock et al., 1994; Jendemy et al., 1995; Perlman et al,, 1996). The
cytogenetic studies so far include only a few informative cases, possibly explained by loss of
tumor cells during sample-preparation. Even the largest study on pediatrie germ cell tumors
(Bussey et al, 1999) reperted only one testicular yolk sac tumor, present in a patient under the
age of 10 years, with an abnormal karyotype. Furthermore, conflicting data with respect to 12p
(Perlman ef al.,, 1994; Stock et al., 1995; Jenderny et al., 1995) and the presence of CIS (Stamp
and Jacobsen 1993; Jorgensen et al., 1995; Hawkins et al,, 1997} have been found, These
uncertainties fluel the discussion about the pathogenetic relationship between germ cell tumors
of the infantile testis and seminomas and nonseminomas.

We performed fluorescent in situ hybridisation (FISH) and CGH on a series of two
teratomas and four yolk sac tumors of the infantile testis. Both teratomas were also karyotyped,
In addition, a recurrent yolk sac tumor of a sacral {eratoma was studied. CGH can be performed
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on fresh, frozen and formalin-fixed (archival) matedal, and allows a sereen of chromosomal
imbalances throughout the whole genome within a single experiment (Kallioniemi ¢t al., 1992).
This method was previously found to be highly informative in our hands, even when applied on
a relative small number of cases (Rosenberg et al., 1998). In case of absence of imbalances,
CGH was also done with DNA from microdissected twmor cells. The role of P53 and MDM?2
was investigated by immunohistochemistry and mutation analysis of exons 5-8 of pJ3,
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Material and methods

Samples
The samples included in this study were collected in close collaboration with urologists

and pathologists in the south-western part of the Netherlands and the University Hospital in
Groningen. Directly after surgical removal, representative parts of the tumor and adjacent normal
tissue (when available) were snap frozen and other pieces were fixed overnight in 10% buffered
formalin and subsequently embedded in paraffin. Of one case (no. 4) only paraffin-embedded
material was available. The tumors were diagnosed according to the World Health Organisation
classification for testicular tumors (Mostofi 1980). Two cases were pure mature feratomas, while
fowr were pure yolk sac tumors. In addition, we studied one recurrent yolk sac tumor of a sacral
teratoma which we reported previously (Qosterhuis et al,, 1993).

Metaphase preparations

Representative parts of the tumor were enzymatically digested (collagenase, Sigma), and
cultured in T75 flasks (Costar) for several days under standard conditions, i.e. 37°C in a
humidified atmosphere of 5% CQO, in DMEM/HF12 with 10% heat-inactivated FCS (BRL-
GIBCOQ), as reported before (Castedo et al, 1989). Mitotic cells were harvested afier 2-4 hours of
colcemid treatment, swollen in hypotonic solution, and fixed in methanol:acetic acid (3:1). For
conventional G-band karyotyping, air-dried preparations were digested with pancreatin (Sigma).
The chromosome consfifution was described according to the International System for Human
Cylogenetic Nomenclature 1995 (Mitelman 1995).

For CGH, metaphase spreads were prepared using slandard procedures from in vitro
phytohemagglutinin-stimulated peripheral blood lymphocyte cultures of a healthy male,

Comparative Genomic Hybridisation

High molecular weight DNA was isolated from the snap frozen tissue samples (test DNA)
and from peripheral blood of a normal male (reference DNA) using standard procedures (Maniatis
et al., 1982). DNA of the paraffin-embedded yoik sac tumor was isolated as described before
(Alers et al,, 1997). In case no aberrations were identified on the initial DNA sample (both
teratomas), DNA of purified tumor cells was acquired from frozen tissue as follows. Tissue
sections of 20 micron thickness of the samples were cut and air dried. In addition, a
hematoxylin and eosin staining was done of a parallel tissue section of 4 micron thickness for
additional histological control. The cells of interest were identified using an inverted
microscope (Axiovert [0, Carl Zeiss) and microdissected with a self-made glass capillary piece.
The section after microdissection was also stained for histological check. The tissue parts were
directly put into a reaction vessel, and dissolved in TNE (10 mM Tris, 400 mM NacCl, 2 mM
EDTA pH 8,2). Profeinase K (10 mg/ml) and SDS {10%) was added, and incubation was done
overnight at 37C. Subsequently, DNA was exiracted with phenol/chloroform/ isoamylalcohol
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(25:24:1) (Merck) and precipitation was performed with glycogen (10 mg/ml) (Boehringer) as
carrier. Pellets were dissolved in TE (Tris 10 mM, EDTA 0,1 mM, pH 8,0). Bight to 25 ng of
DNA from each microdissected teratoma sample and from a normal male were amplified by
standard DOP-PCR (Telenius et al., 1992). The quality of this approach was checked with
control DNA amplified with the same procedure derived from normal males {XY) and females
(XX). In total seven independent experiments were performed, and all showed a balanced
profile for the autosomes. The sex chromosomes showed the expected imbalances in gender-
mismatched hybridisations. In addition, CGH was performed on an osteosarcoma of a patient
with Rothmund-Thomson syndrom, both on genomic DNA without, as well as after DOP-PCR,
From the 20 imbatances found in the genomic DNA, 18 were ohserved afier amplification (two
false negatives). No aberrations were detected only in the sample after amplification (no false
postives). This method was reproducibly applicable on 8 ng DNA, equivalent to about 900
nuclei with a diploid DNA content {(nof shown). Of the samples studied, DNA equivalent of at
least 1500 nuclei was used for the amplification. This approach was successfully used to
investigate the chromosomal imbalances of various developmental stages of both seminoma and
nonseminoma, including CIS (Looijenga et al, 2000).

The CGH procedure and analysis was performed as described before (Rosenberg et al,,
1998). Both the control male DNA and the tumor DNA were directly labelled by nick-transiation
with lissamine and FITC respectively. The data were analysed using Quips XL software from
Vysis (Downers Grove, IL). Normalisation was carried out using the average of the green to red
fluorescent intensities for the entire metaphase. Five metaphases were studied for each case.
Losses of DNA sequences were defined as chromosomal regions where the average green-to-red
ratio and its 95% CI are below 0.9 while gains are above 1.1. These narrow thresholds of 0.9 and
1.1 are suitable for the direct labelling procedure, as used in this study (see above), as discussed by
us before (Rosenberg et al.,, 1998). The results obtained, with and without DOP-amplification,
resulted in narrow 95% confidence intervals (not shown and Looijenga ef al, 2000). The
heterochromatic blocks of chromosome 1, 9, 16 and Y, and the immediate tetomeric regions were
excluded from the analysis because these regions present variable results in experiments with
normal control DNAs,

In sitee hybridisation

FISH was performed with a chromosome 13 probe (YAC S0BC2, mapped to 13q34)
(Kingsley et al., 1997) kindly provided by B. Eussen {Depariment of Clinical Genetics, Erasmus
University Rotterdam). Since chromosome 13 did not show imbalances in any of the tumors by
CGH, combination of the FISH and CGH data made discrimination between diploid and
polyploidy possible. This approach has been found to be informative in previous studies on a cell
tine (Rosenberg et al., 1998) and invasive seminomas and nonseminomas (Rosenberg et al. in
press).

Chromosome [ band p36 is a critical region for CGH. Therefore possible loss of the 1p36
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region was studied in addition to CGH in more detail by means of a double FISH approach using a
probe specific for the centromeric region of chromosome 1 (Cook and Hindley 1979), as well as a
probe specific for the [p36 region (cosmid: D1832, pBG2.8, kindly provided by Prof. dr.A. de
Paepe, Centre of Medical Genetics, University of Gent, Belgium). Representative formalin-fixed
paraffin-embedded tissue section of 5 micron thickness were used. The procedure used is a
slightly modified method described previousiy (Hopman et al,, 1992). Briefly, the sections were
deparaffinized by xylene and methanol, pretreated in 1M NaSCN at 80°C and pepsin (8000U/mt)
at 37°C respectively followed by rinsing in distilled water and PBS and dehydrated. Probes were
labelled by nick-transiation, according to standard procedures, either with dioxigenin-11-dUTP
(Boehringer Mannheim, Germany) or biotin-16-dUTP, and applied in 10-15 ul hybridisation
mixture on the tissue slides (13q probe: 20 ng/ul, 1p36: 2 ng/ul and chromosome 1 centromere 2
ng/ul), The probes were denaturated together with the target by placing the slide for 10 min. on the
bottom of a 80°C oven. After hybridisation overnight at 37°C, the slides were washed stringently
and the hybrids were detected by FITC-conjugated sheep-anti-digoxigenin (Boehringer
Mannheim, Germany) and CY3-conjugated avidine {(Jackson Imntuno Research laboratories, Inc.
Westgrove, PA, USA) as described by us before (Mostert et al,, 1998), Results were studied with a
Zeiss Axioskop fluorescence microscope (Carl Zeiss Jena, Jena, Germany) with a Pinkel filter in
combination with a triple band-pass filter to visualise FITC, CY3 and DAPI simultanously. This
set of probes was verified to be usefull on a series of normal tissues, showing a 1:1 ratio (not
shown), as well as on host cells within the same histological section of which the tumor cells were
investigated. The tumor component was only scored when a 1:1 ratio was found in the controls. In
total 30 nuclei of each component were investigated, of which possible differences were
investigated using Student® f test analysis.

P53 mutation analysis

Since the majority (78%) of the missense mutations in the p53 gene are found in exons
5-8, the tumors were screened for mutations in this region using PCR amplification and
subsequent single strand conformation polymorphism analysis (SSCP) as described previously
{Schuyer et al., 1998). Briefly, the specific exon regions were amplified using commercially
available primers (Clontech, Pato Alto, CA, USA} and analysed by SSCP, PCR products
showing an altered electrophoretic mobility were re-amplified and sequenced by double
stranded sequencing.

Immunohistechemistry

Immunohistochemistry was performed on representalive formalin-fixed, paraffin
embedded tissue section of 3 micron thickness of both teratomas and all yolk sac tumors. The
P53 specific antibodies (DO-7, DAKO A/S, Denmark) were used int a final concentration of 80
ug/ml and the MDM2 specific antibodies {clone SMP14, NeoMarkers, Union City, USA) in a
final concentration of 40 ug/mi. The sections were pretreated with a modified heat induced

40



Chapter 2

antigen retricval method (Shi et al,, 1991) vsing 10 mmol/l citrate buffer pH 6.0. The detection
was done with the avidin-biotin-peroxidase complex (DAKO A/S Denmark) according to the
mamnufacturer’s instructions using 3,3’-diaminobenzidine as chromogen. Sections were tghtly
counterstained with hematoxyline. In all experiments, both positive {samples with known
presence of P53 and MDM2) and negative controls (samples without the presence of P53 and
MDM2, and without the first antibody} were included. Photographs were made using an
Olympus BX 50 microscope, equiped with a Olympus DP 10 camera and the Olympus DP-Soft
analysis system version 3.0 for Windows (Germany),
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Results

The age of the patients at clinical preseniation was 10 months for both teratomas, and 16,
18, 21, and 24 months for the yolk sac tumors. Both teratomas presented at stage I, and were
treated with surgery only. The patients were disease free 80 and 84 months after initial diagnosis.
All testicular yolk sac tumors presented also at stage 1, After surgical removal of the affected
{estis, the elevated alpha-fetoprotein level decreased according to half-life, Within several months,
however, a gradually elevated alpha-fetoprotein level was observed in two patients (cases no, 4
and 5), and multiple metastases in lung, abdomen, and lymph nodes adjacent to the left kidney and
the para-aortic region were identified. Chemotherapeutic treatment resulfed in complete remission
both by marker analysis and scanning techniques, aithough follow-up is less than 1.5 years. The
other two patients (no. 1 and 2) are still disease free 6 and 12 years after initial diagnosis.
Testicular parenchyma could be observed in all cases, in which immature germ cells, but no CIS,
were found (not shown). In addition, one recurrent yolk sac tumor of a sacral teratoma (case no. 3)
was investigated, The teratoma was diagnosed at birth, whereas the yolk sac tumor presented 19
months later with multiple metastases in lymph nodes in pelvic and spinal cord region. Afler
chemotherapy, a residual mature teratoma was found after surgical infervention. Twelve years
after initial diagnosis, the patient is still disease free.

Classical karyotyping after short term in vitro culturing showed 46,XY for both testicular
teratomas. The sacral teratoma was previously found to be diploid, aneuploidy was observed in
the recurrent yolk sac tumor (Qosterhuis et al., 1993). None of the testicular yolk sac tumors were
karyotyped successfuily. No chromosomal aberrations were detected with CGH in the teratomas
using DNA isolated from the total sample. Therefore the tumor cells were specifically purified
from frozen tissue sections using microdissection (see Figure 1), of which DNA was isolated and
used again for CGH (see MATERIAL AND METHODS section).

Fig. 1: Representative example of a frozen tissue section of a teratoma of the infantile testis,
before (left panel) and afier (vight panel) microdissection.
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Fig. 24: Swumary of the chromosomal imbalances detected by CGH in four yolk sac tumors of
the infantile testis (no. 1, 2, 4, and 5) and one recuwrrent yolk sac tumor of a sacral feratoma
(no. 3). DNA of all cases, except case no. 4, was isolated from snap frozen tissue. DNA of case
no. 4 was obtained from formalin-fived, paraffin-embedded tissue. CGH was performed on
DNA isolated directly from the samples, without amplification. Lines on the left and right side
of the ideograms indicate under- and overvepresentation of chromosome material. The thick
lines indicated the regions of high level amplification. The mumbers on top of each line refer to
the case analysed. B average profiles of case no. I (see also Figure 24). Gains of part of 3p,
9q, 17, 19q, 20g, and 22, and losses of parts of 4 and 6, as well as the amplification of a
discrete region on the long arm of chromosome 12 and 17 can be seen.
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Even using DNA isolated from these enriched tumor cells no chromosomal imbalances were
observed (not shown). As indicated previously (Rosenberg et al., 1998 and Rosenberg et al, 2000)
FISH with a specific probe against a chromosome showing a balanced patiems in CGH is
informative to obtain more infonmation about the ploidy of the cells under investigation. FISH
using a chromosome 13-specific probe revealed only tumor cells with two or less signals per
interphase nucleus (mean 1.8/SD 0.46 and 1.9/0.58, respectively, not shown), supporting diploidy.
Because of the high percentage of tumor cells in the yolk sac tumors (more than 80%, see Figure 4
right panel for a representative example), no niicrodissection of the tumor cells and subsequent
DNA amplification prior to CGH has been performed for these samples. All cases showed
chromosomal imbalances, summarized in Figure 2A, of which corresponding profiles are shown
in Figure 2B. Except for chromosome 13, all chromosomes showed imbalances at least in one of
the samples. In particular, loss of parts of 4q and 6q, and gain of parts of 20q were observed in all
cases, and gain of parts of 3p, 9q, 12p (see below), 17, 19 and 22, and loss of patis of 8q was
observed in the majority of them, The yolk sac tumors which developed distant metastases (cases
no. 4 and 5) showed specifically loss of parls of chromosome 5 and gain of parts of 14q and
chromoseme 21, Although the recurrent yolk sac tunior after a sacral teratoma (case no. 3} showed
a highly similar pattern of imbalances as found for the primary testicular yolk sac tumors (see
Figure 2A), loss of a part of 18q and gain of a part of 4p was specifically observed in this tumor.
Using FISH with the chromosome 13 specific probe, all yolk sac tumors (except case no, 2, of
which no appropriate material was available anymore) demonstrated tumor cells with three or
more signals (between 12 and 30%) for chromosome 13, supporting aneuploidy (not shown),

CGH showed loss of the 1p21-p3! region in two testicular yolk sac tumors and the
recurrent case of a sacral teratoma, while loss of 1p36 was found in only one of the testis.
Double FISH using a probe for the centromeric region of chromosome 1 in combination with
a 1p36-specific probe showed significant loss of the 1p36 region in all yolk sac tumors, but
not the teratomas (see Table 1 and Figure 3). This particular set of probes showed a 1:1 ratio
in all controls included (not shown).

Fig, 3: Represemtative example of the
double fluorescent in situ hybridisation
with a probe specific  for the
cenfromeric region of chromosome 1
(red signal), and one for the [p36
region (green signal) on a formalin-
fixed, paraffin-embedded yolk sac
tumor of the infantile testis {vase no. 4).
Note the reduced number of signals of
the 1p36 region (green} compared fo
the centromere (red) (see also Table I).
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Table 1.
Results of the double fluorescent in situ hybridisation with a probe specific for the centromeric
region of chromosome | and Ip36. The samples includes formalin-fived, paraffin-embedded tissue
of two feratomas, three yolk sac tumors of the infantile testis (case no. 2 was not studied), and one
recurrent yolk sac tumor after a sacral teratoma (case no. 3). (Mean, standard deviation (between
brackets), and corresponding p-values of Student's t analysis are indicated)

Histology: Case; Cenfromere: 1p36: p-value
Teratoma.
A 1,7 (0.60) 1.9 (0.57} NS
B [.8 (0.44) 1.8 (0.38) NS
Yolk sac tumor:
1 2.0 (0.64) 1.5 (0.82) <0.001"
3 1.5 €0.57) 0.9 (0.31) <0.001"
4 3.8 (0.90) 2.0(0.29) <0.001"
5 3.1(0.82) 2.1 (0.71) <0.001’

*NS = not significantly different; ‘significantly different

One testicular yolk sac tumor {case no.1) showed high level amplification of the 12q13-
qld region, and although at a lower level, of region 17qi2-q21 (see Figwre 2B).
Immunehistochemistry showed that all teratomas and yolk sac tumors are positive for MDM?2 (see
Figuwre 4), of which the corresponding gene maps to 12q13-q14. No p53 protein could be observed
(see Figure 4), and no mutation within exons 5-8 of this gene were found (not shown).
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TERATOMA YOLK SAC TUMOR

CWAN

Fig, 4: Representative examples of the immunohistochemical detection of the P33 protein
(middle panel) and MDM2 protein (lower panel) on a tissue section of a formalin-fixed,
paraffin-embedded teratoma (lefi panel) and yolk sac tumor (right panel) of the infantile testis.
No P33 could be detected, while all tumor cells showed the presence of MDM?2. The
corresponding hematoxylin and eosin (H&E) stained slide is represented in the upper panel of
the illustration. (magnification 100 X)
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Discussion

The pathogenetic relationship between the rare testicular germ cell tumors of infants and
the more frequent testicular germ cell tumors of adolescents and young adults, i.e., seminomas
and nonseminomas, is a matter of debate. This is partly because of misdiagnosis of testicular
germ cell tumors of adolescents and young adulis of especially young patients as those of the
infantile testis. In our study, the oldest patient was 24 months of age at clinical diagnosis,
thereby excluding this possibility. Indeed, the histologies found in this series were only
teratoma and yolk sac twmor, as suggested before to occur in this particular subgroup
(Oosterhuis et al,, 1997). In addition, none of the cases showed CIS in the adjacent parenchyma,
being the precursor cells of seminomas and nonseminomas (Skakkebzk 1972),

Infonnation about the chromosomal constitution of germ cell tumors of the infantile
testis is lmited, and on some poinls contradictory, Both flow cytometry and karyotyping
suggested that teratomas of the infantile testis are diploid without gross chromosomal
aberrations (Kaplan et al, 1979; Silver et al., 1994; Stock et al, 1995). To exclude
misinterpretation due to loss of tumor cells during sample preparation, we performed CGH and
FISH. No chromosomal aberrations were observed, not even using DNA for CGH derived from
microdissected tumor cells. These results prove for the first time that teratomas of the infantile
testis are diploid without gross numerical chromosomal anomalies. In contrast, chromosomal
aberrations were observed in the yolk sac tumors. In particular, loss of parts of 4q (23.33) and
6q (16-22), and gain of parts of 20q was found in all cases, and loss of parts of 1p (21-31} and
8q (23), and gain of parts of 3p (22-24), 9q (34), 12p (12-13), 17q (22-25), 19q (13), and 22
{13} was present in at [east three (the minimal overlapping regions are indicated between
brackets). These data provide a clear overview of chromosomal imbalances most often found in
yolk sac tumors of the infantile testis. Several of these aberrations are in accordance to earlier
findings. In particular, loss of 6q and 3p aberrations have been consistently found in the few
karyotyped cases (Oosterhuis et al,, 1988; Oosterhuis et al., 1993; Perlman et al., 1994; Bussey
et al.,, 1999), In addition, imbalances of (paris of) chromosome 8, 17, 19, 20 and 22, have been
reported occasionally (Oosterhuis et al,, 1988; Jenderny et al., 1995). Loss of the Ip36 region,
consistently found in infantile yolk sac tumors, including those of the testis (Petlman et al.,
1994, Stock et al., 1995; Jendemy et al,, 1995; Perlman et al., 1996; Bussey ¢t al,, 1999), is
supported by our FISH data, However, the recurrent aberrations anomalies found on
chromosomes Lp (21-31) and 4q (losses) and 9q and 12p (12-13} (gains) are novel, Noteworthy,
development of distant metastases might be related to loss of parts of chromosome 5, and gain
of parts of 14q and 21, which serves further investigation.

The recurrent yolk sac tumor of a sacral teratoma included in this study showed a highly
similar pattern of imbalances compared to those of the infantile testis, in accordance to two
cases studied by karyotyping (Perlman et al., 1994). This suggests that the chromosomal make
up of this tumor is more associated with histology than with anatomical site. We recently
performed CGH on a pure yolk sac tumor component of a mixed nonseminoma of the adult
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testis (Looijenga et al, 2000). Although in general this yolk sac component showed a different
pattern of chromosomal losses and gains compared to the results found in this study, loss of 6q
was an cxception. This anomaly was specifically found in the yolk sac tumor component of the
nonseminoma of the adult festis, as well as in all yolk sac tumors included in this study, which
suggests that it is related to yolk sac histology.

Three of the yolk sac tumors of the infantile testis showed overrepresentation of the
[2p12-13 region specifically, which might explain the inconsistency found in literature
(Perliman et al., 1994; Jendemy et al., 1995; Stock et al., 1995). Gain of the complete short arm
of chromosome 12 is the most recurrent, and characteristic, chromosomal aberrations in
testicutar germ cell tumors of adolescents and young adults (Sandberg et al., 1996, for review).
In addition, high level amplification of the [2p11.2-12.1 region can be found additionally
(Mostert et al., 1998). Moreover, both seminomas and nonseminomas are consistently
ancuploid (Qosterhuis et al., 1989; Van Echten-Arends et al, 1995; Mostert et al,, 1996;
Rosenberg et al., 1999), with a characteristic pattern of numerical aberrations: gain of parts of
chremosomes 7, 8, 12 (short arm}, and X, and loss of (parts of} 4, 5, 11, 13, 18, and Y. We also
showed that gain of chromosome 9 is specifically found in spermatocytic seminomas (Rosenberg
et al, 1998). These patterns are clearly different from that found in the yolk sac tumors (and
teratomas) of the infantile testis as reported here.

The available data so far favour independent pathogenetic pathways for germ cell tumors
of the infantile testis and those of the adult testis, i.e., seminomas, nonseminomas and
spermatocytic seminomas. This is also supported by the absence of P53 both in teratomas and
yolk sac tumors, whereas it has been consistently found in seminomas and nonseminomas
(Schenkman et al., 1995; Guillou et al., 1996). Because of this finding, and absence of mutations
within exons 5-8 of this gene, genetic inactivation of p53 in infantile testicular germ cell tumors
is unlikely, although presence of the MDM2 protein might inactivate P53 by proteolytic
breakdown {Prives 1998, for review). Amplification of the 12q13-q14 region, as found in one of
the yolk sac tumors studied, and the immunohistochemical data, are compatible with such an
involvement of MDA2.

In conclusion, the three entitics of testicular germ cell tumors, i.e., teraionias and yolk
sac tumors of infants, seminomas and nonseminomas of adelescents and young adulis, and
spermatocytic seininomas have separate pathogenetic pathways, associated with characteristic
chromosomal anomalies, Application of FISH with probes for the chromosomal regions
specifically lost or gained in the different groups of testicular germ cell fwmors might be
applicable in a diagnostic setting.
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No data on the chromosomal constitution of spermatocytic seminomas are available thus far because of their rarity. Ploidy
analysis performed on parafin-embedded cases showed varying results from (near-) diploid to aneuploid. Ve applied
comparative genomic hybridization on four snap-frozen primary spermatocytic seminomas of three different patients.
Conventional cytogenetic analysis was successful in one, and “interphase cytogenetics” with centromeric region-specific probes
was applied to another. The results from comparative genomic hybridization showed almost exclusively numerical chreme-
somal aberrations, in agreement with the data from karyotyping. Despite the limited number of cases studied. a nonrandom
pattern of chromosome imbalances was detected: chromosome 9 was gained in all spermatoeytic seminomas. This suggests that
that this aberration plays a rofe in the development of this cancer. Interphase cytogenetics shows that the copy number of most
chromosomes ranges from two to four, with an average of near trisomic. This constitutes the first report on the chromosema!

constitution of spermatocytic seminomas, Genes Chromosomes Cancer 23:286-291, 1998,

INTRODUCTION

Spermatocytic seminomas are rare testicular tw-
mors of germ cell origin that occur preferentialty in
elderly men (Burke and Mostofi, 1993; Cummings
et al,, 1994). In general, they are benign (Talerman,
1980; Talerman et al., 1984; Burke and Mostofi,
1993), and bilateral presentation has been reporced
{Talerman, [980; Bucke and Mostofi, 1993). Due to
the low incidence of spermatocytic seminomas,
cytogenetic analyses have not been reported on
these tumors to date, The only chromosomnal data
availzble are the modal chromosome numbers of
two cascs that were described in 1973 (Atkin, 1973)
which showed 52 and 82 chromosomes. However,
ploidy analyses by means of flow cytometry and
image analysis showed wvarying and sometimes
conflicting results (Talerman et al., 1984; Dekker et
al,, 1992; Takahashi, 1993; Looijenga et al., 1994),

We applied comparative genomic hybridization
{CGH; Kallioniemi et ai,, 1992} on four snap-frozen
primary spermatocytic seminomas from three differ-
ent patients, One of the spermatocytic seminomas
was analyzed successfully also by using cytogenetic
analysis without in vito culture, and that case
constitutes the first in the literature. Because no
ploidy information can be asseciated with CGH
results without compliementary studies, in addition,
we investigated ene of the spermatocytic semino-

© 1998 Wiley-Liss. Inc.

mas bv using fluorescence in situ hvbridization
(FISH) with centromerie-specific probes,

MATERIALS AND METHODS

Samples

Testicular samples were collected in coliabora-
tion wicth Deparements of Urology and Pathology at
institutions in the Southwestern part of the Nether-
lands. After incision, representative samples were
snap frozen, formalin fixed, and, subsequently,
paraffin embedded, Paraffin-embedded tissue sec-
tions were stained with hematoxylin and eosin and
PAS for glvcogen content, and they were stained
immunohistochemically for placental-like alkaline
phosphatase, a-fetoprotein, human chorionic go-
nadatropin, cytokerating 8 and 18, and vimentin,
The tumors were classified according to the VWorld
Health Organization classification for testicular tu-
mors (Mostofi and Price, 1973). In addition, an
enzyme-histochemical detection of alkaline phos-
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phatase reactivity was applied, as reported previ-
ously (Mosselman et al., 1996).

CGH

High-motecular-weighe DNA was isolated from
histologically checked samples (test DINA) and
from peripheral bloed of a normal mate (reference
DNA) by using standard procedures (Sambrook et
al,, 1989). The CGH procedule was based on the
protocol described by Kallioniemi ec al. (1994) with
a few modifications. Briefly, test DNA was direct
fabeled with lissamine-dUTP (NEN Life Science
Products, Brussels, Belgium), and control male
DNA was [abeled with digoxigenin-dUTP (Boeh-
ringer Mannheim, Mannheim, Germany), Two hun-
dred ng of each labeled DNA and 10 pg of Cot-1
DNA were hybridized 1o normal male metaphases.
Test DNA was detected with one layer of antidigoxi-
genin-fluorescein isothiocyanate (FITC; Boeh-
ringer Mannheim), and slides were counterstained
with 4,6-diamidine-2-phenvlindole (DAPI), in an
antifade solution (VectaShield; Vector Laboratories,
Burlingame, CA), Digital images were collected by
using an epifluorescence microscope (DM; Leica,
Wetzlar, Germany) equipped with a triple band-
pass beam splitter and emission filters (P-1 filter
set; Chroma Technology, Brattleboro, VT) and
analyzed by using QUIPS XL software from Vysis
(Downers Grove, JL). Losses of DINA sequences
were defined as chromosomal regions where the
average green-to-red ratio and its 95% confidence
interval were below 0.8, whereas gains were above
i.2. These threshold values were based on measure-
ments {rom a series of five controls.

