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Chapter 1

1. GENERAL INTRODUCTION

Germ cell tumors are a heterogencous group of neoplasms derived from the germ cell lineage.
Most of these tumors occur within the gonads, both ovary and testis. Rarely, they are also encountered
at a varicty of extragonadal locations, mostly along the midlinc of the body'. This specific
distribution has been linked to the migration route of the primordial germ cells from the yolk sac to the
genital ridge during embryogenesis™'. Three major groups of germ ceH tumors can be distinguished
based on differences in age at clinical manifestation, histology and clinical behavior; the germ cell
umors of necnates and infants, the germ cell tumors of adolescent and young adults, and the so-called
spermatocytic seminemas of elderly men®, The latter type is only found in the testis. This thesis is
focussed on the largest group of malignant germ cell turnors, those of adolescent and young males,
which will be referred to as GCTs. Reference to the other two groups is only done when a comparison
with the GCTs is meaningful.

1.1, Histopathology of GCT

Based on clinical and biological characteristics, GCTs are divided into two major groups, the
seminomas and nonseminomas, The seminomas are uniform tumors, composed of tumor cells
resembling primordial germ cells/gonocytes™, In contrast, the nonseminomas are heterogenous and
can contain one or more histologic subtypes representing various differentiation lineages and stages of
normal intra-uterine development. The embryonal carcinoma cells are the stem cell component, which
may dilferentiate towards extra-embryonal tissues (yolk sac tumor and choriocarinoma) and
embryonic tissues with mesenchymal, epithelial and neuronal appearance (immature and mature
tcratoma)T.

1.2. Embryonic origin of GCTs

It is generally accepled, that all GCTs of the testis develop from the precursor lesion “carcinoma in
sind” (CISY, or intratubular germ cell neoplasia®. CIS cells are located at the inner side of the basal
membrane of the seminiferous tubules, where normally the spermatogonia reside’. Various
phenotypical characteristics support the model, that the primordial germ cell/gonocyte is the benign
counterpart of the CIS ceil'™"'. Primordial germ cells migrate from the allantois along the midline of
the body, and reach the gonadal blastema during the 6-7" gestational week. From this stage onwards,
the cells are called gonocytes, even though they are probably biclogically identical to the primordial
germ cells*”. Gonocytes can be detected in the neonatal and infantile testis until they mature further at
the end of the first year of life'’. Accordingly, the initiation of tumorigenesis has o occur during intra-
uterine development, if the primordial germ cell/gonocyle is the cell of origin for testicular GCT. It
has been suggested, that the CIS cells are formed before the 9" pestational week. Various
epidemiological and tumorbiological arguments support the concept of early initiation®® ™ ™%,
Despite the early initiation, testicular GCTs are only clinically manifest afier puberty. This lag period
is most likely explained by hormonal influences on the growth and development of transformed
(initiated) primordial germ ceils/gonocytes. The exact nature of these factors remains unknown.

So far, it is not resolved whether CIS cells are programmed to form only seminoma, nonseminoma, or
a combination of the éwo, or whether CIS cells are multipotent. A strong argument in favor of a

10




General introduction

muftipotent nature of CIS cells is the influence of an orchidopexy of an undescended testis on the
histology of a GCT occuring later in this testis'*!®. On the other hand, differences between CIS
surrounding nonseminomas and seminomas have been described regarding immunohistochemical
markers and chromosomal constitution'™"” suggesting already a determination of the later tumor
histology at the stage of CIS. However, the differences could also be an effect of the adjacent tumor on

the CIS cells.

1.3. Genetic changes in germ cefl tumors and their precursor

GCTs are characterized by a range of genetic changes. Already the precursor lesion CIS is consistently
aneuploid"‘. Al this stage, when the invasive tumor has not yet occurred, the number of chromosomes
is approximately tetraploid. During the progression to either seminoma or nonseminoma, (parts of)
chromosomes are lost resulting in a hypertriploid DNA content for seminomas and a hypotriploid
DNA conient for nonseminomas. All invasive gonadal GCTs share various genomic imbalances, of
which overrepresentation of the short arm of chromosome 12 as the most consistent one is found in all
invasive GCTs. In 80% of the cases, this is achieved by formation of an isochromosome 12p. In part
of the remaining cases, the gain is caused by a high level amplification of a restricted region of
12p™*. As this feature is absent in the pre-invasive CIS, the overrepresenied genes have been
correlated with invasiveness/Sertoli cell independent growth™. Recently, DAD-R has been identified
as a promising candidate gene allowing survival of the invasive cells outside the micro-environment of
the seminiferous tubule®.

1.4. Epidemiology

The most common anatomical site of GCTs is the adult testis. Testicular GCTs account for up to 60%
of all malignancies diagnosed in men between 20-40 years of age™. An annual increase in incidence of
3-6% has been reported for both histological variants during the last decades in white populations

throughout the world™**

resulting in an incidence of currently 6-11/100.000 in central Europe. In
some European countries like Denmark and Switzerland, the lifetime risk o develop a testicufar GCT
is almost 1%. While most patients with a testicular seminoma present in their 4" decade of life, the
incidence of nonmseminomas peaks in the 3™ decade™. The tumors with both a seminoma and a
nonseminoma component, present at an age between that of pure seminomas and nonseminomas®*?’,

In most cases of GCTs, the tumorigenesis cannot be explained by known external influences.
However, epidemiologic studies have revealed a number of risk factors. In line with the model of
tumor initiation during early development, the established risk factors seem to target intra-uterine
development or the first year of life. Patients suffering from cryptorchidism show a 4-5 fold increase
in risk of developing a GCT, patients with bilateral cryptorchidism have an even higher risk®™%.
Another risk factor is a positive family history. Gonadal dysgenesis associated with the presence of at
least a part of the Y chromosome, androgen insensitivity, and a low birth weight are further

established risk factors®™*

. A weak increase in risk is assumed for neonatal jaundice and
hypospadias®. Possible influences have been postulated for various viral infections affecting the testis,
high social status, and hydrocele amongst others®. The higher incidence in the white compared to the

black population and the risk associated with preterm birth have been atiributed to hormonal influence,
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i.e., a higher level of estrogens might increase the risk, while higher levels of testosteron may reduce
the risk™®¥.

An association between risk to develop a testicular GCT and disturbances in spermatogenesis has been
described, The correlation is apparent from the fact, that 1% of males visiting the Andrology clinic for
fertility problems, have a testicular GCT, compared to a prevalence of 1 in 11,000 in the general
population. On the other hand, about 25% of patients with a testicular GCT have a disturbed
spermatogenesis in the contralateral testis as well. It is wnclear, however, whether the GCT is
adversely affecting spermatogenesis, whether both are caused independently by the same influences or

whether disturbances in spermatogenesis predispose to developing a GCT*,

1.5, Stage specific treatment and prognostic factors

Modemn treatment of GCTs is based on all available treatment options in the field of oncalogy:
surgery, radiotherapy and chemotherapy., Whereas in many situations different treatment modalities
result in comparable long term results, they differ significantly in their side effects. Even in metastatic
stages, cure rates of 80% can be achieved by multiagent, cis-diamino-dichlorid-platin (CDDP)-based
chemotherapy. These treatment results are unique among the solid tumors of adults. GCTs are

therefore considered a model for a curative maligant disease®.

1.3.1. Treatment and prognostic factors for stage I and 1l disease

Patients with seminoma in stage I achieve long term survival of 99%. Standard of care is
orchidectomy followed by adjuvant radiation of para-aortic lymph nodes. Alternatively, a careful
“wait and watch” strategy can be offered with a relapse rate of 15-20%. These patients can usually be
cured by radiation or chemotherapy. In stage 1A and IIB irradiation of the infradiaphragmatic para-
aortic and the ipsilateral iliac fymph nodes is standard of care resulting in relapse rates between 0-
18%. In stage IIC radiation cures only 60% of the patients. Standard of care is therefore treatment with
either 4 cycles of CDDP/etoposide (PE} or 3 cycles of CDDP, etoposide, and bleomyein (PEB). Less
toxic regimens are being evaluated in clinical stadies™.

Fer stage I nonseminomas long term survival of 97% can be achieved by orchidectomy followed
either by a “wait and watch™ strategy, nerve sparing retroperitoneal lymph node dissection (RPLND),
or primary chemotherapy with 2 cycles of PEB. The only established prognostic factor for the risk of
relapse is angio-invasive growth. Patients suffering from nonseminomas stage IIA/B can also be
offered different strategies: Primary RPNLD followed by two adjuvant cycles of PEB, surveillance
after RPLND, or primary chemotherapy followed by secondary RPLND only in case of a residual
mass. For patients with nonseminomas stage 11C three cycles of PEB are standard of care™.

1.5.2,  Treatment and prognostic factors for advanced siage seminomas and nonseminomas

Ongce the tumor has spread beyond the retroperitoneal lymph nodes, local treatment strategies are no
longer sufficient. Based on a large data base derived from Institutions of four countries, the
International Germ Cell Cancer Collaborative Group (IGCCCG) developed a progrostic model for
patients with metastatic GCTs™. Prognostic factors are histology (seminoma versus nonseminoma),
site of the primary tumor (mediastinal versus gonadal/retroperitoneal), presence of extrapulmonal
metastatic sites, levels of serum markers LDH, AFP and BHCG. The model identifies three prognostic
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groups among patients with metastatic spread beyond the retroperitoneal lymph nodes. 60% of these
patients present with good prognostic features resulting in a cure rate of 90%. These patients are
currently treated with three cyeles of PEB or four cyeles of PE, Patients with intermediate prognostic
features represent about 25% of all patients with advanced disease. Standard treatment here are four
cycles of PEB resulting in cure rates of approximately 80%. Nonseminomas from a mediastinal
primary or nonseminomas with nonpuimonary visceral metastasis or poor serum markers belong to the
smallest group (constituting about 15%) with a poor prognosis, The standard treatment of four cycles
of PEB achieves long term disease free survival only in 50% of patients. Treatment intensification
using high-dose chemotherapy in first line treatment shows promise in phase I/II trials®. Recently it
has been become clear, that within the poor prognosis group, a subpopulation of patients with an even
worse prognosis can be identified”. These include patients with 2 primary mediastinal GCT with lung
metastases (progression free survival 28% and two years overall survival of 49%), while patients with
a primary gonadal or a retroperitoneal GCT without visceral metastases showed the highest
progression and overall free survival (75 and 84%).

The IGCCCG criteria are helpful but clearly not sufficient as prognostic markers. Using highly toxic
treatment regimen to improve results, better prognostic markers are needed to select patients, who
benefit from intensified strategies rather than harboring unneccessary toxicity. Furthermore, treatment
results are not satisfying and improvements are warranted for all prognostic groups with disease
spread beyond the retroperitoneal lymph nodes.

1.5.3. Management of mature teratoma

In contrast to the exquisite chemosensitivity of seminomas and the invasive components of
nonseminomas, mature leratomas are nol eradicated by systemic chemotherapy. In case of a teratoma
component in tumor manifestations, residual mature teratoma will remain viable after systemic
treatment. Secondary resection of these masses is an integral part of treatment™. Even in case of
normatized tumor markers, 15-20% of resected masses contain viable, malignant tumor and 30-40%
contain residual mature teratoma, whereas in the remaining 45-50% only necrosis is found. The
presence of residual mature teroma is refated to the presence of a teratoma element in the primary
GCT, which favors a model of selection in stead of induction of differentiation®. However, somatic
differentiation of totipotent GCT cell lines could be induced by chemotherapy in a xenograft model™,
indicating that induction of differentiation by chemotherapy is possible at least in this experimental
setting. Based on histological and clinical features like serum markers, pre- and post-chemotherapy
tumor size and shrinkage of the mass during chemotherapy, the presence of pure necrosis in the
resected specimen can be predicted"ﬁ. However, occult malignant cells can not be ruled out reliably
nor can they be discriminated adequately from mature teratoma. In any case, surgical removal of
residual mature teratoma lesions is important because of their chance to progress to growing teratoma
or so called secondary non-germ cell malignancies, i.e., malignant tumors like sarcomas or
carcinomas’ ™, These tumors behave like their histologically identical counterparts developing from
normally differentiated tissues and cannot be cured by chemotherapy.

1.3.4.  Treatment of relapsed and refractory disease

Despite the high sensitivity of GCTs to the available treatment protocols, 10-30% of the patients will
not achieve a durable complete remission, either due to progressive disease or relapse. These patients
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become candidates for salvage treatment®, Phase II data indicate an improved outcome with high-dose
chemotherapy followed by autologous stem ceil transplantation compared to standard salvage
regimen™. About 40% of patients in first and 20% in subsequent relapse can be rescued by this
treatment. Again, based on clinical parameters {response to initial treatment, level of tumor markers
and site of the primary tumor), the response to salvage high-dose chemotherapy can be roughly
predicted®,

Once a patient has failed a salvage regimen, further treatment is palliative in most cases, Various
substances have been tested in this situation, Paclitaxel, gemcitabine and oxaliplatin achieve responses
in the range of 20% in refractory GCTs*. However, the responses seen are not durable. Clearly,
better strategies for these mostly young patients are warranted. The poor outcome of the treatment in
the safvage situation further underlines ihe need to identify patients at risk for refapse early in the
course of the disease to be able to offer optimal treatment.

1.5.5.  Receptor tyrasine-kinases as treatnient targels in chemotherapy resistant solid tumors

The increasing knowledge of tumor biology has led to the identification of various receptor tyrosine-
kinases as interesting treatment targets. The tyrosine-kinases can be targeted by specific antibodies or
by small molecules inhibiting the kinase activity. Currently, drugs directed against members of the
epidermal growth factors receptor (EGFR) family and against ¢-KIT and BCR-ABL have been
approved for clinical use. The treatment results either in a direct or indirect killing of the cell or blocks
the growth stimulatory effects of the tyrosine-kinase signailing. The humanized monoclonal antibody
against Her2/neu (¢-ERB-B2) has improved (reatment outcome in Her2-positive breast cancer™.
Gastrointestinal stromal tumors (GIST), a rare tumor entity, that used to be resistant to systemic
chemotherapy, can be treated successfully with the tyrosine kinase inhibitor STI571%, In GIST,
STI571 is targeting the receptor-tyrosine kinase, which is consistently overexpressed, frequently in a
constitutively active mutant form.

Expression of EGFR and ERB-BZ has been correfated to poor prognosis in breast cancer and
resistance to CDDP®. More than 30% of all epithelial cancers express any of EGFR-family
members®. Particularly with the link to CDDP-resistance, it seems worth investigating the expression
of these tyrosine-kinase receptors in a variety of refractory tumors, where new treatment options are
warranted. However, only a case report on a patient with a Her2/neu-positive refractory GCT
described a meaningful response®™. No larger series assessing the expression of any receptor tyrosine-
kinase as potential new treatment target has been described.

1.6. Biolegic basis of treatment sensitivity of GCTs

The exquisite chemosensitivity of GCTs has been regarded as a reflection of the characteristics of their
cells of origin, the primordial germ cell/gonocyte and the early embryonal cells derived from them.
From a teleclogic point of view, it is assumed that it is of paramount importance to maintain the
genetic information of stem cells intact, so that already cells with minor DNA damage are eliminated
by apoptosis rather than trying to repair them in order to avoid faults associated with DNA-repair
which could be transmitted to their progeny®'. The following considerations are focussed primarily on
CDDP, as CDDP is considered the most active drug in the systemic treatment of GCTs. However, it is
clear from clinical studies, that other substances like etoposide and bleomycin contribute to the
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success of the systemic treatment of these tumers®. CDDP as most if not all cytotoxic agents is killing
the cell by activation of an apoptotic program, in which the P53-protein has been regarded as the most
important determinant.

1.6.1. P53 and chemotherapy sensitivity

The P33-gene and the encoded protein have become the center of interest in cancer research, when it
became clear, that almost 50% of human malignancies harbour inactivating P33 mutations®. The
majority of these mutations are missense mutations resulting in a truncated protein with an impaired
function and a prolonged halfiife. Muitiple downstream targets of P53 have been identified and
correlated to different functions of the protein®. The first pathways identified in which P53 plays an
important role were cell cycle control and apoptosis. However, subsequent observations indicate, that
the role of P53 extends far beyond. For example, P53 seems to be involved in DNA-repair, the
regulation of centrosome numbers ard ploidy and regulation of telomerase activity™®.

P53 can mediate a G1/S-phase cell cycle arrest via transactivation of the downstream target p21. p21
inhibits the cyclin-dependent kinase 4, whose kinase activity is required for phosphorylation of
Retinoblastoma protein (RB) in order to release E2F-1 and 2 from the complex with RB. E2F is
necessary for the progression of cell cycle beyond the G1/5-checkpoint. P53-mediated G1/5-cell cycle
arrest therefore depends on its abilily to transactivate p2 1.

Alternatively, P53 can lead to apoptotic cell death via the mitochondrial pathway by induction of
BAX, a pro-apoptotic member of the BCL2 family. Formation of BAX-homodimers results in release
of cytochrome ¢ from the mitochondria, activation of APAF-] and finally of procaspase-9. Caspase-9
activates effeclor caspases like caspase, which are responsible for degradation of cellular structures
and finally apoptotic cell death. Probably, P53 can induce apoptosis by means unrelated to
transactivation of BAX, possibly by direct protein-protein interaction. A cross-taik between the P53-
mediated pathways of cell cycle arrest and apoptosis exists e.g., in inhibition of caspases by p21.

P53 is upregulated on exposure of a cell to stress like DNA-damage or hypoxia. The halflife of the
wild-type protein is short {about 20 min.), but it is stabilized upon activation. Its degradation via
ubiquitination is promoted by binding to MDM-2 in a feedback loop, as MDM-2 is transactivated by
P53. The P33-status has been correlated to prognosis and treatment outcome in a variety of tumor
entities. In contrast to most other human cancers, GCTs hardly ever show P53-mutations. At the same
time, most GCTs have been described positive for P33 by immunohistochemistry (references cited in
Table 1 and 2, chapter 2). Therefore, the high level of P53 in GCTs is commonly considered the
biologic explanation for their chemosensitivity. However, no study has demonstrated a correlation of
the P53-level with treatment outcome in these tumors. The experimental evidence supporting the role
of P53 is based on studies on cell lines, partly the mouse P19 teratocarcinoma cell line®™®. Data on
human cell lines partly resulted in conflicting results, For example, the P53-status did not correlate
with chemosensitivity in a panel of human GCT-derived cell lines: inactivation of P53 by the E6

protein did not affect chemosensitivigy™"'.

1.6.2.  Alternative explantations for chemosensitivity of GCTs

Besides the possible role of P33, other mechanisms can be involved in the specific chemosensitivity of
GCTs. In order to exert its effect, CDDP has to enter the cell. Recent data suggest an energy-
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dependent uptake of the CDDP-derivative carboplatin in human hepatoma cells™, although others
assume rather a passive diffusion. Having reached the cytoplasm, CDDP binds to various molecules
including RNA and proteins. Only a minor fraction reaches the nucleus and binds to DNA. The most
common CDDP-DNA adducts are intrastrand crosslinks between two guanidin residues, In addition,
other adducts including highly toxic interstrand crosslinks are also formed. The induced DNA-damage
is sensed, which leads to activation of an apoptotic program.

GCTs are obviously not capable of repairing the CDDP-induced DNA damage effectively in order to
prevent cell death. An impaired DNA-repair by the nuclear-excision repair pathway has been found in
cell lines of GCTs due to low levels of XPA™, Looking at different members of the BCL-2-family
downstream of P33, the sensitivity towards etoposide, the second most commonly used substarnce in
the treatment of GCTs, was ascribed to a high ratio of pro-apoptotic BAX to anti-apoptotic BCL-2™,
However, the cited investigations are either based on cell lines or lack clear correlations with the
clinicai course. Therefore, an unequivocal explanation for the curability of GCTs is still pending.