Cytogenetic Analysis

Representative parts of threg out of the four fresh
spermatocytic seminomas were processed to pro-
duce metaphase spreads directly after surgical re-
moval, as described previously (for review, see Van
Echten ¢t al., 1995b). The chromosomal censtitu-
tions were described according to the recommenda-
tions of the ISCN {1995).

FISH

Centromere-specific probes were used to ascer-
tain the chromosome copy number and evaluate
the CGH results in the tumor designated spermato-
cytic seminoma 2 (S82), The probes used were
PUCI.77 (chromosome 1; Cooke and Hindley,
1979), poc12ZH8 {chromosome 12; Looijenga et al.,
1990), DI5Z1! (chromosome [5; Higgins et al,
1985), pi8.4 {chromosome 18; Devilee et al., 1986},
pBamX (X chromosome; Willard et al,, 1983), and a
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probe far the Y chromosome (Wolfe et ai., 1985).
Probes were labeled by using nick translation either
directly, with fluorochromes (lissamine-dUTP or
FITC-dUTP; NEN Life Science Products), or
indirectly, with biotin-dUTP (Sigma, St. Louis,
MOQO) and were then detected with one layer of
streptavidin-FI'TC (Vector Laboratories). Hybridiza-
tions were performed by using combinations of rwo
probes in different colors, i.e,, chromosomes 1 anid
15, chromosomes 12 and 15, chromesomes 18 and
15, and the X and Y chromosomes. Target slide
preparation from frozen material, in situ hybridiza-
tion, and posthybridization washes were performed
as described previously (Fechner etal,, 1994; Rosen-
berg et al,, 1994),

RESULTS

At the time of diagnosis, the patients were 46, 48,
48, and 83 years of age for $S1-854, respectively.
852 and 853 were from a bilateral case, and both
tumors were ¢linically manifest within 6 months.
None of the patients had cryptorchidism. The
diagnosis of spermatccytic seminoma, which was
made initially on a frozen hematoxylin and cosin-
stained tissue sectiens, was supported by the nega-
tive results of enzymatic alkaline-phosphatase reac-
tivity, In each case, the diagnosis was confirmed
alse by morphological and immunohistochemical
analysis of paraffin-embedded sections. Three dif-
ferent cell ypes could be identified in cach case:
small, intermediate, and large cells, of which the
intermediate cells were most abundant. No expres-
sion of a-fetoprotein, human chorionic genadotro-
pin, vimentin, or glycogen was detected, whereas
some placental-like alkaline phosphatase-express-
ing cells were found in all four cases, and cytokera-
tin-positive cells were found in two cases (552 and
584; not shown). Testicular parenchyma was pre-
sent adjacent 1o all tumors and lacked carcinoma in
situ, which is the precursor of testicular seminomas
and nonseminomas (Skakkebzk, 1972), This was
determined by morphological criteria, immunohis-
tochemical analysis for expression of placenta-like
alkaline phosphatase, and enzymatic staining for
alkaline-phosphatase reactiviey. However, intratubu-
lar spermatocytic seminoma, which is supposed to
be the precursor lesion of this cancer (Seully, 1961;
Talerman, 1980), was found in two cases (851 and
S§82; not shown), No differences in immunohisto-
chemical staining patterns were observed between
the paraffin-embedded and snap-frozen samples, as
described previously (Matoska et al., 1988).

CGH was performed by using DNA from repre-
sentative snap-frozen tissue sections from each case
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Figure 1. Resules of comparative genomit hybridization of spermatocytic seminama 2 {552) showing a
representative example of a digital image of a normal metaphase spread (46.XT) hybridized with DINA
Isofated from the wmor (detected in green) and reference DNA [46.XY] (detected in red),

that had been checked histologically for the pres-
ence of at least 80% tumor cells. A representative
pseudocolor CGH image from one of the wmors,
5§82, is shown in Figwre 1. The chromosomal
imbalances detected are summarized for each tu-
mor in Figure 2. Excluding the Y chromosome, 23
imbalances were found in coral. All included full
chromosome gains or losses, with one exception:
overrepresentation of 1q in $54. Some imbalances
were detected only once, Le., gain of chromosomes
5, 6, and 21 and loss of chromosomes 7, 19, and X.
Others were found in at least two cases, in particu-
lar, gain of chromosomes 1(g), 9, 18, and 2(tand loss
of chromosomes 13, 15, and 22, of which the
aberrations of chromosemes 13, 15, and 18 were
present only in the bilazeral cases. In 1otal, the
biateral cases showed seven gains of (tive differ-
ent) chromosomes and also seven losses of (five
different) chromosomes. Eight of the 14 imbalances
(37%) were detected in both cases, Gain of chromo-
some 9 was present in all spermatocytic seminomas
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Figure2 Summary of chromosomat imbalances detected by compara.
tive genomlc hybridization in the four spermatocytic seminomas studied.
Lines on the left and right sides of the ideograms indicate under- and
over-representation of chromoseme materizl, respectively. The num.
bers on top of each fina refer to the case anzlyzed. Note that 552 and

$53 are bitateral.

tested, whereas gain of chromosomes | and 20 and
loss of chromosome 22 were found in at least tweo
independent cases. Other than involvement of
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deseription, see Results,

chromosome 9, seven of the 13 chromosomes
showed imbalances in two or more cases, and all
presented either gain or loss.

In an attempt to praduce metaphase spreads that
were suitable for cytogenetic analysis, three of the
four spermarocytic seminomas (cases $51, 852, and
$83) were processed directly afrer orchidectomy.
Despite the high mitotic indices, as demonstrated
by histological examination (not shown), the at-
tempt was successful only for 8§51, in which 22
metaphase spreads could be analyzed completely. A
representative karvotype is shown in Figure 3. In
agreement with the CGH results (sce above),
mainly numerical aberrations were dewected. The
chroemosome number ranged from 74-83, which
corresponds 10 2 borderline ploidy between tri-
ploid and tetraploid, The composite karyorype
was 74--83<3n>, XY,add(X)pl1)(4),+Y,+1, add
){pl15.1)[8], +5,+6, +add(6){q21)I8), -7,+9,+9, +10,
inv(10)(q22q24)X2, del{12)(p11.2p12)[5], +14, +17,
+19, +20, -22,+mar [¢p22]. More than four copies
of chromosomes 5, 6, 9, 17, and 20 were found, and
fewer than 2.5 copies of chromosomes 7, 10, and X
were found; By using CGH, these copies were to be
over-represented and under-represented, respec-
tively, with the exception of chromosomes 10, 17,
and X. The undetected loss of the X chromosome is
explained by the use of male DNA as a reference.,
The structural (nonbalanced) aberrations that were
identified by cytogenetic analysis probably were
not detected by CGH because of the fact thatonly a
minority of the metaphases studied contained these
aberrations. Although 22 metaphases were studied,
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Represantative karyotype of spermatecytic seminomz {$51), For composite karyotype

the structural aberrations were found in eight or
fewer,

Bicolor FISH with centromeric, region-specific
probes was performed on isolated nuclei from
frozen material from case SS2 (one of the bilateral
cases), Because CGH indicated that only complete
chromosomes showed imbalances in this particutar
tumor, centramere-specific probes were suitable 1o
determine the copy numbers of chromosomes. The
centromeres investigated included chromosomes
that showed no imbalances in CGH {chromosomes
| and {2), one that showed under-representation
{chromosome 15), and one that showed over-
representation (chromosome 18) along with se-
quences for the centromeres of chromosomes X
(which also showed no imbalances with CGH) and
Y (which showed amplification with CGH hoth by
profile and by visual evaluation), Most nuclei
showed 1wo to four signals for the centromere of
chromosomes 1 and 12, However, almost no nuclei
were found that contained three copies of chromo-
some 12. The majority of nuclei contained one or
two signals for chromosome 15 and four or five
signals for chromosome 18. Most nuclei showed one
or two copies of the X chromosome and two to four
copies of the Y chromosome. These results are in
overall agreement with the CGH data found (sec
above). The bicolor FISH approach illustrated that
different subpopulations of tumor cells can be
distinguished within this spermatocyiic seminoma
(not shown). All nuclei containing one X chromo-
some also contained one Y chromosome, and most
af the nuclel containing two copies of the X
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chromosome also showed nvo copies of the Y
chromosome. However, the majority of nuclei with
three copies of the X chromesomie. contained two
copies of the Y chromosome, which was also found
for nuclei that contained four copies of the X
chromosome. Only nuclei wirth either one or rwo
copies of chromosome 15 were identified, whereas
the copy numbers of chromosomes 1, 12, and 18
varied berween two and four, two and seven, and
one and five, respectively.

DISCUSSION

The lack in the literature of cytogenetic data on
spermatacytic seminomas is likely to be due to the
rarity of these tumors. In a period of about 6
consecutive vears, we collected a taral of 357 fresh
testicular germ cell twmors from adolescent and
adult patients, i.e., seminemas and nonseminomas,
in the Southwestern part of the Netherlands, In the
same period, the four fresh spermatocytic semino-
mas described here were collected.

The morphological and {immuno)histochemical
data from the spermatocytic seminomas included in
this study were in agreement with earlier findings
(Talerman, 1980; Matoska et al,, 1988; Dekker et
al, 1992; Burke and Mostofi, 1993; Cummings et
al., 1994; Eble, 1994). However, a number of
relevant observations were made on the chromo-
somal constitution of the spermatocytic seminomas
by using CGH supported by evtogenetic analysis in
one case and supported by FISH in another case,
‘The majority of chromosomal aberrations detected
were gains and losses of full chromosomes, indicat-
ing missegregation of chromosomes as the main
mechanism for producing chremosomal aberrations
in spermatocytic seminomas, The fact that struc-
tural chromosomal aberrations are rare in spermato-
evtic seminoemas might be related to their benign
behavior (Talerman, 1980; Talerman ec al,, 1984;
Burke and Mostofi, 1993). Therefore, it may be
interesting to study the chromosomal constitution
of the sarcomatous elements that are sometimes
found in spermatocytic seminomas, predicting a
poor clinical outcome (Macoska et al., 1988; Bucke
and Mostofi, 1993; Eble, 1994), Other than the
pattern of almost exclusively numerical aberrations,
gain of chromosome % was found in all four sper-
matoeytic seminomas, which, therefore, seems to
be important in the development of this cancer, It is
of interest that this particular chromesome is usu-
ally under-represented in testicular seminomas and
nonseminomas (Mostert et al,, 1996; for review, see
Van Echten er al., 1995a). These tumors alse
ariginate trom germ cells but from an carlier stage

of maturatien, most likely primordial germ ceils
(Skakkebak, 1972; Jorgensen ct al., 1993). Among
the other imbalances found in the spermatocytic
seminomas tested, no chromosome thar was found
o be under-represented in one sample was found
1o be over-represented in another, and vice versa.
This indicates that gains and losses of chromo-
SOMES N spermatocytic seminomas are nonrandom.
These findings, tegether with the fact that gain of
12p sequences is characteristic for testicular semino-
mas and nonseminomas (Van Echten et al,, 1995a;
Korn et al,, 1996; Mostere et al., 1996) but are not
found in spermatocytic seminomas (this report},
add the cytogenetic differences berween these two
wvpes of germ cell-derived cumors of the adule testis
to the differences already established ar other
levels, ‘
Morphologically, spermatoeytic seminomas are
composed of three tvpes of cells: small, intermedi-
ate, and harge (Burke and Mostofl, 1993; Cummings
et al., 1994 Looijenga et al,, 1994; chis study; for
review, see Eble, 1994). Although cvtogenetic analy-
sis did not demonstrate any heterogeneity, most
likely due to selection of a subpopulation of cells in
mitosis at the time of handling, the results obtained
by using bicolor FISH indeed showed the presence
of cell populations with different chromosomal
constitutions, despite the fact that CGH revealed
no imbalances for chromosomes 1, 12, X, and Y.
These chromosemes constitute a good paramerer
with which to estimate the ploidy of the tumor
cells, Although distributions of these chromosomes
differ among each other, the chromosomes that
were found to be “halanced” by CGH presented a
distribution benween two and four copies, with an
average of ncar trisomic. The distribution of the sex
chromosomes suggests that at least diploid (XY),
tetraploid (NXYY), and @ more heterogensous popu-
lation of hypertetraploid (NANYY and XNAXYY)
cells are present. Because almost all celis contained
one or two copics of chromeseme 15, we conclude
that loss of chromosome 15 is an: early event in the
pathogenesis of this spermatocytic seminoma, i.e.,
before generation of the hyperdiploid cells. In
contrast, 2 more heterogeneous copy number distri-
hution was found for chromosomes 1, 12, and 18,
indicaring that more complex mechanisms of gains
and losses in addidion to simple polyploidization of
the cells affect these chromosomes. Although these
data support the morphological and pleidy analysis
by showing the presence of different populations of
cells in spermatocytic seminomas, no conclusions
can be drawn regarding the relationship between
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Fluorescence In Situ Hybridization-Based Approaches
for Detection of 12p Overrepresentation, in Particular
i(12p), in Cell Lines of Human Testicular Germ Cell

Tumors of Adults

M. M. C. Mostert, M. van de Pol, J. van Echten, D. Olde Weghuis,
A. Geurts van Kessel, J. W. Oosterhuis, and L. L. J. Looijenga

ABSTRACT: Overrepresentation of the short urm of chroniosomre 12 is frequently detected in human
testicular gerni eell tnmors of adolescents and udults [TGCT). This overrepresentation mostly results
Jrom the formation of an isochromosome: if12p). Whellier the overrepresentation consistently involves
the complete 12p arm including the centromere is still uneclear. We studied five TGCT-derived cell lines
(NTz, 2102£p, 1112.1, NCCIT, and 82), combining conventional chramosome barding, fluorescence in
situ tiybridization (FISH), and comparalive genomic hybridization (CGH] to investigate the suitability of
each of these techningues lo delect aborrations involving chromosome 12, Karvotyping showed one ar
more i{12pjs in NT2, 2102Ep, H12.1, and 52. However, FISH with a centromere-specific probe (pal2Hs),
a 12p “paint” and a 12p11.2-p12,1 region-specific probe veast artificial chromosome {YAC] #5 and CGH
eould not confirm the presence of an #{12p}in 52. Additionul randomly distributed 12p sequences wore
detecled by FISH in I112.1, NCCIT, and 52, In most aof these cases, {a part of} the centromere was
included. All overrepresented 12p regions, except for those in 52, showed hvhridization with YACHS.
CGH showed increased copy numbers of the coniplete 12p arm in the cefl lines with one or more if 12p)s
hut sio overrepresentation wos noted in the cell lines without if 12p). In melaphose spreads, the centro-
merie block of the i{12p)s differed in size as compared with those of nermal chromosauies 12. This was
rarely noled in interphase nuclei. A decrease in size of the ventromeric block in 2102Ep and 1H12.1
caused a weuk FISH signal, which was difficult to delect, especially in interphase nuclei. The ratio
Letween pal2118- and YAC#S-derived signals reflected the presence or absence of one ar more if 12p)s,
Our results indicate that donble FISH with a centroniere- and a 12p-specific probe can be used to detect
12p overrepresentation [including i{12p)} in TGCT both in metaphase spreads and interphase nuclei,
CGII confirmed the relative overrepresentation of 12p sequences as delected by FISH and showed that

in these cell lines the complete 12p was invalved.

INTROBUCTION

Human testicular germ cell twmors of adolescents and
adults (FGCT) van clinically and histologically be grouped
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into two entities; the seminomas (SE) and nonseminoma-
tes TGCT (N8) (1, 2), Al TGCT originate from a common
precursor, carcinoma in situ {CI$) {3}, Despite a hypertrip-
loid DNA content for CIS and SE and a hypotriploid DNA
content for NS [4-6], they show a striking similarity in
chromosome constitution (7], suppoiting n common patho-
genetic origin. The only recurrent chromosome abnormal-
ity detected both in SE aml NS by conventional karyotyping
is an isochromosome of the short arm of chromosome 12
{i{12p]], present in ~70% of all TGCT !8]. The presence of
an i(12p) is sufliciently specific to classify a cancer of the
male gonad as a TGCT [9, 10]. In addition, the number of
vopies of i{12p)s has Leen suggested to be a prognostic
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parameler [11, 12]. Cytogenctically, TGCT without i(22p)
show significantly more breakpoints in the 12p13 band as
compared with those with i{12p) {8, 13).

Recently, fuorescence in situ hybridization (FISH),
which can be applied on metaphase spreads as well as on
interphase nuclei (“interphase cytogenetics™), was intro-
duced [14-17]. This iechnique confirmed the genuine
nature of the i(12p) in TGCT (18, 19] and showed that al}
i(12p)-negative TGCT tested so far conlained additional
12 sequences (13, 20}, hnplyiag that rolative overrepre-
sentation of 12p sequences s crucial for tho dovelapment
of a clinically manifest TGCT, FISH on interphase nuclei
with a centromers-specific probe for ehromosome 12 has
been used 1o identily TGCGT [11, 21], based on a consistent
sizo difference between the hybridizing centsomeric region
of the isochromosome and the normal chromosome 12
homologues. The reliability of this method depends on the
consistent involvement of cemtromeric sequences in the
formation of {12p). TGCT withow! size differences of
the centromeric regions of the chromesmues 12 and their
derivatives, including the “i{12p)-negative” TGCT, will not
be recognized by this approach.

We used the combination of chromosome banding and
FISH on metaphase spreads to study overropresentation of
centromeric and 12p sequences in five TGCT cell lines.
The results wero compared with the findings on interphase
nuclei. In addition, we used the comparative genomic
hybridization (CGH) technique [22, 23] to study the pres-
once of 12p averrepresentation in these cell lines.

MATERIALS AND METHODS

Cell Lines

We analyzed five established TGCT-derived cell lines,
three derived from NS {i.c.,, NT2 (24}, 2102Ep [25], and
H12.1, a gift from H.-]. Schmoll, Hannover, Germany) and
two cell lines reported to show SE-like charasteristics {i.e.,
NCCIT 128} a gift from I. Damjanoy, TX, 1.5.A.) and 82 {a
gift from A. von Keitz, Marburg, Germany). The cell lines
were cultured by conventional methods (37°C, 5% CQ,) in
culture flasks {Costar, Cambridge, England) and passaged
every 2-4 days by typsinization, depending of the growth
rate of cach individual cell line,

Slide Preparation for Conveational Chramosome
Banding and FISH

Cell suspensions for generation of metaphase spreads of
the five cell lines were prepared according to standard
pracedures, The mitotic cells were harvested after 2—4 h of
Colcemid {Life Technologies, NY, U.S.A.} treatment, swal-
len in hypotonic KCl solution, and fixed with methanol:
acetic acid fixalive,

Far conventional karyolyping, air-dried preparations
were banded with pancreatin (Sipma, St. Leuis, MO, U.5.A)}
as reported previously {27). The chromosome constitution
is described according to the International System for
Human Cytogenetic Nomenclature 28], except that it is
calculated oa the basis of a triploid instead of a diploid
I3NA content because of the consistent peritriploid DNA
content of TGGT {4, 7],
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The slides used for the combination of GTG-banding
and FISH wero prepared as reported previously [29], with
some modifications. Air-dricd slides were incubated over-
night at 69°C. During the first minutes, the lemperature
was continuously raised from room temperature to the
final temperature. Subsegquently, the slides were washed
in 2 X S8C for i.5 h. After a single wush in 0.85% NaCl,
tho slides were digesied for 1-5s at room temperature sith
0.25% trypsin (Difco, Brunschwig, Amsterdarm, The Neth-
erlandds) in the same buffer. Afler two washes in 0.85%
NaCl, they wero stained for 3 min with Giemsa, according
io the manufacturer's recommendations (Brunschwig Che-
mie, Amsterdam, The Netherfands), The slides wese washed
twice and air dried. Metaphases of interest were photo-
graphed with an Axiophot microscope (Zeiss, Weasp, The
Netherlands) and then destained in 70% ethanol for 15
min at room temperatare and directly used for FISH.

Generation and Labeling of the Probes for FISH

To obtain a suilable §2p “paint” for FISH, i{12p}s from the
cell line NT2 were flow sorted, amplificd, and biotin labeled
by degenorated oligenuclestide primed (DOP)-polymerase
chain reaction (PCR) as previously described {30]. In addi-
tion, a yeast artificial chromosome [YAC)#5 (i gift from Dr.
R. Gemmill, Denver, CO, U.S.A.), mapped to chromoscme
region 12p11.2-pt2.1 [23] was used. This YAC, ~300 kilo-
bases (kb) long, was purified by pulse-field gel etectro-
phoresis and amplified by DOP-PCR (38 cycles} as
describad proviousty [3t). Subsequently, the DNA was
labeled with biotin-14-dUTP (GIBCO-BRL, Gaithersbueg,
MD, U.5,A.) in a second round of amplification (30 cycles)
under the same conditions, axcept that the dTTP concen-
tration was reduced to half. The centeomoric region of
chromosome 12 was visualized with probe pa12H8 [32,
33], which was labeled by a standard nick-transtation kit
(Boeheinger, Mannheim, Germany) with biotin-11-dUTP
(GIBCO-BRL) {or the single and with digoxigenin-11-dUTP
[Bochringer) for the double FISH experiments,

FISH

The labeled prolies were dissolved separately in 10 pt
hybridization mixture (hybmix), 2X88C confalaing 50%
formamid (Merck, Darmstadt, Germany), 10% dextran sul-
fate (Pharmacia, Uppsala, Sweden), and 8 g/l herring
sparm as carrier DNA in 2XS85C (final pH 7.0), The probe
concendrations in the hybmix wero 2 ngfud for paizlis
and 20 ng/pl for both the 12p paint and YAC#S5. FISH was
performed as described, previously [14], with seme minor
modifications. After danaturation {70°C for 5 min in hyb-
mix), the 12p paint and purified YAC#5 were preannealed
with a 25-fold excess of €OT-1 DNA (Life Technologies).
For the double FISH, the heal-denaturated (100°C for 3
min) pul2H8 was added to the hybmix after preannealing
of YAC#HS. The denaturated probe mix was added to dena-
{urated slides (4 min in 70% formamid at 72°C, 2xX88C,
pH 7.0) and hybridized for 16 h (overnight).

The hybrids were visualized with mouse-anti-digoxige-
nin, tetremethylrhodamine isothiecyanate (TRITC) conju-
gated rabbit-anti-mouse and TRITC-conjugated goat-anti-
rabbit (all Sigma) or alternating layers of FITC-conjugated
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avidin and biotinylated goat-anti-avidin antibodies {Vector
Laboratories, Burlingama, CA, 1L.5.A.). Finally, the slides
were mounted in antifade (p-phenylenediamine dihydro-
chlaride, §0% glycerol, pH1 8.0), supplemented with 4,6-
diamino-2-phenylindole (DAPL, Sigma} (final concontra-
tion 1 pgfml) for countorstaining of tha chromosomes.
Results were studied with a Zeiss Axiophot epiflucres-
cence microscope, equipped with appropriate fillers for
tho visuvalizatien of FITC, TRITC, and DAPI fluorescence,
Representative photographs were made conventienally or
with a Phelomotrics high-perdormance CH250/A cooled
CCD-camera (Photometrics, Tucson, A%, U.5.A.). Tho final
figures were penerated with a Macintosh Quadrea 850 com-
puter using the BD}S-image FISH software package (Oncor,
Gaithersburg, MD, U.5.A.).

Screening and Inlerpretalion

The karyolypes were interpreted by an experienced cyto-
genetic technician unaware of the FISH resulls, FISH
rosults were scored separately by two individuals, For
each experiment, 25 metaphases and 100 imerphase nuclei
were counted. Signal distributions per samplo were sum-

Table 1

marized as tho mean number of spots/metaphase (MNSM)
or interphase nucleus (MNSI), and 813 was calculated. The
differences in sizes of the flunrescent centromeric block of
the normal and chromosome 12 derlvatives, including
i{12p}, were also scored. Statistic analysis was parformed
with the unpaired Studenl's ¢ test.

CGH

CGH was performed on conventionally prepared slides for
karyotyping as described previously [22, 23, 34, 35]. Tho
metaphases as well as contral DNA for the hybridization
were cbtained from & normal male individual, For each
hybridization, 400 ng tumor BNA was laboled with digox-
igenin and a similar amount of control DNA was labeled
with biotin, COT-1 DNA 80 pg (Life Technologies) was
added to reduce background signal due lo repetitive
sequences. After incubation for 2—4 days under a covorslip
in a moist chamber, the slides were washed by procedures
described for FISH. The hybrids were visuvalized with
FITC-conjugated sheep-antidigoxigenin (Boehringer) (tumor
specific signal), and pentamethine cyanine dye isothioey-
anate {CY3) conjugated avidin (Jackons, Immuno Rescarch,

Madal composite karyotypes of the testicular perm cell tumor derived cell lines studied?

Coll Hine

Chromosomal constitution

NTZ 56-61,add [(X](g2a).des{X)UX:1q13;q1 1), 4 ded(X3UX; 1) [p11;p22),- Y, del(1)(p36),
i(1)(p10),add(2}{q34),—4,—5,—6,add({63[q25).det (7)(7:17)(q22:21),—&,add(2) (q21),
=10 add(10)(pt 1.1}, - 11,der{113(11;15)(g11;q15),+ {{12}{p10)x2,— 13,add(13)(qZ1),
—14,—15,—17,- 18, ~ 1%add {20}(p13}, - 21,—22,—22, +6-Bmar[cp9]

51-50,XX,—Y.dup[1)q1142i), - 2,-3.del(3)(q11),—4,—5.-6.dic{7,9}{q11.2;p13), -8,

add(@}(p11),—9,—9,—10,del{11}{q13g21)x2,del(12}{g22), + der(1271(3;:12) (1 134 11),
+1(12){p10),~ 13,~13,— 14,dd(18)(p : 1.1),— 15,add[ 15)(q24),— 17, — 18,— 19,— 21,

Clone A: 52-55 XX, - Y,dec{1}I(1;7)(p32:p15),—2,add(2){p25),—3,add(3)(q29),—4,—5,

—0,del(6)(q16).2dd(7)(q21),~ 8,- 9, - 10.add(10){p15).der{11)add([11)(g13)del(11)
(p15),+i(12)(p10)x2,— 13, dec( a0 £3;:13)(p12;q12),— 14.add{14){pt1),~ 15, 15, 16,
-17.der{17)t{11;17)(g11;p12),—18,add(18)(p11.1},— 19,— 19, 20,der(20)}{8;20)

Clone R: 57-59,XX, + der(X}(X; 10)(q25;q21),—Y.der{ 11:7}(p32;p15).dup(1)
Iq11q21),—2,add(2)(p25),~4,~ 5,del(6}{q18),+add(?)(q21),- 8 .add(8){pt1),—8,—9,
—10,—11,—12,i(12)(p10), +i(12){p10),~ 13,~ [3,~ 14,~ 14,~ 15,add(16}(q24),—- 17,

Clone C: 53-57, XX, +der{XJ((X:10){q25:q21),~ Y,dup(1){y11421),~2,~2,-3,- 8, 6,
add(B)(p11),—9,~9,~ 10, 11,del{12){q22), +1{12)({p10)x2,— 13,~ 13, 14,~ 15, i,

21U2Ep
22,22, +5—10marfep10]

Hiza
[qI3iq13),~ 21,22, +4—7mar[cp4]
-18,-18,—19,—20, —22,+5-7mar|cp2]
—19,—21,—22,+2—imar]cp2]

NCCIT

53-57,add(X}(p22 1).add{X)(p22.1},—Y.add(1}{p2 1) del(1)ip21),+del(1)(q24),

+del{1) (g31).add(3)(q11),~4,del{4)(p15.2p15.3),— 6,add(8)(p11.2) del(6)(p23}.— 7,
add(7){p15).del(7}{q11.2),—B.del(B)(p22),—9,~9,~10,~ 10,add(11)(p11.2),der(12)
1(9;12)(q12;q12),—13,— 14,add(14)(p11),— 15,der(15}(15:%356) (p11. 1;%q11),— 16H.— 17,
~18,der(19)1(7;19)(q11.2,p13.1),—20,— 21,~22,—22,+der(?(%:1){7:p13),+dor(?}

17 10)(%q21,2), +4~Gmar{cp 0]

52 54-57, X, der(X(X:B)(p11;p11),~ Y, ~ 1, - 1,add(2){p25)x2,add(2)(p16),—3,—3,2dd(3)
{q11),—4,—4,der{a)t(4:12)(p13:q11).,—35,—5,~5.2dd(8){11).de}(BYg27),— 8 ,del(8)
{p21),-9,~ 10,~ 10, — 1, der( 1 1Jt(5:7:11}q13;7:p1 1) der(12)t(8:12)(q 13,9248 2,i{12)
(p10),- 13, 14,add(14){p11),— 15,add(15}{p11) der{t5)t(5:15)(q1 3;p12),— 16, 17,
—18,—18,dor(190(1:19)(p12:p13.2),~ 20,add(20){q13.3), +add(21)(p12),—22,— 22,
+dec(ZP(71)(%iq21), Hder (P3N 7ip 1)+ 8-~ 12mar[cp7)

"Descriptions are based on a triploid DNA content.

05



Detection of 12p overrepresentation

West Grove, U.5.A.) {control signal). The results were eval-
uated with a Zeiss Axiophot epilluorescence microscope,
cquipped with a Pholometrics high-performance CH250/A
cooled charge-coupled device (CCD)-camera (Photomet-
rics} conaccted to & Macintosh Quadra 950 computer
using the comparative genomic hybridization applications
provided in the BDS-image FISH software package
(Oncor). From each cell line, at least 10 metaphase spreads
with similar imbalances on hoth chromatids of bath chro-
mosoma 12 homologues were interpreled, The individual
chramosomes were identificd by computer images obtained
from the DAPL-banded metaphsse chromosomes. Dipital
analysis allowed representation of the results as fivores-
vence intensity profile for each fluorochrome along the
chromosome. ‘the average green/red ratio was caleulated;
peaks in the green profile were interpreted as overrepra-
sentation. Photographs were made directly from the com-
paler screen.

RESULTS

Conventional chromesome banding was performed on five
TGCT-derived cell Jines. The results are shown in Table 1
as modal composite karyotypes. Three differont clones
were delected in H12.1. In the conlext of this study, we
focus only on chromosome 12 and related aberrations.
NT2, 2102Ep, H12.1, and NCCIT showed at least lwo nor-
mal chromosomes 12, An i(12p) was identified in NT2 (2),
2102Ep (1), H12.1 {2) and 52 (1). No i(12p) was noted in
NCCFT, but this cell line showed a der(12)1{g; 12)(q1 2:q1 2},
S2 contains twe der(12)1(8;12){(q13;q24) and one der(4)
t(4;22)(p13:q11)}, and 2102Ep showed a der(12)1(3;12)(q11;
qll1) and a del{12){q22). The latter anomaly was also
present in Hi2,1. Conventicnal chromosome analysis
indicated that three copies of the short arm of chrome-
some 12 were present in NCCIT, 4 were present in 52, 6
and 7 were present in H12.1, & were present in 2102Ep,
and 7 were present in NT2, The expected copy nimbers of
centromeric regions are therefore, 3, 3, 5, 5, and 3, respec-
tively.

For the simultaneous detection of centromeric and 12p
sequences, double FISH with pe12Ha and YAC#5 was per-
formed. In this approach, pa12H8 was labeled with digox-
igenin (detccted with TRITC) and the YACG with biotin
(detected with FITC). In addition, pa12H8 labeled with
biotin was used in single FISH. The mean numbers of sig-
nals per metaphase spread and interphase nucleus {and
correspording SD) of singie and double FISH are shown in
‘Table 2. The FISH patterns are shown in Fig. 1 and repre-
senlative examples are shown in Fig. 2. The results
obtained fra NT2 and NCCIT confirmed the findings of
karyotyping. In eentzast, FISH showed that tho cylegeneti-
cally defined i(12p) in 52 contained no chromosome 12-
derived sequences and was thetefore incorrectly identified
as such (Fig. 1A). [n addition, FISI showed that dec(4)
1{4:12)(pp 135¢11) must be reclassified as der(12)i(4;12}g12;
p11.2)(Fig. 1B}.

Despite lack of hybridization of YAC#5 with one of the
chromosome 12 derivatives in 52, the 12p paint recog-
nized a small region just proximal {o the centromere (Fig,
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‘Fahle 2 Summary of the single and double FISH results
using the centromere-specific probe pa12H8 and
YAG#S5 for the 12pt1,2-p12.1 subband on
melaphases ond interphase nuclei of five TGCT-

dezived cell lines

Single 1181 Duuble FISH

Ratio YAC/

Coll lino prei2Hy puizlHg  YAG pulZH8
NTZ

MNSM 5.0 (0.3) 4.7 {0.6 7,7 (3.4) 1.4

MNSI 501{1.0) 42{0.7) G.a{09) 1.5
2102Ep

MNSAM 3.49(0.7) 1.000.7)  5.0(0.9) 1.5

MMNSI 4.3 (0.5) ZR (D8] a(11) 1.9
Hi1za

MNSM 4.5 [B.6) 4105 520G} 1.3

MN5E 3.9 (0.8) 14 (1.0) 1.3(1.0) 1.3
NCCIT

MNSM 2.9(0.5) 2.8(0.7) 2.8 (0.4) 1.0

MNSI 3.4 (0.7) 27(0.7)  28(08) 1.0
52

MNSM 3.0(0.2) 249{0.3)  zu{n.0} ny

MNSI 3.2 (0.7} 2.3(0.7) 1.9 (0.3) 0.8

Abbreviations: FISH, Bumesconrea in situ hybridization: MNSM and MNST,
mean number of spols per metaphase amd per integphase nelens; YAC
yeasl artificial cheomosomn,

The centromeric probe was Tobeled sith biotin for the single and wilh
dlgoxigenin for the double FISTL Ths MNSM anl MNSEas well as corme-
sponading 80 {in brackels) are Indicated. The talio hetween the nuubers of
YAC- and pa 12HR-detived signals for cach vell Hou is shown,

1B). In addition, in this cell line cryptic 12p sequences
wers detected in der(?)H(2;3)(%;p11) and in the cytogenati-
cally identified add{(183(p11.1} in H12.1. Analysis showed
that this Jatter region also contained a small pul2is-
hybridizing fragment (Fig. 1C}, as well a5 a megion recog-
nized by YAC#5 (data not shown). Ins contrasi, no YAC#5
hybridization was detected in the aforementioned 12p-
derived region in 52 (data not shown). The 12p sequences
other than those present in normal copies of chromosome
12 ond i(12p)s were distributed randoly throughout the
geuoms, i.e., associated with (parts of) chromosomes 3, 4,
8,9, 15, and 14,

No size differences hielweon the Quorescen! centromeric
regions of the narmal chromosomes 12 and its derivatives
were detected in NCCIT and S2. In contrast, on metaphise
spreads, both i{12p)s in NT2 conlained an enlazged centro-
meric regicn [Fig, 11)), whereas the i(12p)s in 2102Ep and
H12.1 contained a smaller hybridizing region. These size
differences could only be identified on <5%, of the inter-
phase auclei whether bistinylated or digoxigenin-labeled
pat2HB was used, as illustrated by Fig. 1E, which shows
nucleus of NT2 hybridized simaltancously with pel2H8
and YACHS. The appearance of the different signals indi-
cates tho presence of three normal chrmnosomes 12 and
two i(12p)s. The pul2HS8-hybridizing region in add(18)
(p11.1) of H12.1 already mentioned and the region present
in der{12)1{1:12){q 1 1, 1) of 2102Ep were reduced in size
as compared with their normal homologue (ot shown).
Drespite mulliple atterpls, the laller centromeric region
could be detected by FISH in only 30% of the metaphase
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Figure 1 Fluorescence in situ hybridization (FISH) results in
chromosome 12 and derivatives {arrow} with the centromeric
probe palzit {indicated by a hock) and yeast artificial chromo-
some (YAC)45 {circles).

spreads. Because of the involvement of the centromere of
chromosoeme 12 in this lranslocation, it musl be reclassi-
fied as der{12)t(3;12)(g11:q10).

In metaphase spreads of 2102Ep, NCCIT, and 32, similar
numbers of centromeric regions were detected with the bioti-
nylated and digoxigenin-labeled pe12H8 probe {Table 2).
Lower copy numnbers were observed in NT2 and H12.1
when the latter was compared with the former (p < 0,09
and 0.02, respectively). On interphase nuclei, this decrease
in copy numbers was significant in all cell lines {p <
n.001). In general, a lower number of centroneric- and
12p-specific signals was observed on interphase nuclei as
compared with metaphase spreads, This was mainly true
of the centrameric region in the cell lines showing &
reduced size of the Nuorescent sigral of the chromosormn
12 derivatives (2192Ep and HEZ, 1),

Single hybridization with pei2H8 showed chromo-
some 12Z-centromeric regions of more than twe in ail cell
lines lested. Distinction between a normal chromosome
12, an i(12p), or another chromosome 12 derivative could
rol be made with this appreach on interphase nuclei. The
simultaneous application of pal2Ht and YAC#S indicaled

a 1elative 12p overrepresenlation as compared with the
centromeric regions in all thrce i(A2p}-containing cell
lines (NT2, 2102Ep, and 1112.1), i.0., ratio of YACH5 fo
prd2H of = 1.4, The cell lines with no i(12p) (NCCIT and
52) had a ratio of =1,0,

Ta study the value of CGH for the detection of 12p over-
representation in TGCT in comparison to conventionsl
cytogenctic and FISH analysis, CGI was used on the five
cell lines included in this survey. The analysis was based
on 4 triploid DNA content of the tumor cells, withoul con-
tamination of the sample with host cells, No 12p overrep-
resendation was detected in the cell Hnes NCCIT and 52,
This finding is in agreement with the combined resuils
abtained by cytogenetic and TiSH analyses, showing no
mare {han theee copies of the short arm of chromusame 12
in these cell lines, The inability to detect the underrepre-
seftation of 12p sequences in 82, most probably due to the
sensilivity of this method, is noteworthy. The other three
cell lines (NT2, 2102Ep, H12.1) showed overropresenia-
tion of the complete short arm of chromosome £2 by CGH
(shown for NT2 in Fig. 1T}, in accordance with the resulis
of cytogenetic analysis combined with FISH, shewing six
or mare copics of 12p par nucteus,

DISCUSSION

Afier the first report of the presence of an i{12p) in TGCT
in 1982 [36], multiple studies of this isochromosome were
published, dealing with the possible clinical implications
137) as well as different detection methods. The latter
include conventivnal karyolyping, molecular and FISH
strategies. Cytogenetically, i(12p) can be detected in most
TGCT (7, 38, 39, supported by molecular data [39, 40].
The FISH approach [11] is based on the use of a cen-
tromere specific probe for chromoseme 12, This probe has
heen repurted 1o detect a consistent size difference between
the hybridizing region of a normal chromosome 12 and an
i{12p). Because of a discrepancy in the literature regarding
this phenomenon [18-20, 23, 411, as well as the occur-
reace of TGCT without i(k2p) 13, 20, 42], we studied the
passibility of identifying 12p overrepresentation in gen-
eral, and of i{12p) in parlicular, on metaphase spreads and
interphase nuclei with a double FISH approzch. In addi-
tion, CGH was applied to investigale whether the entire
12p arm was overrepresonted, Hecause cell lines, in con-
trast Lo tumor semples, enable a detailed description of the
chromosome constitution and comparison of the dala
ablained from metaphase spreads and interphase nuclei,
five TGGT-derived cell lines were included in this study;
three NS (NTF2, 2102Ep, and H12.1) and two cell lines
reported to be SE-like (NCCLT and S2), Ours is the first
study in which the reproducibility and sensitivity of dif-
ferent methods in detecting chremosome 12 abersations in
TGCTs was tested ia detail.

Conventional karyotyping in combiralion with FISH
showed the prosonce of i(12p) in all three NS cell fines but
not in the two with a SE-like phenotype, which is of inter-
esl becmise i(12p) is more frequently dotected in NS as
compared with SE; 83 versus 56% in the largest series of
primary TGCT (102) analyzed so far [8]. The aberrant size
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Figure 2 (A) Double Auorescancs in situ hybridization (FISH) of a metaphase spread of 82 with the contromere-
specific probe prd2H8 {totramethyl-radamine isothioeyanate TRITG; red signal) and 12p paint (FTTC, yellow sip-
tial), and DAPI as counterstainiag of the chromosomos; No 12p- or centromere-iderived sequences are present on
the extogenstivally identified i(12p) (arrow), whereas 121 and centromere sequencos are hidden in the cytogeneti-
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of the lluorescent centromeric region of the i{12p) as com-
pated with the normal chromeosomes 12 detected in
metaphaso spreads of the cell lines was not obscrved con-
sistently on interphase auclei hybridized in the same
experimont. Therefore, FISH with enly a centromeric
region-specific probie is not sufficient to screen for the
presence of one or more i(12p)s in interphase nuclei. This
conclusion is strenglhened by the fact that in two cell
lines (2102Ep and 1112.1) a reduced size of the hybridizing
centromeric regions was also observed in derivatives of
chromosome 12 ather thoan i(t2p)., Therefore, the finding
of Hi1zp) in pedialrde germ cell twnors, as recendly
reporled [1:3], muost be verified. The double FISH approach
used in this study might be informative.

As compared with conventicnal karyelyping, addi-
tional chromosomo 12-derived sequences were detected
with FISH in Hi2.1 and 82, Al cell lines cantained a rela-
tive overrepresentation of the centremeric region and short
arm sequences of chrormosome 12 as compared with their
madal chromoseme  consititution {hypotriploid). CGH
showed overrepresentation of 12p sequences only in the
cell lines with more than one exira copy of the complete
short arm of chromosome 12 [those with at least one
i{12p}l. The ratio of the IZp-derived signals to those
reflecting the centromeric regions indicates the presence
(>1.0) or absence {<1.0) of one or more i(12p)s. This ratio
inight he usefud o study tumors for the presence of the
i(1zp), using interphase cytogenetics. This is currently
under investigation. To visualize the presence or absence
of i(22p) on interphase nuclei, & 12p-specific probe map-
ping closer ta the centromere than YAC#S would be more
informative, Dauble FISH proved a suilable method for the
dateciion of 12p overrepresentation in generat and af i(12p)
in particular or metaphase spreads and interphase nuclei
of TGCT-derived cell fines. Currently, we aro determining
tke critical region of overrepresentation of the short arm of
chromosome 12 in TGCT using a combination of eytoge-
netic and FISH analysis. Because CGH confirmed the cyto-
gonelic findings on chromosome 12 of {he cell lines
included in this study, and because of the recent report of
the detection of amplification of a restricted region of the
short ann of chromosome 12 in a metastasis of 2 SE (23],
as well as in primary TGCTs [43), we will also use this
lechnique in the analysis of the 12p aberratiens in primary
TGCT. This combined approach will finatly result in the
identification of tho chromosome region from which the
candidate gene or genes causing developiment of this can-
cer car be isolated.
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Comparative Genomic Hybridization of Germ Cell
Tumors of the Adult Testis: Confirmation of Karyotypic
Findings and Identification of a 12p-Amplicon

M. M. C. Mostert, M. van de Pol, D. Olde Weghuis,
R. F. Suijkerbuijk, A. Geurts van Kessel, ]J. van Echten,

J. W. Oesterhuis, and L. H. J. Looijenga

ABSTRACT: Comparative genomic hybridization (CGH) was carried out on 15 primary testicular gers
cell tumors (TGCT} of adolescents and adults and two metastalic residual tumors after chemotherapeu-
tic treatment. The results were compared with keryotypic data obtained jorm the same tumor specimens
after direct harvesting of metaphases or short-term in vitro culture. Both techniques revealed thaf the
most consistent abnormality in primary TGCT Is gain of 12p-sequences. Although in maost cases over-
reprasentation of the complste short arm was observed, CGH revealed a specific amplification of
12p11,1-p12.1 region in two independent primary tumors. In addition, loss of (parts of) chromosome 13
{ehvays involving g31-gter), and gain of (parts of] chromosome 7 {mostly involving q11), [parts of} chro-
mosome 8, and the X chromosome were detected in more than 25% of the tumors by this latter tech-
nigue. Loss of 6q15-921 in both residual tumors analyzed may suggest a role for this anomaly in
acquired resistance to chematherapeutic treatment.

Overall, the CGH analyses confirmed gains and losses of cerfain chromosomal regions in TGCT as
observed by karyotyping, and thus support their role in the development of these neoplasms. The ampli-
fication of a restricted region of 12p in primary TGCT confirms and extends eur previous observations
and, as such, represenis an important step forward in the identification of genels) on 12p relevant for

the pathogenesis of these tumors.

INTRODUCTION

“he most common cancer in the caucasian young adult
male population is the germ cell tumor of the testis
[TGCT) (1, for review]. Because its incidence is still
increasing, and effective treatment in its preinvasive stage
i possible [2}, understanding of the mechanisms involved
in the etiology of this neoplasm may have important
implications for the development of early detection strate-
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gies. In spite of its technical limitations in the study of
solid tumors in general, karyotyping has besn highly infor-
mative in the detection of chromosomal aberrations in
TGCT {3-5]. In accordance with results of total DNA con-
tent analysis [6, 7], TGCGT are found to be aneuploid,
around the tripleid range. Besides consistent over- and
underrepresentations of some (parts of) chromosomaes, the
only recurrent structural abnormality is the isochroma-
sore 12p [i{{12p)] [5), first reported in TGCT by Atkin and
Baker in 1983 {8]. This anomaly is found less frequently in
seminomas (SE), composed of malignant counterparts of
early germ cells, than in nonseminomatous TGCT (NS},
which are caricatures of early embryonal development
composed of embryonal (embryonal carcinoma (EC) and
teratorna (TE)) and/or extraembryonal (yolk sac (YS) and
choriocarcinoma {CH)) components (9, 10}, Flucrescence
in situ hybridization {FISH) using region-specific probes
showed that alse i{12p)-negative TGCT invariably exhibit
overreprasentations of 1Zp-sequences [11, 12]. Because
conventional cytogenetic information is derived from
mitotic cells, such data may be biased due to selection of
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subpopulations of cells by the methods of direct harvest-
ing or short-term in vitro culture. This has recently been
suggested for SE with respeet to the presence of i(12p)
[13]. Also the presence of markers of which, by definition,
the chromosomal origin can not ke determined, may ham-
per the identification of certain chromosomal regions
important for the development of this cancer.

Comparative genomic hybridization {CGH) allows the
detection of [INA copy number changes in relatively small
amounts of tumer DNA [14). Because no metaphase spreads
are required CGH can be applied regardless of mitolic ac-
tivity, thereby excluding in vive or in vitra selection. In
additien, CGH offers {lie possibility of revealing regions of
amplification or deletion that zre not identifiable via kary-
otyping,

We analyzed a series of 15 primary TGCT (including
both SE and NS) and twe melastatic residual tumors after
chemotherapeutic treatment using bisth karyotyping and
CGH. The metaphase spreads were isolated via direct har-
vesting of the SE and after shori-tenn in vitro culture of
the NS. Similarities and differences in the chromosomal con-
stitution of the various tumor samples as delected hy both
techniques are evaluated,

MATERIALS AND METHODS

Patient samples

Fifteen TGGTs collected frem collaborating hospitals in
the Western part of the Netherlands were used in this
study. The tumors wera classified according to the World
Health Organization (WHO) recommendations [9], as de-
scribed {6], and identified as six SE, seven NS, and two
combined tumors (CT) {15]. The tumors were surgically re-
moved before the patient was treated with chemotherapy
and/or irradiation. [n addition, two metastatic resideal tu-
mors, one inabire TH (2101} and one EC (5695), were stud-
ied. Represenlative parts of tumor component(s) were
snap frezen in Hquid nitrogen (for DNA isolation) and
fixed in 4% buffered formalin for paraffin embedding (for
histological classification).

Slide Preparation and Karyetyping

Metaphase spreads of SE and NS were prapared according
to standard procedures. Briefly, the mitotic cells of the SE
were, after mechanical dissociation of the tumner, directly
harvested in the presence of Colcemid (Life Technologies,
New York, USA). The cells were subscquently swollen in
hypotonic KCI solution and fixed with methanel-acetic
acid (3:1). The NS were enzymatically digested using col-
tagenase end cultured In vitro for a fow days, after which
ihey were treated as reported hefure {16, 17].

For karyotyping, air-dried preparations were banded
using pancreatia (Sigma, St. Louis, USA) as reported [18].
The chromosomal constitutions were describied according
to the recommencations of the ISCN 1491 [19], and calcu-
lated on the basis of a triploid DNA content, {0 stress the
over- and underrepresentations of (parts of} chromosemes
relative {o the triploid situstion. Although the NS ware
randomly selected, five i{12p)-negative SE were chosen for
this survey (see Tabie 1). Such tumors may be instrusnen-
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tal in the delineation of the critical region of overrepresen-
tation of the short ann of chromasome 12, as was suggested
recently through the analysis of a metastasis of a SE [12].

Comparalive Genomic Hybridization and Inferprelation
For CGH, metaphase spreads were propared using stan-
dard procedures (see above) from in vitre phytchemagglu-
tinin-stimulated peripheral blood lymplwocyte cultures of
a healthy male (46,XY). High molecular weight IINA of the
tumor as well us control DNAs (from peripheral blood
cells of healthy males), were isolated using standard pro-
cedures {20]. CGH was performed as described before (12,
21-23], 'l'v exclude false positive and false negative obser
vations, DNAs obtained from 10 healthy individuals were
analyzed as described for the tumors. Regions that showed
variations in cventremeric and heterochromatic regions,
p-arms of acrocentric chromosomes and telomeric regions,
were omitted from analysis,

For each hybridization, 400 ng digoxigonin (21-dUTP
[Boehringer Mannheim, GR]) labeled tumor BNA and a
similar amount of biolinylated (14-dATP [GIRCO-BRL])
control DNA were used. Eighty pg of COT-1 DNA (Life
‘technologies] was added as competitor DNA to reduce
background signal due to repetitive sequences. Afier 24
days of incubation under a coverslip in 4 moist chamber at
37°C, the slides were washed according to regular FISH
protocols [24]. Visualization of the hybridized INAs was
achfeved with fluorescein jsothiocyanate (FITC) conju-
gated sheep-anti-digoxigenin (Boehringer) and pentame-
thine cyanine dye iscthiceyanate (CY3) conjugated avidin
(Jacksons ImmunoResearch Laboratorics, \West Grove,
USA). The resulls were evaluated using a Zeiss Axiophot
epifluorescence microseope, equipped with a Photomet-
rics high-performance CH250/A cooled CGD-canera {Pho-
tometrics, ‘Tucson, AZ) interfaced onlo a Macintosh
Quadra 950 computer using the comparative genomic hy-
bridization applications within the Oncor-lmage FISH
software package [Oncor, Gaithershurg, MD). These appli-
cations allow a2 pseudocolor repreduction of fluorescence
rallos of CY3 (reference DNA) and fluorescein (tumor
DNA).

All 'TGCTs were analyzed assuming no host cell con-
tamination, i.e., instrument setting of 100% twnor, Because
SE are known to contain variab:de amounts of infiltrating
lymphocytes [9], these were also analyzed assuming 50
host cells {25]. For each tumer, five mctaphase spreads,
with simifar imbalances on both chromatids, were inter-
preted according to previously published criteris (22, 23,
24]. Digital analysis allowed representation of the results
a4 fluorescence intensily profiles for each Nuorachrome
along thu chromosome. Photographic images were madn
using a ‘Tektronics SDXII coler dye sublimation printer.

RESULTS

The cytogenstic data of the priynary TGCTs and the resid-
ual tumers are summarized in Tabla 1 as modul represen-
lative karyotypes. All showed an aneuploid DNA conlend
around the tziploid range with multiple muerical end
structural aberrations. The modal nwnber of short and long



Chapter 3

Table 1 Mcdal representative karvotypes of the testicular garm cell tumors of adolescents and adults (TGCTs), based on
a triploid DNA conlenl (the abersations also detected by a comparative genomic hybridization are underlined)

Histology Casn

Chromnsomal Censtitution

Seminoma
4285

1665

5711

5731

7214

2605

Nonseminema
234

3035

5716

6537

anay

1662

ZH71

Camhined TGCTs
Srninnma 2207

Heminoma 3284

Residual Tumers

68—76,XXY add(1)(q 123, +dic(3:120p1 3ig2 2), - 5,4+ del(G)(g21023) 4 7,48, 48,- 13, +14.4 15,—18,
121,—22,4 1-7maicpli]

3759, Xder(X)de (X p22)UXi12)(q23:0 1 2),— Y add(1){y24),+add(1}(p13), -2 dic{z:22)(p11;p11),
i(3)(p 1), +5(3)q10),— 4 dic{4: 130 35;p12),—5,- 7,+8,—4,— 10~ 1 Lald(12](q24.1),+ i1 2)(p10).
— 1, - vadic{13 1 pl gLy, - 15 dec(1SN0 5:15)(p1diq) 1~ 16,—17,— 10,der{200(1;2;20;7}
{2hgakqiziglzie), =2 Laddiz}ipr2lde2 2 G21pr2ig 1. der(22)47:22) (g1 11 2), 4 mard,
+mard, Ill.‘lI:}‘+lff!ul.‘\l‘[cp?]