1.7. Possible resistance mechanisms to CDDP

Resistance mechanisms against CDDP can be active at all stages of its action beginning with the
uptake of CDDP into the cell down to the execution of apoptosis. For reasons of ¢larity, the multiple
resistance mechanisms are introduced in four separate groups. Members of the first group lower the
intracellular concentration of CDDP, so that less damage is inflicted on the DNA. The second group
repairs the CDDP-induced DNA-damage before it is recognized by factors intializing an apoptotic
pathway. The mechanisms of the third group prevent the initiation of an apoptotic cascade upon
damage recognition. Recently, it has become clear that there is a significant overlap between the latter
two groups. However, the effective role taken over by specific pathways in handling CDDP-induced
DNA damage in GCTs is probably primed in one way or the other justifying a separate discussion™.
Finally, resistance can be the consequence of failure of execution of apoptosis despite initiation of an
apoptotic cascade due to predeminance of anti-apoptotic signals or defects in downstream apoptotic
effectors.  Figure 1 schematically illustrates the intracellular sequence leading to CDDP-induced
apoptosis.
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Figure 1: schematic illustration of CDDP-effect and possible resistance mechanisms,
In order to induce apoptotic cell death, CDDP has to reach the nucleus and form DNA-adducts. This
DNA-damage has to be recognized to initiate a cascade resulting in cell death. Putative resistance
mechanisms - indicated by dashed arrows — can inactivate or remove CDDP before reaching the DNA,
the DNA-damage can be repaired before a cell death program is activated, the DNA-damage can be
tolerated due to defective damage recognition, or the execution of the cell death program can be
disturbed. (DR — death receptor; GSH — glutathione; LRP - lung resistance protein; ABC — ATP

binding cassette)

1.7.1.  Group I: Reduction of intracellular concentration of active CDDP

The intracellular concentration of active CDDP can theoretically be lowered by a reduced uptake,
increased export or detoxification. It has been suggested, that a reduced ATP-dependent uptake of the
CDDP-derivative carboplatin results in resistance of hepatoma cells. Other authors assume a passive
diffusion rather than an active transport, in which case a reduced uptake would not be a likely means
of developing resistance. Even though CDDP is not a substrate for the P-glycoprotein, the product of
the muitidrug resistance gene MDR, other members of the ATP-binding cassette superfamily of
transporters (ABC-transporters) do have an affinity for CDDF™™", Qverexpression of these pumps
therefore can result in resistance to the drug, as has been demonstrated for cell lines”. Probably
pursuing a comparable effect by unrelated means, overexpression of the major vault protein or lung
resistance protein (LRP), can also lead to elimination of CDDP before it reaches the DNA to exert its
action’. Data on any of these possible resistance mechanisms regarding GCTs are not available in
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relation to treatment response. The ABC-transporters work more efficiently when the substrate is
conjugated, for example to glutathion. Furthermore, such a conjugation by itself can interfere with the
toxic effect of CDDP. An increased content of metallothionein or ghutathion, or overexpression of
glutathion-S-transferase {GST) are further possible resistance mechanisms. A correlation of increased
GST content with chemotherapy resistance has been described for GCT cell lines™.

1.7.2.  Group 2: increased capacity for DNA-repair

Once CDDP is bound to DNA, the damage can be repaired before it is recognized and an apoptotic
program initiated. Responsible for the repair of such damage is the nuclear excision repair pathway
(NER)®. As mentioned earlier, GCTs are supposed to have an impaired NER due to low levels of
XPA. It is unclear, whether upreguiation or overexpression of XPA can result in clinically relevant
levels of resistance in GCTs.

1.7.3.  Group 3: impaired initiation of apoplotic cascades upon DNA-damage recognition

Another DNA repair pathway, the DNA mismatch repair pathway (MMR), does not seem to repair the
CDDP-induced damage efficiently, but probaby belengs rather to the third group of resistance
mechanisms interfering with damage recognition and consecutive initiation of an apoptotic program.
The MMR removes nucleotides, that have been mispaired by DNA-polymerases. Loops resulting from
slipping of the polymerases during replication of repetitive sequences are also corrected. Defects of
MMR-factors lead to instability of short repetitive sequences called microsatellites. Therefore,
analysis of microsatellites provides information about the functionality of the MMR system. Germ line
mutations in MMR factors, particularly of hMLHI and AMSH?2 lead to familial colon cancer. Loss or
defects of MMR factors has been correlated with a better response to topo-isomerase I inhibitors like
topotecan or irinotecan®™. At the same time, the identical alterations of MMR confer resistance to
CDDP, alkylating agents, methotrexate, and topo-isomerase 11 inhibitor doxorubicin®™ ™. Two different
explanations link the loss of MMR-factors to resistance to CDDP. Some MMR-factors, in particular
MLHI and MSH2, probably play a role in detection of DINA-damage and subsequent induction of
apoptosis. A loss of this function results in reduced apoptotic response to DNA-damage™*,
According to the second hypothesis, the defective MMR results in microsatellite instability and the
accumulation of secondary mutations providing a selection advantage to the tumor cell in case of
treatment®”, MMR or microsatellite instability has been investigated in a few small series of GCTs
indicating that most GCTs are microsatellite stable®™®'. No correlations with the clinical course have
been described so far. Next to the MMR, P53 has been associated with recognition of DNA-damage
and induction of apoptosis. In a study on relapsed GCTs, P53 mutations were detected in four out of
28 tumors, three of them being mature teratomas, the remaining one being a secondary non-germ cell
malignancy derived from a mature teratoma. The finding has been regarded as a further proof of the
relevance of P53 in determining the chemotherapy response of GCTs™. However, all tumors were
previously treated and the mutation-containing tumors were all intrinsically chemotherapy resistant.
Therefore, the contributipn of the P53-status to the clinical behavior is difficult to estimate.
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1.7.4.  Group 4: Inhibition of activated apopiotic cascade

Once the CDDP-induced DNA-damage is sensed, an apoptotic programm is activated. Most ¢ytotoxic
substances act via the mitochondrial apeptotic pathway. Defects in components of the apoptotic
cascade like loss of caspases or overexpression of anti-apoptotic proteins of the BCL-2-family can
result in chemotherapy resistance on the last step of CDDP-action. The level of BCL-2 has been
correlated with poor response to chemotherapy in myeloid leukemia, neuroblastoma, and transitional
cell carcinoma amongst others™, At least in vitro, inhibition of the function of caspases results in
increased resistance to various apoptotic stimufi.

1.7.5.  Aneuploidy as a mechanism to achieve chemotherapy resistance

Whereas the described putative mechanisms of chemotherapy resistance are based on mutations of
changes in the expression of specific genes, an allernative means of developing chemotherapy
resistance has been proposed. According to this model, ancuploidy as the most consistent genomic
alteration in solid tumors allows the tumor cells to achieve a resistant phenotype by chromosome
reassortments. Apart from theoretical considerations, the model is based on experimental evidence®®.
Various studies on different tumor entities support at least a correlation between aneuploidy and
prognosis, even though this correlation does not necessarily depend on chemotherapy resistance. The

regular aneuploidy of GCTs casts doubts on the general applicabilty of the hypothesis.

1.8. Aneuploidy and centrosomes

Aneuploidy is the most consistent genetic aberration in solid tumors, including GCTs (see above).
Depending on the type of tumor, aneuploidization has been regarded as an early event associated with
tumorigenesis™. At the same time, others have considered it a late event associated with tumor
progression. Recently, it has become clear that amplification {hypertrophy) of centrosomes can be a
driving force for aneuploidization”. Centrosomes are cell organclles involved in the organization of
microtubules including the formation of the bipolar spindle during mitosis and meiosis. In normal
cells, each cell contains cne centrosome compaosed of two centrioles. Centrosomal abnormalities can
be caused by various mechanisms, including overexpression of the serine-threonine-kinase 15
(STK.15), also called Aurora-A, or loss of P53-function amongst others %%,

In GCTs aneuploidization occurs very early in the course. Already the precursor lesion CIS is
consistently aneuploid, and this feature is maintained in the invasive tumors, including the mature
teralomatous components as part of nonseminomas'®. In contrast to the GCTs of adolescents ar adults,
the mature teratomas of infants, even though histologically identical to some of the tumors found in
the adult, are diploid. Aneuploidization is only observed when these tumors progress to invasive yolk
sac tumors'™'. The spermatocytic seminomas are polyploid rather than aneuploid; the cells show a total
DNA content of 2n, 4n or 8n'"™. No explanation for these differences is available yet.
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1.9. Aims of the thesis

The objective of this thesis is to understand the cellular basis of the behavior of different types of
GCTs towards chemotherapy. The background of the exquisite chemotherapy sensitivity of invasive
GCTs and the inirinsic chemotherapy resistance of mature teratomas are investigated,

Differences are sought in comparison of sensitive tumors with invasive tumors refractory to currently
available agents. Potential markers that could predict chemotherapy response based on an analysis of
the characteristics of primary tumor are evaluated.
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P53/MDM?2 and Germ Cell Tumor Treatment Response

Role of P53 and MDM2 in Freatment Response of Human
Germ Cell Tumors

By Anne-Marie F. Kersemaekers, Frank Mayer, Michel Molier, Pascale C. van Weeren, J. Woller Costerhuis, Carsten
Bokemeyer, and Leendert H.J. Looijenga

Porpose: Testicular germ cell tumors (TGCTs} of ado-
lescents and adulis are very sensitive to systemic treat-
ment. The exquisite chemosensitivity of these cancers has
been attributed to a high Jevel of wild-type P53,

Materials and Methods: To clarify the role of PS3 in
treatment sensitivity and resistance of TGCTs, we per-
formed immunohlstochemistry and Western blotting
analysis on a series of 39 fresh-frozen primary TGCTs
before therapy {unselected series). In a series of forma-lin-
fixed paraffin-embedded TGCTs of patients with fully
documented clinical course, including treatment-sensitive
{n = 17) and -resistant {n = 18) tumors, P53 status was
assessed by Immunohistochemistry and mu-tation
analysis. In addition, the involvement of MDM2, a P53
antagonlst, was investigated by immunohisto-chemistry,
reverse transcriptase polymerase chain re-action, and in
situ hybridization.

Results: Immunohistochemistry demonstrated ab-sence
of staining for P53 in 36%, 4i%, and 17% of the

TESTICULAR GERM CELL tumors (TGCTs) of ado-
lescents and  adults, ie, seminomas and
nonseminomas, are of particular interest from a clinical
point of view because of their exquisite sensitivity 1o
treatment. While seminomas and nonseminomas can be
effectively treated with cisplatin-based chemotherapy,
seminomas are also highly sensitive to irradiation
(reviewed in " ). Approximately 80% of patients with
metastatic disease can be cured by systemic treatment.” In
addition, TGCTs are also biologically intcresting, since
they mimic embryonal development to a cerlain extent
(veviewed in *® ). Seminomas show characteristics of early
(primordial) germ cells, whereas nonseminomas can be
composed of embryonal carcinoma, being the stem-cell
component, which may differentiate to either yolk sac
tumer and choriocarcinoma (the extra-emhbryonic lincages)
or leratoma {the somatic lineage)” Another intriguing
clinical finding is that fully differentiated (“mature™)
teratoma components are resistant to chemotherapy. '
Surgery is needed to remove these lesions because of their
potential for secondary malignant transformation, which
can lead to nen—perm celf malignancies.”

Various investigations have focused on the P53 pathway
to explain the chemosensitivity of TGCTs. Most studies
reported a high level of wild-type P53 protein based on
immunchistochemistry. An overview of the different

studies is given in Table 1,""*' indicating that although a

unselacted, responding, and nonresponding TGCTs, re-
spectively. OF the positive TGCTs, most tumors, ie, 49%,
41%, and 33%, showed 1% to 10% positive nuclei. This
ovarall Jow level of P53 was confirmed by Western blotting,
Mutatlon analysis revealed anly one silent P53 mutation in
ane of the responding patients. All embry-cnal carcinomas
ware homogeneously positive for MDM2, encoded by the
full length mRNA, while a heterogeneous pattern was found
for the other histologic components. Amplification of
MDM2 was dotected in one out of 12 embryonal
sarcinomas.

Conclusion: Although our results are in line with
previous findings of the presence of wild-type P53 in
TGCTs, they show that a high level of P53 doaes not relate
diractly to treatment sensitivity of these tumors, and
inactlvation of P53 is not a common ovent in the
development of cisplatin resistance.

J Clin Oncol 20:1551-1561. © 2002 by American Society
of Clinical Oncology.

high percentage of positive tumoss are reporied, the
majority of these cases show less than 30% of positive
tumor nuclei. In fact, a significant number of cases are
scored as containing between 1% and 10% positive nuclei,
and some of the tumors showed no staining at all. In
contrast to many other solid cancers, 253 mutations have
hardly been identificd in unselected TGCTs (see Table 2
for publications and results 2**2*'"* 3 O of the 281
sequence-verified tumors, "’ (6.7%) were demonstrated to
have a mutation. Comparison of two independeat human
TGCT-derived cell lines, one with functional and ane with
a mutant P53, showed that the former was more
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Table 1. Overview of Selacted Immunohistochemical Studies on P53 in Germ Cell Tumors

Fraclion of Posilive Calls (%)

Mo, Querall posilive 5-30%, >30%
Frist Author (ref) Histology Palients  Antibody* Maleridl  Staining (%) 050r0-  10-30% or or
10 0-25 »25%
Baltaci " NS, SE 24 Do-7 P 83 —t — .
Heldenreich * NS, CT 149 Signet Leboratories 14 a5 - — —
Heidenreich ™ NS.CT 15 Signet Laboratories P 84 —_ — —
Eig 71 SE, NS 77 Do-7 P 91 - — —_
Chou ** NS 10 Do-1 P 80 0 0 80%
Giullou *%¢ SE, NS 35 PAb 240 F 65 15 15% 35%
cmM 100 6 26% 68%
Pab1801 a5 - —_ _
Lathe *' SE, NS 14 PAb 1801 P 78 648 14%]] 0%
oM 85 71§ 14%11 0%
Albers 2 NS 62 PAD 1801 P 99 24 23% 52%
Riou ? SE, NS 24 CM1 and Do-7 P 671 8 42% 25%
Lewis > SE,NS 113 - P 93 S2¥ 41%**
Ulbright ** NS 62 PADb 1801 P 49 2 20% %
Sartkova ¥’ NS, SE 07 CM1, PABTBOT; PAD P 84 a7 47% T
421
Heimdal Familial, 15 CM1 F o 0 0% 0%
bilalaral Se,
NS
deRiese NS 84 - - 40 19 15% 2%
Bokemeyer ™' SE, NS 1§ Pab 1801 P 88 25 13% 62%
Ulbright ** NS 50 - — 50 — - —
Przgodzki ¥ Mediastinal, 25 Do-7 P 30 0 30% 0%
testicular SE 77 0 7% 0%
Abbreviations: SE, seminoma; NS, nonseminoma; CT, combined umar; P, fermalin-fixed, paraffn-embedded; F, frozen.
* Antibodies used in the studies: PAb 1801, PAb 240, Do-1 {Oncogene Science, Cambridge, MAY, CM1 (NovoCastra); Do-7 (Dako, Glosinip, Denmark);
PAb 421 {as reported in Barlkova al al ¥ ).
+ Dashes {—) indicata "not specified” in {he arlicle.
3 The authors selected field for quanlification of P53-positive cell fraction for areas wilh high P53 staining.
§ 0% 10 10% positive cells.
1I 10% 1o 30% pasilive cells.
1 > 10% positive calls,
# 0% to 25% positive cells.
** > 25% positiva cells,
11+ 1% lo S0% positive cells.
sensitive Lo cisplatin than the latter.”* These studies led to chemotherapy in various matignancies."™* Two studies

the conclusion that high levels of wild-type P53 account
for the exquisite chemosensitivity of TGCTs. Fowever, we
found no differences in treatment sensilivity betweea a
well-characterized TGCT-derived cell line with functional
P53 (NTera2) and a line without (NCCIT)."" Inactivation
of P53 by the HPV16-E6 protein in the cisplatin-sensitive
NTera2 cell line did not result in resistance. In addition, the
only resistant TGCT.derived cell line (2102Ep) had
functional P53.

Under physiologic conditions, the function of P33 can be
inactivated by MDM2. MDDM2 binds to the transactivation
domain of P53, thereby directly inhibiting P53 function,
and in addition, binding of MDM2 to P53 results in
degradation of P53 by ubiquitination.™" Qverexpression
of MDM2, mostly due to gene amplification, has been
correlated with a poor prognosis and resistance to

30

dealt with the presence of MDM2 in TGCTs. ™"
Immunohistochemistry demonstrated that more than 50%
of the tumors showed a positive staining. However, only
three out of 65 TGCTs—one seminoima, one teratoma, and
one  choriocarcinoma—contained  amplification  of
MDM2.7% None of these studies correlated their findings
with clinical outcome.

The ohjective of the present study was to clarify the role
of P53 and MDDM2 in sensitivity and resistance of TGCTs
1o cisplatin-based chemotherapy. To exclude interobserver
vartability, we applied both Western blotting and immuno-
histochemistry 1o assess P53 protein level. By assuming a
crucial role of a high-level wild-type P53 in chemosensitiv-
ity of TGCTs and an association between £33 mutations
and chemotherapy resistance, high levels of P53 protein
andne or only small numbers of mutations were expected
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Table 2. Summary of Selected Published Data on Mutation Analysis of P53

Firs! Author {ref] No.

Group Palients  Material  Methods Anglyzed exons Finding (%}
Kim 7 tntraceaniel GCT 19 P Dideoxyfingerprinting, sequancing 58 26%
Houldsworlh * Resistont SE, NS, NGCM 23 - SSCP, direct sequencing 59 i17%
Kuczyk ™ CI3 18 F RINA SSCP direct DNA sequencing 5.8 9%
Givlloy TGCT 35 £ 55CP 59 0%
Lothe @ 3E ond N& 23 £ CDGE Hotspols in 5,7,8 0%
Schenkman 5E ond NS 30 F.P 5SCP, direet sequencing 5-8 0% {1/30 silent mu)
Fleischacker * SE ond NS 3¢ F SSCP, direct sequencing 5.8 0%
Peng ¥’ SE ond N3 22 F S8CP, CDGE, direct Sequencing 4.9 0%
Heimdal ¥ SE ond N3 15 F CDGE, dencturing gel elecirophorasis 5.8 0%
Serh ¥ SE ond N5 31 . Allalatypiag, SSCP 5.7 516 SSCP shif

9729 LOH

Bokemeyer ' SE and NS i5 - ANA-SSCP, direct sequencing 5.8 73%
Wei ¥ SE 17 F SSCP, diredt sequencing 58 23.5%
Sirohmeyer *° TGCT 40 F SSCP, direct sequencing 4-8 0%

Anbreviations: SE, seminoma; NS, nonseminoma; (T)GCT, {teslicular} germ cell tumar; NGCM, non-germ celi malignancy; P. formalin-fixed, paraffin-
embedded; F, frozen; SSCP, single-strand confimalion polymormhism; CDGE, constant denalurant get electrophoresis; LOH, loss of helerozygosity.

in agroup of unselected cases and in chemosensitive cases.
[n contrast, resistant cancers would show either a low level
of wild-type P33 and/or an increased frequency of P53
mutations or inaclivation by ovesrepresentation of MDM2
encoded by the full-length mRNA.

MATERIALS AND METHCDS

Patient Material

Fresh-[froven and formalin-lixed paraffin-embedded tissuc blocks
from 3% unselecled paticnts (23 nonseminomas and 16 seminomas)
were collected between 1991 and 2000 in ¢lose collaboration with
urologists and pathologists in the southwestern part of the
Netherlands. They were retrieved from the archive of the Laboratory
for Experimental Patho-Oncelogy, Depanment of Pathology,
University Hospital Ronerdam/Danicl. For these patients, no data on
the clinical course were available.

From 17 palients ftreated a1 the  University Hospital
TRotterdam/Danicl between 1991 and 1994 who remained continuously
discase-free after inftial treatment, formalin-fixed paraffinembedded
material of the primary TGCT was collected. The series consisted of
nine seminemas and eight nerseminomas.

Formalin-fixed,  paraffin-embedded
chemotherapy-refractory patients diagnosed between 1991 and 1998,
wweated within various trials led by Tu” bingen Univessity, Germany,
were  investigated.  Patiemts  were  considered  refraclory  when
progression o relapse oceurred despile adequate initial and salvage
trestment, including high-dose chemotherapy with autologous stem-
cell transplantation. The material of nine patients was oblaincd at
initial diagnosis; in cight cases, the materizl was sampled after
cxposure 10 chemotherapy, and in onc case, material from both the
primary tumor and 2 melastati¢ wmor in relapse was available. The
group of refractory tumors consisted of 16 nonseminomas, one
serninoma, and one secondary ner—germ cell malignancy. Table 3
summarizes the characteristics of the responding and refractory
paticnts. All cases were reviewed and diagnosed by J.W.0. according
10 the Waorld Health Organization classification, and the fully
documented clinical coursc was avaifable for these patients.

samples from 18

Cell Lines

The TGCT-derived cell Jines NTera2, NCCIT, and 2i02Ep were
maintained in principle as previously described.s: The breast cancer—
derived cell lines SKBR-3, T47D, and MCF-7 were grown as mono-
layers and maimained at 37°C in a bumidified cell-culiure incubator
with 8.5% carbon dioxide in HEPES-buffered RPMT 1640 supple-
mented with 10% fetal calf serum (Gibeo BRL, Paisley, United

Foble 3. Patient Characteristics

Chemaosensitive Refraciory
h=17 n=18)
Age, yaors
Median 33 31
Renge 17.49 17-56
Histalogy
Seminema ¢ 1
Nanseminoma 8 16
Non germ cell lumor malignancy [v] 1
Stage ot diegrosis {according to UICQ)
Initial treatment after surgery
surveillance 0 2
radialion 8 [+
chematherapy 9 16
Follow-up, monihs {range)
Median 8l.4 45.3
Ronge 30-118 12.5-180
Relapse-free survival, months
Medion N.R. 18.0
Range 0-150
Response to initial frealment
Camplele remission 17 4
Podial remission, marker negative 4] a
Parial remission, marker posilive 4] 2
Progressive disease 4 2
Unknown i+ 2
Mo. of salvage regimens
Median 3
Range 1-7

Abbreviations: NR, not reached; UICC, Intemalional Union Against
Cancar.
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Kingdom}, penicillin 100 1U/mL (Sigma-Aldrich, Zwijndrechi, the
Netherlands), sireptomycin 100 pg/mL (Sigma-Aldrich), and L-glu-
tamine 2 mmol/L (Gibco).