69-74, XX Y der(1)U(1:16)0{p12:p1 1. 2)add(3)(q24), - 4, —5,+ del(7)p12), +der ()8 12} {q10.p11)x2,
=9 add(9)gR4)elea(DUDAN 131024),— 11,4 12, 13,— 15, 1 7,0dd{17)[p11.2), - 18,add[18} (g2 2),
add (1) (p1R.2), +21,421,4 20, + 22, + dec(?N%12)(%5p1 1), b inacd, +0- 2mac{ep10]

T1-82,XXKY, +1,+2,{{a){q10),—5 46,4+ 7 4 B, +add(12)(p1 1}, - 13, + 14,1 15, +19,— 20,9 21,421, 1 22,
+marl, +1=Bmarl:p]

3569, XXY,+add(1)(p22) derCzh(2mar (s 7;8),add)(p2a)ded W39 (p24sq 12) add{(4)(gi2),
der(4)ila)(q10)add(a}{g3r), + il4){qin), - Badd{elininklal{6]{p23),+add(6)(q27).+add(7)(p11),
—9,—10,— 11add(i {23+ 12, 4 add(12Hp11), - 14, + 14, +15add (16){g21). - 17,— 18.— L&, 240,
-21, 1 add(21)[p12},+marl, + mir2, +mard, + mard, 11— Gwarleplo]

6973 XX, =¥, 4 e (NI 102259010+ 2,4 dee{3105300 1 1eq27) +den{4 {4128 157 1
qing22:up13), —5,dec{SH 16 P15 g1 1), Hded 7174 10)(gl 1237 11), +8.1 Baddei(22),

—11, add{11)(p15},adil{12}(p13),add(12}[p13), + der (121 12:%15){221%:q13), - 13,— 14,- 15,

—16,~ 17, der (17070370 p13: 70 26), —18.ded 200 [ L4:20) (1 Tip 1)+ 21, 4 20,422 [op5)i69-71,

denm, — 1, +add(1){qd2), - 8,4 i{#3) (q1z) fup ]

H2-64. XY, - Xo+del{1}pa4),— 4. - 5.add(B)igas) + del(6)gz 1), +4, - 9, - 10,— 11,1 i(12){p10). ~ 14,
-7, 18,—22,+ p-fmar [up2]

a6, XXY.add{1){q11),+ derQ(:2) (I 10:p 1 0),— 2,add (3} 1 2).—4,— 5, - 6,1(7)(p10), - 9 del(9)

(q11),= 10— Ut der( 1111110 130 18q25:925), - 13.0dd(13)(q2 1), +add(14)(p12).—15.- 16,
—18, - 19,—20,-21,-21,—21,- 22,—2Z,+marl, 4 mar2,+ 1—mar leplo)

(8-74,XXY tas{1:9)(p3tiqddhalel{6){q1aq L), + &, —0,0as(9:17)(34:925)+i(12)(p10)x2,4 §4,—17,

-14,add{18){p11.3),— 22, + t-3mar [cpin]

i4-66,XX, - Y.add(1)(pa2),add(1)(q21), +add(3}(p14), —5,4+7,— 10, L1, +add{12)(y11),
2ite2)(p10)xz, - 13,— 1d,add(15){024),— 19,20, - 21,22+ 3—tinar [cpd)

53-61,X,add(X)q11),Y.add{1}{pa6),— 2add(3Hp2i),— 4, - 5,- 6,add(9)(q2 1), —10,— 11, 1 i{12)(p18).
—13,—15,~ 18,—19,- 21,—22,—2 2,4 dec{ P H(7;7:02)(p1 1, 7ip 1), + marl,+mar2, + A—12mar [api]

6167 XX, —Y,—4.47,-9,— 10, - 1 1.add(11)[g13}, + i{12)ip10)x2, ~ 13,— 14, - 1R.add(19)(q13),+add
(19)( 133, —22,+ marl (cpal

ﬁf‘k(il,ﬁ\'.m{d(l)(pz 1,4, —35.ins(5:4)(11:7) ,ad d (R} 24), +8,—9,-9,-0,—10,- 11,-11,—13,~- 14,
add(14)(p12)dec(16)0106){p2 Lip12),— 18— 22, Uiler{ U7} 7p1d), 3 ded(H(11:712) (g1 2. 1:Fip 1),
=marl,+0-Lmar [cp 1)

G044, KX, - ¥, =3, =4, - Aadd 6} pa2d add(7){q22) ded8li@12)(p i 2p11.2). - —1Ladd[11)
[p12)add(12){p12), - 13,— 14,- 16,—17,— 8,4 21, + 21+ marl,+mar2,+ mard, +0-Lmar{cp? ]/
62, der(XJUN:1)(q21;q12),—Y.add(3}(p24),—4,-5,-6, +3(8)(q10), -9,—9,—11.- 11,+add(12)
[q14),—13.—16,—17,- 17, — 1s.add{20}{q12),+21,+ 22, +1,+mar 1, + 0-3mar [cp3|

46-67,X,add(X}{q28), - Y.add(1)[q11),add(1}(q43), 4 2.—4.—5,add(5){p15), - 6, 6.ins(6; g1 1;7).
+7, +#,—9idic(9){p2a),— 11, + 12,—13,+ 15, dic (17521 (p1 .23 7p12), 4 der{21)H{6:21)(p11,p12).
add{22)(p12),+marl [cp9]

2101 5962, XA Y. del(1}p35),—2,add(3)(piz) —d,- 5, +del(8)(p1 1), —9,— 10,add{10)(q22),— 11,—13,— 14,
-15,—18,~ 19, dec(2GH(1 2:20)(p L L;p1 1), + 21,— 22,4 marl,+mar2 [cpo]
5645 57-64,XXY, + Yadd{z}q24)U3:15Hp2ig2d), -4, dic{a: 11 p16:p11.2), -5, add(6](q 13}, +-8,~9,— 10,
—11,-11,i(12)(p10), +i(12){p10).— 14,— 14, 15,—15,— 16, 18 add(19}{q13,1), +der{z1)1(12;21)
(piLpild+ marl,+mar2, t mard,+mard, H0-2mar [p7oz—63idem, tadd{4}p16}+11 lep3)
arms (if involving more that 50% of it length and account-  tatien in SE and NS, ie., underrepresentation of (parts of)
ing for only the long arms of acrocentric chromosomes as chramosomes 4, 5, %, 11, 13, and 18, and overrepresenta-
doseribed by De Jong et al., [3]) for each chromosome was tion of (parts ol) chromosomes 7, 8, 12, and X,
datermined. These data, depicted in Figure 1, indicate a The aberrations found by CGH are itlustrated in Table 2
similar pattern of chromosomal ever- and underrepresen-  and Figure 2 {only the resulls oblained from analysis of SE
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on the basis of karyatypie results as reported befare [3).

with instrument seltings assuming 50% host cells are
shown), Those abetrations that were also detected (partly)
with karyotyping are underlined in Table 1. Within the
group of the six primary SE, pain was found 14 times in-
volving six different chromosomes, and loss six times involy-
ing three different chronmuosemes. For the NS (n = ?), gain
was found 10 times affecting four different chromosomes
and loss five times affecting four different chromosomes.
No imbalances were datected by CGH for chromussomes 1,
18, 17, 20, 21, 22, and Y {these are excluded frem Figire
2}, whereas aberzations [of parts) of chromosomes 2, 5, 9,
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18, and 19 were only found in a single primary tumor. The
following regions showed aberrations in multiple cases:
loss of parts of chromesome 4 (in ane $E, one NS, aud one
SE of a CT), 11 (in one NS and a SE of a CT), and 13 (in
three SE, ane NS, and one SE of a CT), pain of parts of
chromosome 7 (in three SE, one NS, and one NS of a CT),
8 (in three 5K, cne NS, and one NS of a CT), complete i2p
(in three SE, six NS, and one NS of a CT), regien 12pl1.1-
p12.1 (in one N& and both components of one CT) and X
(in three SE and one NS). Some aberrations found in SE
were only identified using the instrament settings assum-
ing 3% tumor, Le., loss of 1¥q31-qler in tumor 4255 and
13 in fumor 2659, and gain of Bqter in tumor 1665, 7q11 in
tumar 5718, and 7, X in tumor 5731,

Although only the SE components of the CT3 could be
karvotyped (Table 1), both histological components were
studied by CGH (Table 2). Galn of i2pl11.1-p12.1 was de-
tected in both componeats of twnor 2207 (illustrated in
Figure 3). The ratic value of the amnplicon was approxi-
malely three times highor in the SE compared 1o the NS
{not shown). Other aberrations were found either in the St
or NS component within thal CT. The other CT (3284)
showed only gain of 12p in the NS component by CGH.
The residual tamors showed four times gain, affected two
different chromosomes, and five fimes loss aflecting four
different chromosomes, Both cases showed loss of part of
the long arm of chromosome 6 {encompassing q15-q21}
anxd gain of the complete short arm of chromosome 12.

Although most aberrations found by CGH were con-
firmed by karyotypiag, others were unaxpected, Le., over-
representation of region 9q21-q31 in 4255, 8q11.1-12, and
12p11.1-pi12.1 in 3035,

NISCUSSION

The series of six 8B und seven NS presented here, shows u
pattern of aver- andd underrepresentation of (parts) of chro-
masomes as found in a group of more than 100 TGCTs
published befora [5], The recently developed technique of
comparative geromic hybridization (CGH), # bicolor FISH-
approach that enables detection of relative over- and
underrepresentation of chromosomal tegicns [14], turned
out to be very useful in the detection and mapping of
DXNA-sequence copy number changes in solid tumers {12,
14, 21-23, 27-35]. We applied this technique te a series of
karvotyped TGOYPs to screen for chromesomal regions
showing imbalances in these tumors possibly unidentified
by conventional chromosamal analysis.

Multiple caseos showed gain of {paris of) chromosome 7,
#. X, end the short arm of chromosome 12, and loss of
{prarts of) chiromesome 13 both by karyotyping and CGH.
Althouph other Josses or gains of some chromosomal re-
gions were expected from karyolypic analysis, these were
not detected by CGIIL This may be pertly due to the pres-
ence of chromosomal segments hidden in markers, tumor
heterageneity, the sensitivity of the CGH applied, as well
as the presence of hosl cells in the samples (illustzated by
the results in SE), Hewever, some unexpected copy num-
ber changes wera datected by CGH in our series of TGCTs.
These changes mostly involved small chromosomal re-
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Table 2 Gains and losses of chromosamal regions in testicular germ cell tumors of adelosconts and
adults detected by comparative genomic hybridization

Histology Case Lass Gains
Seminoma
4255 Lhgdl—gter 8, Bg2l-q32
1665 dqter, 12p
5718 12p. X, 7q11
5731 13 7,89, X
7214 4p, 4q13—luer 4qi2
2655 14, 18 7qi1, 12p.X
Nonseminoma
239 12p
3035 71 Bg1i+12, 12p11.1-712.1
G116 12p
6537 19 1zp
#onz? 12p
1862 4q. 1ig2z—qter 12p
2471 13 12p, X
Combined tumors
Seminoma
2207 4g,13q 1Zpil 121
3284 11q13—qler 2qi5—qter, ip10-p21.2
Nonseminoma
2207 7ql1-q21, 8q21—q23, 12p11.1-pi2.1
zid i2p
Restdus) tumors
2101 figis-n21 12p
ahis 5, 8ig, 12921—q22, 13q 8p, 12p

gions not detected with conventional karyotyping. In ad-
ditien, CGH enabled us to determine the minimal regions
of overlap of parts of chsomosomes showing iibalances,
i.e., 7q11 and 13g31-gter. These results are in line with
CGH data of a pazalfin embedded SE oblained after univer-
sai INA amplification [36]. Consistent with karyotypic
analysis of a large series of TGCTs ([5] and his paper),
avarrapresentation of 12p is the most frequent aberration
found. Interestingly, CGII revealed in twe i(12p)-negative
tumors (one SC and both components uf a CT} specific am-
plification of a subregion of the short arm of chromosome
12, i, 12p11,1-p12.1, Although this same region was re-
cently found to be amplified in a metastasis of a testicular
SE 112], we now repert thal this anomaly may aiso be en-
countered in primary TGCTs. A very similar observation
was recently made in three additionsl primary TGCTs (M.
Korn, personal communication).

Because karyotyping of both the SE and NS compo-
nents of CFs is hard Lo achieve, CGH was used to compare
their chromosomal constitutions. The results obtained il-
lustrate that the SE and NS componeats of bath cases stud-
ied here were al feast pastially genetically distinct. The
only common aberration was the amplification of 12p11.1-
p12.1 in both components of one GT. However, the ratio
valite in the SE was approximately three timos higher than
in the N5, As we recently suggested [37] these results indi-
cate the SE and NS components of Cls might be meno-
clonal or biclenal in origin.

Figure 2 Schematie representation of relative loss (indicated
on the left side of the chromesome) and gain {indicated on the
right side of the chromosome) of chromosomal regions, detected
by comparative genomic hybridization in six sominomas {marked
by lincs), seven nonseminomatous testicular germ cell tumois of
adolescents and adults (marked by dotted lines), both compo-
nents of the combined thmors ({Hustrated as the puya 5E and NS),
and two metastatic residual tumors (also indicated by dotted
lines),
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CGH of testicular germ cell tumors

Figure 3

Exanple of the resoll of comparalive genomic hybridization en chromosomn 12 of the seminoma component of combined

fumar 2207, showing tumor specific amplification [reprosented as relative overrepreseniation of the greon comparad to the red signal),
mcompassing region 12p1L1-pl2. 1 The blue line cepresents the satio profile, ie., the red to green fuorescence intensities over the

whole cliromosame fength.

Anather interesting finding with CGH is the specific
loss of By-sequences (involving q15-q21) in both residual
tumors. This suggesis that Inss of penels) localized in this
region may be involved in resistance to chemaotherapeutic
treatment, as recently suggested for glichlastoma multi-
forme {38]. Gbviously, more data are required to substanti-
ate this notien.

Iu tonclusion, our study of CGH on a limiled number of
TGCTs largely contirms our karyotypic findings on a series
of more than HID lumors [5] overrepresentation of fparts
of) chromosomes 7.8,12, and X, and underrepresentation
of chromoseme 13. In addition. through CGH the most
likely regions invelved could be identified, i.c., 7q11 and
L3q31—ter, The most intrigeing finding, however, is the
amplification of a restricted region of the short arm of chra-
mosome 12, 12pi1.1-pl2.1, in different primary TGCTs,
Analysis of more TGCTs using this approach will bring the
isalation of the relevant gene(s) on 12p in the realm of fea-
sibility.

Wa hank G. 1e Meerman and B de Jong of the Medical Genetics
Depattment of the Uriversity of Groningen for their assistance
andl advice, W also swanld like to ackaowledge the clinicians
involved in tho callection of e pationd material. This wark was
supported by the Dutch Cancer Sociely (Koningin Willielmina
Fonuds) grant DRHK 03-836.
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Cytogenetically, testicular germ cell tumors of adoles-
cents and adelts {TGCTs) are characterized by gain of
12p-sequences, most often through isochromosome for-
mation (i(12p)). Fluorescence Jn site hybridization
(FISH} has shown that i{12p))-negative TGCTs also
cryptically contain extra 12p-sequences, The consistency
of 12p-over-representation in all histological subtypes of
TGCTs, including their preinvasive stage, suggests that
gain of one or more gemes on 12p is crucial in the
development of this cancer. So far, studies aimed at the
identification of the relevant gene(s) were based on the
‘candidate-gepe approach’, No convincing evidence in
favor of or against a particular gene has been reported,
We combined convenfional karyolyping, comparative
genomic hybridization, and FISH to identify TGCTs
with amplifications of restricted regions of 12p. Ont of
49 primary TGCTs (23 without i(12p), 13 with and 13
unknown), eight tumors (six without i(12p) and two
unknown) showed amplifications corresponding  to
i2pl1.1-p12.1. Using bicolour-FISH, physical mapping,
and semi-quantitative polymerase chain reactions, the
size of the shortest region of overlap of amplification
{SROA) was estimated to be between 17503000 kb, En
addition, we mapped a number of genes in and arosnd
this region, While fourteen known genes could be
excluded as candidates based on their location outside
this region, we demonstrate that KRAS2, JAW1 and
SOX5 genes are localized within the SROA. While
KRASY and JAWL map to the proximal border of the
SROA, SOXS maps centrally in the SROA. KRAS2 and
JAW!L are expressed in all TGCTs, whereas one 12p
amplicon-positive TGCT lacks expression of SOXS. The
critical region of 12p over-represented in TGCTs is less
than 8% of the total length of the shorf arm of
chromosome 12. It will be helpful in the identification
of the gene(s} involved in TGCT-development.

Keywords: testicular germ cell tumors; 12p; over-
representation; eritical region; candidate gene(s)
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Introduction

Testicular germi ¢ell tumors of adofescents and adults
(TGCTs) are the most common cancer in Caucasian
males in the age between 15 and 45 years, and an
increasing incidence has been reported in mosi
European countries as well as in the USA (Adami ef
al., 1994; Moller et al., 1995, Feuer, 1995; Bergstrém et
al., 1996; Bosl et al., 1997). Histologically and ¢linically
they can be divided into two main groups, the
seminomas (SE) and the nonseminematous-TGCTs
(NS) (Mostoft e! al, 1987). Both types of TGCTs
eriginate from a common precurser, known as
carcinoma i sitn (Skakkebazk er al, 1987) or
intratubular germ cell neoplasia (Stamp and lacob-
sen, 1993), A targe number of TGCTs, bath primary
and metastatic, of various histologies have been studied
for their chromosomal constitution by different
investigators, including ourselves (Rodriquez er af.,
1993a; Van Echten er al,, 1995; Sandberg et af., 1996,
for review). Besides non-random patierns of over- and
underrepresentation of (parts of) chromosomes, gain of
12p is a consistent finding. In the majority of TGCTs
tested this was due to the presence of one or more
copies of isochromosome 12p [i(12p)]. 1n addition, it
was found using fluorescence in site hybridization
(FISH) that TGCTs without i{12p) always show over-
representation of 12p-sequences cryplically hidden in
the genome (Suijkerbuijk ef al,, 1993; Rodriquez et al.,
1993b; Smotarek er al., 1995). We showed that i(F2p)
may also be present in CIS (Vos e al, 1990},
indicating that over-representation of 12p-sequences is
probably a relatively caely event in the pathogenesis of
this cancer, not related to invasive growth, We
confirmed this by numerical analysis on tissue sections
using /1 sity hybridization {Looljenga er of., 1993; Gillis
ef al., 1994).

Although more than 14 years have passed since the
first publication of i{l2p) as a specific chromosomal
abnetmality for TGCTs (Atkin and Baker, 1983), ideas
on the critical target gene(s) still remain speculative,
This can be explained by the fact that most TGCTs
show over-representation of the complete short atm of
chromosome 12, encompassing approximately 40
Mepabases (Mb)} end centaining theoretically between
850 and 1400 genes (Marynen and Kucherlapati, 1996).
Therefore, alternative approaches are required to
identify the gene(s) en 12p of which copy-gain is
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beneficial for the development of TGCTs. One possible
strategy was initiated by our previous identification of
a metastatic SE showiag amplification of a restricted
region of 12p (Suijkerbuijk et al., 1994). More recently,
we and others demonstrated via comparative genomic
hybridization (CGH), a technique developed to identify
relative (sub-) chromosomal gains and losses (Kallio-
niemi e! al., 1992), that also a certainh percentage of
primary TGCTs shows amplification of a restricted
region of [2p, c¢ytogenctically similar to the one
observed before (Mostert er al,, 1996a; Korn e al.,
1996}. This finding of a restricted 12p-amplification
allows identification of relevant genes using a direct
approach.

To determine the shortest region of overlap of
amplification (SROA) of 12p in TGCTs we combined
convenlional karyotyping, CGH, (bicolour-)FISH,
physical mapping, and semi-quantitative polymerase
chain reaction (PCR) analyses, Identification of such a
SROA allows the exciusion of a number of known
genes on 12p as candidates, and will facilitate a more
direct approach to identify novel genes on 12p critical
to the pathogenesis of this cancer.

Results

Detection of 12p-amplification

To identify cases with a restricted amplified region of
12p, we used CGH to screen a sedes of 49 primary
TGCTs, including 26 SE and 23 NS, of which 23
lacked i(12p) by conventional karyotyping (13 SE and
1 NSy In 13 tumors i(12p) was identified and 13
tumors could not be analysed due to lack of
metaphases. Fight tumors (six lacking i([2p) and two
unkrown) showed amplification of a part of 12p
detectable by CGH, identified as region 12plll-
pi2.[; similar 10 the previously reported case of a
metastatic SE (Suvijkerbuijk er af, 1994). Four tumors
were classified as SE (T2655, T2814, T8763 and T202)
and four as NS (T10077, T3035 T2207 and T60}
Tumors T2207 and T60 are NS with a SE-component,
socalled combined tumers according to the British
classification {Pugh, 1976). The amplification was
found in both SE components, and in only one of
the NS components (not shown).

Six of these tumors with amplification (T2655,
T2814, T8763, TI0077, T3035 and T2207) were
karyotyped successfully, The metaphases were further
analysed by FISH with a Yeast Artificial Chromosome
prebe, known as YAC#S which was formerly mapped
to region 12pt1.2-pt2.1 {Suijkerbuijk e? al, 1994). This
probe was used since it allowed the detection of gain of
12p-sequences in ali TGCTs tested so far (unpublished
observations). It was found that the amplifications
were due to the presence of additional 12p-sequences in
add(12)(p13) or der(12}(12;%hsti{pl13;%?) in TEO077,
add(12)(p13) in T2655 add(12)(pi2) in 'F2814,
der(6;217){q10;q10)add(6)(q21) and a marker (which
was cylogenetically identified as an i(8){q10)) in T8763
{not shown). In the remaining two tumors there were
a0 melaphases suitable for FISH.

All eight TGCTs with a proven restricted amplifica-
tion of 12p by CGH were studied by FISH using
YACHS on interphase nuclei. This probe showed
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between 15-30 hybridization signals per nucleus in
these tumors as reported before in other TGCTs
(Suiikerbuik et af., 1994; Mostert er al,, 1996b; Korn
et al, [996), Circumstantial evidence that YACHS
indeed maps within (or at least close to} the critically
amplified region was obtained by combining CGH on
tumor T2207 with FISH of YAGHS: YACHS
hybridization co-incided exactly with the amplified
12p-region, both in metaphase spreads and interphase
nuclei (not shown). Of the samples T2655 and T2207
suitable material for further FESH analysis was Jacking,
because only a small part of tumor cell nuclei
contained the 12p-amplification. The 12p-amplicon
negative nuclel in these particular tumors however,
also contained extra 12p sequences identifiable with
FISH, although in a lower total copy number, In
which form these sequences were present could not be
determined due to lack of metaphases. Using FISH
with YAC#S5 in combination with a probe specific for
the centromeric region of chromosome 12 (Looijenga
et al., 1998) we checked the remaining 41 TGCTs for
12p-amplification, This approach showed ne indica-
tions that amplification of a restricted region (contain-
ing YAC#5) was missed by the procedure followed.

Construction of a YAC-contig of 12p11.2-p12.1 region
and mapping of YACHS

YACHS, previously mapped to 12pll.2-pl2.1 {Suij-
kerbuijk et al., 1994), was used as a starting point to
generate a contig suitable to determing the SROA. The
most relevant part of the contig is shown in Figure la.
The length of the different YACs was estimated by
puised-field gel electrophoresis. The presence or
absence of STS markers was checked by PCR using
STS specific primer sels on the relevant YACs. Both
proximal and distal directions were analysed untit a
YAC was proven to be negative for the next STS. The
assumed order of STS markers was in agreement with
the data from the Whitehead Institute database, The
seeming contradiction in length of YACs 80382,
845D11 and 957B7, which all are positive for the
sarne markers (see Figure 1a), is most probably due to
chimeristn of the YACs 803B2 and 845D11, as these
YACs also score positive with markers of other
chromosomes than chromosome 12, YACHS was
ptaced on the contig by inter-Alu fingerprinting and
by Southern blot hybridization of a YACHS interAlu
probe (not shown}. As indicated, YACHS was found to
overlap with YACs 922D9, 928G2 and 753F12. In
addition, YAC#5 was positive for STS DI28H)S57 by
PCR, which secured YACHS to a fixed position on the
map. Furthermore, a number of cosmids specific for
different STSs within the contig were isolated (Figure
1a).

Shortest region of overlap of amplification (SROA)

To define the borders of the SROA, the six remaining
12p amplification-positive tumors were studied using
bicolour-FISH, as reported before (Mostert et al.,
1995b}. Therefore, different YACs and cosmids within
the condig were hybridized simuitareousty with YAC#S
on interphase nuclei isolated from the tumors. YACHS
was visualized in green and the other probes in red.
The numbsr of signals per interphase nucleus, and
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Figure 1 (a) Schematic representation of the physical map of the critical 1Zpl1.1-p12.] region, including the different STS markers.
Positions of YACs, cosmids and genes are indicated. Note the localizations of YACHS, KARAS2, JAW1 and $OX5, The ength of the
YACs is indicated in brackets: (b) summary of the results obiained by bicolowr-FISH on umor samples using YACHS
simultaneously with other probes from the region The rezions which are amplified in the tumors at a similar level as YACHS are
indicated by bold lines, while the regions that are not included in the amplicons are illustrated by dotted lines. Note that the shortest
region of overlap of amplification maps between the markers DI1281688 at the distal side and DI1281313 at the preximal side. The

length of the YACs and cosmids are not drawn to scale

metaphase spread if available, was scored. The results
are summarized in Figure Ib, None of the YACs tested
showed higher numbers of sigrals than YACHS,
indicating that the region showing the highest tevel of
amplification  includes  sequences recognized by
YAC#5. For all tumors similar signal numbers were
found for YACHS and YACs 927Gl11, 922D9 and
753F 12, In contrast, at the telomeric side, YAC 803B2
showed significantly fewer signals than YACHS in
T10077, whereas on the centromeric side YAC 744Gl
showed significantly less signals in T60 and T8763. Due
to the sizes of the different YACs used (indicated in
Figure la), the exact borders of the amplicon could not
be determined accurately. Therefore, a number of
cosmids (specific for STSs localized in the putative
border regions of the amplicon) were used in a similar
bicolous-FISH approach as described above with
YACHS, The results are also indicated in Figure tb
and a representalive example is shown in Figure 2. In
the distal region, cosmid 235C1. containing STS
D1251945, showed fewer signals than YACHS in
T10077, T8763 and T202. About 25% of the nuclei
of the latter tumor showed this difference, while the
majority of nuclei had similar copy numbers. FISH
with cosmid 34F8. containing D1251688. showed the
same pattern as with 235C1 in Ti0077 while cosmid
95C2, specific for AFM267vc9, demonstrated an equal
number of signals as with YACHS. The data indicate

that the distal border of the SROA maps between the
STSs D125168%8 and AFNM267vc9.

At the proximal side fewer signals than with YACHS
were found in four of the tumors with cosmid 164F2
(containing STS D1251325), in three tumors with
124A3 (containing STS DI12S1411), in two tumors
with both 177G11 (containing STS D1251034) and
S2C10 {containing STS DI1251313). Coesmid 31C2
(containing STS DI1281350E) showed similar signal
numbers as with YACHS5. The data indicate that the
proximal border of the SROA lies between D1281350E
and D1281313.

It can be concluded that based on this set of tumors,
the SROA les between DE251688 at the distal end and
D1281313 at the proximal end. More tumors contain-
ing smaller 12p-amplifications have to be identified and
studied te further narrow the SROA,

Candidate genes and semi-quantitative { RT—PCR)

A number of genes have been mapped to the region
12pli-p13, as summarized in Table I, These can be
considered as candidates to explain gain of 12p-
sequences in TGCTs, We were able to map the genes
(from distal to proximal). RECQL, IAPP, LGS,
LDHB, SOXS, JAWI1, KRAS2, KRAG. ITPR2,
PTHLH and LGP within the contig {Figure la). LGS
(Nutiall er al,, 1994), ITPR2 (Heighway et al., 1996),
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a

¥igure 2 Example of bicolour fluorescence &7 situ hybridizalion ¢n isclated nucki from tumer T8763, showing (a) similar signal
numbsers using YACH (detected in green) and cosmid 31C2 (containing $TS DI251350E) {detected in red) as probes; and () a
lower signal number for cosmid 124A3, specific for $T8 D1251411 {detected in red) as compared to YACHS (detected in green).
Signals for the cosmids (in red) are larger than the signals for the YACs (in green) becausz of a biotiny!-tyramide amplification step

used to visualize the cosmids

PTHLH (Rasymackers et al, 1995) and LGP (New-
gard ef af,, 1986) have been localized as part of a long
termn project to map all known human genes and
ESTs (Krauwter et al, 1995, and htip/jwww
genome.wimitedu} YAC ICI36ECI was the smallest
YAC found to be positive for KRAG by PCR, placing
this gene between §TS DI1281596 and D1251316. The
humar DNA helicase Q1 (RECQL) (Seki et al,, 1994,
Puranam, £995), the islet amyloid polypeptide ({AFF)
{Hoovers e al, 1993) and lactate dehydrogenase
isoenzyme B (LDHB) genes (Li et al, 1988} were
previously mappad to band 12pl2. We were able to
localize these genes to the distal part of our YAC
contig (Figure la) and their order was determined by
PCR on the different YACs.

Three genes, SOX5, JAWL and KEAS2 were found
10 map within the SROA. KRAS2 was previously
mapped between markers D1251435 and D1251596
(Krauter e al, 1995). PCR with KRAS2 specific
primers showed that proper amplification products
were generated from YACs 753F12 and 761B8, while
no signals were obtained using YACs 928G2 and
744G1Y. This observation places ARAS2 between the
markers D1281350E and D1251313. This localization
was confirmed by Southern blot analysis using a
KRAS2 specific probe (not shown). Our data demon-
strate that KRAS2 is localized just at the proximal
border of the SROA {see Figure ). Bicolous-FISH
using YACH#5 and a cosmid containing KRAS2 showed
that this region was indeed amplified at the same level
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as YACHS in all tumors. SOXS was previcusly mapped
to 12pi2.1 by FISH (Wunderle et al., 1996). Southern
blot analysis with an inter-Alu specific fragment of
YAC y900G1253, which contains the SOXS gene
(Wunderle ef al, 1998), showed oaly hybridization
with YAC 922D9 (not shown). PCR with SOX5
specific primers coafirmed localization of this gene on
both YAC 922D9 and y900G1253. In addition, YAC
y900G1253 scored positive for STSs D1251942 and
D1281950. Therefore, we conclude that SOXS maps
between the markers AFMB3S5IZHS and D12S159]
(illustrated in Figure la). A sequence homology search
with markers from our conlig showed 100% idenlity of
STS DI2813S0E with the JAW] gene.