Immunohistochemical Detection of P53 and MDM2

Paraffin sections of 3-um thickness were mounted on aminopro-
pylethexysilane-coated slides, deparaffinized in xylene, and rehydr-
ted. Pressure cooking in citeate buffer 0.01 nwolL, pH 6.0 (1.2 bar),
was used for antigen retrieval. All antibodies were diluted in
phosphate-buffered saline (PBS) with 1% bovine serum albumin,
Primary antibodies (mouse monoclonal anti-P53, Do-7, 1/50 [Dako,
Glostrup, Denmark]; mouse monoclenal anii-MDM2, Abi, clone
smpld, 1730 [Neerarkers, Fremont, CA]) were incubated at room
temperature for 1 hour (P33} or overnight (MDM-2). Biotin-labeled
rabbit-antimouse immunogtobulins and a biotinylated AP-streptavi-
din complex (both Dako) were subscguenily applied for 30 minutes
cach., A selulion of new fuchsin, naphthol, and levamisole in a Tris
HCL bufTer 0.2 mol/'L {pH 8.0) was used as chromogen; slides were
counerstained with Mayer's hematoxylin stain. Only red nuclear
siaining was considered positive. For a negative control, the primary
antibody was omitted on serial slides. Appropriate positive control
seclions were stined simultancously (colon cancer for P33, breast
cancer for MDM2). Two investigators (A.-MFK. and F.M.)
independently assessed samples, in case of discerdance, slides were
re-evaluated. For evaluation of P53, 300 cclls were scared in three
randomly selected high-power fields. Furthermore, four randomly
selected slides were stained and evaluated independently in the
pathology department of the University of Tromso (Norway), as
described before,

Inmunoprecipitation and Western Blotting

Cultured cells and fresh-frozen tissue samples were used for immu-
noprecipitation and Westem blotting. Samples containing only a
limiled nontumor component were selected. For immunoprecipitation
studies, cells were washed Lwice in ice-cold PBS and harvested in
Iysis butfer (Tris HCI 50 mmoVL [pH 8.0, EDTA 5 mmold, NaCl
150 mmol/L, 0.75% NP40, Pefabloc SC 1 mmol/L [Roche,
Mannheim, Germany], sodium fluoride 50 mmol/L, sedium o-
vanadate 10 mmol/L,, and one tablet of Complete mini [Roche] per 10
mL of lysis buffer). Protein was subjecied to immunoprecipitation by
incubating | pg of monoclonal antibody against MDM2Z (IF-2:
Oncogene Science, Cambridge, MA). Specific complexes were
collected afier incubation with Protgin A agarose {Roche). Afier the
precipitates were washed in lysis and wash buffer (Tris HC1 10
mmol/L [pH 8.0}, EDTA 1 mmo¥L, ard sodium o-vanadate 1 mmal/L
{Sigma-Aldrich]), they were electrophoresed in §% sadium dodeeyi
sulfale (SDS)-polyacrylamide gels, transferred to PVDF membrane
{Amcrsham/Pharmacia, Buckinghamshire, United Kingdom), and
probed for MDM2 as described below.

Fer Western blot analyses, cells were washed witk ice-cold PRS,
scraped into lysis buffer, and cooled on ice. Aller centrifugation and
dennturation of the proteins at 95°C, the protein lysate (50 pg/lanc)
was electrophorgsed on 0% SDS-polyacrylamide gels and transferred
to PYDF membranes. The filters were blocked with PBS containing
3% nonfat dricd milk and 0.1% Tween-20 and probed with the
respective antibpdies. MDM2 was detected wsing IF-2 antibody 5.0
pg/ml (Oncogene Science), and P53 was deiceled using Do.7
antibody 0.08 pg/mL (Dako). The inpur for Wesiern blotting was
standardized using the nuclear replication protein A, a nuclear protein
present at relatively constant levels in human cells. ™" Afier washing
and subsequent incubation with horseradish peroxidase~conjupated
rabbit-zntimouse antibody (Dako), specific complexes were detccted
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using a chemilumi technigue ling 1o the manufacturer's
recommendations {ECL kit; Amersham/Pharmacia).

Amplification Analysis for MDM2 Using Fluorescence In
Situ Hybridization

Frozen tissue sections of 5 pm were mounted on aminopropyl-
ethoxysilane-coated slides, air dricd, submerged in methanol/acetone
{1:1} ar -20°C for 20 miinutes, and air dried again, Sections were
digested with 0.0005% pepsin (Sigma-Aldrich) in HCL 0.01 mol/L. for
1 minute at 37°C, rinsed in demi-water, and dehydrated. YAC-MDM2
probe 75la4 {chromosome 12 band gl4, abtained from CEPH, Patis,
France) was used in combination with a chromosome 12 centromeric
probe (pxi2H8).s5 DNA of the YAC-MDM?2 was isolated and
human sequences were amplified by inter-ALU palymerase chain
reacticn (PCR), using the primers Alu-1 and Alu-2, ¥ The certromeric
probe was tabeled with digoxigenin-11-deoxyuridine triphosphate and
the YAC-MDM2 probe was labeled with biotin-16-deoxyuridine
triphosphate (Roche) using a nick-translation kit (Gibeo). After
denaturation (73°C for 5 minutes in Hybmix), the probes were
prearncaled with an excess of Cor-L DNA {Life Technologies/Gibco).
‘The denatured probe mix was added to denatured stides (3 minutes in
70% formamide/wo times stendard saline citrate (2x8SC) [pH 7.0]
and 5 minutes in 70% ethanol at -20°C and then dehydrated) and
hybridized for 48 hours, Slides were wpshed in  50%
formamide/2xS5C, The hybrids were visualized with fluorescein
isothiccyanatg-gonjugated sheep-anti-digoxigenin antibody {Roche)
and Cy3-conjugated avidin amibody (1/50; Jacksen ImmunoResearch,
West Grove, PA). The MDM2Z gene was considerad amplified when at
least wwice as many hybridizaticn signals were found for MDA than
for the centromeric probe.

DNA Isolation

Of formalin-fixed paraffin-embedded tissuc blocks considered suit-
able for DNA isolation without further processing, four sections of 25
um were used. In case of significant nontumor components, lumor
areas were microdissected from four to eight 10-pm-thick unstained
sections. The mawerial was deparaffinized with xylene, washed in
100% cthanel, and air dried. The tissue was incubated in lysis buifer
(Tris 50 mmol/L [pl1 8], EDTA 100 mmol/L, NaCl 100 mmol/L, and
1% SDS) containing 25 pL of proteinase K (10 mg/mL) overnight at
55°C followed by incubation with RNase a: 37°C for 30 minutes.
After phencl/chloroform extraction, DNA was precipitated with
isopropanci, washed with 709 ethenol, air dried, and resuspended in a
suitable volume of TE buffer. Frosh-frozen material was processed in
an identical manner, apart from omission of deparaffinization and
rehydration.

Single-Strand Conformation Polymarphism and
Sequencing of P33 Exons 5108

Isolated DNA was used as a template for radioactive PCR using
alpha-32 P as Isbel. PCR setings and primer sequences are given in
Table 4. The PCR products were run on a nondenaturing gel (8%
acrylamide/bisacrylamide 49:1, 10% glycerol} for 16 hours at B walts,
Samples showing band shifis or extra bands on single-strand con-
formation pelymorphism (SSCP} were subjected to sequencing of the
respeclive exons. Sequencing was donc using a commercial kit (Fer-
mentas, St Econ-Rol, Germany) according 1o the manufacturer's
instrugtions, except for the addition of 1% dimcthylsulfoxide in the
reaclion mix. Sequencing was done with both Torward and reverse
primers spanning the whole cxon, The cetl lines DU143, Cacol, and
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Table 4. Primers for SSCP and

Exon5  Primer A F  §-GACTTCAACTCTGTCTC -3
PrimerNB R 5-ACTGCTTGTAGATGGCCATG -3
PrimerNA  F  5-CAGCTGTGGGTTGATTCCAC -3
Primer B R 5-ACCCTBGGCAACCAGCCCTGT -3

Exon 6 Primer A F 5~ AGGCCTCTGATTCCTCACTG -3
PrimerNB R 8§+ GCACCACCACACTATGTCGA -3
PrimerNA F  5-CTCCTCAGCATCTTATCCGA -3
Primer & R 5-CCACTGACAACCACCCTT -3

Exon7 PrimerA F B AGGCGCACTGGCCTCATCTT -3
PrimerNB R 5- TCCAGTGTGATCATGGTGAGS -3
PrimerNA F  5-CATGTGTAACAGTTCCYGCATG -3
Primar B R  5-GCGGCAAGCAGAGGCTGG -3

Exon 8 PrimerA F  5-CCTTACTGCCICTTGCTTCTC -3
PimerNB R  §-CTTGCGGAGATTCTCTTCCTC -3°
PrimarNA F  5-TTGVGCCTGTCCTGGGAGAG -3
PrimerBE R 5- CTCCACCGCTTCTTCTCCT -3

NOTE. Primers A forward and B/BB reverse were used for
sequencing of the giffarent excns. PCR settings: $5°C, 30 minuies;
58°C, 30 minutes: 72°C. 40 minutes; 35 cycles

NCCIT together with two colon cancer samples with known P33
mutaticns served as positive controls for SSCP and sequencing.

Reverse Transcription PCR for the MDM2
Splice Variants

RNA was iseleted from 14 snap-frozen TGCTs {10 seminomas and
four embryonal carcinomas) with Trizot reagent (Life Technologies/
Gibee) according to the manufacturer’s instructions. For reference,
the histologic composition of the tumor under investigalion was
checked by microscopic analysis of a parallel section stained with
hematoxylin and eosin. RNA was isolaled in the same way from four
cell lines (Teral, NTera2, 2102EP, and NCCIT). All RNA samples
were pretreated with RNase.free DNase | according to the standard
muthod.se The RNA pellets were dissolved in DEPC-treated water.
First-strand  ¢DNA  was  synthesized from 1 pg  of
oligadeoxythymidine and random hexamer-primed DNase Itreated
RNA in 2 tetal volume of 40 pL. aceording o standard procedures.
The ¢DNA quality was checked by PCR with the primers HPRT 244
and HPRT 246, which amplify a specific 587-base pair fragment from
mRMA  enceding  thc  housekecping  gene  hypoxanthine
phosphoribosyliransferase (HPRT).Y

Presence of MDA2 splice variants was determined by PCR ampti-
fication on the generated cONA, using gene-specific primer combi-
nations spanning the complete ceding region, The following primers
were used: forward, 5'-GGCCCGGAGAGTGGAATG-3", reverse, 5'-
ATAAATTTCAGGTTGTCTAAATTC- ¥ (annegling st 58°C). The
expected size of the full-length wranseript is 1,685 base pairs.

RESULTS
Immunohistochemisiry for P53 and MDM2

Unselected tumor samples. To study the presence of P53
and MDM2 protein in a randomly collecled series of
TGCTs, immunohistochemical analysis was performed on
paraffin-embedded tissue sections of a series of 39 TGCTs
(16 seminomas and 23 nonseminomas). Tn this series, the
clinical outcome of which is not known, but frozen lissue is
available for Western blotting (sec below), 36% of the
tumors showed no staining for P53 at all, including seven
seminomas and 10 nonseminomas {see Table 5). In 49% of
the cases, 1% to 10% of the wmor nuckei were positive. In
15% of the cases, there was 10% to 30% positive staining.
None of the tumors showed more than 30% positive tumor
nuclei. Positive cells were found in all different histologic
elements except choriocarcinoma, which was completely
negative. Representative examples are shown in Fig tA
and 1B. In total, 1% or more positive tumor nuclei for P53
were identified in 25 (64%) of the 39 TGCTs. To confirm
our results, parallel sections of a’ selected number of
TGCTs (n = 4) were stained and evaluated independently;
the resulls were the same.

Immunchistochemical analysis of the same series of
TGCTs as studied for P53 showed that all seminomas were
weakly positive for MDM2 in a heterogencous pattemn
(Table 5, and see Fig 1C), while no staining was found in
choriocarcinoma. A strong positive staining was found in
all tumor cells of embryonal carcinoma (see Fig 1), while
only scattered positive cells were observed in the yolk sac
tumors and teratomas.

Table 5. Resulls of the Immunohistochemical Findings for P53 and MOM?2 in TGCTs of Unselected, Chermosensitive. and Refractory Patienls
(% of positive nuclei)

Unselected palients (n-37)

Responding polients n=17)

Nonrespanding patients (r=18]

% SE/NS % SE/NS % SE/NS
P53
0% 36 4/8 41 6/1 17 0/3
1-10% 49 &/ 41 3/4 33 1/5
>10%-30% 15 2/4 12 0/2 33 0/6
>30% "} 0/0 [ 071 17 073
MDM2
0% 28 1071 35 5N 17 /3
1-10% 26 /4 35 4/2 11 11
>10%-30% 10 /4 ) 0N 17 0/3
>30% I 0/14 24 074 55 0/10
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Fig 1. Representative examples of 1he immunchistochemical stainings for P53 and MDM2, {A) Nonseminoma with strong nuclear P53
slaining: {B) seminoma with single P53-positive cells; {C} seminoma without positive MDM2 staining; (D) embryonal carcinema with

strongly posilive nuclear MDM2 staining (all x200).

Chemosensitive and refiactory fumor samples. To shed
light on the actual role of P53 and MDM2 in chemosensi-
tivity and resistance, we investigated a series of patients
with TGCTs responding (it >17) or not responding (n =18}
to chemotherapy by using immunchistochemistry for P53
and MDM2. The clinical data of the patients and histology
of the tumors are listed in Table 3. The results of
immunohistochemistry are also summarized in Table 5,
indicating that the findings for P53 in the responding
TGCTs are comparable to the results in the unselected
series; 41% of the responding TGCTs (six seminomas and
one nonscminoma) showed no staining at all; 41% had 1%
te 10% poesitive nuclei, and 12% of the TGCTs had 10% w0
30% positive nuclei. Only one tumor showed more than
30% positive nuclei. In the series of refractory cases, a
trend toward a fower number of completely negative cases
(17%, three nonseminemas) and a higher number of ositive
cases (33% for 10% 1o 30% positive nuclei, and 17% for
>30% posilive nuclei) was observed, compared
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with the unselected and responding scrics. No differences
were identified between cases obtained before (n =11) and
after (n =7) exposurc to chemotherapy, MDM2 also
showed a higher number of positive cases in the
nenresponding  series (15 of 8} compared with the
unselecled (28 of 39) and responding (11 of 17) series.
This is explained by the higher number of nonsemincmas
in the first series. Again, no differences between
chemotherapy-naive and exposed tumors were observed.

Western Blotting and Immunoprecipitation of P53 and
MDM2

As immunohistochemistry can be influenced by differ-
ences in fixation, pretreatment protocols, the method of
staining and scoring, and particularly by selection of
regions in case of fumor heterogeneity, we performed
Western blotting and immunoprecipitation for P53 and
MDM2.
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Fig 2. Westam blotling for P53. All nonseminomas and seminomas showed low levels of P53 compared with SKBR-3 and colon tumor (bigh
expression) and MCF-7 and nammal lestis {low expression). Replicalion prolein A (RPA} was used as a leading conlrol. Percentage of positive

nuelei by immunohistochemistry is given in pareniheses

Fourteen snap-frozen TGCTs {seven seminomas and
all
component), one normal testicular parenchyma sample,
and three well-characierized TGCT-derived cell lines
{MNTera2, NCCIT, and 2102Ep) were investigated. All
TGCTs, the normal testis, and the NTera2 and NCCIT cell
lines showed a low level of P53, This was comparable to
the level found in the breast carcinoma-derived cell line
MCFE-7, known to have a wild-type and low-level P53. The
level was lower ghan that found in the breast carcinoma cell
lines SKBR-3 and T47D and a colon cancer cell ling, all of
which are known to have mutant P53 and thus a higher
protein level (see Fig 2). The only resistant cell line
(2102Ep) showed the highest level of P53 in our series, in
accordance with our previous data.si Immunopreeipitation
of MEM2 pecformed on one seminoma and  two
nonsemiromas  demonstrated, in concordance with the

scven  Nonseminomas, with a Tlimited nontumor

immunchistochemical resuits, a high level in embryonal
carcinomas and a low level in the other histologic
components. Rehybridization of the blots with the P53~
specific antibody showed that most of P53 was bound to
MDM2.

MDM2 Amplification Using Fluorescence In Situ
Hybridization, Alternalive Transcripts, and P53 Mulation
Analysis

Dae to the specific high level of MDM2 in embryonal
carcinoma, and the finding that gene amplification is the
most frequent mechanism resulting in AMMDM2 overexpres-
sion, we performed double-color fluorescence in situ hy-
bridization on tissue scctions to screen for amplifications
of MDA2. Six seminomas and
(including 12 tumors containing an embryonal carcinoma
component) of the unselected series, for which frozen

14 nonseminomas

tissue was available, were analyzed with a centromere 12—

specific probe and a MDM2-specific probe. Representative
results are indicated in Fig 3A and 3B. Only one
cmbryonal carcinoma (8%) showed amplification of
MDAR2. Reverse transcription PCR using primer sets to
amplify all described abternative transeripts of MDM2
demonsirated that indeed a higher level of expression is
found in embryonal carcinoma compared with seminomas
and that only the full-length transcript (1,685 base pairs) is
present {see Fig 3C).

Mutation analysis of exons 5 to 8 of P53 by SSCP and
sequence verification demonstrated a silent mutation (exon
6, codon 213, CGA 1o CGG)ss in one of 17 TGCTs of the
responding patients and none of the 18 TGCTs of the
nonresponding patients, Becawse of the purification step of
tumor cells before DINA isolation in case of a significant
stromal component, the lack of mutation detection was not
due to a limited amount of tumor DNA in the assay. All
positive controls revealed the expected mutations (sce
Materials and Methods).

DISCUSSION

TGCTs,
for

ie, seminomas and  nonseminomas,
account 1% to 3% of all neoplasms in men.
They the most common cancers white
males between 15 and 45 years of age.”” These umors are

in their to

are in
uniguc TCSPONSiveness cisplatin-based
chemaotherapy and are considered a model for curative
disease.’ This phenomenon has been explained by high
levels of P33, demonstrated by
immunolisstochemistry in a nember of studies (see Tables
1 and 2). On average, 70% of the tumors were considerad
positive, although in most cases, cnly a minority of tumor
cells showed a P53 signal and even completely negative

wild-type as
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£C
EC

EC
TERA1
NT2
2102Ep
NCCIT

MOM2 (full length, 1685 bp}

HPRT (587 bp)

Fig 3. Representative examples of fiuorescence in silu hybridization with centromere 12 (red) and MOM2 (green) prabes on
frozen sections of (A) an embryonat carcinoma and {B) a seminoma. Note the increased MDMZ copies compared with the centromere in
the embryonal carcinoma. (C) Examples of reverse transcription PCR for expression and altemative transcripts of MOM2. Only the full-
length mRNA (1,685 base pairs) is present in the embrycnat carcinomas (ECs} and nonseminoma-derived cell lines but not in seminoma

(SE).

tumors were identificd. In analyses of these data by the approximately 23% had a P53 sigaal in 30% or more tumor
fraction of positive cells, approximately 32% of the tumors cells. These numbers are in the same range as our results
contained no P33-positive cells, approximately 45% (see Table 5). Regarding the putative role of P53 in the
showed positivity in more than 5% of tumor cells, and favorable response of TGCTs to therapentic interventions

36 H




P53/MDM2 and Germ Cell Tumor Treatment Response

it is importaat to reafize that in both the unseleeted series
and the series of responsive tumars, more than one third of
the cases showed no P33 staining.

To assess the actoal level of P53 pretein in TGCTs, we
performed Weslern blotling on seminomas, nonseminomas,
and well-characterized nonseminoma-derived cell lines.
These experiments demonsirated convincingly that the pro-
tein level of P53 is in the range of control samples with a
low tevel of P33, ie, normal testis and the breast carcinoma
cell line MCF-7. ® The protein level was far lower than
that found in 2 colon cancer—derived and two breast
carciroma— derived cell lines, all known to have a high
level of P53, The discrepancy between our resuits and the
finding of a kigh level of P53 in mouse teratacarcinomas *
may indicate thal mouse teratocarcinomas are not a proper
model for human TGCTs. This assumption is supported by
further discrepancies such as the absence of seminoma
components, a prepubertal clinical presentation, and a
diploid chromosomal constitution of mouse tumors
(reviewed in ).

To study the role of P53 in chemotherapy resistance in
vivo, we investigated the presence of P33 by
immunohistochemistry on a clinically well-defined group
of patients with nonresponding/ refractory TGCTs. All
patients had failed adequate first-line treatment. [n the
course of the discase, moest of them had been considered
suitable candidates for salvage high-dose chemotherapy
but had progressed or relapsed afterward. The treatment-
resistant turaors did not show reduced levels of P53
compared with the responsive and the unselected groups.
In contrast, the resistant group contained fewer cascs
without P33 signal in any [raction of cells (17%) and more
cases with a high percentage of positive tumor nuclei (both
between 10% and 30% and > 30%). This finding cannot be
cxplained by a prior exposure ol tumor cells io
chemotherapy in the resistant group, as no difference was
seen  between tumors sampled before and after
chemotherapy. Furthermore, mature teratomas, known to
be intrinsically resisiant 1o cisplatin-based chemotherapy,'
2 also showed positive staining for P53 in all three
investigated groups. Therefore, a loss or lack of high levels
of P53 protein does not account for a resistant phenotype in
our series.