As an additional approach to define the SROA,
semi-quantitative PCR-analyses were performed on five
TGCTs with 2 12p-amplicon (T10077, F3035, T2814,
T60 and T8763) to study differences in copy numbers
of genes mapping to the region of interest: i.e., LGS,
KRAS2, KRAG and ITPR2 (Figure 3). Two non-12p
genes  were included as  references (ProgR  and
17pTELY, which revealed similar results. No clear
differences in copy numbers of the tested genes on
12p were found in TGCTs without [2p-amplicons that-
were used as controls {not shown). Also, no unbalances
were found between the 12p-genes themselves in T2814,
which is in agreement with the results of the bicalour-
FISH experiments. While all 12p genes tested showed
over-representation at least to some degree relative to
ProgR and 17pTEL in T10077, T3035 and T2814, no
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gain of KRAG and J/TPR2 was found in T60 and  bicolour-FISH. This indicates that this region of 12p is
T8763, again concordant with the results obtained by  not iaciuded in the amplicons in these particular

TFable I Summary of the different genss mapped 16 chromosomal region 12pl1-p13; their localization within the YAC-contig and the shortest
region of overlap of amplification (SROA) is indicated

. Maps to Mapping
Gene Deseription YAC ST Region ~ SROA” method Reference(s}
CCND2  Cyclin D2 - - 12pl2 - Se,Db {Raeymakers €1 al, 1995)
D59 Early T-cell activation - WI-9214 12pl3 - Db (Lopez-Cabrera er al., 1993;
antigen Schnittger et al., 1993}
cDod Type 2 membrane glyco- - - 12pi3 - Py (Chang e! al, 1995)
protein
GDF3 Growth differentiation - - 12pi3 - Ph {Caricasole er al., in press.)
factor 3
GRIN2ZB  Glulamale receptor — - 12pl2 - S (Mandich et al., 1994)
IAPP Islet amyloid pelypeptide 80382/934HS - 12p12 - Se (Hoovers et al, 1993;
Raeymaekers er al, 1995)
ITPRZ Type 2 inositol 1,4,35-tri-  ICI36ECL}798D1 D1282033 12pi2 - Py.Db (Heighway ¢ of, 1936)
phosphate receptor T44GLiT53F 12
JAW] Lymphoid marker 753F12/928G2/76-  DI2S130E + Dd,Py {Behrens ef al, 199%;
1B8 Behrens et af., 1936)
XNRAG  Kirsten ras associated gens ICII6ECIT93D1 - 12p12.3 - Py {Heighway ¢t al, 1936)
T4IGHITSIFL2
KRAS2  Signal wransduction pretein  T6IB8/753F12 - i2pl2.1 -+ Sg.Py
LDHB  lactale dehydrogenase $03B2/9STBT - 12p12.1 - Py (Raeymakers e al,, 1995)
jseenzyme B 934H5/845D11
LGP Liver Glucogsn Phosphory- 754C1 D1282025 - bb
lase
LGS Liver Glycogen Synthase §043B2/957B7 D1281945 - Py.Db (Wurtall er af, 1994)
934HS5845D11
PTHLH  Parathyreld like hormons 754C1 WI-9193 - Db (Racymakers ¢f al., 1995)
RECQL  DNA halicase Qi 934H5 — - Py (Seki et al.. 1994,
Larramendy e al.. 1997)
SOXs Sex determining region SRDINS00G1253 - 12p12 + Py (Wunderle ef al., 1996}
Y box S
TNFRY  Tumar necrosis factor o - - 12p13 - (Krauter ¢f af., 1935)
receptor

! ~ =mapped cutside the SROA, — =mapped within the SROA. *Db=data obtained from the Whitehead lnstitute and/or the Human
Genome Database Ph=PCR of a gene specific primer pair to the chromosome 12p hybrid panel. Py=PCR of a gene spcific primer pair on the
YAC-contig. $=8outhern blot apalysis using 2 ¢DNA prebe (8¢) or genomic probe (Sg)

a8
176TEL — Frogh .
KAASZ — KRAS2 -
ITPRZ —
ProgR —
KRAG — ProgR —|
KRAS2 — Las

Figmre 3 Resuits of semi-quantitative polymerase chain zeactions on tumor T8763 znd fous control samples. Gels (2} and (b) show
amplification in the tumor of KRAS? versus contrel leci. (¢ and d) show equivalent levels of JTPR2 and KRAG versis control loci
levels, whilst (e) confirms tumor amplification of KRAS? versus KRAG. {f) shows amplification of LGS versus PragR but the degree
of amplification seems 10 be reduced compared to KRAS2 levels. Tracks: |, 2.4, 5 = DNA derived from normal lung tissue: 3 =
T8763; 6 = pegative control (no target DNAY, 7 = @X{74rHaelll marker 87
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tumors (se¢ Figure 1b). The results suggest that in both
cases a region encoding KRAS2 but excluding KRAG/
ITPR2 is preferentially amplified. The fact that LGS
has a similar leve! in PCR-amplification in tumor T60
as in tumor T8763 is most likely explained by the
relatively low percentage of tumor cells containirg the
smailest amplified region on 12p in the latter sample as
demonstrated by FISH with cosmid 235C1.

In addition, the levels of amplification of PTHLA
and JTPR2 relative to RRAS? were determined. No
differences were found between ITPR2 and KRAS2 in
the tumors TI10077, T3035 and T28i4, again in
agreement with the bicolour-FISH results (Figure 1b),
ITPR2 was not found to be amplified in tumors T60
and T8763. When comparing KRAS? with PTHLH,
four of the tumors (T3035, T2814, T6( and T§763)
showed a higher amplification of KRAS2, also
cencordant with the data obtained by bicolour-FiSH.
Although ke bicolour-FISH with YACH#S and cosmid
34F8 showed differences in signal numbers in tumor
T16077 (Figure 1b), no differences in levels of PCR-
amplification as compared to KRAS2 were found with
specific primers for STS D1251688, for which 34F8 is
positive. The differences between double-FISH and
PCR could be due to the heterogeneity in length and
number of the amplicons and the difference in
sensitivity of both methods to detect them. No
difference in level of PCR-amplification compared to
KRAS? was found for the STSs D12S1606 aad
D1251596 in tumors T10077, T60 and T8763. As the
localization of SOX5 and JAW1 was identified at a
later stage during our investigation, these were not
included in the semi.quantitative analysis.

In order to study the expression of the SOXS5 and
KRAS? genes mapped within the SROA, a semi-
quantitative reverse transcription (RT-PCR) was
performed. As illustrated in Figure 4, most tumors
with amplification of a restricted region of 12p showed
a simifar level of expression of KRAS2. In one tumor a
lower level was found. In contrast, a more hetero-
geneous paitera of expression was found for SOXS. In
four tumors it was expressed at a lower level than
KRAS2, and in 1wo at a higher level, In addition, no
expression of SOX5 could be detected in T8763. To
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Figure 4 Examples of semi-quantitative reverse transcription
polymerase chain reaction analyses of KRAS2 and SOXS as
compared to HPRT in testicular germ cell tumors of adolescents
and adults with amplification ¢f restricted regions on 12p. Note
the comparable levels of KRAS2 expression in all tumors, the
variable levels of expression of SOX'S in the different samples, and
the absence of expression of this gene in tumor T8763
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exclude loss of this particular genomic fragment in the
amplicon, we performed FISH with a YAC containing
SOX5 (y900G1253) simultaneously with YACHS,
Similar numbers of signals of both probes were
detected in the tumors with 12p-amplification. All
control samples of normal testis parenchyma and
parenchyma samples with different amounts of
carcinoma #n sitw cells tested showed expression of
both KRAS2 and SOX5 (not shown). For JAWI
relatively high expression was found in the tumors
containing a 12p-amplification, but also in TGCTs
without such an amplicon (not shown). In addition,
expression of this gene was also detected in normal
testis and placenta.

Discussion

One of the most important problems in the study of
the pathogenesis of TGCTs is the identification of the
tumor biclogically relevant gene or genes in the over-
represented region of 12p. It has been known for more
than a decade that the majonty of TGCTs contains
one or more isochromosomes of the short am of
chromosome 12 (Mukherjee er al, 1991; Rodriquez et
al., 1993a; Van Echien ef al, 1995, Mostert er af.,
1996b). Moreover, it has been demonstrated, that
TGCTs without i(12p} also show over-representation
of 12p-sequences (Suijkerbuifk e/ al, 1993; Rodriquez
et al., 1993b; Smolarek et al, 1995). Since in those
studies & paint [or the whole short arm of chromosome
12 was used, or a probe which was not mapped in
detail, it was nol possible to localize the region
involved, The finding of amplification of a restricted
region of 12p in a case of metastatic SE (Suijkerbuijk
et al., 1994) was a key observation. More recently, we
and others reported the presence of similar amplifica-
tions in several primary TGCTs (Mostert et al., 1996a;
Korn et al., 1996). Apparently gain of 12p-sequences
by means of amplification of a smaller region of 12p
(instead of i{12p)-formation) is not restricted to
metastatic lesions.

We found amplification of a Hmited region of i12p in
eight out of 49 primary TGCTs. In this relatively small
and selected sample it occurred in SE as well as NS,
suggesting that this type of amplification is not
correlated with the histology of the TGCT. Amplifica-
tion of a restricled region of lZp was preferentially
found in TGCTs without i(12p) (six out of 23 cases
(26%) and none out of 13 TGCTs with i(12p)). We
demonstrate that the borders of the 12p-amplicon vary
in different TGCTs, thereby defining the SROA as the
region of interest. By assuming that the STSs are
equally divided over the YACs 753F12, 922D9 and
957B7, we estimate that the SROA could be as small as
1750 kb, However, when the average distance between
markers on chromosome 12 is 248 kb as suggested by
Krauter ¢/ al. (1995) the SROA could be as large as
3000 kb. Although this is still a relatively large
fragment, it drasticafly reduces the crucial region on
the short arm of chromosome 12 invelved in the
pathogenesis of TGCTs.

Identification of this SROA permits the selection of
the most likely genes involved in the pathogenesis of
TGCTs. For example, cyclin D2 (CCND2), mapped to
12pl3 (Inaba et al., 1992), was recently reported as the
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gene of interest (Sicinski et af, 1996; Houldsworth er
al., 1997). We demonstrated by Southern blot analysis
using a ¢DNA probe on all YACs within that region
that eyclin D2 maps outside the SROA (not shown).
Obviously, ecyclin D2 is not likely to be the gene
explaining the gain of 12p-sequences in TGCTs. The
published findings support this view, bacause this gene
is preferentially expressed in yolk sac tumors and not
for example in embryonal carcinoma cell lines (Sicinski
et al,, 1996), being representative for the stem cells of
N8 {Andrews ef al., 1990). The fact that the presence
of the cyclin D2 in NS depends on the histology
(Houldswarth et al., 1997) is neutral with respect to the
hypothesis that cyclin D2 is the gene of interest, Over-
representation of the cyclin D2 gene in most of the
TGCTs and derived cell lines (Sicinski et af., 1996}
probably merely reflects the over-representation of the
complete short arm of chromosome 12 found in
virtually all TGCTs (Mukherjee e of, 1991; Rodri-
quez ef af., 1993a,b; Van Echten e al,, 1995; Mostert &/
al, 1996b). A number of other penes previousty
propesed as candidates we also considered less likely
because they map outside the SROA (Table 1). Some
of these candidates were plausible, like LGS, encoding
the rate limiling enzyme in the synthesis of glycogen
(Nuttalt et al, 1994) and LDHB, encoding lactate
dehydrogenase type B (Li et al,, 1988). Giycogen is
found abundantly in carcinoma in sitn and the majority
of the different invasive components (Moslofi ef al.,
1987). LDHB is used as a serum marker for TGCTs, in
which its level seems to coreelate with the copy
numbers of the short arm of chromosome 12 (Taylor
et al., 1986, Yon Eyben et al, 1988, 1992). TNFRI,
also located on [2pl3 (Fuchs et al., 1992; Krauter ef
al, 1995) might be a candidate because mouse
primordial germ cells, the mouse equivalent of the
normal human counterpart of carcinoma in situ and
SE, show proliferation after TN¥ exposure {Kawase e/
al., 1994). However, LGS, LDHB and TNFR1 map
outside the SROA.

We reduced the size of the erucial region on 12p to a
minimal length of about 1750 kb, Theoretically,
between 25-50 genes couid be present within such a
stietch of DNA. However, $0OX5, J4W1 and KRAS2
are the only genes which were so far mapped within
this SROA (Popescu et &l., 1985, Wunderle et al., 1996
and this manuseript), The human SOXS gene was only
very recently described. Studies in the adult mouse
showed expression of this gene in hapleid round
spermatids, where the protein may function as a
transcription factor. Human SOXS5 transcripts have
been found in adult testis, heart, liver, tung, kidney,
spleen and fetal brain. Because we found one TGCT
without expression of this gene, SOXS does not seem
to be the gene of interest, Invoivement of KRAS2 in
the pathogenesis of TGCTs has been suggested and
questioned by different investigators and its role is
largely unclear so far (Dmitrovsky ef al., [990; Moul et
al, 1992, Olie et af., 1993). Moreover, it has been
reporied that activation of KRAS2 is not sufficient for
malignant transformation (Kumar et af, 1990
Rodenhuis, 1992; McCormick, 1994),

Jawl is expressed in a developmental stage-specific
fashion in both mouse B- and T-lymphoeyte lineages,
with the highest expression levels found in pre-B celis,
mature B cells and pre-T cells {Behrens er al,, 1994,

1996). No detectable expression was found in non-
hematopoietic cell lines, The encoded protein is
localized on the cytoplasmic face of the endoplasmatic
reticulum (Behrens er af, 1994, 1996). The exact
function of this protein is not yel known and the role
it might have in cancer pathogenesis is not clear. The
JAW! expression as we found in TGCTs might be
related to lymphocytic infiltrations, which are most
profoundly preseat in SE (Mostofi.-et al, 1987),
although expression of this gene was also found in
NS, which are known to contain significantly less
lymphocytic infiltrates {Mostofi et al., 1987},

Gain of 12p-sequences as an initiating event in the
pathogenesis of TGCTs seems unlikely, because we
reported that polyploidizition, resulting in consistent
aneuploidy of TGCTs (Oosterhuis et af, 1989;
Looijenga et al., 1991), precedes i(12p) formation
Geurts van Kessel er ol, 1989) and, therefore,
probably also amplification of 12p-sequences. This
finding and the fact that amplifications of 12p
sequences within one TGCT can be heterogeneous
suggests that the increasing copy number is a
progression-related phenomenon. This indicates that
the pathogenesis of TGCTs is not a single step process,
To this day it remains to be elucidated why a number
of tumors preferentially amplify a specific region of 12p
in conirast 1o gain of the complete short arm as fouad
in the majority of TGCTs. Proving that SOX35, JA W1,
KRAS2, or any other gene mapping within the SROA
is the biologically relevant gene for the development of
TGCTs, requires more extensive expression analyses at
different developmental stages during the pathogenesis
of TGCTs, and the development of proper in vitre and
in vivo model systems to test these genes.

In conclusion, we report on the reduction of the
region on the short arm of chromosome 12 erucial in the
pathogenesis of TGCTs to 17503000 kb, This will
facilitate the development of assays for the early
identification of this chromosomal anomaly and more-
over, the amplicon on 12p is a starting peint for cloning
and characterizing novel genes, which by their mere
presence in this region are potential candidate genes.

Materials and methods

Samples

The TGCTs included in this study were collected at the
operating theatre in collaboration with Urology- and
Pathology-departments in the South-Western part of the
Netherlands, After incision of the orchidectomy-specimen,
representative samples of the tumor and adjacent parench-
yma (when available) were snap frozen in liquid nitrogen,
and formaline-fixed and subsequently paraffin embedded
for histological examination, The tumors were classified
according to the World Health Organization classification
for testicutar tumors (Mostof and Price, 1973).

Slide preparation for conventional chromosome banding, FISH
and CGH

After surgical removal, representative parts of SE were
directly handled to isolale metaphase spreads as described
before (Castede ef al., 1989). Briefly, the mitotic cells were,
after mechanical dissociation of the twmor, direetly
harvested in the presence of coleemid (Life Technologies).
The cells were subsequently swollen in hypotonic KCV
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EGTA/Hepes solution and fixed with methanol-acetic acid
(3:1). Representative parts of NS were enzymatically
digested (collagenase, Sigma), and short term cultured in
T75 flasks (Costar) under standard conditions, ie., 37°C,
5% €0, in air humidified atmosphere in DMEM/HF12
with 10% heat-inactivated FCS (BRL-—GIBCO), Mitotic
cells were harvested afier 2—-4 h of coleemid treatment,
again swollen in  hypotonic solutioh and fixed in
methanol:acetic acid. For conventional karyotyping, air-
dried preparations were banded with pancreatin (Sigma) as
reported previously (Mostert ef ef., 1996%). The chromo-
some constitution was described according 10 the Interna-
tionat System for Human Cytogenetic Nomenclature 1995
{dMitelmarn, 1995).

Slides for single- and bicolour-FISH were either prepared
from methanol-acetic acid fixed material as reported
previously (Mostert et al, 1996b), or from nuclei isolated
from frozen materal. For the latter method ten frozen tissuz
sections of 30 pm thickness, of a histclogically checked
sample, were résuspended in 1 m! PBS by pipetting. The
nuclei were directly fixed by adding 70% ethanol {—20°C),
After centrifugation for 10 min at 1200 r.p.m., the super-
natapt was replaced by 5 ml 70% fresh ethanel (—20°C).
Finally, fixed suspensions were dropped on slides, air dried
and baked for 30 min at 65°C,

For CGH, metaphase spreads were prepared using
standard procedures from in vitro phytohemagglutinin-
stimulated peripheral blood tymphocyte cultures of a healthy
matle (46,XY), as reported before (Mostert er af,, 1996a),

Comparative genomic hybridization

High molecular weight DNAs were ijsolated from
histologicaty checked samples using standard procedures
{proteinase K-sodium dodecyl sufphate treatment followed
by phenol.chiproform extraction and ethanot precipitaticn
(Maniatis ef af., 1982)), CGH was performed as described
(Mostert er al.,, 1996a) with a few modifications. For each
hybridization, 260 ng lissamine-labeled (11-dUTP, Dupont}
control male PNA and 200 ng digexigenin-labeied (11-
dUTP, Bochringer Marnheim} tumor DNA and 0 pg
COT 1 DNA dissolved in 10 ui standard hybridization
mixture were hybridized to normat ,metaphases and
incubated at 37°C for 4 days. The hybridized slides were
washed three times with 2 x 8SC at 37°C followed by 0.1 x
SSC at 60°C (three washes). Fivorescence detection of the
tumor DNA was accomplished using ome layer of anti-
digoxigenin-FITC (Boehringer Mannheim}. The slides were
mounted in antifade (Vectashicld) containing 4,0-diamidi-
no-2.phenylindole (DAPE, Sigma) for counterstaining of
the chromoesemes.

The results were evaluated using an  epifluorescence
microscope (Leica DM) equipped with a cooled CCD
camera {Photometrics, Tucson, AZ), a triple band pass
beam splitter and emission filters (P-1 filer set, Chroma
Technology). Enages were saved using & romting built up in
SCIL—Image implemented on a Power Macintosh 8100,
Image analyses were performed with the use of QUIPS XL
software (Vysis Inc. Downers Grove, 1L). The green and red
fiuoresceni intensities were measured with the Xwoolz
software for a Sun work station, In the first experiment the
normalization was carried ont as described before (Mostert ef
al, 19983}, by using the average of the green to red
fluorescent intensities for the entire metaphase, Regions that
showed variations in centromeric and heterochromatic
regions {chremosome 1, 9, 16 and ¥) and the immediate
telomeric regions were ontitted from anaiysis.

Yeast artificial chromesomes: origin and characterization

YACH#S was kindly provided by Dr B Gemmill (Denver,
USA). The SOXS containing YAC ICRFy900G1253 was
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obtained through the Resource Center in Berlin, YAC
ICI36ECI was obtained by Dr J Heighway., All other
YACs used are from the CEPH mega-YAC library (contig
WC 12.1) and were obtained through the Leiden YAC
Sereening Centre, YAC clones were grown and DNA was
isolated according to standard protecols (Mostert et af.,
1996b). Proper localization of the YACs was fested by
FISH on normal human lymphocytes. The length of the
YACs was determined by pulsed field gel electrophoresis.

Inter-Alu PCR on YACHS and other YACs from the
contig was performed using primers ALUI and ALUIV
(Cotter et af., 1991).

STS and cosmids

Cosmids mapping within the contig were isolated from a
chromosome 12 specific library by hybridization of spotied
filters with amplified fragments generated by PCR using
STS-specific primer products isolated from rormal human
placenta. The STS-specific primer sequences were obtained
from the Whitehead Institute for Biomedical Research
database, and additional jnformation (Jocalization, poly-
morphism, PCR conditions, etc.) was obtained from the
Genome Database. The reactions were perfermed on 250—
500 ng DNA, in 50 gl reaction volume {containing 10 ma
Tris-HC], 50 mM KCI, 1.5 mM MpCh, 0.25 mM of each
dNTP and 0.2 units of Tag polymerase), as well as the
different §T§-specific primers. Afier initial heating to 94°C
for 5 min, followed by 30-35 cycles of DNA denaturation
(1 min at 94°C), annealing {1 min at $3°C, 58°C or 60°C
depending on the primer set used) and extension (1 min at
72°C), final extension was performed at 72°C for 10 min.
Five pul of the volume was analysed by electrophoresis on a
1% agarose gel (50% regular and 30% NuSieve GTG
agarose) and ethidium bromide staining. The different PCR
products were isolated from gel wsing the Quiaquick Gel
Extraction Kit (Quiagen}. Subsequently, 100 ng was
radioactively labeled using random primed labeling and
hybridized to the chromeosome 12-specific cosmid-library.
Sonicated placental DINA was used to reduce background
staining. In addition, CA repeat containing 5TS fragments
were prehybridized  with other CA  repeat-contasning
probes for 1h in $x S8C, For STS fragments smallec
than 200 bp, end-labeled oligo's were used as probe.
Positive cosmid clones were checked for their specificity
for the relevant STS by PCR using 30 ng cosmid DNA. In
addition, the cosmids were tested for their suisability for
FISH on normal lymphocyie-preparations,

FISH: labeling of the probes and hybridization

The single and bicolour-FISH experiments were performed
as described earlier (Mostert er al., 1996b) using YACHS
and cither one of the other YACs or cosmids as probe.
YACHS was purified by pulsed field gel electrophoresis,
amplified and  labeled with  digoxigenin-11-dUTP
(GIBCO-BRL) as reported before. The other probes
were labeled using a standard nick-translation kit
(GIBCO-BRL) with biolin-11-dUTP. One hundred ng of
both labeled probes and 0.5 ug COT 1 DNA (GIBCO-
BRL) were dissolved in 10l standard hybridization
mixture containing 50% formamide/2 x §SC/10% dextran-
sulphate. The slides were prepared from methanol-acetic
acid fixed sediment from cases T2814, T8763 and T202 and
from ethanol fixed suspensions containing nuclei from
frozen tissue of cases T10077, T3035, T2207, T2655 and
T60. Before hybridization, the slides were pretreated as
follows: the methanoljacetic acid fixed slides were rinsed in
water and incubated in $0% HA¢/H,O and 30% HAc/
MeGH for 4 min respectively and airdried. The slides were
dehydrated in 7¢% ethanol (0°C) and subsequently in 80%,
90% and 100% at room temperature for 3 min, respec-



Chapter 6

tively, After air-drying, the slides were treated with RNase
(0.1 mg/ml) (SIGMA) in 2x SSC for 30 min at room
temperature and rinsed in 2 x 88C. The ethanol fixed slides
were incubated in 0.1 mpgiml pepsine in 0.01% HCL
{SIGMA) for 20 min at 37°C. After rinsing in water and
PBS, five times cach, the nuclei were post-fixed with 1%
fermaldehyde in PBS for 10 min at 4°C. After another five
rinses with PBS the nuclei were dehydrated in 70%, 80%,
90% and 100% ecthanol, respectively, After in situ
hybridization for 48 h at 37°C, the biotlin labeled probes
were visualized by a new detection method with biotinyl-
tyramide (Raap er al, 1995) with a few modifications.
Briefly, the slides were incubated with ABC (DAKO)
streplavidin-peroxide for 30 min at room temperature,
Following washes with PBS/0.1% Tween, the biotinyl-
tyramide solution (NEP-116 kit of Dupont) 1:200-1:400,
0.01% H,0, in PBS was incubated for 10 min al room
temperature, After enzymalic reaction, probe YACHS was
visualized with Bucrescein isothiocyanate (FITC} conju-
gated sheep-x-digoxigenin (Boehringer) and the biolin
labeled probe with avidin-CY3 (Jacksons lmmunoresearch
Laboratories).

For every tumor, 30 nuclei with amplification of YACHS
were analysed by three different investigators. In each
nucleus, the number of hybridization signals of YACHS
{green) was compared to the number of signals of the other
probe (detected in red).

Mapping of candidate genes and expression analysis

LGS-specific primers were generated within the 3'UTR
(positions 23492368 and 2610-2631, GENBank acces-
sion number S70004), with the following sequences; LGSI:
S-AGTTAGGCATGAGGAGGAGC-Y, and LGS2: 5-
AATCATGGTTCTGATGCATGTG-3, The primers used
for SOX5 were SOXS2 (5-CACTGCTGGTGTIGTG-
TAC-3') and 2E2reva (Wunderle ¢t al, 1996}, and lor
KRASY KRiI (5-TGATAGTGTATTAACCTITATG-3)
anpd KR2 (5-TTTATCTGTATCAAAGAATG-3') (both in
exon ). The primers for JAW1 (8-CAGCAGGACATCC-
TAATATATGG-3 and -CCCATTGTATTTTAGTTG-
GGG-Y) were the STS primers for DE2S1350E. The PCR
experiments were performed as described in the Results
section.

RT—PCR was performed on total RNA isolated from
approximately five tissue sections of 50 um thickness of the
snap-frozen samples, using RNA STAT-60 (TEL-TEST). Of
evary sample, two 5 pm sections (the first and the last in the
series) were stained with hematoxylin and eosin for
microscopic analysis of the histological composition. After
treatment of the RNA with RiNase-free DJMase (Boehringer),
pherolfchlorofonm extraction and precipifation, 5 pg of total
RNA was reverse transcribed at 37°C for 2h in a total
volume of 40 ul containing 1 mM each dNTP (Phacmacia),
I my  dithiothreitol, 1.2 gg random hezamer primers
{pd(N]6) (Pharmacia), 1.2 pg oligo d{T) primer 4[T]12-18
(Pharmacia}, 4.5 U of RMasin (Pharmacia), 50 mm Tris-HCl
(pH 8.3}, 75 myM KCJ, 3 my MgCly and [ gl of Superscript
RNAse H- RT (BRL; 200 U/ul). Absence of contaminating
DNA was checked by PCR without prior reverse transcrip-
tion. Integrity of the ¢cDNA was tested via amplification of
Hypoxanthine Phospho-Ribosyl-Transferase (HPRT) tran-
scripts {28 cycles), with primers 244 and 246 as published
befere (Gibbs e al,, 1959) (5-AATTATGGACAGGACT-
GAACGTC-3 and 5“GGCGATGTCAATAGGACTCCA-
GATG-3', respeciively), generaling a fragment of 587 bp.
Amplification was performed using 1.5 p! of the same reverse
transcriplion  reaction mix in a (otal volume of 50 gl

containing 1» Taq DNA polymerase buffer with 1.5 mu
MgCl;, 25 pmol of each primer, 0.2 mM each dNFP and | U
of Tag DNA polymerase (Promega). After an initial
denaturation of 4 min at 94°C, every amplification cycle
consisted (in total 32) of 1 min at 95°C, 1 min at 64°C and
1.5 min at 72°C. PCR products were visualized on 3% (50%
regular and 50% NuSieve GTG (FMC)) agarose gals stained
with ethidium bromide, This was also used as reference for
the level of expression of SOX5 and KRAS2. The primers
used for SOX5 (spanning an intron) were SOXSfore and
2EZreva (Wunderle er al, 1996}, generating a fragment of
477 bp. Primers (spanning two introns) used for KRAS were
KRI1 in exon] (5-GAGTGCCTTGACGATACAGCT-3)
and KRI12 in exon 3 (5-CTTTGCTGATGTTTCAATAA-
AAGG-Y), generating a fragment of 394 bp. Amplification of
SOX5 and KRAS2 transcripts was done using an initial
denaturation of 5 min at 94°C, and subsequently 35 cycles
consisted of 45 5 94°C, 30 5 60°C and 305 72°C, and finally
10 min at 72°C for SOX5 and after initial denaturation 35
cycles consisted of 1 min 94°C, 1 min $8°C and | min 72°C,
and finally 10 min at 72°C, for KRAS2.