None of the temors of chemosensitive and of the nonre-
sponding patients contained a mutation within exons 5 to 8
of the P33 gene, supporting the previously described low
frequency of P33 mutations in TGCTs. At the same time,
the findings indicate that P53 mutations are not a common
means by which these tumors develop chemotherapy resis-
tance. This is in line with data from TGCT-derived cell
lines, where inactivation of P53 in a cisplatin.sensitive cell
line did not alter the response to cisplatin. Furthermore, a
cell line with inactive P53 was still highly sensitive 10

chemotherapy, and another cell line with a high level of
functional P53 has been demonstrated to be resistant. '

[n contrast, one study described P53 mutations in
specimens from four out of 23 patients sampied at relapse.
All of these patients died of their disease. Histologically,
three patients were diagnosed as having pure mature
teratoma and one patient had both a mature teratoma and a
rhabdomyosarcoma component, the latter probably
representing a secondary non— germ cell malignancy.“ The
authors connected the resistant phenotype to the presence
of a P53 mutation. However, since mature teratomas are
intrinsically resistant to chemotherapy, it remains difficult
to judge the impact of the P53 mutation in the development
of cisplatin resistance. Morcover, £33 mutations are more
frequently detected in  rhabdomyosarcoma  than  in
TGCTs” which might explain the presence of the P53
mutation in the mixed tumor. An additional explanation for
the different results between the stedies may be a lower
number of mature teratomas and a lower number of
specimens sampled at relapse in our serics. In any case, the
majority of resistant cases both in the former and in the
present study cannot be explained by inactivating P33
mutations. This is in agreement with our conclusion that
the sensitivity to treatment in a significant number of
TGCTs cannot be explained by a high level of wild-type
P33.

In the absence of mutations, P53 can be inactivated by
alternative mechanisms, including overrepresentation of
MDM2. A high level of MDM2 has been described in
TGCTs in two investigations, with no correlation of the

] .
** Both studics showed

findings 1o treatment rcsponse.
more positive staining in nonseminomas compared with
seminomas. We found high levels of MDM2, specifically
in embryonal carcinoma components regardless of the
treatment oulcome, associated with amplification of the
MDAM?2 gene in only one case. The MDM2 protein was
encoded by the [uil-length mRNA, indicating the abscnce
of the lormerly reported alternative splice products.®™*

In summary, our data show thar not all TGCT are
characterized by a high level of P53. Therefore, the level of
wild-type P53 in TGCTs does not explain their overall
sensitivity o cisplatin-based chemotherapy. This does not
exclude the possibility that functionzl P53 is necessary for
a favorable response of TGCTS to chemotherapy. Loss of
high [fevels of P33 protein or inactivation of P33 by
mutatior might contribute to the resistant phenotype in a
minority of cases at most. It is the strength of the current
investigation that immunohistochemical ard molecular
studies were perfonmed not only on cell lings and
unselected samples but specifically on clinically clearly
defined samples from paticnt cohorts with documented
treatment-sensisive and cisplatin-refractory disease. The
following hiypothesis might explain the P33 findings so far.
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First, positive staining for P53 in TGCT cells might reflect
a physiologic reaction of these cclls to apoptotic stimuli
rather than being an indication of an overall high levei of
wild-type P53 in these tumor cells, This is supported by the
spatial relation between positive staining for P53 and the
presence ol apopiotic bedies in most of the tumors studied
(sce Fig IA). Second, exposure ko DNA-damaging agents,
particularly  cisplatin-based  chemotherapy, induces
apoplosis in the TGCTs by a P53-independent mechanism
with a lower threshold than the P53-dependent mechanism.
In refractory tumors, inactivation of P53 might become

secondarily relevant, resulting in positive selection of
tumor cells with inactive P53. Again, inactivation of P53
by MDM?2 does not scem to interfere with chemorespon-
siveness in these tumors. Thus, future experiments need to
seek alternative explanations for the unique chemosensitiv-
ity of TGCTs.
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ABSTRACT

Purpose: Germ cell tumors (GCTs} are highly sensitive to
cisplatin-based chemotherapy. This feature is unex-plained,
as is the intrinsic chemotherapy resistance of ma-ture
teratomas and the resistant phenotype of a minority of
refractory GCTs. Various cellular pathways may influence
the cfficacy of chemotherapy. Their impact has not been
investignted in a comprehensive study of tumor samples from
clinically defined subgroups of GCT patients.

Experimental Desipn: We investigated proteins involved
in regulation of apoptosis {p53, BAX, BCL-2, and BCL-X, ),
cell eycle control [pZI and retinoblastoma protein (RB)], and
driog export and inactivation [P-glycoprotein, multidreg
resistance-associated protein (MRP) 1, MRP2, breast cancer
resistance protein, lung resistance protein, metallothionein,
and glutathione S-transfcrase ] immunchistochemically in
samples of unselected GCT patients (r = 20), patients with
advanced metastatic disease In continugus remission after
first-line chemotherapy (n = 12), and chemotherapy-refrac-
tory patients (i = 24). Mature teratoma components (n = 10)
within tumoer samples from all groups were analyzed
separately, The apoptotic index was studied by terminal
deoxynucteotidyl transferasc-mediated nick end Tabeling
assay.

Resudts: Invasive GCTs of all groups showed a correln-
tion between wild-type p53 and apoptotic index (r; = 0.66; P <
0.001). The levels of the antiapoptotic proteins BCL-2 and
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BCL-X;, were generally low. p21 was hardly dctectable and
did not correlate with pS3 ¢r; = 0.29; P = 0,07). No significant
differences among the three patient growps were identified
regarding any of the investigated parameters (all Ps werc
>0.08), even though only individual samples from
chemotherapy-resistant cases showed a strong staining for
MRP2 and GSTw. In contrast to other components, mature
teratomas showed an intense p21 and RB staining and were
mostly positive for MR, lung resistanee protein, and GSTm.

Conclusions: Our results indicate a multifactorial basis
for the chemosensitivity of GCTs with lack of transporters for
cisplatin, of antizpoptotic BCL-2 fumily members, of p21
induction by p33, and of RB and an intact apoptotic caseade
downstream of pS3. These findings suggest a preference for
apoptosis over cell cycle arrest afier up-regulation of p53.
None of the examined parameters ofiers a general explana-
tion for the chomotherapy-resistant phenotype of refractory
tumors. The up-regulation of various factors interfering with
chemotherapy effieacy and bility for 2 p21-induced cell cycle
arrest may cxplain the intrinsic chemotherapy resistance of
mature teratomas.

INTRODUCTION

GCTs,? in particular thosc of the testis, are the most fre-quent
malignancy in males between 20 and 45 years of age {1). Based
on histological, biological, and clinical differcnces, GCTs are
divided into seminomas and nonseminomas. The nonseminomas
can be composed of one or more of the following elements:
embryonal carcinoma; yolk sac tumor; choriocarcinema; mature
teratoma; and immature teratoma. They can also contain a
seminoma component (3). Compared with the vast majerity of
solid tumors of adults, GCTs are highly sensitive to cytotoxic
treatment. Even in metastatic stages, 80% of patients can be cured
by a CDDP-based multiagent chemotherapy followed by
secondary rescction in case of residual tumor lesions, which can
contain pure necrosis, viable malignant cells, or mature teratoma
(3, 4). In contrast o the other histological componcnts, mature
teratomas show a benign clinical behavior but are unresponsive to
chemotherapy. Mature teratomas need 1o be surpically removed
10 avoid growing teratoma (5} or transformation inlo a secondary
non-germ cell malignancy {6).

About 10% of patients diagrosed with a GCT will be
unresponsive 1o CDDP-Lased chemotherapy or will selapse and

* The abbreviations uscd are: GCT, gem cell tumor; CDDP, cisdia-mino-
dichloroplatinum; ABC, ATP binding cassenic; GST, ghutathione S-
iransferase; LRP, lung resistance protein; RB, retinoblastoma protein;
Pep, P-glycoprotein; MRP, multidrug resistance-associated protein;
BCRP, breasl cancer resistance proiein; TUNEL, terminal deoxynucie-
otidyl transfer diated nick end lzbeli
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subsequently develop progressive disease despite further treat-
ment. Even though several new drugs including paclitaxel,
oxaliplatin, and gemcitabine have shown some promise in this
seiting (7-10), there is hardly a chance 1o cure paticnts suffering
frem chemotherapy-resistant disease (11). The biological basis
for the differential behavior of GCTs to chemotherapy is unclear.
It is generally assumed that the high curability reflects the
characteristics of primordial germ cells, which are the presumed
cells of origin {12), and the cmbryonal cell types derived from
them. These cells undergo apoptosis readily upon exposure to
external stress (13}, We have recently demonstrated that the mere
level of wild-type p53 docs not explain the chemosensitivity of
these tumors (14),

CDDP is considered the most important drug in the sys-
temic treatrnent of GCTs. CDDP exerts its action via induction of
apoptosis (15). The crucial damage inflicted by CDDP js
supposed 1o be covalent binding to DNA. The DNA damage has
to be detected to activate an apoptotic cascade leading to cell
death. Theoretically, resistance can occur at various levels in this
process (16): (a} the drug can be inactivated by reduction with
glutathiene or metallothionein or exported out of the cell by
various transporter proteins, e.g., members of the ABC
transporters, befere it can interact with DNA {17); b} the
penerated DNA damage may be repaired before it results in
activation of an apoptotic cascade, predominantly by the nuclear
excision repair pathway (18); and (c) the damage recognition or
execution of an apoptotic program can be impaired or blocked by
mutations/deletions of apeptotic effectors or averexpression of
antiapopiotic proteins (for example, members of the BCL-2
family). The common result of these different scenarios is failure
to undergo programemed cetl death (16). Several explanations for
the chemoscnsitivity of GCTs such as impaired upregulation of
GSTn (19), [ow DNA repair capacity (20), or lack of
antiapoptatic members of the BCL-2 family (21) have been
supgested. These models are predominantly based on in virro
analyses of cell lines and lack confirmation of their relevance in
clinical material (22). We therefore investigated a variety of
putative resislance mechanisms in such clinical material 10 scck
an explanation for the exquisite chemosensitivity of GCTs in
general, the intrinsic resistance of mature teratomas, and the
potentiat occurrence of chemotherapy resistance in GCTs.

MATERIALS AND METHODS

Patients and Tissue Samples. Tumor tissuc from three
patient groups was investigated: fa) unselected patients with
GCTs containing all histological subtypes (r = 20; (b} paticnts
with advanced metastatic nonseminomas achieving long-term
remissions afier first-line CDDP-based chemotherapy fn = 12);
and f¢) clinicaily defined refractory patients (7 = 24). Due to the
difference in clinical behavior of mature teratomas, components
of this histology occurring in all of these groups (1 = 10) were
analyzed separately.

Formalin-fixed paraffin-embedded tissue blocks from the 20
unselected cases (8 seminomas and 12 nonseminomas containing
various histofogical subtypes) were collecied between 1998 and
2001 in close collaboration with urologists and pathologists in the
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southwestera part of the Netherlands. They were retsieved from
the archive of the Laboratery for Experimental Patho-Oncology,
Department of Pathology, Erasmus Medical Center/Daniel. No
data on the clinical course were available for these paticnts. The
12 patients with advanced metastatic disease werc treated within
a Phase VI study of the German Testicular Cancer Study Group
evaluating a dose-intensified first-line treatment strategy for
patients with poor prognostic features (23). All patients remain in
complete remission or marker-negative partial remission for a
minimum follow- up of 1 year (range, 1-6 years). The
chemotherapy-resistan: series consisied of 24 paticnts diagnosed
between 1986 and 1998 and treated within various experimental
chemotherapy trials led by Tibingen University (Titbingen,
Germany), Patients were considered refractory when progression
or relapse of the disease occurred despite adequate CDDP-based
initizl and saivage treatment. The (umor samples were obtained
either at initial diagnosis (Le., before chemotherapy; # = 16) or by
resection of a metastatic Zesion in relapse (u = 8).

Baseline characteristics of the patients are given in Table 1.

Immunchistochemistry. Paraffin sections of 3 pum were
mounted on adhesive slides, deparaffinized, and rchydraled.
Whenever necessary, antigen retrieval was performed by high
temperature/high pressure in different buffers [£20°C, 1.2 bar in
0.01 n sodium citrate (pH 6) or 0.001 a1 EDTA (pH 8)]. Biotin-
labeled rabbit antimouse, swine antirabbit, or rabbit antirat
immunoglobulins and a biotinylated harseradish peroxidase-
streptavidin complex (bath from DAKO, Glostrup, Denmark}
were subsequently applied for 30 min at room temperature.
Diaminobenzidine (Sigma, Zwijndrecht, the Netherlands) was
used as chromagen. The antibodies for the ABC transporters were
raised by R. §. and G. L. 8. and were previously shown to be
specific (24, 25). For the remaining targets, commercially
available antibodies were used. Table 2 specifies the primary
antibodies, incubation corditions, and the positive controls for
each antibody. Omitting the primary antibody was used as a
negative controf in each case. For ABC transporters, LRP,
metallothionein, GSTa, RB, BCL-2, and BCL-X,, a staining
unequivocally visible under low-power magmification in the
corzect locatization in at least 10% of tumor cells was considered
positive. For p33 and 921, the fraction of tumor cells with an
intense nuclear staining was counted in five randomly selected
high-power fields for cach case; for further analysis, the mean of
positive cells from all fields counted was used, Differences in the
range of p53- positive cells compared with a previous publication
(14} are caused by the use of a different detection system.

TUNEL Assay to Detect Apoptotic Cells. Paraffin sec-
tions of 3 pm were mounted on adhesive stides, deparaffinized,
rehydrated, and digested in 0.5% pepsine (Sigma) in 0.2 M HCL
for 2¢ min at 37°C, Slides were rinsed in H2 O and PBS. PBS
was carefully removed, and the reaction mixture containing 3 [E
terminal deoxynucleotidy] ransferase (Fermentas, St. Leon-Rot,
Germany), 0.5 uM biotinytated dUTP (Roche Diagnostics,
Mannheim, Germany), and §' terminal deoxynucleatidyl trans-
ferase buffer {Fermentas) in an end valume of 50 pl was applied,
sealed with a coverslip, and incubated at 37°C for | h. Slides
were rinsed in PBS containing 0.1% Tween 20 (Sigma). The
incorporated biolin was visualized with a biotinylated
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Table I Baseline patiem charactedslics by palient group

Malure 1eraloma cempenents cccurring in tumor samples from patients of ail graups (five in unselected, two in chemosensitive, and three in
refractory patiens) were analyzed separately from the invasive tumors. NA, not available; NR, not reached.

Unsclected Chemosensitive Chemorefractary
{n=20) {n=12) (n=24)
Median age {range) (yrs) 32 (18-43) 29(21-47) 29{16-36)
Histology
Seminoma g i 1
Nonseminoma 12 1 23
Swge at injtiat diagnosis (according to UICC)”
1 NA 0 2
1 NA 0 6
in NA 12 16
Median follow-up in months (range) NA 33 (127N 35011180
Median relapse-free survival in months (range) NA N.R. 5{0-150})
Response 1o jnitial systemic treatment
Complete remission NA 0 4
Partial remission, marker negalive NA 12 9
Partial remission, marker positive NA 0 2
Progressive disease NA 0 4
Unknown NA 0 5
Median number of snlvage regimen {ranpe) NA 0 3(1-D)

* UiCC, Unien Intermationaie Contre le Cancer

Tuble 2 Details on primary antibodies used for immunohistochemical stainings

All incubations with the primary antibodies were done at room temperature for 2 h.

Dilutien Posilive Locatizaticn of

Antigen Antibody Species  Source Antigen retricval control staining
Pgp JSBI Mouse  Rik Scheper AC? Na-Cisrate 0.01M, pH 6 1:20 Liver Membranous
MRP1 MRE R Rar Rik Scheper AC Na-Citrate 0.01M, pH 6 1:20 Lung cancer Membranous
MRP2 M.l Mouse Rik Scheper AC Na-Citrate 0.01M, pH 6 1:20 Liver Membranous
BCRP BXP 21 Mouse  Rik Scheper ACEDTA0.00Im,pH 8 1;20 Placenta Membranous
LRP Clone 1.RF06 Mouse  Neomarkers AC Na-Citrate 0.01M, pH 6 1:260 Breast cancer Cytoplasmic
GSTy Abl Rabbit  Neomarkers - 1:50 Liver Cytoplasmic
MET Clone E® Mouse  Necomarkers - 1:50 Ereast cancer Cytaplasmic
p33 Clone Do7 Mouse  DAKO AC Na-Citrate ¢.01M, pH6 1:50 Colon cancer Nuclear

p2i Clonc EALD Mouse  Oncogene Science  AC Na-Citrate 0.01M, pH & 1:75 Colon Nuclear

RB Clone 1IF8 Mouse  Neomarkers AC EDTA0.00IM,pH 8 1:160 Colon Nuclear

BAX Clone 2D2 Mouse  Neomarkers AC Na-Citrate 0.01M, pH 6 i:100 Tonsil Cytoplasmic
BCL-2 Clone 124 Mouse  DAKO AC Na-Citrate 0.01M, pH 6 1:50 Tonsil Cytoplasmic
BCL-X, Clone 709 Mouse  Neomarkers AC EDTA 0.001m, pH 8 1:100 Melanoma Cytaplasmic

® AC, autocleving at 126°C/1.2 bar; Met, melailothzonein.

horseradish peroxidase-streptavidin complex and diamino-
benzidine identical to the immunohistochemical stainings. A
brown staining of the nucleus/nuclear remnants was censidered
positive. The apopitotic index was cvaluated by counting the
fraction of apoptotic cells in five high-power ficlds.

Statistical Analysis, The results of the responders and
ronresponders and of the unselected invasive tumors and the
mature teratomas were compared by y*-test for immunohisto-
chemical parameters other than p53, p21, and the apoptetic index.
A possible corrclation between the apoptotic index and the
fraction of cells positive for p53 or p2l, respectively, was
analyzed by Spearman rank correlation. Differences in the frac-
tion of p53- or p2l-positive cells and apoplotic index between
mature teratomas and invasive nonseminomas and between the
different treatment response groups were analyzed by the
Kruskal-Wallis eest. Differences were considered significant
when P was <0.03.

RESULTS

Markers of Drug Export and Inactivation in Invasive
GCTs and Mature Teratomas. The results of the immuno-

histochcmical analysis are summarized in Table 3. Four ABC
transporters (Pgp, MRPi, MRP2, and BCRP} and the major vauit
prosein LRP were investigated. Pgp, MRP2, and LRP (Fig. /A)
were rarely detected in invasive components of any of the groups.
BCRP was demonstrated in the syneyticirophoblastic cells of
choriocarcinomas, consistent with its reported expression in
normal placenta (25). The majority of iavasive tumors stained
positive for MRP§. No significant differences were detected
between responding and nonrespeonding patient groups regarding
any of the proteins analyzed. However, individual patients of the
chemoatherapy-refractory group showed a staining for MRP2 or
LRP (3 of 24 and | of 23, respectively), whereas this was never
observed in the group of responding patients
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Table 3 Summary of immunohisiochemical results

Fraction of tumors scored positéve by evaluable wmors (percentage of mors scored positive}, Colurmn A gives the P for the difference belween
unseleeted tumers and the mature teratomas. Column B gives the P for the difference between responding and nonresponding tumors as determined

by y*test. Statistically significant values are indicated in bold,

Amzigen Unselected wmors Refraclory lumors Responding temors Malure teratomas A B

RB 42¢  (20%) 922 (41%) 3Nz (25%) 210 (90%) <0,001 6,354
BCL-2 320 (15%) 024 (0%) 1412 (8%) 310 (30%) 0,333 6,151
BCL-XL 2720 (10%) 123 (30%) 512 (42%) 10/10 (160%) < 0,001 0,632
Pop 0720 (0%} 1422 (5%) 0/12 (0%} 10/16 {100%) <0001 0,453
MRPI 19/20 (95%) 15/23 (65%) 10/11 91%} 2% (22%) <0,001 0,112
MRP2 917 (0%) 324 (13%} 0/12 (0%} FIE  (76%)  <0,001 0,201
BCRP 620 (30%) 5{22 (23%) 2412 {17%) 710 (70%) 0,037 0,676
LRP 2420 (10%%) 123 (4%) 0112 (0%) 8/10 (80%) <0,001 0464
GSTn /17 (0%) 504 (219%) /12 (0%%) 10190 (100%) <0001 0,125
Met 20 (35%) 10/22 (45%) 72 (58%) 210 {20%) 0,398 0,473

{# =020 and P = 0.68). Yolk sac components were the only
histological subtype showing MRP2 staining and lacking MRP]
staining. Besides the transporiers, metaliothionein and GSTit
were included as proteins asscciated with inactivation of CDDP
by detoxification. GSTn was demonstrated in 5 of the 24 samples
of chemotherapy-refractory patients compared with none in the
responding cases. However, this difference did not reach
significance (P = 0.13). Again, only yolk sac tumors expressed
GSTx protein. Metallothionein was detected in about one-third of
the invasive umors regardless of treatment owt-come or
histology-

Mature lerstomas, both residual and nonresidual, differed
sigmificanty from the other histological components in most of
the investigated markers. In contrast to the ather listological
efements, Pup, MRP2, BCRP, LRP (Fig. /B), and G8§Tx showed
an intense staining in the majority of mature teratomas, MRPI,
which was demonstrated in most invasive tumors, was scen only
rarely in malure teratomas. Apart from metallothionein, the
observed differences between mature teratomas and the tumors of
the unselected group of patients differed significantly using the ¢~
test (P = 0.038 for BCRP, and £ < 0.001 for the remaining
parameters), Within the group of chemotherapy-refractory
patients, no parameters differentiaied patients relapsing after
initia! remission and those progressing under treatment.

Spontaneous Apoptesis and Effectors and Regulators of
Apoptesis. With p2l, BAX, and the TUNEL assay to dem-
onslrate apoptatic cells, twvo compeiing downsiream effects of
p53 {apoptosis versus cell cycle arrest) were assessed. Sixteen of
the chemotherapy-refractory cases were previously shown to
have wild-type p53 by single-sirand conformational polymor-
phism (14); in the remaing cases, the qualily of extracted DNA or
the amount of available tissue precluded mutation analysis. The
fraction of cells positive for p53 or p21 and the apoplotic index
did not differ between unselected, responding, and non-
responding patients (P = 0.82, P = 0.92, and P = 0.08). However,
the fraction of p53-positive cells was correlated with the
apopiotic index (r = 0.66 and P < 0.601 for all invasive tumors
together), but not with the percentage of p21-positive cells (s =
0.26; P < 0.16). Seminomas had a lower apoptotic index and a
lower number of p53-positive cells than nonseminomas. Within
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the group of nonseminomas, no differences between the
histological subtypes were detecied for pS3 or apoptotic index.
p21 was hardly detected in invasive tumors with the exception of
the syncytiotrophoblastic cells. RB was demonstrated only in part
of the yolk sac tumors and in syncyliotrophoblastic cells of
choriocarcinoma, irrespective of the treatment outcome. A
markedly increased BAX signal was detected in up to one-third
of apoptotic cells (Fig. /C). BCL-2 and BCL-X were scarcely
seen in vital invasive components. Analyzing mature teratomas,
no significant correlations between the fraction of p53-positive
cells and the fraction of p21-positive cetls or apoptotic index
were observed, possibly due to the limited number of cases
studied. Despite a higher percentage of p53-positive cells {mean
+ 8D, 4% £ 9% versus 6 % 9.0%; P = 0.005) and of p21-
positive cells (16% * 7% versus 1% % 3%; P = 0.001), mature
teratomas showed a lower apoptatic index (2% * 4% versus 4% +
3%; P = 0.04) thar the remzining coaiponerts. Fig. 2 illustrates
the correlation between p53 and p21/apoptotic index for invasive
camponents and magure teratomas.

DISCUSSION

The exguisite chemosensitivity of GCTs has been attributed
to their propeasity to rapidly undergo apeptosis upon cxposure to
external stress. A high level of finctional pS3 has commonly
been regarded as the crucial determinant of this disposition (26).
However, we (14) have demonstrated previously that this netion
is an oversimplification because pS3 level and status did not
correlate with treatment outcome. The results of the current study
offer a different explanation for the chemo-sensitivity of GCTs.
The profile of the tumar cells favors efficacy of chemotherapeutic
substances, in particular of CDDP, on multiple levels: neither
LRP nor any of the investigated export pumps with affinity for
CDDP was found in high levels in responding and unselected
invasive tumors, GSTm, an enzyme able (o inactivate CDDP by
conjugation  to  glutathione, hardly detected by
immunchistechemisiry. In accardance with data on GCT-derived
ccil lines, metallothionein was detectabic in some of the samples,
regardless of treatment outcome (19). Thus, the presence of
meltallothionein is not sufficicnt to confer resistance to GCTs.

Wwas
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Fig, 1 Represemative examples of immunchistochemical stainings. Representative examiples of immunohistochemical siainings are shown: A, LRP
staining in an embryonal carcinoma (note the absence of LRP in tumor cells); B, LRP staining in a mature teratoma; and C, apeptotic tumor celt

showing staining for BAX.

Further contributing to the chemosensitivity, it has previously
been shown that the repair of CODP-induced DNA damage may
be impaired in GCTs (20). The current investigation did rot
include any parameter in this regard.

Various parameters were analyzed 1o assess the down-
stream effects of p33 and regulators of apoptosis of the BCL-2
family in GCTs. The presence of high numbers of spontancously
apoptotic celis, the correlation with p53 positivity, and the
presence of BAX in apoptotic cells suggest that the apoptotic
cascade of the p53-dependent mitochondrial pathway is intact and
activated in spontareous apopiosis in untreated invasive GCTs.
None of the investigated antiapoptotic members of the BCL-2
family was detected at high levels. Tn line with these findings, a
high ratio of BAX:BCLZ2 has previously been pro-posed as a
possible explanation for the sensitivity of GCT-derived celf lines
1o etoposide (21). However, it is important to note that it has not
been demonsirated thus far which apoptotic pathway is used by
the tumor cells in response to treatment with CDDP, The low
level of p21 and the lack of corrclation between wild-type p53
and p21 suggesi that GCT cells do not go inlo a o1 -S-phase arrest
upon induction of P53, at least in the untreated situation (27). The
absence of RB in invasive tumors, confirmed in this study,
provides an additional argument for this assumption (28, 29), It
has previously been proposed that a defect in the G, -S-phase cell
cycle check poimt represents a crucial step in the progression from
preinvasive to invasive stages of GCTs (28). However, the
demonstration of bothk p21 and RB in residual and nonresidual
mature teratomas and in the syncytiotrophoblastic cells of
choriocarcinomas argues against an acquired defect in cell cycle
cantrol on the level of p21 or RB expression. In our opinion, the
differential expression of these proteins reflects a differentiation-
dependent  preference for Gi-8- phase amest in (terminally
differentiated) syncytiotrophoblasts and mature 1eratoma cells,
which is not found in the tumor cells that contain embryonic
characteristics. The p53 levels found in the invasive

tumors probably represent a response of 1he tumor cells to
cxternal stress such as hypoxia, malnutrition, or changes in the
microenvironment rather than high intrinsic levels of p33. Thus,
induction of apoptosis by CDDP is supported by multiple
intrinsic  features  of the rtwmor cells
characteristics rather than by a single characteristic, such as a
high level of p53.

The next objective of the siudy was te seck explanations for
the rare but clinically imporiant occurrence of chemotherapy
resistance of invasive GCTs. No significant differences were
observed between the samples of patients with responding or
chemotherapy-reftactory tumors in any of the parameters ana-
lyzed. Adding to our previous findings on p53, the identicat
behavior regarding the correlation between p53 positivity and
apoptosis tndicates that alterations of the p53-dependent mita-
chondrial apoptotic pathway are not a common means 10 achieve
in GCTs. This finding allows
conclusions. (a} The CDDP-induced apoptosis could be executed
via a different pathway than spontancous apoptosis, possibly not

with embryonic

treatment resistance wo

depending on functional p53 in the same way, Supporting this
hypothesis, we have recently detecled a high incidence of
microsatelfite instability in refractory GCTs (30). Microsatellite
instability is a corsequeace of a defect in the DNA mismatch
repair pathway. It has been proposed, that this particular pathway
is involved in induction of apoptosis on recognition of DNA
damage {31). Interestingly, inactivation of p33 in cell lines with a
defective MMR resulted in hypersensitivity toward CDDP ia
various models (Ref: 32 and the references cited therein). (b)
Resistarce in GCTs could be related to factors acting upstream of
p53. The presence of GSTm, LRP, and MRP2 in some
chemotherapy-refractory tumers might for example explain the
chemothierapy-resistant phenotype in these cases. Due to the
small nurabers of tumors positive for either LRP or MRP2, it is
obvious that overexpression of these proteins is not a common
mechanism of resistance. However, it might contribute to the
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chemotherapy-resistant phenotype in selected cases, as has been
postulated for GST=z in GCT-derived cell lines (19).

In contrast to the other hisiological elesents of GCTs, the
mature teratomas, both residual and nonresidual, are intrinsically
resistant to chemotherapy (4). The three ABC transporters, P-
glycoprotein, MRP2, and BCRP, are present in this type of tissue,
and the latter two are supposed to have a role in CDDP export
(17). Whereas P-glyzoprotein and MRP1 have been analyzed in
GCTs (33), to our knowledge, MRP2 and BCRP have not been
investigated ir this context thus far. Drug export by the ABC
transporters might be further facilitated in mature teratomas by
conjugation of CDDP with plutathione because GSTn was
demonstrated as well. Similarly, the major vault protein LRF,
which has been correlated with the response of small cell lung
cancer and ovarian cancer to CDDP (34, 35), is regularly detected
in mature teratomas. On the level of apoptosis and ceil cycle
control, additional differences were observed. As indicated
above, mature teratomas show immunochistochemically detectable
levels of p21 and RB. It is therefore [ikely that the tumor cells of
mature teratoma can arresi at G, -3, i.e, they have an intact G, -8
checkpoint contrel. This might allow DNA damage repair to
occur, instead of apoptotic cell death. Finally, the antiapoptotic
BCL-2 was detected in mature leratomas. Similar to the proposed
muitifactorial explanation for the general chemosensitivity of
invasive GCTs, the resistance of mature teratomas seems to be
determined ¢a multiple levels, overall with features opposite to
those of the other GCT components. Most likely, the
chemotherapy-resistant phenotype is a consequence of loss of
embryonic features and gain of complete somatic differentiation.
Accordingly, the mature teratoma cells should be as
sensitive/resistant as nonturnorous, differentiated cells of the
body. Therefore, doses of chemotherapy needed to eliminate
mature teratoma would be associated with unacceptable toxicity.
Thus, complete surgical removal will probably remain the
appropriate interventien to handle these lesions,
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2) or because the cvaluated ar-
eas could not be sufliciently
matched for three stainings.

The current study is based on immunohistochemical as-
sessment of potential regulators of chemotherapy sensitivity in
GCTs. Multiple caveats have 1o be kept in mind regarding
immunohistochemical studies, such as the effect of pretreatment
and tissue preservation. A “negative” finding might be due to a
concentration of the investigated target just below the detection
threshold of the method applied, rather than the complete ab-
sence of the protein. Accordingly, the results have been inter-
preted primarily comparing different histological elements of
GCTs and clinically defined subgroups rather than in absolute
terms. Therefore, the presented data provide valuable informa-
tion and suggest new concepts to understand the differential
behavior of subgroups of GCTs to chemotherapy.

In summary, the chemotherapy-refractory phenotype in
invasive GCTs is unlikely 1o be caused by aberrations in the
apoplatic pathway downstream of p53. Although it does not
explain all chemotherapy-refractory GCTs, overexpression of
GSTx, MRP, or LRP might confer resistance in individual cases.
The unique treatment sensitivity of most GCTs is probably a
cansequence of a celivlar profile supporting optimal efficacy of
CDDP in particular on multiple levels. Mature teratomas differ
from this profile on each of these levels, most likely reflecting
their loss of embryonic features. The intrinsic resistance of
mature teratomas to chemotherapy is probably the consequence
of presence of a whole spectrum of resistance markers from drug
export to cell cycle control,
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Summary

The exceptional sensitivity of germ cell tumors of adolescents and adults {GCTs) to chemotherapy,
in particular to cisplatin, has been attributed to low levels of Xeroderma Pigmentosum Protein Group A
{XPA), a crucial component of the nucleotide excision repair (NER) DNA repair pathway. In different types
of solid tumors, resistance to cisplatin has been associated with enhanced expression of XPA. To assess the
role of XPA levels in clinical sensitivity and resistance of GCTs to chemotherapy, immunchistochemistry
was performed on tumor samples of both unselected patients before therapy and patients with fully
documented clinical course before and after therapy. In case of high XPA levels, fluorescent in situ
hybridization was applied to assess the possibility of gene amplification. XPA protein levels were
investigated by Western blot analysis afler repeated exposure to cisplatin in different GCT-derived cell lines.
Finally, XPA-levels of both sensitive and cisplatin-resistant GCT-cell lines were compared to cell lines
derived from other neoplasms.

Overall, the differentiated nonseminomatous GCT subtypes (yolk sac tumor and teratoma) contained
more XPA than embryonal carcinoma as well as seminoma, irrespective of clinical outcome. No XPA gene
amplification was found. Interestingly, all tumors resected in relapse after chemotherapy in the refractory
group stained positive for XPA. However, XPA was not induced by repeated courses of sublethal doses of
cisplatin in GCT-derived cell lines in vifro. Moreover, no correlation between cisplatin-sensitivity and
intrinsic XPA levels was observed. Therefore, our data indicate that the level of XPA in GCTs is
predominantly determined by histology but does not play an important role in determining treatment

outcome.
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Introduction

GCTs of the testis are the most frequent solid tumer in Caucasian males between 20 and 45 years of
age (Adami et al, 1994). Histologically, they display patterns that resemble stages of embryonal development
(Looijenga et al, 1999; Looijenga et al, 2002)™ ***¥ Seminomas show characteristics of early gerin cells,
(primordial germ cells or gonacytes), whereas nonseminomas can contain different, both embryonic and
extra-embryonic, elements. The embryonal carcinoma is the stem cell compenent of nonseminomas, which
may differentiate into yolk sac tumor, choriocarcinoma, and teratoma.

Seminomas and nonseminomas are highly sensitive to chemotherapy, notably to cisplatin (Einhorn
20062, for review). Presently, more than 80% of patients with metastatic disease can be cured by cisplatin-
based combination chemotherapy. However, mature teratomas are intrinsically resistant to chemotherapy.
This histology is found in about 40% of residual lesions after chemotherapy and should be resected to
prevent malignant transformation and development of secondary nor-germ cell malignancies (Qosterhuis et
al, 1983; Fizazi et al, 2001} The biological basis of the overall high sensitivity to chemotherapy and the
infrequent but mostly lethal occurence of resistant phenotypes remains unclear,

Different mechanisms of cellular resistance to cisplatin have been described, including inhibition of
drug uptake and increased efflux; inactivation by sulfur-containing proteins; enhanced replicative bypass of
platinum-DNA adducts; changes in concentrations of regulatory proteins; and enhanced repair of DNA
crosslink lesions caused by cisplatin (for reviews see (Reed, 1998; Kartalou et al, 2001; Mayer et al, 2003)).
Nucleotide excision repair (NER) is believed to be the main mechanism by which damage caused by
cisplatin through formation of bulky DNA-adducts is repaired in mammalian cells (Zamble et al, 1995;
Chaney et al, 1996). XPA, involved in the NER system, is a zinc finger protein that is absent or aberrant in
cells of patients with xeroderma pigmentosum complementation group A (Bootsma et al, 2001). Binding of
XPA 1o the replication protein A is the initiating and rate-limiting step of NER (Matsuda et al, 1995). I
subsequently recruits other factors to damaged substrates (Buschta-Hedayat et al, 1999). GCT-derived cell
lines were found to have low XPA levels and a low NER capacity. This finding was proposed as the major
reason for the high sensitivity of GCTs to chemotherapy (Kéberle et al, 1999). The XPA gene maps to
chromosome 922, one of the regions found to be specifically amplified in GCTs showing chemotherapy
resistance (Rao et al, 1998).

The objective of the present study was to investigate the presence of XPA in GCTs and clarify its
role in sensitivity and resistance to cisplatin-based chemotherapy. XPA status was assessed by
immunchistochemistry in tumor samples from patients with histologically defined GCTs without information
on clinical outcome. To correlate immunohistochemical findings with clinical outcome, tumors from patients
with fully documented clinical course, including chemotherapy-sensitive and refractory cases, were
investigated. [n addition, the correlation between XPA protein levels and cisplatin sensitivity was
investiated by immunoblotting in different cell lines, including GCT cell lines with defined sensitivity and

resistance to cisplatin,
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Results

The presence of XPA protein was investigated in different histological elements of GCTs, including
carcinoma in sity (CIS), their obligatory precursor lesion. Immunohistochemistry was performed on paraffin-
embedded tissue sections of 85 unselected tumors of all histological variants {see Table 1). XPA showed a
nuclear localization in the tumor cells with differing frequency and intensity in the different subtypes and
histologic elements (see Table | and Fig [ for representative examples). Embryonal carcinomas showed
staining in 26% of cases (4/15), followed by seminomas (16/33; 48%), choriocarcinoma (2 out of 4; 50%),
and yolk sac tumors (11/18; 61%). Interestingly, all teratomas (19 primary cases and four residual mature
teratomas) were strongly positive. The overall percentage of positive tumor cells varied between different
subtypes and histologies. Seminomas and embryonal carcinomas displayed a heterogencus staining patiern
with only a few tumors (n=8/33 and 2/15 , respectively) showing more than 50% positivity. Yolk sac tumors,
choriocarcinomas and teratomas revealed a much more homogenous staining with up to 100% of nuclei
being positive. About 25% of the CIS cells, as present in adjacent testicular parenchyma of invasive
seminomas or ponseminomas {n=5), showed a posilive staining for XPA. This positivity was confirmed
using a double-staining for ¢-KIT and XPA (see Figure ).

To assess a possible correlation between the presence of XPA and clinical outcome, we investigated
samples of GCTs from patients with chemotherapy-sensitive (n=12) and refractory (n=23) tumors, Clinical
information is given in Table 2. The immunohistochemical results demonstrated no difference between the
two groups: 9 of 12 (75%) tumors in the chemosensitive and 16 of 23 (70%) tumors in the refraclory group
stained positive for XPA (see Table 2). However, all tumors sampled afier chemotherapy (n=9) in the
refractory group were positive for XPA. The histologies found in these cases were yolk sac tumor (n=7);
teratoma (n=2) and choriocarcinoma (n=2; some of the tumors exhibited more than one histological

subtype). No gene amplification of XPA was found using double-colour fluorescent in sitw hybridization

Table 1. Immunohistochemical Detection of XPA in CIS and in GCTs of different histologies
(unselected tumor samples). The majority of cases showed more than one histological

subtype.
Histology % of cases showing % of cases with
any positivity >50% positive nuclei

EC (n=15) 26% 13%

SE (n=33) 48% 24%

CC (n=4) 50% 50%

Y8 (n=18) 61% 44%

TE (n=23; including 4 RMT) 100% 95%

CIS contzining samples (n=5) 25% positivity of all CIS cells

Abbreviations: CIS, carcinoma in situ; GCTs, germ cell tumors; EC, embryonal carcinoma; SE, seminoma; CC,
choriocarcinoma; YS, yolk sac tumer; TE, teratoma; RMT, residual mature teratoma
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(FISH) on tumors showing strong XPA expression in the refractory group.

To investigate possible mechanisms related to the consistent presence of XPA in the refractory GCTs
after cisplatin exposure, we investigated the total amount of XPA protein in three well-characterized GCT-
derived cell lines (NT2, 2102Ep, and NCCIT) by Western blotting. Whereas NCCIT showed a low
expression level, NT2 and 2102 EP contained XPA at a ievel comparable to that of various other tumor cell
lines (see Figure 2A). Furthermore, in cytotoxicity assays no correlation between XPA level and cisplatin
sensitivity was observed (see Figure 2C). Subsequently, NT2 and 2102Ep cells were repeatedly treated with
sublethat doses of cisplatin, resulting (after nine cycles of treatment) in cell lines relatively resistent to
cisplatin. The NT2 subline (NT2/CDDP) showed a 2.5-fold and the 2101EP subline (2102EP/CDDP) a 2-
fold resistance to cisplatin at the IC50. However, this was not accompanied by an increase in the level of
XPA in these sublines {see Figure 2B).

Table 2. Patient Characterislics

chemosensitive Refractory
(n=12) (n=22)

Age, years

Median 28 29

Range 20-47 17-56
Histology

Seminoma 1 1

Non-Seminoma 11 21
Stage at diagnosis (acc. to UICC)

1 0 3

Il 0 7

10 12 12
Initial treatment after surgery

Surveillance 0 2

Chemotherapy 12 20
Follow-up, months

Median 49 39

Range 12-67 11-180
Relapse-free survival, months

Median NR 7.1

Range 0-150
Response to initial treatment

Complete remission R 5

Partial remission, marker negative 4 8

Partial remission, marker positive 0 3

Progressive discase 0 3

Unknown 0 3
No. of regimens in relapse

Median 0 3

Range [\ 1-9

% cases showing XPA positivity 75% (9/12) 70% {16/23)

Abbreviations: UICC, International Union Against Cancer; NR, not reached
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Figure 1.
Representative examples of the immunohistochemical stainings for XPA in GCTs of different histologic

subtypes. (A) double staining for ¢-KIT (red) and XPA (blue) in a seminiferous tubule containing CIS cells.

While all these cells were positive for ¢-KIT, they can be either positive (arrow) or negative (arrowhead) for
XPA; (B) tumor containing teratoma {arrow) positive for XPA and embryonal carcinoma (arrowhead)

negative for XPA; (C) teratoma showing epithelial differentiation, positive for XPA; (D} yolk sac tumor

positive for XPA. Note that stromal cells and infiltrating lymphocytes can be positive for XPA.
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Figure 2.