Semi-guantitative PCR

The semi-quantitative PCR was performed as described
before (Heighway ef al., [996). Besides the seven TGCTs
with the amplification of 12p sequences, seven TGCTs
without such amplifications were included as controls. The
cases were studied under code not knowing the origin of
the samples. The progesterone receptor (ProgR), which
maps to 11q23 and the }7pTEL STS, were included in
every experiment as references (Bettincher er afl., 1996;
White et al, 1996). The lollowing tarpet genes were
studied: LGS, KRAS2, KRAG (primers 021/022) and
ITPR2. Briefly, for each PCR 0.5 ug tumor DNA was
amplified in a 160 g reaction with 0.5 pg of each primer
{two primer pairs) in standard reaction mix over 30 cycles
of 1 min at 35—60°C, 1 min at 74°C, 1 min at 94°C and
finai steps of | min at 55-60°C and 10 min 74°C. After gel
electrophoresis (2% "agarose), relative band intensities of
PCR products {test versus control) were compared visually,
with reference to band inlensities derived from normal
genomic DNA controls.
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Chapter 7

Abstract

Human testicular germ cell tuniors of adolescents and young adults {TGCT), histologically
seminomas and nonseminomas, are characterized by 12p-overrepresentation, mostly due to
isochromosomes of 12p, of which the biological and clinical significance is still unclear. A limited
number of TGCT has been identified with an additional high level amplification of a restricted
region of 12p, including the K-RAS prolo-oncogene. Here we show that the incidence of these
restricted 12p-amplifications in primary TGCT is about 8%, affecting both seminomas and
nonseminomas, Formation of i(12p) and restricted 12p-amplification is mutually exclusive in a
single cell. The shortest region of averlap of ampiiﬁcation was not reduced compared to previous
reports. it appears that the borders of the amplicons cluster in short regions. While most
seminomas showed the amplification in all tumor cells (homogeneous pattern), only a minority of
the tumor cells from nonseminomas contained the amplicon (heterogeneous pattern). The
amplicon was never found in the adjacent carcinoma in sify cells. Seminomas with the restricted
[Zp-amplification virtually lacked apoptosis, and the tumor cells showed prolonged in vitro
survival, like seminoma cells with a mutated R4S gene. No differences in proliferation index were
found between these different groups of seminomas. Seminoma patients with a homogeneous
restricted 12p-amplification presented at a significantly younger age than those lacking it. The
presence of a restricted 12p-amplification/RAS mutation did not predict the stage of the disease at
clinical presentation and the treatment response of primary seminomas. In 55 primary and
metastatic tumors from 44 different patients who failed cisplatinum-based chemotherapy the
restricted 12p-amplification and RAS-mutations had the same incidence as in the consecutive
series of responding patients,

These data support the model that gain of 12p is progression-related in the development of
TGCT: it allows tumer cells, in particular those showing characteristics of early germ cells, i.e. the
seminoma cells, to survive outside their specific micro-environment. Probably overexpression of
cerlain genes on 12p inhibit apoptosis in these tumor cells. However, the copy numbers of the
restricted amplification of 12p and K-RAS mutations do not predict response to therapy and
survival of the patients,
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Introduction

Malignant transformation is a complex, multistep process, in which inactivation of tumor
suppressor genes and activation of proto-oncogenes play an imporiant role (Vogelstein & Kinzler,
1993}. Although involvement of several genes has been suggested in the development of testicular
germ cell tumors of adolescents and young adults (FGCT), histologically seminoma and
nonseminomas {Mostofi et al., 1987), evidence is lacking.

All TGCT originate from carcinoma i situ (CIS) (Skakkebak, 1972), composed of tumor
cells that phenotypically resemble primordial germ cells {Jorgensen ef al,, 1995), CIS is frequently
found in the parenchyma adjacent o an invasive TGCT, These cells are located on the inner side
of the basal membrane of the seminiferous tubules, in close association with Sertoli cells {Gondos,
1993). Initially they expand in the seminiferous tubules, eventually, via the micro-invasive stage,
the tumor cells form overt invasive tumors. The mechanisms involved in this progression are still
unclear. Obviously tumor cells are selected capable to survive and grow outside the specific
micro-environment of the seminiferous tubule,

The only consistent chromosomal anomaly in TGCT is gain of the short arm of
chromosome 12, mostly due to isochromosomes of 12p (Atkin & Baker, 1983; Sandberg ef al.
1996, for review), K-RAS has been proposed as the relevant gene (Dmitrovsky ef af,, 1990;
Houldsworth ef a/., 1997; Murty & Chaganti, 1998). The copy munber of [2p reportedly predicts
prognosis (Bosl & Chaganti, 1994; Bosl ef al., 1989; Malek ef al., 1997), The RAS protein (p21} is
involved in signal fransduction by switching between an inactive (GDP-bound) and active (GTP-
bound) state. Mutations leading lo constitutive activation have been found in many lypes of
cancers. For example, mutated RAS correlates with poor prognosis in childhood acute lymphocytic
leukemia (Litbbert ef af., 1990), and non-small cell lung cancer (Slebos ef al., 1990; Mitsudomi ef
al.,, 1991). Recently, activation of R4S has been shown to be involved in tumor-maintenance
(Chin et af,, 1999; Hahn e «l, 1999), and i inducing anchorage independent growth, due to
inhibition of apoptosis (Arends ef «l., 1993; Frisch & Francis, 1994). Indeed, a correlation
between activated RAS and melastatic capacity has been reported (Ananthaswamy ef af., 1989;
Takiguchi e af., 1992). Besides activation by means of mutations, R4S can also be involved in
malignant transformation due fo increased copy numbers of the wild type gene, resulting in
overexpression of wild type nRNA, and accumulation of the wild type protein (Coleman ef «i.,
1994; Fujita ef al., [987, McKay ef al., 1986; Pulciani er al,, 1985; Radinsky ef «l., 1987; Zhang
et al., 1997),

Seminomas are highly sensitive to irradiation and cisplatinum-based chemotherapy. The
vast majority of patients with metastatic nonseminomas is cured by cisplatinum-based
combination chemotherapy (Bokemeyer & Schmoll, 1993, for review). In spite of the application
of clinical and histological prognostic factors to predict treatment response of TGCT, the clinical
course of these turmors can still not be predicted for individual patients. Additional prognostic
muarkers are therefore needed. Interestingly, activated R4S genes increase the intrinsic resistance to
radiation and cisplatinum therapy (Holford et «f., 1998; Tsonishi ef af., 1991; Kinashi ef a/., 1998;

98



Chapter 7

Sklar, 19884, Sklar, 1988b). It is unctear whether amplification of wild type RAS has the same
effect,

A small percentage of TGCT has RAS mutations (Ganguly et af., 1990; Moul ef al., 1992;
Olie et al., 1995a). The clinical relevance of the mutations was not studied. We showed that
seminomas with a mutated RAS gene have survival advantage in vifro, and have reduced apoptosis
in the primary tumor (Olie ef al., 1996; Olie e al., [995b). Noteworthy, in vitre survival of tumor
cells correlates with poor prognosis in patients with adult acule myeloid leukemia (Lowenberg ef
al., 1993), and in metastatic TGCT (Otto ef af., 1997). Recently, a number of invasive TGCT with
amplification of a restricted region of 12p have been identified (Korn er /., 1996; Mostert ef al.,
1998; Mostert et al., 1996; Suijkerbuijk e/ al., 1994). We showed that the shortest region of
overlap of amplification (SROA) is about 1.7 Mbases, containing three known genes, i.e., SOXS,
JAW, and K-RAS (Mostert ef al., 1998). 1t is unknown so far whether amplification of wild type
K-RAS in these tumors has the same effects as RAS mutations. Finally, the clinical relevance of a
restricted 12p-amplification has not been conclusively investigated in TGCT.

The goal of this study is to further investigate the biological and clinical significance of
gain of 12p-sequences in TGCT. The incidence of restricted 12p-amplification was studied in a
consecutive series of 76 untreated primary TGCT. The newly identified six tumors, as well as
previously found nine cases were studied for the distribution of the restricted 12p-amplification
within the tumor (homogeneous or heterogeneous pattern), the borders of the SROA, the presence
of i(12p), the proliferative activity, the presence of apoptosis and capacity of the tumor cells to
survive in vitro. In addition, cotresponding CIS and micro-invasive seminoma were tested for the
presence of the restricted 12p-amplification, The clinical importance of the restricted 12p-
amplification and RAS mutation was further studied in 44 patients who failed cisplatimmn-based
chemotherapy.
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Material and methods

Samples

The freshly obtained fumor samples included in this study were collected in close
collaboration with wrologists and pathologists in the South-Western part of the Netherlands, All
tumors were obtained prior fo chemotherapy and/or irradiation. Directly after surgical removal,
representative parts of the tumor and adjacent normal tissue (when available) were snap frozen
and other pieces were fixed ovemight in 10% buffered formalin and embedded in paraffin. The
size of the festis and the tumor was measured in three dimensions, The tumors were diagnosed
according to the World Health Organisation (WHO) classification for testicular tumors (Mostofi
& Sesterhenn, 1998). Nonseminomas containing both a seminoma and a nonseminoma were
classified as combined tumors, according to the British classification (Pugh, 1976), instead of as
nonserninomas according to the WHO classification system. Identification of CIS, seminoma and
embryonal carcinoma was aided by a direct enzyme-histochemical detection of alkaline
phosphatase activity on representative frozen tissue sections, as repoited before (Mosselman ef of,,
1996). The consecutive series tested for the presence of a restricted 12p-amplification (see below)
consisted of 46 seminomas, 23 nonseminomas (14 embryonal carcinomas/yolk sac
tumor/teratoma; 3 teralomas; 2 embryonal carcinomalyolk sac fumor; 2 yoik sac tumors, |
teratoma’yolk sac tumor; 1 embryonal carcinoma) and seven combined tumors (3 embryonal
carcinoma/sentinoma; 3 embryonal carcinomalyolk sac/seminoma; 1 deratomalyolk sac
tumor/seminoma). The newly identified cases with a restricted 12p-amplification and the
previously found cases (Mostert ef ¢/, 1998 and unpublished observations) were studied for the
borders of the amplicon (see below), the distribution within the tumor (see below), presence of
i(E2p) by karyotyping {when available), proliferation index (see below), apoptosis and in vitro
survival, as described before (see below, and Olie ef al., 1996; Olie ef al., 1995b). In addition, the
formerly identified seminomas with a mutated R4S gene (Olie ef af., 1995a), were included in this
analysis.

The analysis of the possible clinical impact of the restricted 12p-amplification/K-RAS
mutation was studied on a series of patients who failed cisplatinum based chemotherapy. These
cases were collected in collaboration with the Departments of Hematology and Oncology,
University of Tibingen (Germany), and Internal Medicine, Netherlands Cancer Instilute,
Amsterdan: (The Netherlands). In total, 44 patients were included, of whom 22 primary TGCT
and 33 metastases were studied (of 1 patients both the primary and metastases was available).

Tmmumnohistochenrical detection of Ki-67

Sections were cut from one representative paraffin block per tumor, which was mounted
on APES (3-aminopropyl-triethoxysilane)-coated slides and dried at 50°C overnight.
Subsequently, the sections were heated to 120°C in sodiumcitrate solution (0.01 M pH 8.0}
using an autoclave (Shin ef al.,, 1991). Endogenous peroxidase reactivity was blocked with

100



Chapter 7

H,0,/methanol. The Ki-67 antigen was demonstrated using the polyclonal antibody A 0047
{Dako), diluted 1:100. Incubation was done for | hour at room temperature following blocking
of non-specific binding sites with 5% BSA. After extensive washing, biotinylated swine-anti-
rabbit {1:200) (Dako) was used as second step, which was detected using the horseradish-
labeled streptavidin-biotin complex (Dako}, diluted 1:100. Peroxidase was visualized with
diaminobenzidine, afier which the sections were counterstained lightly with Mayer’s hemalum.
Of each tumor three times 50 turnor cells were independently cownted by two observers in one
tissue section. The results were statistically analyzed using the Student’s t test. Positive and
negative (exchuding the first antibody) controls were included in each experiment.

Metaphase preparations

After surgical removal, representative parts of nonseminomas were enzymatically digested
(collagenase, Sigma), and cultured in T75 flasks (Costar) for several days under standard
conditions, i.e. 37°C in a humidified atmosphere with 5% CO, in air in DMEM/HF12 culture
medium with 10% heat-inactivated FCS (BRL-GIBCO) as described before (Castedo e af,,
1989a). Mitotic cells were harvested after 2-4 hours of colcemid treatment, swollen in hypotonic
solution, and fixed in methanol/acetic acid {3:1). Representative parts of seminoma were directly
processed to isolate metaphase spreads as described before (Castedo ef af., 1989b). Briefly, the
mitotic cells were, afler mechanical dissociation of the tumor, directly harvested in the presence of
colcemid, The cells were subsequently swollen in hypotonic KCV/BGTA/Hepes solution and fixed
with methanol:acetic acid (3:1). For conventional G-band karyotyping, air-dried preparations were
digested with pancreatin. The chromosome constifution was described according to the
International System for Human Cytogeietic Nomenclature 1995 (Mitelman, 1995).

Restricted 12p-amplification

The fluorescence in situ hybridisation (FISH) experiments on the methanol/acetic acid
fixed nuclei suspensions on the consecutive series were performed as described carlier (Mostert ¢
al., 1998) using YACHS (mapped to 12p11.2-12.1, kindly provided by Dr. B. Gemmill, Denver,
UUSA). YAC#S5 is known to map to the SROA as determined in our carlier study (Mostert er al,,
1998). To make this probe suitable for the FISH approach, it was purified by pulsed field gel
electrophoresis, amplified and labeled with digoxigenin-11-dUTP (GIBCO-BRL). It was
visualised with fluorescein isothiocyanate (FITC) conjugated sheep-g-digoxigenin (Boelwinger)
as reported before. The presence of a 12p-amplification was defined as reported before (Mostert et
al., 1998), being around 15-30 signals per interphase nucleus.

TGCT identified with a restricted [2p-amplification were studied in more detail. Of these
cases, frozen tissue sections of [6 pm thickness containing tumor, micro-invasive seminoma, and
CIS (when available), were cut and air-dried overnight at 37°C on microscope slides treated with
tissue adhesive. In addition, one parallel section (4 um thickness) was stained with hematoxylin
and eosin, and the other for alkaline phosphatase reactivity, (see above) for histological
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examination. The slides for the FISH were submerged in 70% ethanol (-20°C) for one hour and
dehydrated in an increasing ethanol series {(80%, 50%, 100%, 2 minutes each) and air-dried.
Subsequently, the tissue sections underwent protein digestion (0,0005% pepsin (Sigma, St. Louis,
USA) in 0,01 M HCVPBS, 1 minute at 37°C) followed by a wash step (PBS, 5 minutes) and
dehydration. Hybridisation was performed as described for the methanolacidic acid fixed nuclei
(Mostert ef al., 1998). YACH#S was used as a control probe in combination with another probe (fest
probe) (see Figure 1). In particular, probes positive for STSs D1251945, D1251688, AFM267yc9
{on the distal side) and DI1251330F, KRAS2, DI12S1313, and D1281411 (on the proximal horder)
were used, YACHS was labeled as described above with digoxigenin-11-dUTP (GIBCO-BRL)
and visualised with fluorescein isothiocyanate (FITC) conjugated sheep-g-digoxigenin
{Bochringer). The test probes were [abeled using a nick-translation kit (GIBCO BRL) with biotin-
11-dUTP and visualised using avidine-CY3 (Jacksons immunoresearch Laboratories). A restricted
12p-amplification was defined as the presence of nuclei with at least [5 hybridisation signals. The
pattern was identified as heterogeneous when such nuelei {possibly in groups) are scattered
throughout the tissue section: both regions with and without restricted 2p-amplification are
present. In contrast, the pattern is defined as homogeneous when all regions showed nuclei with
restricied 12p-amplification. Because of tissue cutting artifacts, this does not exclude the presence
of single nuclei without such an amplification. The criteria used to determine the borders of the
breakpoints were similar as used in our former study (Mostert ef al.,, 1998). Briefly, the probe was
scored at part of the amplicon when paired hybridisation signals with the control probe (YACHS)
was observed, and scored as outside the amplicon when less hybridisation signals were found
compared to the control probe. Higher copy numbers of the test probes (see above) compared to
the control probes have not been found so far.

The paraffin-embedded tissue sections of the treatment-resistant TGCT (4 pm thickness)
were preincubated overnight at 50°C, and subsequently baked for 10 min. at 80°C. The sections
were deparaffined using xylene, washed in 100% methanol four times at room temperature and
air-dried. Sodium-thiocyanate (1 M) pretreatment was done for 10 minutes at 80°C, after which
the slides were thoroughly rinsed in water. Digestion was done using 0.1% pronase E (Sigma) in
PBS at 37°C for 30-40 minutes, depending on the tissue under investigation. After rinsing in PBS
at 4°C, dehydration was done using a series of increasing ethanol concentrations (70, 80, 90,
100%). The hybridisation, washing and detection procedures were performed as described for the
methanol/acetic acid fixed nuclei (see above). A restricted 12p-amplification was defined as the
presence of at least 10 hybridisation signals, Because of the thickness of the tissue sections used,
the tumors were not scored for the presence of a homogeneous or heterogeneous pattern.

Visualization was done with a Zeiss Axioskop epifluorescence microscope {Carl Zeiss
Jena, Germany) with a Pinkel filter in combination with a triple band-pass filter, which enabled
the observation of FITC, CY3 and DAPI in one view,
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Comparative Genomic Hybridisation (CGH)

For CGH, metaphase spreads were prepared using standard procedures from in vitro
phytohemagglutinin-stimulated peripheral blood lymphocyte cultures of a healthy male as
reported previously (Rosenberg ef af,, [1998a), High molecular weight DNA was isolated from the
snap frozen tissue samples (test DNA) and from peripheral blood of a normal male (reference
DNA) using standard procedures (Maniatis ef al., 1982), The CGH procedure and analysis was
performed as described before (Rosenberg ef a/., 1998b). Both the control male DNA and the
tumor DNA were directly labeled by nicktranslation with lssamine and FITC respectively, The
data were analysed using Quips XL software from Vysis (Downers Grove, IL). Normalization was
carried out using the average of the green to red fluorescent intensities for the entire metaphase. At
least ten metaphases were studied for each case. Losses of DNA sequences were defined as
chromosomal regions where the average green-to-red ratio and its 95% confidence intervals are
below 0.9 while gains are above 1.1 (Rosenberg ef al., 1999). The heterochromatic blocks of
chromosome 1, 9, 16 and Y, and the immediate telomeric regions were excluded from the analysis
because these regions present variable results in experiments with normal control DNAs.

Spectral karyotyping (SKY)

SKY was performed on a single seminoma with a restricted 12p-amplification,
demonstrated both by CGH and FISH, using a SKY-kit and analysis system (Applied Speetral
Imaging) with a slightly modified procedure as described by the supplier. In particular, proteinase
K digestion was performed in [ M Tris-HCL, pH 7.5, and after denaturation of the probe, the mix
was kept on ice. Washing during the detection procedure was performed in 55% formamide and
39°C in stead of 45°C. In addition, 0.05% instead of 0.1% tween was used in 4 times SSC, and the
last washing step was performed at room temperature.

RAS gene mutation detection

Mutations in codon 12 or 13 of the N- and K-RAS genes were analyzed by direct
sequencing (Amplicycle, Amersham), using primer NA (5-GACTGAGTACAAACTGGTGG-
3VWNB (5-CTCTATGGTGGGATCATATT-3") and KA (5-GACTGAATATAAACTTGTGG-
VKB (5-CTATTGTTGGATCATATTCC-3"), respectively, on DNA isolated from snap frozen
senrinomas tested for in vitro survival and presence of apoplosis. DNA was isolated as decribed
above. Only histological areas containing more than 70% tumor cells were used. In addition, the
presence of K-RAS codon 12 mutations was investigated in the series of paraffin-embedded
tumors of the non-responding patients as follows: two [5 pm thickness sections from each
sample were first deparaffinized with xylene and then dehydrated with absoiute elhanol. A
parallel section (4 pm thickness) was stained with hematoxylin and eosin to confirm the presence
of tumor, and check for histology. Only sections with a major tumeor component were used for
DNA isolation. DNA was eluted in 30 ul of water by heating the air-dried tissues at 95°C for 5
minutes. Typically 50-100 ng of DNA was used for each PCR reaction, Each sample was first

103



Role of restricted 12p-amplification and RAS mutation

tested with HLA-dQ primers (Benhattar ef /., 1993) to assess the quality of the eluted DNA.
Only samples showing proper amplification were subsequently used. The PCR reactions to
detect mutations in codon 12 of K-RAS were performed essentially as described before (Kahn ef
al., 1991) with the following modifications. The K-RAS 5° primer used in the two rounds of
amplifications carried a biotin label at the 5' end. After the first Mva T digestion, the PCR
products were affinity purified on streptavidin coated paramagnetic beads (Dynal) and the
bound PCR products were re-digested on the beads in 50 ul of Mval buffer containing 10 U of
enzyme for 3 hours at 37°C. Subsequenily the beads were affinity purified and washed on the
magnet to remove the buffer and the unbound fraction. Finally, single stranded DNA was eluted
from the bound fraction by boiling the beads with 10 ul of water. One half of each fraction was
used in the second amplification step. Samples positive for mutations in codon 12 were further
characterized by cycle sequencing the single stranded DNA obtained by affinity purification of
the PCR products refained on the beads after the final Mvgl digestion. The procedure was
controlled at every stage with DNA samples obtained from archival paraffin embedded primary
TGCT with and without codon 12 mutations {Olie ef af., 1995a).

Detection of DNA laddering

High molecular weight DNA was isolated from snap frozen histologically checked
samples (see above) using standard procedures (see above). DNA laddering was visualised using
ethidium bromide staining afier electrophoresis of 1 ug as described previously (Olie ef al., 1996).
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Results

Restricted [2p-amplication and if12p} in primary invasive TGCT

The incidence of a restricted 12p-amplification in primary unireated TGCT was
determined by analysis of methanol/acetic fixed nuclei suspensions of 76 surgically removed,
consecutively collected TGCT, including 46 seminomas, 23 nonseminomas and 7 combined
tumors (see Table | and Materials and Methods for histology). Double fluorescent FISH showed
that all tumor nuclei had more than four copies of 12p, and at least three chromosome 12-
centromeres (ot shown). Six tumors (7.9%), i.e, four seminomas (8.7%), one nonseminoma
(4.3%) and one combined tumor (14.2%) showed the restricted 12p-amplification (see Table 1),
So far, in total 15 primary TGCT with such a restricted 12p-amplification are available (the six
identified in this consecutive study, and nine previously found by us, of which six have been
included in our previous study (Mostert ef a/., 1998): nine seminomas, four nonseminomas and
two combined tumors. Karyotyping (sec Table 1) revealed the presence of i(12p} in two out of the
six successfully analyzed scniinomas with a restricted [2p-amplification. However, the presence
of an i(12p} could not be confirmed by FISH on matched metaphase spreads, although the
amplification was found (not shown). Three of the four karyotyped restricted 12p-amplification
positive nonseminomas lacked i(12p), as well as the only karyotyped combined tumor.

Table 1.

Results of detection of the restricted | 2p-amplification using methanol/aceiic acid fived nuclei
suspensions of a conseculive series of primary seminomas (SE), nonseminomas (NS} and
combined tumors (CI) as detected by double fluorescent in situ hybridisation (FISH),

The total number of cases with a restricted 1 2p-amplification identified so far are
indicated between brackets. The resulls of karyotyping and in situ hybridisation
on matched frozen tissue sections are also shown (NA = not available;
+12n ampl.= with restricted 12p amplification)

Conseculive series i(12p} + Heterogeneity
tested + 12p ampl. karyotyping ISH
SE 46 4 (9) 26 0/6 3/9
NS 23 1 (4) 0/3 NA 4/4
CT 7 1 (2) on NA 2/12
Tolal: 76 6 (15)
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The other nonseminomas with a restricted 12p-amplification had i(12p) in some of the
studied metaphases. Because of inappropriate quality of this material, no FISH could be
performed on these cdses. In the informative cases, it was found that the additional 12p-sequences
visualized by FISH were predominantly (five out the nine cases) present as tandemly organized
units as add(12)(p11), add(12)(p12), or add{12){p13), although also other sites were found to
contain 12p-specific sequences, including parts of chromosomes 6, 8, and 11 (not shown).

Breakpoints involved in the restricted 12p-amplification

In addition to our earlier report consisting of six cases (Mostert ef al., 1998) (indicated by
an asterisk in Figure 1), FISH was applied on the newly identified TGCT (01=9) with a restricted
12p-amplification.
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Fig.1: Schematic representation of the physical map of the 12p11.2-p12.1 region. Genes, STSs
and the position the YACHS probe are indicated. The resulis of the double fluorescent in situ
hybridisation experiments performed on frozen tissue sections to determine the shortest region of
overlap of amplification are shown. The continuous bold lines indicate the regions included in the
restricted [ 2p-amplification, and the dotted lines indicate the regions outside the amplification.
Frobes specific for STSs D1281945, DI12851688, AFM267ve9, K-RAS, D12851313, and D12S1411
ave used for these analyses. The results are shown per histological subgroup (seminomas (SE),
nonseminomas (NS), and combined tumors(CT)). The tumors studied in our previous analysis
{Mostert et al., 1998), are indicated by an asterisk. Note that three breakpoinis map between
AFM267yc9 and D12S1688, and seven between AFM267yc8 and DI1251945 at the distal side, and
six between K-RAS and DI1251313 at the proximal side. The shortest region of amplification
encompasses the genomic fragment between AFM267yc9 and K-RAS.
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Because this analysis was done on frozen tissute sections instead of methanol/acetic acid fixed
nuclei suspension, as performed in owr earlier study, all cases could be analyzed, including the two
previously identified non-informative cases (Mostert er al., 1998). Again YACH#5 was used in
combination with probes specific for the more proximal and distal regions of the contig (see
Figure 1). In accordance with our previous findings, the amplified region always includes the
genomic fragment between STS AFM267yc9 at the distal end, and K-RAS at the proximal end.
Therefore, K-RAS, JAI¥1, and SOX5 are consistently amplified in all TGCT with a restricted 12p-
amplification, irrespective of histology, Tn addition to this finding, the borders of the amplicon
appeared to cluster in narrow regions: 40% between K-RAS and STS D1281313 at the distal side
{44.4% for seminoma and 25% for nonseminoma), and 20% between AFM267y¢9 and D1251688
at the proximal side (11% for seminoma and 50% for nonseminoma). In addition, 47% of the
breakpoints map between AFM267yc9d and DI1251945 (44% for seminoma and 75% for
nonsentinoma) (see Figure 1),

Intratwmor 12p-amplification and tumor heterogeneity

FISH results on the suspensions of nuclei already indicated that 12p-amplification can be
heterogeneously distributed in one tumor (not shown). This was verified by FISH on frozen tissue
sections. Six out of the nine seminomas showed the amplification homogeneously throughout the
tumor (see Table 1). The other three cases showed regions with and withowt amplification, of
which two contained i(12p) by karyotyping. All nonseminomas and combined umors showed a
heterogeneous pattem. In two cases the amplification was present in a subpopulation of cells of
the yolk sac tumor compenent, and i one in a subpopulation of both the embryonal carcinoma
and yolk sac tumor component. One of the combined tumors with the restricted 12p-amplification
was a mixture of seminoma and embryonal carcinoma. The amplification was found in a
subpopulation of both components. No i(12p) was identified in this case. The other combined
tumor showed amplification in a minority of the seminoma cells only, and karyotyping failed. One
of the nonseminomas, initially diagnosed as mixed nonseminoma showed no i(f2Zp) by
karyotyping. This tumor was xenografted orthotopically into a nude rat, and after about [0
months, a tumor completely composed of yolk sac tumor was formed. Karyotyping after direct
harvesting revealed i(12p) in seven out of 14 metaphase spreads, confirmed by FISH (not
shown). These metaphase spreads did not contain the 12p-amplification. However, a limited
number of interphase nuclei isolated from the original tumor and the xenograft showed the
presence of 12p-amplification by FISH (not shown). FISH on frozen tissue sections of these
tumors demonstrated that less than 5% of the tumor cells from the primary tumor showed the
12p-amplification, preferentially in the embryonal carcinoma and yolk sac tumor component.
This percentage was constant during subsequent xenografi-passages.