(A) Immunoblot analysis for XPA and B-actin on different cell lines derived from germ cell tumors including
NT2/CDDP and 2102Ep/CDDP - ceil lines with acquired resistance to CDDP following repeated sublethal
exposure. SKOV, HeLa, MCF7, and Jurkat are cell lines derived from ovarian cancer, cervical cancer, breast
cancer and leukemia cells. (B) Immunoblot for XPA and B-actin on NT2 and 2102Ep cells during treatment
with CDDP. (C) Cytotoxicity assay for selected GCT-cell lines. Note the lack of correlation between CDDp-
sensitivity and XPA-leve],
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Discussion

The unique chemosensitivity of GCTs is poorly understood on a molecular level so far (Mayer et al,
2003). Based on studies on the mouse teratocarcinoma cell line P19, it has been assumed that a high level of
wild type p53 results in a low threshold for induction of apoptosis (Lutzker et al, 1996)Lutzker et al, 2001).
However, this model differs from human GCTs in various parameters, and we recently demonstrated that
treatment outcome in patients with GCTs does not correlate with p33 status (Kersemackers et al, 2002). It
has also been suggested that the unique treatment sensitivity of GCTs could be explained by a defective
repair of cisplatin-induced DNA damage related to low XPA (Koberle et al, 1999). Several observations
seem to support this model. For example, mammalian cells deficient in NER are more sensitive to cisplatin
than corresponding wild type cells (Poll et al, 1984; Dijt et al, 1988). Expression of a truncated XPA protein
exerting & dominant-negative effect sensitizes human tumor cells to UV [ight and cisplatin (Rosenberg et al,
2001). Moreover, an enhanced XPA expression is associated with resistance to cisplatin treatment in human
ovarian cancer {Dabholkar et al, 1994). However, studies correlating NER with clinical data result in
conflicting data for different tumor entities. For example, expression of several NER factors in patients with
chronic lymphocytic leukemia did not correlate with resistance to nitrogen mustard {Bramson et al, 1995),
while an increased NER capacity in patients with non-small-cell lung cancer may be associated with poorer
survival (Bosken et al, 2002). It is of specific interest that a link between NER and differentiation has been
observed in normal tissues: somatic stem cells are highly sensitive to the effects of physical and chemical
mutagens (Potten, 1977; Jjiri et al, 1987) and avoid certain forms of potentially error-prone DNA damage
repair (Roth et al, 2002). It has been suggested that the choice of death rather than defective DNA repair in
case of damage serves to avoid accumulation of replication errors with fatal consequences for the progeny
(Cairns, 2002). So far, however, no data are available regarding NER and ¢linical outcome in GCTs.
The aim of this study was to assess the role of XPA in clinical resisiance of GCTs. Immunohistochemistry
in the unselected group of patients revealed that the stzining pattern of XPA correlated with histology. In
seminomas and in embryonal carcinoma, only a minority of cells contained detectable levels of XPA. In
contrast, the majority of cells from chortocarcinomas, yolk sac tumors, or teratomas were positive for XPA,
Three teratomas and yolk sac tumors of infants and neonates that were included in this series showed a
similar staining pattern as the tumors in histological counterparts found in testis of the adults. No differences
in the presence of XPA was evident comparing tumors of patients with cisplatin-sensitive and refractory
disease. The overall picture was heterogenous, as high expression of XPA was observed in several tumor
samples of chemosensitive cases on the one hand, and lack of expression of XPA was seen in some
refractory cases on the other hand. Results were in the same range as in the unselected group. Therefore, we
conclude that XPA detection by immunohistochemistry has no prognostic or predictive value for patients
with newly diagnosed GCTs.

None of the resistant tumors with detectable levels of XPA showed amplification of the respective

locus using FISH analysis. This excludes amplification of the XPA-gene as a common mechanism of
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chemotherapy resistance in GCTs. However, it is noteworthy that all tumors sampled at relapse in the
refractory group, i.e., after exposure to chemotherapy, were positive for XPA. This could simply be due to
the particular histology (yolk sac tumors, choriocarcinoma and teratoma) found in this limited series.
Alternatively, induction of XPA or selection for XPA positive cells could have occurred during treatment.
To test this hypothesis, an /n vifre model was used, which showed no correlation between XPA levels and
sensitivity to cisplatin in the three GCT-derived cell lines investigated. We found a low level of XPA only in
NCCIT, whereas the other two GCT cell lines showed levels only slightly lower than that found in cell lines
derived from other neoplasms. In addition, XPA expression was not induced in GCT-cells which acquired
cisplatin resistance by repeated exposure to the drug, differing from findings reported from ovarian cancer
derived-cell lines (Hector et al, 2001, In this context it is of interest that it has been shown that even a low
level of XPA expression in deficient cells is sufficient for total complementation of cellular sensitivity and
DNA repair activity (Muotri et al, 2002). In accordance with this, it has been reported that sensitivity to 170
different compounds, including cisplatin, tested in a cytotoxicity assay did not correlate with XPA levels in
60 human tusnor cell lines (Xu et al, 2002},

In conclusion, we demonstrated that the presence of XPA protein as assessed by
immunohistochemistry differs between the various histologies of GCTs. XPA is found more frequently and
with a more homogenous staining pattern in the histological subtypes with a more differentiated phenotype.
Overall, no differences in the presence of XPA were observed between samples of tumors refractory or
sensitive to chemotherapy. Furthermore, we did not find a correlation between XPA protein levels and
sensilivity to cisplatin in three GCT-derived cell lings. We therefore conclude that XPA does not play a
critical role in treatment resistance of GCTs. Further research is needed to elucidate the mechanisms of

chemotherapy sensitivity and resistance in these tumors.
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Materials and Methods
FPatient material

Unselected group: formalin-fixed paraffin-embedded tissue blocks were retrieved from the archive of
the Laboratory for Experimental Patho-Oncology, Department of Pathology, Erasmus MC, Rotterdam, The
material was collected between 1991 and 2001 in close collaboration with urologists and pathologists in the
South West of the Netherlands. 81 tumors were collected before therapy, in 4 cases residual mature
teratomas were removed after chemotherapy. No data on the clinical course of the patients was available,

Chemosensitive group: Formalin-fixed, paraffin-embedded samples collected before therapy from 12
patients diagnosed between [995 and 1998 were investigated. Only patients with a complete remission or a
marker negative partial remission after high-dose chemotherapy and a relapse-free follow—up of more {han
one year were included. The series consisted of 11 non-seminomas and one seminoma. Refractory group: 23
formalin-fixed, paraffin-embedded samples from 22 patients with chemotherapy-refractory disease
diagnosed between 1991 and 1998 were investigated. Patients were considered refractory when progression
or relapse occured despite adequate initial andfor salvage treatment, including high-dose chemotherapy in
some cases. The material of 4 patients was obtained at initiai diagnosis; in nine cases, the material was
sampled after exposure to chemaotherapy from metastatic lesions in relapse. In one case, material from both
the primary tumor and a metastatic tumor at relapse was available. The series consisted of 22 nonseminomas
and one seminoma. Table 2 summarizes the characteristics of the patients with refractory and chemosensitive
tumors. All cases were reviewed and diagnosed by J.W.Q. according to the WHO classification and the fully

documented clinical course was available for these patients.

Cell lines end Culture Conditions

The CT-derived cell lines NT2 and NCCIT were purchased from the American Type TFissue Culture
(Manassas, VA, USA), 2102Ep, was a kind gift from M. Pera. MCF-7 (breast cancer), OVCAR-3 (ovarian
cancer), HeLa (cervical cancer), were gifts from P. Brossart and K562 (chronic myeloid leukemia) was a
gift from T. Briimmendorf (University of Tuebingen Medical Center). Cells were grown as monolayer and
maintained at 37°C in a humidified cell culture incubator with 5% carbon dioxide. NT2 were cultured in
DMEM/glutamax supplemented with 10% fetal calf serum (Gibco BRL, Paisly, UK), penicillin (Biochrom)
and streptomycin {(Biochrom). NCCIT and 2102Ep were cultured in DMEM/nut mix F12 supplemented with
10% FCS, pencillin, streptomycin and glutamin. The remaining ceils were kept in HEPES-buffered RPMI
(Gibco).

Immunohistochemistry
Paraffin sections of 3 micron thickness were mounted on Starfrost slides (Knittel Gliser, Germany),
dried at 50°C over night, deparaffinized and rehydrated. For antigen retrieval, pressure cooking at 1.0 bar in

citrate buffer 0.01 mol/L, pH 6.0, was used. All antibodies were diluted in phosphate-buffered saline {PBS}
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with 1% bovine serum albumin (Sigma, Zwijndrecht, The Netherlands). The primary antibody anti-XPA
(mouse monoclenal antibody, Ab-1 Clone 12F5; NeoMarkers, Freemont, CA) was used in a dilution 1:100
and incubation time was 60 minutes at room temperature. Biotin-labeled rabbit-antimouse immunoglobulins
and an avidin-biotin-HRP complex (both DAKO A/S, Glostrup, Denmark) were subsequently applied for 30
minutes each. DAB (Fiuka, Switzerland) was used as a chromogen and slides were counterstained with
Mayer's hematoxylin stain, For a negative control, the primary antibody was omitted; Iymphocytes and
normal spermatogenesis (pachytene spermatocytes) as present in the histological sections under investigation
were used as positive control. Two investigators (F.H., F.M. or H.S.) assessed samples independently. For
evaluation of percentage of positive cells, 200 cells were scored in three randomly selected high-power
fields. Only clearly nuclear staining of intact cells was considered positive.

Western Blotting/ Amplification Analysis for XPA Using Fluorescence In Situ Hybridization

Protein harvest, Western blotting procedure, and Fluorescence in sifu Hybridization (FISH) were performed
as previously described (Kersemaekers et al, 2002). The XPA-probe for FISH was derived from BAC clone
RP11-414C23,

Cisplatin Treatment and Toxicity/Resistance Assay/Cyvtotoxicity Assay

In vitro-cytotoxicity was determined by the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazoliumbromide-
(MTT-)assay, which was performed according to standard protocols. 1000 cells/well were seeded in 96-well
plates 8-fold, lefi to attach overnight, exposed to CDDP in increasing concentration continuously for further
72 hours. The CDDP-containing medium was carefully removed, replaced by medium containing MTT
(Sigma), incubated for 4 hours at 37°C. The tetrazolium-salt was dissolved in DMSQ, the extinction was
measured at 570nm on a biorad ELISA-reader. The results are expressed relative to the extinction of the cells

grown in the absence of CDDP,

Induction of drug resistance
Cells were treated in increasing sublethal doses of CDDP (ranging from 0,6 uM to 2,0 pM) for two hours,
transferred to normal medium, and grown for two weeks before re-exposure to CDDP, Exposure at ¢ach dose

level was repeated three times,

Acknowledgements
We thank the pathologists and urologists in the South Western part of the Netherlands for their

cooperation in collecting the tumor samples. We thank Dr. G, Zafarana for helpful discussions.

64




XPA and Chemotherapy resistance in GCTs

Reference List

Adami HQO, Bergstrom R, Mchner M, Zatenski W, Storm H, Ekbom A, Tretli S, Teppe L, Ziegler H, Rahu M. (1994).
Testicular cancer in nine northern European countries. Int J Cancer 59:33-38.

Bootsma D, Kraemer KH, Cleaver J, and Hoeijmakers JHJ {2001), Nucleotide Excision Repair Syndromes: Xeroderma
Pigmentosum, Cockayne Syndrome, and Trichothiodystrophy. In: Scriver CR, Beaudet AL, Sly WS, and Valle D,
editors, The Metabolic and Molecular Basis of Inherited Disease, New York: McGraw-Hill, 677-703.

Bosken CH, Wei Q, Amos CI, and Spitz MR {2002). An analysis of DNA repair as a determinant of survival in patients
with non-small-cell lung cancer. J Natl Cancer Inst 94:1091-1099.

Bramson J, McQuillan A, and Panasci LC {1995). DNA repair enzyme expression in chronic [ymphocytic leukemia vis-
a-vis nitrogen mustard drug resistance. Cancer Lett 90:139-148.

Buschta-Hedayat N, Buterin T, Hess MT, Missura M, and Nacgeli H (1999). Recognition of nonhybridizing base pairs
during nucleotide excision repair of DNA. Proc Natl Acad Sci U S A 96:6090-6095.

Cairns J (2002). Somatic stem cells and the kinetics of mutagenesis and carcinogenesis. Proc Natl Acad Sci U S A
.99:10567-10570.

Chaney SG and Sancar A (1996). DNA repair: enzymatic mechanisms and relevance to drug responsc. J Natl Cancer
Enst 88:1346-1360.

Dabholkar M, Vionnet I, Bostick-Bruton F, Yu 1J, and Reed E (1994). Messenger RNA levels of XPAC and ERCCI in
ovarian cancer tissue correlate with response to platinum-based chemotberapy. J Clin Invest 94:703-708,

Dijt Fl, Fichtinger-Schepman AM, Berends F, and Reedijk J (1988). Formation ard repair of cisplatin-induced adducts
to DNA in cultured normal and repair-deficient human fibroblasts. Cancer Res 48:6058-6062.

Fizazi K, Tjulandin S, Salvioni R, Germa-Lluch JR, Bouzy J, Ragan D, Bokemeyer C, Gerl A, Flechon A, de Bono IS,
Steaning S, Horwich A, Pont J, Albers P, De Giorgi U, Bower M, Bulanov A, Pizzocaro G, Aparicio J, Nichols CR,
Theodore C, Hartmann JT, Schmoll HJ, Kaye SB, Culine S, Droz JP, and Mahe C (2001). Viable malignant cells after
primary chemotherapy for disseminated nonseminomatous germ cell tumors: prognostic factors and role of postsurgery
chemotherapy--results from an international study group. J Clin Oncol 19:2647-2657.

Hector S, Bolanowska-Higdon W, Zdanowicz I, Hitt S, and Pendyala L (20¢1). In vitro studies on the mechanisms of
oxaliplatin resistance. Cancer Chemother Pharmaco] 48:398-406.

Tjiri K and Potten CS (£987). Further studies on the response of intestinal crypt ¢ells of different hierarchical status to
eighteen different cytotoxic agents. Br J Cancer 55:113-123.

Kartalou M and Essigmann JM (2001). Mechanisms of resistance Lo cisplatin. Mutat Res 478:23-43.

Kersemackers AM, Mayer F, Molier M, van Weeren PC, Qosterhuis JW, Bokemeyer C, and Looijenga LH (2002). Role
of P53 and MDM2 in treatment response of human germ cell tumors. J Clin Oncol 20:1551-1561.

Kéberle B, Masters JR, Hartley JA, and Wood RD (1999). Defective repair of cisplatin-induced DNA damage caused
by reduced XPA protein in testicular germ cell tumours. Curr Biol 9:273-276.

Looijenga L.H and Qosterhuis JW (1999). Pathogenesis of testicular germ cell tumours. Rev Reprod 4:90-100.

Looijenga LH and Qosterhuis JW (2002). Pathobiology of testicular germ cell tumors: views and news. Anal Quant
Cytol Histol 24:263-279.

Lutzker SG and Levine AJ (1996). A functicnally inactive p53 protein in teratocarciroma cells is activated by either
DNA damage or cellular differentiation. Nat Med 2:804-810.

65




Chapter 4

Lutzker SG, Mathew R, and Taller DR (2001). A p53 dose-respense relationship for sensitivity to DNA damage in
isogenic teratocarcinoma cells, Oncogene 20:2982-2986.

Matsuda T, Saijo M, Kuraoka I, Kobayashi T, Nakatsu Y, Nagai A, Enjoji T, Masutani C, Sugasawa K, Hanaoka F.
(1995). DNA repair protein XPA binds replication protein A (RPA). ] Biol Chem 270:4152-4157.

Mayer F, Honecker F, Looijenga LHJ, and Bokemeyer C. (2003) Towards understanding the biological basis of the
response to cisplatin-based chemotherapy in germ cell tumors. Ann Oncol i press.

Muotri AR, Marcheito MC, Suzuki MF, Okazaki K, Lotfi CF, Brumatti G, Amarante-Mendes GP, and Menck CF
(2002}, Low amounts of the DNA repair XPA protein are sulficient to recover UV-resistance. Carcinogenesis 23:1039-
1046.

Oosterhuis JW, Suuwrmeyer AJ, Sleyfer DT, Koops HS, Oldhoff J, and Fleuren G (1983). Effects of multiple-drug
chemotherapy (¢is-diammine-dichloroplatinum, bleomycin, and vinblastine} on the maturation of retroperitoneal lymph
node metastases of nonseminomatous germ cell tumors of the testis. No evidence for De Novo induction of
differentiation. Cancer 51:408-416.

Poll EH, Abrahams PJ, Arwert F, and Eriksson AW (1984). Host-cell reactivation of cis-diamminedichloroplatinum{ID-
treated SV40 DNA in normal human, Fanconi anaemia and xeroderma pigmentosum fibroblasts. Mutat Res 132:8]-
187.

Potten CS (1977). Extreme sensitivity of some intestinal crypt cells to X and gamma irradiation. Nature 269:518-321,

Rao PH, Houldsworth J, Palanisamy N, Murty VV, Reuter VE, Motzer RJ, Bosl GF, and Chaganti RS (1998).
Chromosomal amplification is associated with cisplatin resistance of human male germ cell tumors. Cancer Res
58:4260-4263.

Reed E (1998). Platinum-DNA adduct, nucleotide excision repair and platinum based anti-cancer chemotherapy. Cancer
Treal Rev 24:331-344.

Rosenberg E, Taher MM, Kuemmerle NB, Famnsworth J, and Valerie K {2001). A truncated human xeroderma
pigmentosum complementation group A protein expressed from an adenovirus sensitizes human tumor cells to
ultravioket light and cisplatin. Cancer Res 61:764-770.

Roth RB and Samsen LD (2002). 3-Methyladenine DNA glycosylase-deficient Aag null mice display unexpected bone
marrow alkylation resistance. Cancer Res 62:656-660.

Xu Z, Chen ZP, Malapetsa A, Alaoui-Jamali M, Bergeron J, Monks A, Myers TG, Mohr G, Sausville EA, Scudiero DA,
Aloyz R, and Panasci LC (2002). DNA repair protein levels vis-a-vis anticancer drug resistance in the human tumor cell
lines of the National Cancer Institute drug screening program, Anticancer Drugs 13:511-519.

Zamble DB and Lippard SJ (1995). Cisplatin and DNA repair in cancer chemotherapy. Trends Biochem Sci 20:435-
439.

66




Chapter 5

MICROSATELLITE INSTABILITY OF GERM CELL TUMORS IS ASSOCIATED WITH

RESISTANCE TO SYSTEMIC TREATMENT

Cancer Research 62: 2757-2760, 2002

Frank Mayer, Ad I. M. Gillis, Winand Dinjens, J. Wolter Qosterhuis, Carsten Bokemeyer, and
Leendert H. J. Looijenga







Microsatellite Analysis in Refractory Germ Cell cancer

Microsatellite Instability of Germ Cell Tumors Is Associated with Resistance to
Systemic Treatment '

Frank Mayer, Ad J. M. Gillis, Winand Dinjens, J. Wolter Oosterhuis, Carsten Bokemeyer, and Leendert H. J.

Looijenga 2

PathologyLaboratory for Exp. Patho-Oncology {F. M, 4.4 M. G, 4. W. O, L H.J. L] ond Pathology!/Molccular Diagostics (V. 1.} Umurs.uvh'mp:mf
RotteedantDanicliosepline Nefkens Institute, 3000 DR Rotterdam, the Netherlands, and Department of Oncol and R

af Tuebingen Medical Center, Tuebingen 12076, Germany fF. M., C B.}
Abstract

Systemic cisplatin-based chemotherapy cures >%4% of
patients with metastatic germ cell tumors (GCTs). The
biological basis of this exquisite chemo-sensitivity and the
resistant phenotype encountered in 10-15% of patients with
GCT is yet unclear. A defective mismatch repair pathway
leading to microsatellite instability (MSI) has been related to
resistance to eytotoxic drugs. We investigated 100 unsclected
GCTs and 11 clinically defined chemotherapy-resistant GCTs
for MSI using 8 mono- or dinucleo-tide markers and the
presence of the mismatch repair factors MLH1, MSH2, and
MSHG by immunohistochemistry. The resistant tumors, both
chemao-naive (n 8) and pretreated (n = 3}, showed a
significantly higher incidence of MSI compared with the
unselected series (45 verses 6% in at least onc locus and 36
versius 0% in >2 of 8 loci, both P <0.001). In 5 of all 11
unstable tumors, MSI correlnted with immunohistochemical
find-ings. This study demonstrates for the first time a positive
correlation between MSI and treatment resistance in GCT.

Introduction

GCTs * of adults are the most frequent solid mor of Caucasian
males between 20 and 45 years of age (1). On the basis of
histological, biological, and clinical differences, GCTs are
divided in seminomas and nonseminomas (2). Even in metastatic
stages, mosi patients with GCTs can be cured with multiagent,
CDDP-based chemotherapy (Ref. 3, for review). Despite this
success, 10-15% of the patients do not achieve a long-lasting
remission with the available treatmeni strate-gies and eventually
die of their discase. Up to now, the biological basis for the
exquisile treatment sensilivity of most GCT has not been
elucidated. This also accounts for the mechanism of
chemotherapy resistance (Ref. 4, for review). Response to
CDDP-based chemother-apy of ovarian carcinoma has been
related 1o MSI, ie, alicrations in length of short repetitive
sequences of the genome by small deletions or insertions. MSI is
caused by genetic or epigenetic changes in genes of the DNA
MMR pathway. Several proteins of this pathway have been
identified, including MLH1, MSH2, and MSH6 (Ref. 5, for
review), whose inactivation might result in MSI. A number of

Received 2/12/02; accepied 3/22/02,
The cests of publication of this anicle were defrayed in part by the
payment of page charges. This anticle must therefore be bereby marked
adverfisement in accordance with 18 U.S.C. Section 1734 solely 10
indicate this fact.

' Supported by the Dutch Cancer Saciety/KWF (A. J. M. G,, ). W.
., and L. H. J. L.). Frank Mayer was financially supported by the
fellowship program of the European Saciety of Medical Oncology
(ESMO).

! To whom requests for reprints should be addressed, at
Pathology/Lab. for Exp.
Patho-Oncelopy, Lniversity Hospital Romterdam/Danic), Josephine
Nefkens Institute, Erasmus University Rotterdam, Building Be, room
430b, P. O. Box 1738, 3000 DR Rotterdam, the Netherlands. Phone: (31)
104088329; Fax: {31) 104088365, E-mail: Looijenga@leph.azrn,

¥ The abbreviations used are: GCT, germ cell mmor; CROP, cis-
diamino-dichlorid-pfatin;  MSI,  micresatellite  insiabifity; MMR,
mismatch repair.

gy, Hemaislogy, Ii

reporis deal with MSI in GCT. Although most of them showed a
negative tesult (6 -8), one study indicated locus-spesific
instability (9). Thns far, MSI has not been correlated with
treatment resistance of GCT. Here we report the resuits of an
analysis of the presence of MSI and the related factors MLHI,
MSH2, and MSHS in a large series of unsclected GCT and a
unique series of treatment-resistant GCT,

Materials and Methods

Paticnts and Samples. Fresh frozen and formalin-fixed, paraffin-
embed-ded tissue from 100 unselected cases (30 seminomas and
50 nonseminemas), in most cases together with peripheral biood,
was collected between [991 and 2001 in collaboration with
urolopists and pathologists in the Southwestern part of the
Netherlands. These cases were retrieved from the archive of the
Laboratory for Experimental Patho-Oncology (Depariment of
Pathology). Complete data on the clinical course were not
avaitable of these patients. The resistant series consisted of £1
patiems diagnosed between 1991 and 1998, treated within various
trials led by Titbingen Universily, Germany. Patients were
considered refractory, when progression or relapses of the disease
occurred despite adequate initial and salvage treatment. The
tumars were obtained either at initiai diagnosis (i.c, before
chemotherapy, # = B) or by rcseetion of a metastatic lesion in
refapse (v = 3). Table 1 summarizes the characteristics of the
unselected and refractory patients. All cases were reviewed and
diagnosed by an experienced pathologist (J. W. 0.) according to
the WHO classification (2).

DNA Isolation and Microsatellite Analysts. Normal DNA was
isolated cither from peripheral bleod or, if not available, from
nontumor tissue specif-ically dissccted from the tissue biocks as
described before (10). DNA of fresh-frozen tissue or paraffin-
emhedded 1issue was isolated according to standard procedures as
described previously (4). Microsatellite analysis of pairs of
normal and tumor DNA was performed as deseribed previously
using eight mono- or dinuzcleotide markers (D25123, BAT25,
BAT26, D55346, D178250, BATRII, MSH6, and BAT40) with
an input of 50 ng of DNA/PCR reaction {11}
Immunohistochemisiry. Paraffin sections of 3- pm thickness
were mounted on APES-coated slides, deparaffinized, and
rehydrated. Antigens were unmasked by high temperature/high
pressure [120°C, 1.2 bar in Na-citrate 0.01 M {pH 6)]. MLHI,
MS8H2, and MSH6 were demonsiraled using mouse monoclonal
antibodies {MHLI1: clone G168-15, diluted 1:500; MSH2: clone
G219-1129, diluted 1:400; MSHS: clore 44, diluted i:1000; all
BD Bioscicnees, Alphen aan den Rijn, the Netherlands). The
sections were incu-bated with the primary antibodies overnight at
4°C (MLH! and MSH2) or room temperature {(MSHG). Biotin-
labeled rabbit-antimouse immunoglobuling and a biotinylated
horseradish  peroxidase-Streptavidin  complex (both DAKO,
Glostrup, Denmark) were applied subsequently for 30 min at
room temperature cach. Diamino-benzidin was used as
chromogen. Normal tonsil and colon tissue served as positive
controls. Nuclear staining was scored as “strong,” “weak,” or
“absent” compared with lymphocytes as internal positive
conirols, known te be positive for all markers (12).
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Table [; Baseline patient characteristics”.
wnselegted Refraciory
{n=100) (n=11)
Median age {years) 32 (14:56) 29(18-55)
Hiswlegy
. Seminome 50 1
Nenseminoma 50 10
mixed nonseminomi 29 i
embrvonal carcinoma T 0
yolk sa¢ lumor 5 3
malure teratoma 9 Q
Time ef tssue sampling
*  arinitizl dlagnesis 99 8
s after chemotlicrapy 1 3
Systemic treatment
- standsrd PEPER/PVB/PEL NA il
. salvage high-dose chemotherapy NA 7
Median time ta progression (months) NA 1042-149)
Median oversll survival (momhs) NA 40{11-180)
P _ cisplatin, E — ide, B - bleomycin, V — vinblastine, | - ifosfamide, NA —

no! available

Table 2: Swummary of MSI and immunchisiochemical analysis on

contral and refraciory GCT,

Unselected Refractory p-value*
(n=100} n=11)

Microsatellite instability 6 {6%) 5{45%) 0.001"
MSI in 1out of 8 loci 6{6%) 1(5%) 0.558"
MS1in 22 oul of 8 loci 13 4(36%) <¢.001"

1BC negative/weak any marker 3(3%:) 4(36%)
hMMLHI 0 4(36%%)
hMMSH2 2(2%) 1 (5%)

TMMSHG 2(2%) 1(9%)

MSI comectly predicted by 1HC 2 3

W8] sl predicted by THC q 1

1

MBE] falsely predicted by IHC |

“ p-values are given for differences belween ull umors of the two study groups as
determined by a two-sided Fisher's exact tesl.

* Analyving only the nonseminomas of beth groups, the p-valies are 0,002,
0,508, and <0.001, respeciively.

‘Abbreviations: IHC —i istochemistry

Statistical Analysis. The two groups of unselected and refractory

A

e I e Y I S | s B m—
NT FT NTNTHNT NT N T

c

00
@ | Progression free sundval
E‘ L
e 75 1
g o 1
a - MSt
[ Cmmm————
a 1

MsS 1
i} »
1] 5 10 time fyears]

GCT were compared for differences in the incidence of MSI
overall and by number of unstable loci using a ewo-sided Fisher's
exact test. Differences were con-sidered sipnificant, when the P
was < 0.05. Differences in time to progression and overall
survival between refractory cases with and without MSE were
analyzed by a Log-rank test.

Results

In total, a series of 111 GCT and matched normal DNA was
studied using eight microsatellite markers. Instability was found
in 6 of the 100 control GCTs (6%, three seminomas and three
neaseminomas), all of them affecting only one locus (four in
BAT40, one in MSHS, and one in 11752500, [n contrast, the
series of refractory GCTs showed MSI in 5 of 11 cases (45%, all
nonseminomas), 4 of which were sampled before ehemotherapy
exposure, This differcnce was statistically significant (P < 0.001;
analyzing only nonseminomas: P = 0.002). Four of these
refractory tumors (three obtained before chemotherapy and ene
afler) showed instability in two or more Foci, which was never
observed in the uaselected series (2 < 0.001, also for analysis of
nonseminomas only). The results are summarized in Table 2, and
representative examples of the microsatellite analysis in the
refractory GCTs are shown in Fig. /A, The refractory cases
showing MSI and those without were analyzed regarding their
progression-free survival and overall survival by the Kaplan-
Meier method and compared using the Lop-rank test. The
microsatellite stable cases had a median progression-free survival
time of 6 months compared with 26 months in the group of
tumors with MS1 (P = 0.05; see Fig. /B); the data for the median
overall survival were 21 and 41 months, respectively (P = 0.43;
data not showa). All tumors were investigated by
immunchistochemisiry for the presence of the MLHI1, MSH2,
and MSHG proteins. Most cases showed an intense homogeneous
nuclear staining of nearly all tumor cells, irrespective of their
histology. Three of the 100 (3%) control tumars and 4 of the 11
refractory tumors (36%) showed a markedly reduced sigmal in
any of the three stainings. Examples of tumers with a staining for
MSHS rated as “absent” and “strong" are shown in Fig. /C, and
the results are summarized in Table 2. Of note, one GCT (of the
contro] scries) showed instability within the MSH6 locus with
concomitant loss of MSH6 protein. The immunohistockemical

Fig. 1. A microsatellite analysis on pairs of normal DNA/lumor DNA ol sever refractory cases using [32$123 as a marker (the unsteble lwmors are wnderfinedy;

B, Knplan-Meier curve fer progression-free survival of patienmts with
was borderline significant by Log-rank test (P = 0.05); C, rey

refrictory tumors with MSE and those with microsatellite stebility (MSS). The difterence
i ) B N . "

of 3

of the MSH6 protein. Lgff penel, umar

scared “absent” {sate case showed MSEin MS136 iocus): riglipancl, tumor scored “sirong.”
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findings in this study did enly successfully predict the presence of
MSI in two of the six unstable control GCTs and in three of the
five unstable refractory GCTs. In addition, a “‘weak/absent”
immueochistochemical finding was found in two GCTs (one
control and one refraciory) in the absence of MSI,

Discussion

The unique chema-sensitivity of GCT is poorly understood at the
molccular level thus far. We demonstrated recently that the model
assurning a high level of wild-type P53 resulting in a low
threshold for induction of apoplosis 15 not coreect (4). This
particutar study also showed that genetic inactivation of P53 is
not a mgor way 10 induce treatment resistance in GCT as
proposed previously (13).

In vitro analyses of cell lines of various origin have suggested a
correlation between MSI, MMR, and sensitivity toward CDDP,
the key substance of ali combination regimens in the systemic
treatment of GCT {14, £5). A number of groups has analyzed
MSI and the MMR pathway in GCT and found a low rate of
instability without correlating the results 1o clinical ouicome (6~
9). Qur findings confirm these resuits in a large series, including
all djfferent bistological subtypes of GCT. However, in a
clinically defined group of treatment-resistant GCT, 45% of the
tumors showed MSI, most of them in two of the cight investi-
gated markers, a feature never encountered in any of the control
tumors. A corretation between MSI and treatment resistance can
be cxplained by two different mechanisms (Ref. 16, for review):
(a) the MSI renders the genome of the cancer cell prone to harbor
secondary mutations, which could be responsible for the resistant
phenotype; or (b) MMR factors could directly be involved in
induction of apoplosis (17). This could result in resisiance to
apoptosis indcpendent from the presence of actual MSIL R
remains (0 be determined to what cxtent these two mechanisms
contribute to the resistance of GCT. It is important to notc that
the majority of the unstable refraclory GCTs investigated ia this
study was sampled before exposure lo chemotherapy. Qur data
differ in this feature from in vitro data and a study on ovarian
cancer, where MSE was induced by CDDP-based treatment (14,
18). Te study the biclogical relevance of M8), we compared the
progression-free and overall survival between the refractory
patients with and without M8l The shorter progression-free
survival in the subgroup of refractory tumors without MSI
suppests a different clinical behavior of refractory tumors
depending on the underlying resistance mechanism. A similar
ohservation was made in colon cancer (19). The difference in
behavior may be explained by a higher levei of resistance
mediated by mechanisms other than MS] in these tumors. The
lack of a difference in overall survival might be causcd by
accumulation of secondary mutations in tumors with MSI leading
to a more aggressive phenotype in the later course of the disease.
However, with the limited number of patients in the refraclory
group, these considerations remain speculative at this point.
Immunphistochemical demonstration of MMR factors has been
applied successfully to predict MSI in colon cancer (20). In
comirast, low protein levels of MMR factoss did ot correlate with
MSI in cell lines derived from gasiric carcinoma (21). Qur
findings indicate that assessing MLH1, MSH2, and MSH6 by
immunohistochemistry is not seasitive and specific enough to
predict MSI in GCT. This difference (o the situation in colon
cancer cauld be refated to & more prominent role of other MMR
factors, like PMSL and PMS2, in the development of MSI in
GCT, as has been suggested for prostate cancer (22). However,
the data suggest a reduced protein Level of specific MMR factors
as an explanation of MSI at least in some GCT. In summary, we
demansirate a correlation belween chemotherapy resistance and
MSI in GCT. The results offer the first plausible explanation for
the clinical behavior of tefractory GCT. Furthermore, analyzing
MSI shows promise to predict treatment response bascd on

characteristics of the primary tumor in a significant number of
cases. In this regard, the findings have to be validated
prospectively.
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BACKGROUND. Germ cell tumors (GCTs) in adolescent and young males are very
sensilive to cispiatin-based chiematherapy. However, 10-20% of the patients can-
not be cured by currently available therapeutic options. Onece & tumor does not
respend to cisplatin, currem therapeutic modalities offer only a chance for short
palliation. Recently, new treatment oplions thal interfere with various rcceptor
tyrosing kinases, including ¢-KIT and members of the epidermal growth fecler
receplor {EGFR) family, have been used successfully in chemotherapy-resistant
tumors overexpressing ¢-KIT, ERB-B2, or EGFR,

METHODS. We sludied the presence of ¢-KIT and the four members of the EGFR.
family by immunohistochemistry, as well as by £RB8-B2 gene amplilication using
fluorescent in silu hybridization, in a scrics of 22 patiems with cisplatin-resisiani
GCTs in search ol new treatment targels. The results in these reffactory 1umors
were compared with those of 12 palients with chemosensitive GCTs diagnosed in
an advanced metastatic stage.

RESULTS. The data obtaincd in both groups did not differ in any of the investipted
biologic markers. ¢-KIT was detected in the one case of pure seminoma studicd and
in the seminomatous components of combined umors. The presence of EGFR was
restricted 1o Lrophoblastic giant eells and the syncytiotrophoblastic efements of four
nonseminomas including one pure chioriecarcinoma and to a secondary non-germ
cell malignancy, which had deveieped most likely frony a mature tera-toma. ERB-
B2 was mederately positive in the secondary non-germ celf malig-nancy, in one
mature teratoma component of a mixed nonseminoma, and tegether with EGFR in
the syncytiotrophoblastic cells of a pure choriccarcinoma. OF all samples
investigated, this fatter case was the only one showing an amplification of the £RB-
B2 gene in the syneytiotrophoblasts, ERB-B3 and ERB-B4 were detected rarely.
CONCLUSION. The majority of refractary GCTs do not qualify lor treatment with
new biologic agents targeting the receptor tyrosine kinases EGFR, ERB-B2, or c-
KIT. The lack of differences between the tumors of refractory and the responsive
palients indicales that overexpression of any of these receptor Lyrosine kinases docs
not centribule 10 a resistant phenotype in GCTs. Cancer 2002;95:301-8.

D 2602 American Cancer Sociely.

DOl 10.1002/cner. 10671

KEYWORDS: germ cell cancer, EGFR, Herzheu, cit, cisplatinTrefraciory.

erm cell tumors (GCTs) are the most common malignancics in
males between 15 and 45 years of age. Most GCTs develop in
the testis and 5-10% occur at extragonadal locations, including the ret-
roperitoncum and the mediastinum.™ GCTs originate from trans-formed
embryonic  germ  cells, In  the leslis, the ecarliest precursor
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lesion identified is the carcinoma in situ (CIS) consisting of
premalignant cells confined 1o the seminiferous tubules.?
Histologically and elinically, GCTs are separated into
seminomas and nonseminomas. The latter are a
heterogenous group comtaining one or more of the following
components: embryonal carcinoma, yolk sac tumer,
choriocarcinoma, and teratoma.’ GCTs are highly sensitive
to chemotherapy, Even in metastatic stages, 70-80% of the
patients achieve long-term survival with multiagent,
cisplatin-based chemotherapy.! However, approximately
10-20% of all patients with GCTs will suffer from
recurrence or progression of their disease after systemic
treatment."* Onee the wmor no longer responds to cis-
platin, the treatment of these paticnts becomes palliative.®
Although paclitaxel, gemcitabine, and oxaliplatin have been
identified as new active agents, with each drug achieving
partial remissions of short duration in about 20% of the
patients, therapeutic options are still very limited in this
situation.® Identifying new treatment strategies for patients
with cisplatin- refractory disease remains a priority.

The recent development of tyrosine kinase interactive
agents addressing the epidermal growth factor receptor
(EGFR}, Her2-neu, and the stem cell factor receptor, ¢-KIT,
has offered new therapeutic aptions for patients with tumors
overexpressing any of these receptor tyrosine Kinascs.
Several stratcgies to altack these receptors have been
developed. Recepior activation can be blocked by
monoclonal antibodies such as cetuximab and trastuzumab,
which bind to the extracellular domains of EGFR and ERB-
B2, respectively,’® Tyrosine kinase activity can also be
inhibited by small molecules such as ST1571, ZD 1839
(iressa), or OS1-774, which selectively and competitively
inhibit the enzyme by blocking the adenosine triphosphate
binding site of the tyrosine kinase domain.*"® A number of
mechanisms may contribute to the antitumor efficacy of the
tyrosine kinase blockade, including the inhibition of cell
cycle progression, induction of apoptosis, inhibition of
angiogenesis, and potentiation of drug-induced cytotoxic
damage.?

The presence of c-KIT is a diagnostic marker for both
CIS and seminoma.' In addition, scattered c-KIT-positive
cells have been reported in 9 of 29 (32%) nonseminomas."”
It is noteworthy that an activating mutation in this receptor
has been found in 2 of 33 human GCTs, one testicular
seminoma and an ovarian dysgerminoma/yotk sac tumor.”
However, these results were not corretated to the clinical
course of the patients.

Four members of the EGFR Lyrosine kinase Family
have been described so far; EGFR, ERB-B2, ERB-B3,

ERB-B4. They are cxpressed at high levels in approxi-
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mately onc third of epithelial cancers." Overexpression of
ERB-B2 has been associated with a poor response lo
different
sphamide).”® We have reported a patient with cisplatin-

chemotherapeutic  agents  (e.g., cyclopho-
refractory GCT overexpressing ERB-B2,'® This patient

achieved a partial response after treatment with
trastuzumnab, suggesting a potential role of targeting ERB-
B2 in this difficult treatment situation. To explore potential
new therapeutic fargets, the present study has systematically
investigated the presence of all members of the EGFR
family and of the receptor tyrosine kinase, ¢-KIT, in tumor
tissue from a homogenous group of patients with cisplatin-
refractory GCT. The expression pattern of tumors from
patients with refractery disease was compared with that of
tumors [rom patients with advanced metastatic disease
(“poor prognosis” according to the International Germ Celt
Cancer Cooperative Group [IGCCCG] criteria) at initial
dingnosis, who achieved remission of disease following
chemotherapy and who remained long-term disease free

after first-line chemotherapy.”’

MATERIALS AND METHODS
Patients and Tissue Samples

Formatin-fixed paraffin-embedded tissue samples were
collected retrospectively from 22 patients with cisplatin-
resistant disease (resistant tumors) and from 12 patients with
advanced metastatic disezse (poor prognostic characteristics
according to the IGCCCG classification), whe had achieved
long-term survival after initial treatment (responsive
tumors). Cisplatin resistance was defined clinically as
progressive disease or recurrence after adequate cisplatin-
based primary and salvage therapy.™

Patients with responsive tumors had been treated within
the multicenter first-line high-dose VIP (cisplatin/etoposide/
ifosfamide) chemotherapy trial of the German Testicular
Cancer Study Group {GTCSG). The exact regimens and the
results of this trial have been pubtished efsewhere.’®

Twenty-two patients with resistant disease had been
treated initially with standard platinum-based regimens
m=18; PE VIP, PVB
[cisplatin/vinblastin/  bleomyein], or BEP [cisplatin/
etoposide/bleomycin]) or with first-line high-dose VIP

[cisplatinfetoposide],

followed by autologous stem cell transplantation (n=4) as
previously described.19 Salvage high-dose che-motherapy
was performed in 15 patients in a multi-center trial of the
GTCSG investigating the role of high-dose chemotherapy
for patients with recurrent or refractory GCTs.™® The
remaining seven patients, as well as patients with recurrence
of disease after salvage high-dose chemotherapy, received
further palliative treatment for refractory discase with
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various agents such as orally administered etoposide,
oxaliplatin, bendamustine, or gemcitabine within trials of
the GTCSG. M

The tissue samples from patients with resistant disease were
derived from tumors resected at initial diagnosis (# = 14),
from secondary resection of residual masses containing
viable tumor cells ¢ = 4), or from metastatic tumors (i =
4). The speeimens of the responsive cases were derived
from orchiectomy (i = 10} or from retroperitoneal biopsies
(r = 2). All samples were reviewed by two independent
pathologists {}W.Q, H.P} and classified according to
World Health Organization (WHO) classification.*

Immunohistochemistry

Three-micron thick sections of formalin-fixed paraf-
fin- embedded tissue blocks were mounted on APES (3-
aminepropyl-tricthoxysitane)-coated slides, baked overnight
at 50 °C, deparaffinized, and rehydrated. ERB-B2 was
demonstrated by the Herceptesi kit (Dako, Glostrup,
Denmark) according to the manufacturer’s instructions. The
other antibodies were diluted in phosphate-buffered saline
(PBS) containing 1% bovine serum albumin (PBS/BSA).
For detection of EGFR, antigen retrieval by digestion with
0.1% protease (Sigma, Zwijndrecht, The Netherlands) in
HCI 0.01 M for 15 minutes at 37 °C was performed before
the incubation with the primary amtibody (EGFR, Ab-10,
Clone 111.6, Neomarkers, Union City, CA). The antibody
was diluted 1:50 and incubated ovemight at 4°C. The
antibodies against ERB-B3 (Ab-10) and ERB-B4 (Ab-4,
Clone HFR-1; Neomarkers) were both diluted §:50 and
incubated at room temperature {RT) for 2 hours. The ¢-KIT
antibody (C-19, Santa Cruz Biotechnology, Santa Cruz, CA)
was diluted 1:500 and incubated for 2 hours at RT. Primary
antibodies were detected with biotinylated rabbit-antimouse
or swiac-antirabbit F(ab’)2-fragments (Dako), respcctively,
both diluted 1:200 for 30 minutes at RY, followed by
incubation with avidin-biotin-alkaline phosphatase (Vector,
Burlingame, CA} diluted 1:100 for 30 minutes at RT.
Visualization was achieved with New Fuchsin (Sigma;
Zwijndrecht, the Netherlands) as the chromogen. Sections
were counterstained with Mayer's hematoxylin, Negative
controls replacing the primary antibody by PBS/BSA and
adequate positive controls (epidermis for EGFR, breast
carcinoma for ERB-B2, skeletal muscle for ERB-B3 and
ERB-B4, and CIS for ¢-KIT) were stained logether with
each batch.