CGH was performed on three seminomas with homogeneous 12p-amplification, three of
the heterogencous nonseminomas and on both combined tumors. No other high Ilevel
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amplifications, besides the one on 12p, were found in these cases, and a similar pattern of gains
and losses was identified as reported before (Mostert ef al., 1996; Rosenberg ef al., 1999, not
shown). Every tumor with 12p-amplification also showed gain of the complete short arm of
chromosome 12, of which representative examples are illustrated in Figure 2A.

Fig.2 A: Representative examples of comparative genomic hybridisation for chromosome 12 on a
seminoma without a restricted {2p-amplification (lefi) and one with a homogeneous [2p-
amplification (right). Note that the seminoma with the restricted 12p-amplification also shows gain
of the complete short arin of this chromosome, The number of metaphase spreads analyzed is
indicated.

Spectral karyotyping was done on one seminoma, of which a sufficient number of metaphase
spreads including the restricted 12p-amplification was available. The results confim the presence
of chromosome 12 material in the aberrant chromosome 12 derivatives, and in the most telomeric
region a part of chromosome 20 (see Figure 2B).

Fig.2 B! Representaiive example of banding
(fefi panel) and spectral karvotyping (real
color at the vight and fuise color in the
middle) of a chromosome 12 devivative known
to contain restricted 12p-amplification (as
determined by in situ  hybridisation and
CGH}.  Note that the chromosome s
composed of chromosome 12 material
(indicated in purple), except the most distal
region of the p-arm, showing chromosome
20-specific material (indicated in  blue).
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Restricted 12p-amplification and tumor progression

Matched CIS cells and micro-invasive seminoma of the TGCT with 12p-amplification
were studied by FISH on tisstte sections. The cells of interest were visualized by enzyme-
histochemistry for alkaline phosphatase reactivity. Out of the eight seminomas studied, three
showed the presence of both CIS and micro-invasive seminoma, and one only of CIS. The
amplification was found in all micro-invasive components, but never in CIS, of which examples
are shiown in Figure 3. Also no restricted 12p-amplification was found in the matched CIS of one
nonseminoma and one combined tumor. The micro-invasive seminoma cells adjacent to the
combined tumor showed also a heterogeneous pattern of restricted 12p-amplification, as detected
in the matched invasive tumor (not shown).

Fig.3: Representative examples of double fluorescent in situ hybridisation on frozen lissue
sections of 4 pm using a probe specific for the centromeric region of chromosome 12 (ved) and
YACHS (green), mapped within the shorlest region of overlap of amplification (see Figure I).
Shown are A) carcinoma in situ; B) micro-invasive seminoma, C) invasive seminoma. The tumor
cells are identified by the direct enzymatic alkaline phosphatase detection method (stained in red)
ot a parallel tissue section.
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1 2p-amplification/RAS mutation, profiferation, apoptosis and in vitro swrvival

Immunohistochemistry for ki-67 on histological sections was performed to investigate the
proliferation index in seminomas containing 2p-amplification (n=8)RAS mutation (n=4, of two
no approprioate material was available anymore), or neither of these (n=13). As indicated in
Table 2, no differences between these groups were observed. However, all nine seminomas with
12Zp-amplification, as well as five out of the six with a mutated RAS gene, demonstrated low level
of apoptosis in the primary tumor, indicated by the fack of profound DNA laddering after
electrophoresis. In contrast, nine of the 13 tested seminomas without any of these features
showed apoptosis (see Table 2 and Figure 4).

Table 2.

Summary of the results on proliferation index (prolif.index), apoptosis, and in vitro survival
and volume of the tumor (cm?) in seminomas with and without a restricted 12p-
amplification/RAS mutation. (N = not available; +=present; -=absent)
(standard deviations are indicated between brackets)

Wild-type RAS

prolif. in vitro tumor
index apoplosis survival size
+ - + -
12p-ampl. — 345(105) @ 4 1 11 256 {173)
+ 20.7{15.3) ¢© g 4 0 246 (294}
Mutant RAS
praiif. in vitro fumor
index apoplosis survival size
+ - + -
12p-ampl. — 30.8 (3.1) 1 5 6 0 121 (88)
+ N N N N N N
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The capacity of the twmor cells to survive in vifre after distuption of their micro-
environment to generate single cell suspensions was studied, of which the results are also
summarized in Table 2. We excluded that one of the newly identified seminomas in this study
contained a mutation of either the N- or K-RAS gene in codons 12 and 13 (not shown), AH six
seminomas with a RAS mutation and all four tested seminomas with a restricted 12p-amplification
showed prolonged in vitro survival (at least up to 10 days). Eleven seminomas without a restricted
[2p-amplification or RAS mutation out of the 12 tested could not be maintained in vitro. Nine of
these showed profound apoptosis. The seminoma that showed in vitro survival for several days
did not show obvious apoptosis.

12p-AMPLIFICATION: + = =

RAS MUTATION;: - o -
APOPTOSIS: © = ouom w o= omod M e &
IN VITRO SURVIVAL: + 4 4+ B+ 4+ s = o ow

Fig.4: Representative examples of the presence of DNA laddering after electrophoresis (indicative
Jor apoptosis) of 1 ug high molecular weight DNA isolated from primary seminomas with and
without a restricted 12p-amplification/RAS mutation. Note the correlution behween absence of
apoplosis and presence of amplification or RAS mutation. In addition, the resuits of in vitro
culture of the tumor cells are shown (see also Table 2).

The nonseminomas, with or without resiricted [2p-amplification all lacked significant
apoptosts, as was found for both combined twinors. All nonseminomas and one combined tumor
were successfully karyotyped aller short term in vitro culturing, indicating that these tumors
allowed short term culturing in vitro (see Materials and Methods).

12p-amplification, RAS mutation, and clinical behaviowr
The age at clinical diagnosis of patients with a seminoma with and without a restricted 12p-
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amplification/RAS mutation is indicated in Figure 5, No age differences exist between seminoma
and nonseminoma patients with and without a RAS mutation (Figure 5 and not shown). In spite of
the small number of cases, seminoma patients with a restricted 12p-amplification showed a {rend
toward a younger age at clinical presentation than those without (p=0.055, Student’s t test). When
only the seminomas with a homogeneous pattemn of 12p-amplification were included (n=6) (see
above), the age difference was significant: 36.7 years without a restricted 12p-amplification, and
26.78 years with a restricted 12p-amplification (p=10,023, Student’s t test),

80
0 o
o0
60
8]
50 - @
40 &5 o
Wl g d}%ﬁb o {
b ® I
O 0

20

age (years)

10 -

| 1 i
RAS+ RAS-12p- 12p+ 12p+ homo

groups

Fig.5: Schematical representation of the ages of patients ar clinical presentation with «
seminoma with and without a restricted 12p-amplification and RAS mutation (mean, averuge
and standard deviations are indicated). In addition, the ages of the subgroup of patienis with a
homogeneous {2p-amplification ave shown. No differences were found between the ages of
patients with a seminoma without either of these aberrations and those with a RAS mwtation.
However, those with a 12p-umplification positive seminoma showed a borderline significant
difference compared to the control group, while a significant difference was found in case only
patients with @ homogeneous 12p-amplification were included (p= 0.023), (Abbreviations used:
RAS+ = RAS mutation; RAS-/12p- = no RAS mutation or resiricted 12p-amplification; 12p+ =
restricted I2p-amplification both heterogeneously and homogeneously present; 12p+ homo =
homogeneous restricted 12p-amplification).

No differences were found between these different groups regarding stage of the disease (they all
presented as stage I or 1T}, size of the tumor (see Table 2) and clinical response (all had a complete
response). In addition, no correlation was found between outcome and age, stage, proliferalion
index, or apoplosis. Also no correlation was detected between the presence of 12p-
amplification/R4S mutation and proliferation index.
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To extend the analysis of the clinical significance of K-RAS mutations/I2p-
amplifications, we retrospectively investigated a series of 22 primary tumors and 33 surgical
specimens from metastasis from a total of 44 different patients who failed cisplatinum-based
chemotherapy. No K-RAS mutations were identified. The sensitive detection method (sce
Materials and Methods), makes it highty unlikely that mutated genes were obscured by a
predominance of wild type alleles. A restricted 12p-amplification was detected once in a
metastatic tumor (primary not available).
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Discussion

Although gain of the short amm of chromosome 12 has already been recognized since ntore
than 25 years as a characteristic chromosomal anomaly in TGCT (Atkin & Baker, 1983; Sandberg
et al.,, 1996, for review), the biologicat significance still remains unknown, and the clinical
importance is a matter of debate. Because overrepresentation of 12p is found in all TGCT, mostly
due to the presence of one or more isochromosomes of 12p {up to 80%) (Sandberg et al., 1996;
Van Echten-Arends ef al., 1995, for review), it is most probably a crucial step in the development
of this cancer, Amplification of a restricted region of 12p on top of gain of the complete short arm
of chromosome 12 was for the first lime found in a metastatic seminoma (Suijkerbuijk ef al.,
1994). Subsequently, we and others showed that this anomaly can also be present in primary
TGCT (Mostert et al., 1996; Kom ef al., 1996; Mostert ef «/., 1998, and this study). Here we show
that the actual incidence of a restricted 12p-amplification is around 8% for primary TGCT. Qur
earfier observation that the three known genes JAIVI, SOX5, and K-RAS map in this region
(Mostert ef «l., 1998), is confinmed in the study presented here. We hypothesized, that if important
genes for the development of this cancer reside in this region of 12p, a comparative study of
TGCT with and without this lype of amplification, could be meaningful. In addition, because K-
RAS maps within the SROA, these tumors were compared with previously published seminomas
with a RAS mutation (Olie ef al., 1995a).

Although we investigated nine additional TGCT with a restricted 12p amplification
compared to our previous study {Mostert ef af., 1998), we were unable to further reduce the
SROA. However, it was found that the breakpoints of the amplicon cluster in rather narrow
regions: 40% between D1251313 and K-RAS at the distal end, and 53% between AFM267ye9 and
D12S1945 at the proximal end, The total length of the short arm of chromosome 12 is expected to
be around 40Mb. Assuming that the STSs are spread over the genome with intervals of abouf 250
kb, 160 fragments are to be expected. The chance that one breakpoint maps within the region
between AFM267yc9 and D1251945 is estimated to be 6.3E-3. The change that six additional
breakpoints map to that particular region is around 5.7E-11. In addition, the chance that six
breakpoints map between K-R4S8 and D1281313 is around 1.3E-11 (binomial distribution). This
indicales & strong positive selection towards these particular regions. This could be due (o the
presenice of fragile sites, although they have not been identified at these regions. The closest
fragile sile on chromosome 12 has been reported on [2pl 1 (Ford, 1981), which might be related to
the development of the isochromosome [2p. The borders may alternatively be determined by the
presence of genes which confer selective advantage to the tumors. If this is true, the amplicon
contains at least two genes of interest, a hypothesis which is currently under investigation.

All TGCT with 12p-amplification identified so far also show gain of the complete short
arm of chromosome 12, Interestingly, seminontas with a homogeneous 12p-amplification, i.e.,
present in all cells, lack i(12p), while those showing a heterogeneous pattern could contain an
isochromosome. The restricted 12p-amplification and i(12p} were never found in the same cell. A
similar patfern was found for the nonseminomas and combined tumors. Interestingly, the
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seminomatous components of the combined tumors showed a similar pattem of restricted 12p-
amplificalion as the pure seminomas. Clearly, [2p-amplification is found predominantly in TGCT
without i{12p), These results suggest that there are at least two mechanisms leading to extra copies
of the short arm of chromosome 12 in TGCT: i{12p) formation, and an alternative way, also
leading to exira copies of the complete short arm of chromosome 12, which can be followed by
amptification of a restricted region of 12p.

‘The homogeneous presence of 12p-amplification in most of the identified seminomas (and
not in nonseminomas) implies that increased copy numbers of genes present in the amplified
region result in a selective advantage for these tumor cells containing this specific anomaly. We
demonsirated that this is related to a reduced apoptosis, and not due to enhanced proliferation. A
similar lack of apoptosis was observed previously by us in seminomas containing a mutated RAS
gene (Olie ef al., 1995b; Qosterhuis ef al., 1997), which also showed an enhanced i vitro survival
and reduced apoptosis. These results are in accordance with the idea that activation of RAS by
mutation or amplification can cause inhibition of apoptosis.

In spite of data on the role of activated RAS in resistance to irradiation and chemotherapy,
and induction of metastatic potential {(Ananthaswamy ef af., 1989; Holford ef al., 1998; Isonishi ef
al., 1991; Kinashi ef al., 1998, Sklar, 1988a; Sklar, 1988b; Takiguchi et a/., 1992), and our results
on in vitro survival and apoptosis {Olie ef al., 1996; Olie ef a/., 1995b}, no differences were found
regarding stage of the primary seminoma at clinical presentation and treatment response based on
the presence of a RAS mutation or restricted [2p-amplification. This is supported by an
observation in fwo patients (Rao ef al., 1998): the restricted 12p-amplification (detected by CGH)
was present in both a responding and a nonresponding tumor. In addition, we observed no
prediclive value of K-RAS mutations and restricted 12p-amplification in chemo-resistance of
patients with extensively pretreated TGCT. Patients having a seminoma with a homogeneous
restricted 12p-amplification were, however, younger at clinical presentation than those lacking it.
This is most likely explained by an early development of the restricted 12p-amplification in these
tumors, leading to reduced apoptosis. This combined with an unchanged proliferation index
results in faster growth of the tumor and an earlier clinical presentation. Such an age difference
was not observed in the case of a RAS mutation, which is likely because mutation of RAS is a
relatively lale event in the pathogenesis of TGCT, This is supported by our ohservation that TGCT
with a mutated R4S gene also show gain of the complete short arm of chromosome 12, although
no information about the presence of i(12p) is available (not shown),

Our data suggest that RAS mutation and restricted [2p-amplification are related to
progression of TGCT. It allows tumer cells to survive outside the specific micro-environment of
the CIS cetls by inhibition of induction of apoplosis, known as “anoikis” (Frisch & Francis, 1994),
The reason that homogeneous 12p-amplification is predominantly found in seminomas can be
related fo the diminished requirements of nonseminomatous tumeor cells for survival, This idea is
supported by the refative ease of short term culture for karyotyping (Van Echten-Arends ef al.,
1995), and the success rate of cstablishing nonseminoma cell lines (Andrews et al., 1996). It
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remains to be established whether involvement of RAS causes down-regulation of FAS, as
suggested recently (Fenton ef al,, 1998; Peli et af, 1999}, and whether activation of the
serine/threonine kinase AKT is involved (Aoki ef @/, 1998; Brunet ef al., 1999), In addition, it is
unknown thus far, which genes in the SROA are in fact involved. The absence or at least lower
incidence of gain of [2p sequences in CIS as reported before (Looijenga ef afl.,, 199%;
Vorechovsky & Mazanec, 1989; Vos e/ al.,, 1990 and unpublished observations) support this
model,
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General Discussion

Until recently, metaphase spreads were required for the analysis of the chromosomal
constitution of neoplasms, This requirement was partly circumvented by the introduction of
FISH (Pinkel et al, 1986). Ever since the method has been improved and modified. CGH
introduced by Kallionienti in 1992, is an entirely novel application of FISH (Kallioniemi et al,
1992; Du Manoir et al. 1993). This technique visualises chromosomal gains and losses
compared to the average ploidy by hybridising normal and tumor DNA with normal metaphase
spreads. FISH and CGH have created new opportunities for identification of chromosomal
anomalies in tumors, because they can be applied on frozen and paraffin-embedded archival
fissue.

Mainly due to low incidence, little is known about the chromosomal constitution of the
varous types of germ cell tumors. A more thorough knowledge of the chromosomes in the
different types of germ cell tumors could shed light on their relationship and the genes involved
in their pathogenesis. With this aim, we did karyotyping, FISH and CGH on a series of human
testicular germ cell tumors of neonates and infants (GCTI), adolescents and young adults
{(TGCT) and elderly men (SS). In the following paragraphs the contribution of the findings to
the understanding of the pathogenesis of these tumors will be discussed, including the role of
gain of 12p,

Neonates and infants

In this particular group of germ cell tumors one of the striking findings is that
histologically they are either teratomas or yolk sac tumors, and rarely a mixture of both
{Mostofi and Sesterhenn 1985; Harms and Janig 1986}, CIS has not been found in these tumors
with some questionable exceptions (Jorgensen et al. 1995; Jenderny et al. 1995; Chapter 2). So
far, most of the teratomas have been investigated with flow cytometry and/or karyotyping.
Using these methods, no aberrations have been observed (Kaplan et al. 1979; Silver et al. [994;
Stock et al, 1995}, which theoretically may be related to loss of tumor cells during processing of
the samples. To exclude this problem, we did CGH on microdissected teratomatous elements,
and confirmed the absence of gross chromosomal anomalies, In addition, FISH showed that
these tumors are diploid.

In contrast, aneuploidy has been reported for the yolk sac tumor (Kommoss et al. 1990;
Sifver et al. 1994). Karyotyping and FISH demonstrated loss of 1p36, 6q and aberrations of 3p
{Oosterhuis et al. 1988; Oosterhuis et al. [993; Perlman et al. 1994; Jendemny et al. 1995; Stock
et al. 1995; Perlman ef al. 1996; Bussey et al. 1999), Although we could not confirm loss of
ip36 by CGH, FISH showed that this particular region is indeed undervepresented in all yolk
sac tumors studied. In total, we performed CGH on four yolk sac turnors of the infantile testis.
In spite of this limited munber of cases, a rather consistent patiem of chromosomal imbalances
was found. The following imbalances (involved bands are between brackets) were detected: loss

123



General discussion

of parts of 4q (23-33) and 64 {16-22), and gain of parts of 20q was found in all cases, and loss
of parts of 1p (21-31), 8q (23) and gain of parts of 3p (22-24), 9q (34), 12p (12-13), 17q (22-

25), 19q (13) and 22 (13) in at least three cases (see also Table 1}):

Table I;

Chromosomal aberrations in testicular germ cell tumors found by CGH in at least 50% of the
cases of yolk sac tumors (YS) of infunts and spermatocytic seminomas (55) (Mostert et al,
submitted,; Rosenberg et al. 1998) respectively, and in at least two of the five studies
on sentinomas (SE) and nonseminomas (NS} (Korn et al. 1996; Mostert et al. 1996;
Ottesen ef al. 1997 Summersgill et al. 1998; Rosenberg et al. 1999) as depicted
in Figure 1. Aberrations present in all cases of a specific group are presented
in bold and those unigue for a particular entity are underlined. (Only the
p orqarst is indicated, not the specifie regions involved).

Group histelogy

Loss

Gain

Neonates &
infants YS

adolescents &
young adults

NS

elderly SS§

Ip, 4q, 6q, 8q, Xp

Ip, 4,5, 9p, 11, 13,
lop, 17p, 18

4,35, 6q, 10, 11q,
13, 18

3,15, 2

3p, %q, 12p%, 17,19, 20q, Y

Iq: 25 3p3 §E’ 7: 8: m, lzp!
12q, 14, 15,20, 21,22, X

1,2,6q,7,8, 12p, 12q, 14
15, 16, 17q, 20g, 21, X

tq, 9, 18, 20

‘only 12p12-p[3 is involved

Besides the four yolk sac tumors, we also studied a recurrent yolk sac tumor of a sacral
teratoma, A highly similar pattem of chromosomal aberrations, both gains and losses, was
found compared to those of the infantile testis. This is in agreement with earlier karyotypic
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findings (Perlman et al. 1994; Bussey et al. 1999), and indicates that histology rather than
anatomical site determines the genetic constitution of these tumors,

One of the yolk sac tumors of the infantile testis showed a high level amplification of
the 12q12-qi4 region, known to contain the AMDA2 gene. MDM?2 is described to form a
compiex with P33, resulting in degradation thereby inhibiting the function of P53 (Haupt et al.
1997; Lane and Hall 1997; Midgley and Lane 1997). This led us to investigate the presence of
P53 and MDM2 in these tumors using immunohistochemistry, While all teratomas and yolk sac
tumors showed the presence of MDM2, no P53 was observed. Accordingly, no mutations
within exons 5-8 of P53 were found. These data indicate that P53 is not genetically inactivated
in these tumors but might be non-functional (Prives 1998).

Because of the absence of chromosomal abnormalities in teratoma, our data do hot give
new insights about the possible relationship between teratoma and yolk sac tumers. It remains
to be proven whether teratoma can progress into yolk sac tumor, as has been suggested for
leratoma of the sacral region {Gonzalez-Crussi 1982) and supported by findings in a mouse
model (Van Berlo et al, 1990),

Adolescents and adults

TGCT comprising SE and NS, have been studied extensively with flow cytometry,
karyotyping and/or FISH. So far the data show that SE and NS are consistently aneuploid, with
a specific pattern of relative gains and losses, (Van Echien-Arends et al, [995; Sandberg et al.
1996, for review). In fact, SE, like CIS, are hypertriploid, and NS hypolriploid. Because of the
need of in vifre culturing of cells of NS for karyotyping, selection might eccur. In addition, this
can also be the case for SE which are analysed afler direct harvesting of metaphase spreads
from the tumor. Therefore, TGCT have also been investigated by CGH recently (Korn et al.
1996; Mostert et al. 1996; Ottesen ef al. 1997; Summersgill et al. 1998; Rosenberg et al. [999),
In Figure 1, the results of the different published CGH studies are summarised and in Table 1
the most occurring chromosomal aberrations found are indicated. Overall, the findings support
the information obtained with karyotyping, i.e. gains of chromosomes 7, 8, 12 and X and losses
of chromosomes 4, 5, 11, 13, 18 and Y (Van Echten-Arends et al, 1995). Furthermore, all CGH
studies confirm the presence of exira copies of the complete short arm of chromosome 12. Our
initial study (Mostert ot al. 1996) showed the lowest number of anomalies, which can be
explained by the limitations of the software used,

Because SE have an intermediate DNA content between 3 and 4n and NS between 2 and
3n, the used average ploidy in CGH to detect imbalances does not correspond to any of the
ploidy fraction of the tumor genome. This problem has been solved recently using multiple
normalisations besides the average as normally applied (Rosenberg et al. 1997; Rosenberg ef al.
1999). The modified analysis showed additional numerical aberrations which are usually not
detected by conventional CGH: gain of chromosome 1, 2, 6, 14, 15 and 21 and loss of
chromosome 9. Again, this approach showed that gain of [2p is consistent, even higher than the
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upper-ploidy level in the majority of cases.

Besides a highly similar pattern of chromosomal gains and iosses in SE and NS, several
differences have been observed both using CGH and karyotyping (Van Echten-Arends et al.
1995; Summersgill et al. 1998; Rosenberg et al. 1999). For example, loss of chromosome 10
was only found in NS, while loss of (parts of) chromosome 16 and 17 was mainly seen in SE. In
addition, chromosomes 15 and 22 are present in higher numbers in SE than in NS (De Jong et
al. 1990, see Figure 1). These differences might explain the hypeuiriploid versus hypotriploid
DNA content for SE and NS, respectively (Qosterhuis et al. 1989).

Elderly

The first information about the chromosomal constitution of SS becatme available in
1973, showing a modal chromosome number of two cases, containing 52 and 82 chromosomes,
respectively (Atkin 1973). Subsequently, several investigators studied the ploidy of these
tumors either by flow cytonelry or image analysis, resulling in conflicting data {Talerman et al.
1984; Dekker et al. 1992; Takahashi 1993; Looijenga et al. 1994). We reported the first
karyolype of a S8, showing an aneuploid chromosome number and a limited amount of
structural aberrations (Rosenberg et al. 1998). In addition, this sample and three others,
including bilateral fumors, were studied with CGH, indicating that gain of chromosome 9 was
the only consistent anomaly (Rosenberg et al. 1998, see Table 1). The finding that most
imbalances involved whole chromosomes, might be associated with their relatively benign
behaviour, Ju sifie hybridisation with probes specific for the X and Y chromosomes revealed a
heterogeneous population of tumor cells. This might be related to the presence of small,
intermediate and targe cells in the histology (Burke and Mostofi 1993; Cummings et al. 1994,
Eble 1994; Looijenga et al. 1994}. The relationship between these particular cell types remains
{o be established, Microdissection in combination with CGH is geing to be a useful too! to
answer this question (Looijenga et al. 1999),

SS are supposed to originate from type B spermatogonia (Masson 1946; Rosai et al.
1969; Romanenko and Persidskii 1983). The finding of common chromosomal abnormalities in
the bilateral 88 might challenge this idea, Possible explanations for these similarities are a germ
line mutation: (de nove or familial) or the presence of a metastases. Both ideas seem unlikely
because no famifial SS have been reported and metastases have never been found in pure SS.
Recently, however, another hypothesis was put forward. Based on the finding of ¢-KIT in SS it
has been suggested that at least a percentage of 8§ originate from early (primordial) germ cells
(Kraggerud et al. 1999). This might implicate that mutation(s) take place before migration to the
gonadal anlages. A relationship between SE and S8 has also been suggested based on the
positivity of these tumors for the nuclear antigen Ki-A10 {Rudolph el al. 1999). Analysis of SE
and S8 for expression of stage specific and metosis related genes might be informative.
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Pathogenetic relationship(s)

It is generally agreed upon that S5 does not originate from CIS, although an early
{primordial) origin seems to be possible (see above). The discussion regarding separate or
common pathogenetic relationships of GCTI and TGCT is partly due to the finding of CIS-like
cells in the adjacent parenchyma of the first. In fact, two case reports showed these cells based
on PLAP-positivity and morphology (Jacobsen 1992; Stamp et al. 1993), although these
findings were criticized by others (Parkinson and Ramamni 1993; Hawkins and Hicks 1998). Of
notice is that immunohistochemistry cannot be used to identify CIS cells in testicular
parenchyma in the first year of life since normal parenchyma may contain PLAP positive germ
cells (Jorgensen et al. [993). In addition, a common pathogenetic pathway of GCTI and TGCT
scems unlikely, because of their difference in ploidy (see above and Figure 2).

Interesting however is the finding that yolk sac tumor of the infantile testis may contain
extra copies of the complete 12p region (Stock et al. 1995; Jenderny et al. 1996), sometimes
even an i(12p) detected by FISH (Stock et al. 1995}, although karyotyping could not confirm
this (Perlman et al. 1994), This finding of extra copies of the complete 12p region was not
found in our limited series of cases. We found gain of a restricted part of 12p in three of the five
yolk sac tumors (Figure 2 and Chapter 2), but this region is different from the region amplified
in TGCT (Chapter 5). Most likely one is dealing with a TGCT from a patient with early puberty
in case an i(12p) is present.

Additional support for an independent pathogenesis of GCTI and TGCT comes from
both epideniological and immunchistochemical data, In contrast to TGCT, no rising incidence
is observed for GCTI While P53 is reported fo be present in TGCT (Schenkman et al. 1995;
Guillou et al. 1996), this protein was not found in GCTI (Chapter 2},

Moreover, putative animal models for GCTI and SS have been identified. Mouse
teratocarcinomas most probably are models for GCTI (Walt et al. 1993), showing a similar
capacity of progression fo yolk sac tumor as their human counterparts (Van Berlo et al. 1990).
Canine seminomas most likely are the counferpart of human SS (Looijenga et al, 1994), The
absence of animal models for TGCT underscores their uniqueness of these tumors for nien.

In conclusion, these data and the CGH studies reporied here are strongly in favour of
separate genetic pathways for the GCTL, TGCT and S8 {see Figure 2).

12p-amplification in TGCT

All TGCT show gain of the complete short arm of chromosome 12, illustrated by
karyotyping, FISH and CGH (see above). In the majority of cases this is due to the presence of
i(12p). FISH using a probe specific for the centromere, has been reported as a tool to detect
i{12p) in interphase nuclei (Mukherjee et al. 1991; Rodriquez et al. 1992). We demonstrated
that this method is not reliable, although it can be improved using double FISH, i.e,
combination of two probes, specific for the centromere and for the short arm of chromosome 12
(Chapter 4). In addition, a combination of paint probes specific for the short and long arm of
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Fig.2: Schematic representation of the development of normal male germ cells (left panel) and
testicular germ cell tumors (right panel). The existence of three separate pathogenetic pathways
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chromosome 12 was also successfully applied for this purpose (Blough et al. 1997; Blough et
al. 1998).

Although the formation of an isochromosome 12 is not the initial step in the
pathogenesis of TGCT (Geurts van Kessel et al. 1989), ifs consistent presence in invasive
tumors indicates that extra copies of genes on the short arm of chromosome |2 are crucial in the
development of this cancer. Identification of the involved genes is however difficult, because
the short arm of chromosome 12 is 40 Mb containing as many as 850-1400 genes
{(http:/fwww.nebinlm.nih.gov/genemap). Interestingly, we and others identified a number of
TGCT with an amplification of a restricted region of 12p (Suijkerbuijk et al. 1994; Korn et al.
1996; Mostert et al. 1996). We hypothesized that if important genes reside within the amplified
region, a comparative investigation of TGCT with and without such an amplification can give a
clue regarding the biological role of gain of 12p in the development of TGCT. Therefore, we
studied the incidence of the restricted 12p amplification in a non-selected series of primary
consecutive TGCT. The 12p amplification was found in around 8% of the cases, both affecting
SE and NS (Chapter 7). This amplification was predominantly found in cases without i(12p),
suggesting it to be an alternative mechanism to gain 12p-sequences.

FISH showed that the presence of the restricted 12p amplification is related to invasive
growth. It was found in the invasive tumor and micro-invasive SE cells, but not in CIS,
Interestingly, it was homogeneously present in most SE, suggesting that it results in a selective
advantage for either growth or inhibition of apoptosis in these particular cells, This latter
possibility was supported by analysis of DNA laddering {(Olie et al. 1996) (Chapter 7) and in
vitro survival (Chapter 7). Furthermore, SE with a homogenecous restricted 12p-amplification
presented at a significantly earlier age than those without, although it was not correlated with
the stage of the disease at clinical presentation or treatment response, Similarly, restricted 12p-
amplification has no prognostic or predictive value in NS.

In spite of identification of a relative large series of TGCT with a [2p amplification
{Chapter 7), the shortest region of overlap of amplification (SROA) was not found to be smaller
than initially determined {Chapier 6). Noteworthy, the breakpoints of the amplicons seem to
cluster in particular regions which might suggest involvement of multiple genes in this
particular region. This model is currently under investigation. Thus far three genes have been
mapped within the SROA: SOXS5, JAW! and K-RAS. Although we do not exclude other genes to
be involved, we currently favour K-RAS as at least one of the candidate genes because of similar
in vitro behaviour of SE with a RAS mutation (Olie et al. 1995). Mutations of A-RAS, like [2p
amplification, has no clinical value.
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Future perspectives

The studies described in this thesis have coniributed to the understanding of the
{molecular} cytogenetics of human testicular germ cell tumors, Obviously, many questions
remain to be answered, in particular related to the factors (genes) involved in the early
development of these cancers. Investigation of families with a predisposilion for a specific type
of cancer appears fo be very fruitful in the elucidation of its molecular mechanisms. For TGCT
is has been proposed that about 30% of all the patients have a genetic predisposition (Nicholson
and Harland 1995) and the search for predisposing genes in these tumors resulted in suggestive
evidence for parts of chromosomes 1, 3, 4, 5, 12, 14, 18 and X (Leahy et al. 1995; Rapley et al.
1998; Rapley et al. 2000). To obtain more evidence for the presence of predisposing genes,
more families need to be studied or alternative approaches must be exploited. If these turn out
to be tumor suppressor genes, these results have to be compared with loss of heterozygosity
studies.

The biological role of gain of genes on 12p in the development of TGCT remains to be
resolved. In this context analysis of (low) copy numbers of 12p in CIS, and the possible
increase during the early phase of invasive growth is of great interest. Final proof about the
involvement of candidate genes awaits the development of appropriate assays in vitro or in
animal models,
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Summary

Germ cell tamors are a heterogeneous group of tumors with an incidence between 0.1-
§/100.000. They occur mainly in the gonads, but also in exiragonadal sites. In the male, the
most occurring site of origin is the testis. Three groups of testicular germ cell tumors can be
distinguished:

- germ cell tumors of neonates and infants (GCTL): teratomas and yolk sac tumors

- testicular germ cell tumors of adolescents and young adults (TGCT): seminomas and
nonseminomas

- testicular germ cell tumors of the elderly man (88); spermatocylic seminomas

This thesis describes the study of chromosomal aberrations in these three groups of
testicular germ cell tumors by karyotyping, fluorescence fn sify hybridisation (FISH) and
comparative genomic hybridisation (CGH). Because of their rarity (0.1-2/100.000), the genetic
information of especially the GCTI and SS s limited. Chapter 2 describes the chromosomal
anatyses of GCTL The results confirm previous indications for the gross absence of
chromosomal aberrations in teratomas (TE), In contrast, the yolk sac tumors (YST) show a
consistent pattern of chromosormal abnormalities; loss of (parts of) Ip, dq, 6q and gain of parts
of 3p, 9q, 12p, 17, 19q, 20q and 22, Immunohistochemistry shows presence of MDM2 and
absence of P53 in all studied GCTIL In chapter 3 the chromosomal constitution of four S§,
including one bilateral, is investigated. These tumors show mainly numerical aberrations, with
gain of chromsome 9 as only consistent aberration, FISH illustrate that SS are heterogeneous,
supporting histological findings.

The TGCT always show overrepresentation of the short arm of chromosome 12; in 50-
80% as an isochromosome. Chapter 4 describes the detection of this aberration in cell-fines of
TGCT using a bi-colour FISH approach. A series of primary TGCT was analysed with CGH
and described in chapter 5. Besides the conformation of earlier karyotypic data, this study
identifies the presence of a small amplicon on the short anm of chromosome 12, previously
described oaly in a metastasis of TGCT. Chapter 6 describes the detection and mapping of the
shortest region of overlap of amplification (SROA) on 12p. In the SROA, estimated between
1.7-3.2 Mb in size, three known genes are mapped; K-RAS, SOX5 en JAW!, In an attempt to
diminish the SROA, a series of TGCT {n=76) was investigated for the presence of 12p-
amplicons (chapter 7). Despite the fact that 12p amplicons are found in about 8% of these
tumors, affecting both seminoma and nonseminoma, the SROA is not reduced, The breakpoints
of the amplicons are found to cluster in particular regions which might suggest the involvement
of muitiple genes in the amplified region.

FISH indicates that [2p-amplificalion arise rather early during tumor development,
associated with invasive growth, Seminomas with a restricted 12p amplification show, like
tumors with a RAS mutation, a better in vitro survival, This finding together with the absence of
DNA-laddering, suggest a blockade of apopiosis in these tumors. The in vitro similarities of
tumors with 12p amplicon and those with a mutation in RAS are in favour for K-RAS as one of
the candidate genes on 12p. Despite the fact that seminomas with 12p amplification in all
tumorcells are manifested clinicaily at a significantly younger age, no other clinical value was
found. Chapter 8 describes the pathogenetic relationship between the different groups of
testicutar germ cell tumors. The differences in ploidy, chromosome pattern, presence or absence
of CIS and inununohistochemistry, support a separate pathogenesis for each group of testicular
germ cell tumors.
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Samenvatting

Dit proefschrifi beschrijft het onderzoek naar afwijkingen in het DNA van
kiemceltumoren van de testis. Om dit onderzoek te kunnen begrijpen volgt eerst enige basaie
informatie over DNA en kanker,

De erfelifke informatie van iedere cel bevindt zich in het DNA, gelegen in de celkern. Bij
delende cellen is het DNA sterk gecomprimeerd en zichtbaar in de vorm van speciale
structuren. de chromosomen. Alle menselijke cellen, met yitzondering van de geslachtscellen,
bevatten 23 paar chromosomen. Soms komen afwijkingen in deze chromosomen voor, zoals bij
kankercellen. Deze afivijkingen kunnen spontean ontstaan of door verschillende externe
Sactoren zoals bijvoorbeeld virussen of bepaalde stoffen in voeding en omgeving, en kunnen
onder speciale condities worden overgedrfd. Afwifkingen in chromosomen of DNA kunnen
aanleiding geven tot het onistaan van kanker, een proces dat zich meestal uitstreld over een
periode van tientallen jaren.

Het aanfonen van deze gfwifkingen kan van nut zijn bij het identificeren en het
voorspellen van het gedrag van een kanker. Bovendien kunnen bepaalde afwijkingen een
indicatie geven over welke genen™® betrokken zifn bij de ontwikkeling ervan. Kanker word!
veelal gekenmerkt door ontregeling van één of meer genen. Dit kunnen genen zijn die normaal
gesproken de groei remnmen (suppressorgenen), genen die groei stimuleren (oncogenen) of
genen die schade in het DNA herstellen (DNA repair-genen).

Genetische afwifkingen kunnen op chromosomaal niveau zichtbaar zijn. Dil kan
aangetoond worden door de chromosomen, verkregen uif delende cellen, te behandelen met
speciale kleuringstechnieken. Meer recent ontwikkelde technieken als FISH (fluorescence in
situ hybridisation) en CGH (comparative genomic hybridisation) kunnen zelfs bij afwezigheid
van delende cellen, chromosomale afwijkingen in kaart brengen. Dit is vooral van belang bif
solide tumoren waarvan delende cellen vaak moeilijk te verkrijgen ziju. In dif proefschrift
werden deze technicken toegepast voor de analyse van chromosomale afwijkingen van de
(solide) kiemceltumoren van de testis.

Kiemceltumoren zijp relatief zeldzaam met een incidentie van 0.1-8 per 100.000. Zij
ontstaan uit kiemcellen, welke de voorlopers zijn van de zaadcellen bij de man en de eicellen
bij de vrouw. De tumoren die uit deze cellen ontstaan kunnen op verschillende plaatsen
voorkomen, Bij de man is de testis de meest voorkomende locatie. Binnen de groep van
testiculaire kiemeeltumoren worden drie groepen onderscheiden;

- die van het jonge kind (GCTI): teratomen (TE) en dooierzak tumoren (YS)

- die van adolescenten en jonge volwassenen (TGCT): seminomen en
nonseminomen

- die van de oudere man (8S): spenmatocytair seminomen

Door de chromosomale samenstelling van deze drie groepen te onderzoeken kan kennis worden
verkregen over welke (genetische) afwijkingen betrokken zijn bij hun ontwikkeling, Het
vergelijken van deze groepen onderling, geeft informatie over de mogelijke pathogenetische
relatie(s) fussen de verschillende tumortypen,

De GCTI en SS zijn het meest zeldzaam (0.1-0.2 per 100.000.). Over de chromosomale
samenstelling van deze tumoren is dan ook nog maar weinig bekend, Met behulp van de
technieken FISH en CGH werd voor beide groepen een karakteristiek chromosoompatroon
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gevonden. De GCTI vertonen een aantal consistente chromosoom afwijkingen: verlies van
delen van chromesoom 1, 4 en 6 en winst van delen van chromosoom 3, 9, 12, 17, 19, 20 en 22,
Bovendien kon aannemelijk worden gemaakt dat het (proto) oncogen MDM2 een rol zou
kumnen spelen in de ontwikkeling van deze tumoren. Bij de SS werden voornamelijk
afwijkingen van complete chromosomen gevonden met winst van chromosoom 9 als enige
consistente afwijking,

Doordat de incidentie van de TGCT een stuk hoger is dan die van de andere twee
groepen nl. 6-8 per 100.000, zijn deze tumoren veelvuldiger bestudeerd, inclusief hun
chromosomale patroon, TGCT bezitten altijd extra kopieén van het bovenste deel (de korte
arm) van chromosoom 12, meestal in de vorm van een zogenaamd isochromosoom, Dit wijst
erop dat genen op de korte arm van chromosoom 12 van belang zijn voor de ontwikkeling van
TGCT. Identificatie van deze genen is echter moeilijk omdat theoretisch 2000-4500 genen in dit
gebied kunnen liggen. Met behulp van de CGH techniek was het mogelijk in ongeveer 8 % van
de primaire TGCT een amplificatie®* van een klein gebied van de korte arm van chromosoom
12 (12p) te detecteren. Hierdoor waren we in staat het gebied van studie op 12p te verkleinen en
een aantal genen te selecteren die van belang zijn voor de biolegie van TGCT. Tot nu toe lijkt
het oncogen K-RAS de meest voor de hand liggende kandidaat. Deze conclusie words
ondersteund door het feit dat in weefselkweek, fumoren met een 12p-amplificatie hetzelfde
gedrag vertonen als tumoren met een mutatie van K-RAS. Om meer informatie over de
biologische rol van de 12p-amplificatic te verkrijgen, werden tumoren met en zonder
amplificatic met elkaar vergeleken. Seminomen met cen 12p-amplificatie manifesteren zich op
significant jongere leeftijd (ca. 27 jaar) dan seminomen zonder [2p-amplificatie (ca, 35 jaar).
Desondanks kon geen klinische betekenis van de 12p-amplificatie worden vastgesteld.

De gevonden verschillen in chromosoompatroon bij de drie groepen testiculaire kiemcel
tuntoren ondersteunen de gedachie dat de fumoren van deze dric groepen verschillende,
onafthankelijke ontstaanswijzen hebben en dat hierbij verschillende genen een rol spelen.

* stukken DNA die de erfelijke informatic bevatten voor de eigenschappen van een cel.
ok een groot aantal kopieén,
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TGCT
YS(T)

Abbreviations

amino-methyl-coumarinytacetic acid
base-pairs

catalysed reporter deposition
comparative genomic hybridisation
carcinoma in situ

combined binary ratio labeling
combined tumor

degenerated oligoprimed PCR
double minutes

deoxyribonucleic acid
fluorescence in situ hybridisation
fluorescein isothiocyanaat

germ cell tumors of neonates and infants
homogenously staining regions
isochronosome 12p

kilobase

megabase

110NSEMINOoNA

polymerase chain reaction
placental alkaline phosphatase
primed in situ PCR

seminoma

spectral karyotyping

spermatocytic seminoma

teratoma

testicular germ cell tumors of adolescents and young adults

yolk sac fumors
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Dankwoord

“Voor het kennen van de weg, moeten we gewoon op weg. Je dingen doen, liefst met plezier,
heel simpel op de Poelt manier”

Mijn weg begon in 1964 in Capelle a/d 3ssel aan de Reigerlaan, als eerste uil het nest
van Henk en Riel Mostert. Na het volgen van verschillende opleidingen kwam ik als groentje
{roodje) terecht in het wetenschappelijk onderzoek bij TNO in Rijswijk. Daar werd mij al snel
duidelijk dat wetenschap een echte hobby is. Dit werd vooral getllustreerd door twee gedreven
onderzoekers; Barb Trask en Ger v/d Engh. Hun interesse en enthousiasme voor zowel
wetenschap als natuur hebben een belangrijke stempel gezet op het verdere verloop van mijn
wegen, zowel wetenschappelijk als privé. Zij stimuleerden mij in het volgen van avondstudies
en introduceerden mij in de meerdaagse “hikes”. Ook was ik zeer blij met de mogelijklieid,
jaren later in Seattle, een half jaar onderzoek bij hun te kunnen doen, en de gelegenheid die zij
mij tijdens deze periode gaven om tevens wat werk voor LEPO te kunnen verrichten,

Een nieuw avontuur s{arite met Lambert Dorssers, die mij vroeg om als analist een lab {e
helpen opzetten op de Daniel den Hoed kliniek. Als “moleculair verpleegkundige” met de
meest besproken benen van de Daniel, liet hij mij kennis maken met de echte moleculaire
biologie en stelde mij bovendien in de gelegenheid om deeltijd biologie te gaan studeren in
Utreclit. Ondanks onze goede band, bekoelde mijn intergsse in het gesleutel aan het humane
1L3~gen wat resulteerde in full-time studeren. De keuze om biologie te gaan studeren was een
goede, al was het alleen al voor de ontmoeting met Reina. Reina, onze wegen komen voor een
groot deel overeen (gelukkig voor Leendert niet helemaal) wat leid! tot vele gesprekken (tijdens
hoogte en diepte-punten), wilde plannen en regelmatige uitstapjes (gaan we nu eindelijk
kanoén?), kortom ik ben erg blij dat jij ¢¢n van mijn paranimien bent,

Droog brood op de plank dwong mij tot cen bijbaantje in de diagnostiek bij LEPO. Na
een half jaar werd er een nieuw project gestart en wisten Prof. Qosterhuis en Leendert
Looijenga mij te moliveren voor hun onderzock naar clromosomale afwijkingen in
kiemcelfumoren. Aangesteld op cen analistenplaats gaven zij mij de mogelijkheid zelfstandig
onderzoek te doen en ook gelegenheid om de resultaten op papier te zetten, Dat heeft
uiteindelijk geleid tot dit proefschrift. Uiteraard is al dit werk niet alleen gedaan. Veel mensen
hebben hieraan bijgedragen. Ondanks dat het waarschijnlijk leidt tot het onterecht vergeten van
personen, wil ik toch een aantal mensen met name noemen. In cerste instantie Mirjam, oftewel
“polleke”. Nu ex-lid van het LEPO-team. Een groot deel van dit werk is ook jouw verdienste,
ontelbare in sifit's heb je gedaan en mede door jouw chronosomen-kennis konden we samen de
CGH resultaten in Nijmegen analyseren. Samen met Annemieke Verkerk heb je ook sterk
bijgedragen aan de mapping van het 12Zp-amplicon en binnenkort zal eindelijk blijken dat die
buik niet alleen door het snoepen bij LEPO komit. Annemieke, jij hebt het 12p werk een flinke
duw (in de goede richting) gegeven, Ondanks dat wij het duidelijk niet altijd met elkaar eens
waren, deelden wij in etk geval de “Helleborus” interesse, Ook de overige (ex) LEPO-mensen
(Jacqueline, Robert, Marjolein, Ruud, Ad, Hannie, Ton, Helene, Marja, Kirsten en Fons)
hebben op de één of andere manier bijgedragen en ook wat verdragen, Met betrekking tot het
laatste wil ik hierbij mijn oprechte excuses aanbieden voor mijn dagelijks terugkerende
gezoem, Hans Stoop, één van de nieuwe LEPO aanwinsten, is met name zeer ondersteunend
geweest bij de meer recente artikelen, Plezier in wetenschap wordt zeker door jou geillustreerd
en jij bent vast de volgende. '
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Het hier beschreven onderzoek is enkel mogelijk door het bestaan van de verzameling
tumoren die het “LEPO-team” in de loop van de jaren heeft opgebouwd. Dit is gelukt door de
bereidwilligheid van verschillende pathologen en urologen, dank hiervoor.

Prof. Qosterhuis; opperhoofd van de afdeling LEPO en tevens mijn promotor, u ben ik
dankbaar om tenminste twee verschillende redenen. Ten eerste zorgde u, samen met Leendert,
voor het bestaan van een project dat op mijn lijf was geschreven, maar vooral, voor het uit
Groningen meenetiien en binnen gezichtsveld brengen van “mijn” Leendert.

Het grootste deel van de CGH-analyses konden gelukkig dichter bij huis worden
uitgevoerd, op de afdeling cytochemie en cytometrie (Leiden), met de hulp van Carla
Rosenberg, This resulted in several publications but also a nice friendship. Since more than a
year the conunton interest is expanded in baby-stuft. Carla, I really enjoyed the time in Leiden,
thanks for all your support.............. let's go to Bleiswijk,

Het afgelopen jaar is vooral gewijd aan het schrijven van dit boekje. Dit had als gevolg
dat de sociale contacten op een laag pitje kwamen te staan. Dank aan iedereen voor het geduld
en begrip, zullen we nu dan eindelijk die skate-, huis gaan bekijken-, thais eten- of zomaar
afspraak maken??? Wat het schrijven ook zeer ten goede kwam was de bereidwilligheid van
Gerard van den Aardweg om gedurende deze periode zijn kamer te delen met mij, Gerard,
bedankt voor je zorgzaamheid en gastvrijheid,

Mijn aanwezigheid op LEPO werd ook gekenmerkt door tweemaal een periode van
afiwezigheid. Dit werd veroorzaakt door in eerste instantie de geboorte van Maarten, en 2,5 jaar
later van Anna. Ik kon blijven werken omdat Maarten en Anna in goed handen waren/zijn.
Halma bedankt voor je liefdevolle zorgen, jouw flexibiliteit en betrokkenheid is een onmisbare
schakel in dit geheel,

De andere telgen uit het al genoemde Mostert nest zijn vervolgens; Mark, Saskia en
Jergen, Elk hebben ze een aandeel gehad. Mark, al zeg je weinig, leuk dat je regelmatig
langskomt, iets wat speciaal door Anna wordt gewaardeerd. Het maakt niet uit dat jij soms voor
vier eet, zodat we niks meer hebben om in te vriezen, en inderdaad; er zit al een glas om een
flesje bier. Jeroen, niet enkel als bewijs dat erfelijkheid complex, maar het uiterlijke resultaat
ten dele herhaalbaar is, ben ik bli} met jou. Wij zijn het levende bewijs dat er vele wegen naar
Roine leiden. Sas, we verschillen sterk op allerlei fronten, toch kunnen we heerlijk bomen en
als wederzijdse praatpaal fungeren, Fijn dat je m’n zus en paranimf{ bent.

Als €én van de laatsten maar zeker niet in de minste: pap en mam. Qok al staan jullie
niet altijd te juichen bij mijn (weloverwogen) beslissingen, jullie altijd oprechte
geinteresseerdheid, medeleven, steun en bereidwiiligheid om bij te springen als oma Riet en
opa Henk, zijn van onschatbare waarde,

Lieve Leendert, dit boekje is eigenlijk het meest voor jou. Voor jou zal het ook een hele
opluchting zijn als het allemaal achter de rug is. Geen werkbesprekingen meer in de auto en
thuis,...... we zulten het nog missen. Dank voor de ontelbare malen dat je de stukken hebt

doorgetezen en gecorrigeerd, je hulp bij de figuren maken en vooral je (bijna) altijd positieve
benadering en vertrouwen in mijn kunnen.........

Ik gu verder op weg, mijn dingen doen, liefst met plezier, heel simpel op de Marijke manier,

Marijke
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Marijke Mostert werd op 14 september 1964 geboren te Capelle a/d 1Jssel. In 1980
behaalde zij haar diploma aan de christelijke MAVO in De Lier, Hierna werd begonnen met de
analistenopleiding aan het Van Leeuwenhoek Instituut te Delft waar de volgende specialismen
met succes werden afgesloten: HBO-A botanie (1983), HBO-A zodlogie (1984), HBO-B
biochemie (1987) en HLO biochemie (1988). Tijdens deze studies werden onderzoekstages
uitgevoerd bij het Instifvut voor Plantenziektekundig Onderzoek in Wageningen, het
Radiobiologisch instituut TNO in Rijswijk en Lawrence Livermore laboratorium te Livermore
in Californig (USA), In 1989 werd begonnen aan de studie biologie aan de universiteit in
Utrecht welke in 1993 succesvel werd afgerond. Tijdens deze studie vonden {twee
onderzoeksstages plaats: 1) op de afdeting haematologie bij TNG in Rijswijk waar detectie van
5q deleties bij het myelodysplastisch syndroom werd geoptimaliseerd en 2) bij het Integraal
Kanker Centrum in Rotterdam waar een voorlichtingsfolder voor beennierg-donoren werd
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Chapter 2. Fig. 1: Representative example of a frozen tissue section of a teratoma of the
infantile testis, before (left panel) and after (right panel) microdissection.

Chapter 2. Fig. 3: Representative
example of the double fluorescent in
situ hybridisation with a probe specific
for the centromeric region of
chromosome 1 (red signal), and one for
the 1p36 region (green signal) on a
Sformalin-fixed, paraffin-embedded yolk
sac tumor of the infantile testis (case
no. 4). Note the reduced number of
signals of the Ip36 region (green)
compared to the centromere (red).

Chapter 7. Fig.2 B: Representative
example of banding (left panel) and .
spectral karyotyping (real color at the
right and false color in the middle) of a
chromosome 12 derivative, known (o
contain restricted 12p-amplification (as
determined by in situ hybridisation and
CGH). Note that the chromosome is
composed of chromosome 12 material %
(indicated in purple), except the most ‘
distal region of the p-arm, showing
chromosome  20-specific  material
(indicated in blue).
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Left page.

Chapter 2. Fig. 4. Representative examples of the immunohistochemical detection of the P33
protein (middle panel} and MDM?2 protein (lower panel) on a tissue section of a formalin-
Sfixed, paraffin-embedded teratoma (lefi panel) and yolk sac tumor (right panel) of the
infantile testis. No P53 could be detected, while all twmor cells showed the presence of
MDM?2. The corresponding hematoxylin and eosin (H&E) stained slide is represented in the
upper panel of the illustration. {magnification 100 X),

Right page:

(upper)

Chapter 3. Fig. 1: Results of comparative genomic hybridisation of spermatocytic seminoma
2 (552) showing a representative example of a digital image of a normal metaphase spread
(46, XY) hybridised with DNA isolated from the tumor (detected in green) and reference DNA

(46, XY} (detected in red).

(lower)

Chapter 5. Fig. 3. Example of the result of comparative genomic hybridisation on
chromosome 12 of the seminoma component of combined tumor 2207, showing tumor
specific amplification (vepresented as relative overrepresentation of the green compared to
the red signal), encompassing region 12p11.1-pI12.1 The blue line represents the ratio profile,
Le. the red to green fluorescence intensities over the whole chromasome length.
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Left page:

Chapter 4. Fig.2: (4) Double fluorescence in situ hybridisation (FISH) of a metaphase
spread of 82 with the centromere-specific probe for pad2H8 (tetramethyl-rodamine
isothiocyanate TRITC; red signal} and 12p paint (FITC, vellow signal) and DAFI as
counterstaining of the chromosomes: No 12p- or centromere-derived sequences are present
on the cytogenetically identified i(12p) (arrow), whereas 12p and ceniromere sequences are
hidden in the cytogenetically identified der(4)(4;12)(p13,q11) (lower right). (B) Double FISH
with pal2HS (TRITC) and yeast artificial chromosome (YACHS) (FITC) on a metaphase
spread of 82, there was no hybridisation of YACH#5 with the cytogenetically identified
der(4)t(4;12)(p13;q11) (arrow). (C) FISH with pad2H8 (TRITC) and YACHS (FITC) on a
metaphase spread of Hi2.1 showing centromeric region in the add(18)(p11.1) (arrow). (D)
Original photograph of a single FISH on a metaphase spread of NT2 with pal 2H8 (FITC)
and propidium iodide as counterstaining of the chromosomes showing enlarged centromeric
hybridisation regions of the if12p)s (arrows) as compared with their normal counterparts. (E)
Original photograph of a double FISH with pai2HE8 (TRITC) and YACHS on an interphase
mucleus of NT2 showing three normal chromosomes 12 (one centromeric and one YAC signal)
and two i(12p)s (one centromeric and two YAC signals), without size differences of the
TRITC-signals. (F} Overrepresentation of the short arm of chromosome 12 in NT2, as
detected by comparative genomic hybridisation.

Right page:

(upper)

Chapter 6. Fig. 2. Example of bicolour fluorescence in situ hybridisation on isolated nuclei
Jrom tumor T8763, showing (a) similar signal numbers using YAC#HF (detected in green} and
cosmid 31C2 (containing STS D1251350F) (detected in red) as probes, and (B) a lower signal
number for cosmid 12443, specific for STS DI2SI411 (detected in red) as compared to
YACHS (detected in green). Signals for the cosmids (in red) are larger than the signals for the
YACs (in green) because of a biotinyl-tyramide amplification step used to visualise the
cosmids.

{lower)

Chapter 7. fig. 3: Representative examples of double fluorescent in situ hybridisation on
Jrozen tissue sections of 4 um using a probe specific for the centromeric region of
chromosome 12 (red) and YACHS (green), mapped within the shortest region of overlap of
amplification (see Figure 1). Shown are A} carcinoma in situ; B) micro-invasive seminoma,
C) invasive seminoma. The tumor cells are identified by the direct enzymatic alkaline
phosphatase detection method (stained in red) on a parallel tissue section.
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