The immunostaining for ERB-B2 was scared according
1o the criteria specified by Dako for the interpre-tation of the
Herceptest, which have been used in the published
Hereeptin trials.”®* The stainings for EGFR, ERB-B3,

TABLE 1
Criteria for the Bvahation of Immmmohistocherricsl Stnining for Epicermal
Gronwth Factir Receptor, ERB-B3, mnd ERB B4

Scare Criteria

3+ Dark membrane staining easily visible with low-power
objeclive involving _ 50% of cells

2+ Focal darkly staining areas (. 50% of cclls) or modernte
membrane swaining _ 50% ol celis

1+ Focal moderate membrane staining (_ 50% of cells) or pale
membrane staining in any pertion of cells not casily
seen with Jaw-power abjective

Q Membrane staining in widely scatrered ¢ells or none of the

above

Adapted from Adams ¢t al.™ Only tumors scored as 2+ or 3+ were considered
positive

and ERB-B4 were evaluated according to the scoring
system adopted from Adams et al28 In line with
recommendations of the FEuropean Organization for
Research and Treatment of Cancer and a recent study on
EGFR family reccptors in transitional cell carcinoma,
cytoplasmic staining was not regarded as relevant.28-30
Staining was scored from 0 (negative) to 3+ (strongly posi-
tive) with both systems (Table 1), Tumors rated as 2+ or 3+
were considered positive.

Fluorescent in situ hybridization {FISH) for the
detection of ERB-B2 gene ampiification

Copy numbers of the ERB-B2 gene were determined
using the PathVysion kit (Vysis, Downers Grove, IL).
Three-micren thick sections were mounted on APES-coated
slides and bakeé overnight at 50 °C. Slides were pretreated,
hybridized, and scored according to the manufacturer’s
instruction. Signals of the £ERB-82 pene and of the control
probe (centromeric region of chromosome 17} were
evaluated in 60 randomly selected nuclei per case. A ductal
carcinoma ol the breast with known amplification of the
ERB-B2 gene served as the positive control.

RESULTS
Tumor Samples

Specimens of 22 therapy refractory patienis obtained
either from the primary twmor before weatment (7 = 14),
from secondary resections of residual tumor masses contai-
ning viable cells (1 = 4}, or from rescctions of metastases at
recurrence (7 = 4), as well as pathologic specimens of the
primary tumor from 12 patients with chemosensitive
widespread metastatic  disease, were included in the
analysis. Patients characteristics are listed in Table 2. The
refractory patients had received a median of three treatment
regimens (range: 1-7) and of eight cisplatin-containing
chemotherapy cycles (range: 2-20). All patients with
therapy-refractory GCT have died, whereas all patients with
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TABLE 2
Patient Characteristics

Therapy-refractory patichts
(=22} (%)

Therapy-responsive patients
{n=12) (%)

Median age
Primary tumor localization
Gonadal
Retroperileneal
Mediastinal
Tumor stage at initial diagnosis aceording to the IGECCG
Good
Intermediat ¢
Poor
First-linc treatment
PEB/YIP/PVB/PE
High-dose chemotherapy
Median no. of salvage regimens (range)
No. of patients receiving high-dose chemotherapy during salvage treatment
No. of patients receiving salvage chemotherapy
Gemcitabine
Bendamusting
Oxaliplatin
Orally administcred etoposide
Median no. of platin-comaining ¢yeles {range)
Current siagus
Don
Alive
Histologic diagnosis
Seminoma
MNonseminoma
Tumor components evalutated
Yolk sac
Mature teratoma
Seminoma
Embryonal carcinoma
Choriocarcinoma
Non-germ: ccll cancer malignancy

29 yrs (range, 17-56) 35 yrs {20-51)
17(7n) 10 (83)
4(18) 207
1(5) 0

13 (59} 0

29 0

7(2) 12(100)
15(8D) 0

4(i8) 12 (100)
3(-1) —

15 (65) —

15 (68) -
5(23)

418y

7(32)

8 (2-20) 4(4-5)
22(100) 0

— 12 (100)
]

21 12

14 {63) 9(73)
7(32) 2017
2(9) 2{1n
4(18) 6(50)
(14 3@s)
1(5) e

IGCCCG: Intemational Germ Cel) Cancer Cooperative Group; PE: cispletincloposide: PEB: cisplari

cisplatin, vinblastin, bleomycin; DOD: dead of discase.

; lcamycin; VIP; cisplatinctop FVB:

chemosensitive disease are alive and continuously free of
disease following first-tine treatment for a mirimum follow-
up period of 18 months,

In the group of refractory patients, one tumor was a pure
seminoma and 21 tumors were nonseminomas containing
the following histologic elements: yolk sac tumor (present
in 63% of the tumors), mature teratoma (32%), embryonal
carcinoma {18%), choriocarcinoma (14%), and immature
teratotna and seminoma (9% each). One tumor (5%) was
diagnosed as a secondary non—germ cell malignancy, which
most likely developed from a mature teratoma. In the group
of patients with responsive tumors, all 12 had been di-
agnosed as nonseminomas, containing components of yolk
sac tumor (75%), embryonal carcinoma (50%), mature
teratoma (17%), choriocarcinoma (25%), and seminoma
(17%).
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Immunohistochemistry for the EGFR Family and
FISH for the ERB-B2 Gene

In general, immunohistochemical detection of the protein of
any of the four members of the EGFR family was rare.
Within the group of 22 refractory patients, only the
sccondary non—germ cetl malignancy was scored mod-
erately positive for EGFR (+2), even though the tumor also
showed completely negative areas. All three tumors
comtaining  choriocarcinoma components (one pure
choriocarcinoma and two mixed) showed strong membrane
staining of the syncytiotrophoblastic cells (Fig. 1A), as did
trophoblastic giant cells present in one tumor. ERB-B2 was
found at a moderate level {+2) in the syncytiotrophoblast of
one mixed nonseminoma, the secondary non-germ cell
malignancy, and a mature teratoma component of a mixed

nonseminoma. No ERB-B2 gene amplification was found by




EGF Receptors Expression in Germ Cell Cancer

FIGURE 1. (A} Immunohislo-
chemical  demonsiraton  af
epidermal grewth fac-lor
receptor  {EGFR) in a pure
choriocar-cinoma of the
responsive group. The strang
membrane slaining is resircted
to the syncytiotrophoblast. (B)
ERB-B2 immuncslaining of the
same tumor  shewing  the
identica! distribulion pat-tern. {C)
Fiuorescant in silu hybridization
for the ERB-B2 gene (red) and
the cen-tromer of chromosome
7 (green}. (D) Moderate EGFR
immunostaining in a secondary
non- gamn cell malignancy,
which most fkely developed
fram a ma-ture leraloma

FISH in any of these cases. ERB-B3 was detected in one
residual mature teratoma together with ERB-B4 (+2). ERB-
B4 (+2) was observed in the ron-germ celf malignancy and
in two additional nonseminomas (one pure yolk sac, one
mixed nonseminoma).
Among the tumor specimens of the 12 chemosensitive
patienls, none stained positive for EGFR apart from the
syncyliotrophoblastic  cells  of  the
components in  the 1wo mixed

strongly  posilive
choriocarcinoma

nonseminomas and the one pure choriocarcinoma. ERB-B2
expression Grade +2 and +3 was observed only in the
syncyliotrophoblasts of the pure choriocarcinoma. These
cells were the only ones showing amplification of ERB-B2
resulting in 8-10 copies per nucleus, whereas the remaining
tumor cells had equal signals for ERB-B2 and the centremer
of chromosome i7. One mature teratoma component
showed moder-ale positive staining for ERB-B3 and ERB-
B4. ERB-B4 alone was seen in one pure yolk sac tumor. In
both groups, a positive cytoplasmic staining was mainly
seen for ERB-B3 and ERB-B4, which did not qualify as a
positive turmor. In contrast, this was not observed for EGFR.

Immunehistochemical Demonstration of ¢c-KIT
In the series of both the refractory and the responding

GCTs, staining for ¢-KIT was restricted to seminoma

components of mixed nonseminomas (combined tumars

according to the British classification) and the refractory
pure seminoma. In these cases, clear membrane staining was
evident. Nonseminomas showed neither membranous nor

scattered intracellular positive staining.

DISCUSSION

With the development of molecular targeted therapy such as
receptor tyrosine kinase-interacting agents addressing the
EGFR. family as well as ¢-KIT, new oplicns have become
available for cancer patients with treatment-resistant tumeors
like gastrointestinal siromal tumeors and refractory breast or
colen carcinoma having failed irinotecan®™™  These
receplor tyrosine kinases, particularly ERB-B2 in breast
carcinoma patients, do not only serve as therapeutic targets
but may also offer prognostic information for the clinical
course of the patieml and may be involved in the
development of chemotherapy resistance. For example,
relations between overexpression of EGFR and ERB-BZ and
resistance o cisplatin and paclitaxel have been suggested

¥ Clinically, ampliftcation

based an in vitro experiments.
and overexpression of ERB-B2 or EGFR have been
comrelated with an unfavorable outcome in patients with
metastatic breast, ovarian, and esophageal earcinoma.'*

Conversely, inhibitors of EGFR and ERB-B2 enhance the
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antitumor activity of cisplatin in paticnts expressing these
receptor tyrosine kinases, rendering cisplatin- refractory
GCTs a target for a comprehensive znalysis of these
receptors. %

The members of the £GFR family dimerize upon ligand
stimulation and transduce their signals by activation of the
intrinsic protein tyrosine kinase activity and subsequent
This activates different

- : 6,49, - 1
downstream  signaling cascades.™™® Ligand-stimulated

tyresine  autophosphorytation.

heterodimerization results in considerably higher tyrosine
kinase activity than homodimerization. This is particularly
true for ERB-B2, which depends on coelocalization of
another EGFR family member to form heterodimers with
high tyrosine kinase activity.”'

These aspects, together with a single case of refractory GCT
responding to Herceptin  treatment, have formed the
rationale to investigate the expression of all members of the
EGFR family and of c-KIT in tumor specimens from a
homogenous group of 22 patients with clinically established
absolutely cisplatin-refractory disease. Furthermore, tumor
specimens from a group of 12 patients with widespread
metastatic disease at initial diagnosis, all responding
favorably to first-line dosc-intensive chemotherapy, served
as a control cohort to detect a potential prognostic value of
the EGFR family.

In the current study, positive staining for the EGFR family
members, particularly of EGFR and ERB-B2, was rarely
observed. Staining was restricted primarily to one non—germ
cell malignancy and 1o the syncytiotrophoblasts of
choriocarcinoma components. In ore of the latter cases, an
amplification of the ERB-B2 gene was observed. This
pattern EGFR in  the
syncytiotrophoblasts of choriocarcinoma and trophoblastic

of positive staining  for
giant cells in our serics probably reflects the physiologic
differentiation of these cells, as it mimics the sitvation in
normal placenta.” No differences in staining pattern of any
of the receptors studied were found between samples from
therapy-refractory and  chemotherapy-sensitive GCT
patients, This indicates that the EGFR family may neither be
of important prognostic value regarding the development of
chemotherapy resistance in patients with this disease nor
servg as a tazget for new freatment strategies in GCT in
general,

In contrast te our study, Moroni et al.”

reporied that 16 of
EGFR by
tumars

18 nonseminomas were positive for

immunohistochemistry. However, all positive
contained a choriocarcinoma component and neither criteria
for immunchistochemical evaluation nor deseription of the
distribution of EGFR signal in the positive cases were

given, Based on their findings, Moroni et al. encourage
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clinical trials with tyrosine kinase-interactive agents,
particularty because they consider GCTs containing
likely to fail
seems to  be an

choriocarcinoma  components  more

conventional treatment.  This
oversimplification. This is because in our serics of patients
with documented treatment failure, choriocarcinoma was
only present in 15% of the cases. This strongly limits the
value for therapeutic medalitics aiming at this particular
histologic subtype, Even in cases of choriocarcinoma, we
convincingly demonstrated that EGFR was restricted to the
syncytiotrophoblastic cells. Due 1o this histologic heteroge-
neity of GCTs, application of a treatment targeting only one
specific cell type within a tumor is not justified. This
approach would not affect the majority of the malignant
cells, including cven the cytoirophoblastic cells of
chariccarcinoma.

A study by Soulie et al™ reported the ERB-B2 status of
gonadal and mediastinal GCTs, tissue from retroperitoneal
lymph node dissections and from late recurrences, wsing
immunohistochemistry and FISH, Whereas 22 of 97 cases
were  scored  positive by  immunohistochemistry,
amplification of the respective gene was only found in 4
cases, 3 of these being late recurrences potentially
containing non—germ celf tumor elements. Furthermaore, the
results from FISH and immunchistochemisiry were not
correlated. These data are in line with our conclusion that a
resistant phenotype in GCTs is not related to alterations in
the ERB-B2 signalling pathway. STI571, 2 newly developed
tyrosine kinase inhibitor, which was investigated initially in
patients with chronic myelogenous leukaemia targeting the
BCR-ABL tyrosine kinase, also inhibits the tyrosine kinase
¢-KIT.® Thus, STI571 has now been investigated in a
variety of ¢c-KIT-overexpressing tumors. Durable responses
in 2 high percentage of patients have been reported in
gastrointestinal stromal tumors, a tumor entity known 1o be
highly chemotherapy and radiation refractory.’™* The most
favorable responses were achieved in patients whose tumors
showed activating mutations of ¢-KiT. No expression of ¢-
KIT was

nonseminomatous GCTs, suggesting that STIS71 will not

found in our patients with refractory
provide a thesapeutic option for these patients. In fine with
previous reports, ¢-KIT was only detected in the pure
seminoma specimen and in the semiromatous component of

a combined wmor.®¥

In general, seminomatous histology
is a favorable prognostic marker in metastatic GCT and the
development of chemotherapy-resistant seminoma is un-
usual. Activating ¢-KIT mutations arc hardly detectable
even in seminomas.'® However, in the rare case of a patient
with a refractory seminoma, it might be of interest to

consider treatment of the patient with STiI571.
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In summary, although the new receptor tyrosine kinase

inhibitors may offer therapeutic options in a number of

malignant diseases, refraclory GCTs only show very rarely

positive staining for the receptor lyrosine kinases of the
EGFR family and of ¢-KIT. Therefore, EGFR, ERB-B2,
ERB-B3, ERB-B4, and ¢-KIT are not likely targets for
treatment.

REFERENCES

1.

2.

3.

20.

Bosl GJ, Motzer RJ. Medical progress: testicular germ-cell
cancer, N Erngl J Med. 1997;337:242-253.

Einhorn LH. Treatment of testicular cancer: a new and improved
model. S Clin Oncal 1990;8:1777-1781.

Skakkeback NE. Possible carcinoma-in-situ of the testis, Lancet,
1973;2:516 517,

Ulbright TM. Germ cell neoplasms of the esiis, Am 4 Sirg
Pathef. 1993;17:1075-1091.

Porcu P, Bhatia S, Einhom LH. Results of treatment after relapse
from high-dose chemotherapy in germ cell tumars,

J Clin Oncol. 2000;18:1181-1185.

Bokameyer C, Kollmannsberger C, Harstrick A, et al. Treatment
of patients with cisplazin refractory wsticular germn cell cancer. fir
J Cancer. 1999;83:848-852.

Baselga J, Albancli J. Mechanisms of action of anti-HER2
maneglenal antibodies. Ann Orcod. 2G01;12 (Suppl 1):835- 841,
Mendelsohn J. Blockade of rcceptors for growth factors: an
anticancer therapy—the fourth annual Joseph H. Burchenal
American Association for Cancer Research Clinical Rescarch
Award Lectare. Cin Cancer Res, 2000,6:747-753,

Druker B), Lydon NB. Lessons leamed from the development of
an abi tyrosine kinase inhibiter for chronic myelogenous
leukemia. J Clin fuvess, 2000;105:3-7.

Moyer JD, Barbacci EG, lwata KK, et al. Inductien of apeptosis
and cell eyele amest by CP-358,774, an inhibitor of cpidermal
prowth  factor receptor tyrosine kinase. Cancer Res.
1997;57:4838-4848.

Rajpert-De-Meyls E, Skakkeback NE. Expression of the c-kit
pratein product in carcinoma-in-sita and invasive testicular germ
cell umours, fnt J Androl. 1994;17:85-92.

Lzquierdo MA, Van der Valk P, Ark-Otte J, et al. DilTerential
expression of the ¢-kit prole-oncopene in germ cell twmours. J
Pathol. 1995;177:253-258.

Tian Q, Frierson HF, Keystal GW, Moskaluk CA. Activating c-kit
gene muwations in human germ cell wmors. Am J Pathol,
1995:154:1643-1647,

Schotl §, Beuzeboc P, Pousllart P. Targeting HER2 in other tumor
types. Ann Oneol. 2001;12 (Suppl 1).S81-5887.

Chen X, Yeung TK, Wang Z. Enhanced drag resistance in cells
coexpressing ErbB2 with EGF rcceptor or ErbB3. Bio-chem
Biopkys Rex Comnum. 2000;277:757-763.

Kollmannsberger C, PreBler H, Kanz L, Bokemeyer C, Cis-platin-
refractory, HER2/neu expressing germ cell cancer: induction of
remission by the monoclonal antibedy Trastuzumab. dnn Oncod.
1999;10:1393-13935,

fntemnational Germ Cell Consensus Classification. A prognosiic
factor-based staging system for metastatic germ cell cancers.
International Germ Cell Cancer Collaborative Group. J Clin
Cneol. 1997,15:594-603.

Nichals CR, Andersen I, Lazarus HM, et al. High-dose car-
boplatin and ctoposide with autologous bone marrow trans-
plantation in refractory perm cell cancer: an Eastern Cooperative
Oncology Group protocol. J Clin Oncol, 1992;10:558- 563.

Rok ver C, Kollr ger C, Mei C, e al, First-ling
high-dose chemotherapy compared to standard-dose PEB/VIP
chemotherapy in palicots with advanced germ ccli tumors; a
multivariate and matched pari  analysis. J Clin Oncol
1999;17:3450-3456.

Rick O, Bekemeyer C, Beyer J, et al. Salvage Ireatment with
paclitaxel, ifosfamide, and cisplatin plus hiph-dose carboplatin,
etoposide, and thiotepa followed by autologous stell celi rescue in
patients with relapsed or refractory germ ccll cancer, S Ciin
Oncol. 2001;19:81-88,

27,

30.

3L

33

34.

35,

36.

37,

38

39.

40.

Bokemeyer C, Beyer J, Melzner B, et al. Phase 1l swdy of
paclitaxel in patients with relapsed or cisplatin.refractory
testicufar cancer. Ann Oncol. 1996;7:31-34,
Bokemeyer C, Gerl A, SchdfTski P, et al. Gemeitzbine in patients
with relapsed or cisplatin-refractory testicular cancer. J Clin
Gneol. 1999;17:512-516.
Kollmannsberger C, Gerl A, Schleucher N, et al, Fhase 1 study of
bendamusting in patients with relapsed or cisplatin- refractory
germ cell eancer, Anticancer Drugs. 2000:11: 535-539,
Kalimannsberger C, Rick O, Beyer J, et al. Oxalipfatin in patiems
(pls) with cisplatin-refractory germ cell cancer (GCT) [Abstract].
Proc Am Soc Clin Oncal. 2001;26:193a (Abstract 770).
Mostefi FK, Scsterhenn 1A, Pathology of germ cell tumors of
testes. Prog Clin Biol Res. 1985:1-54.
Cobleigh MA, Vogel CL, Tripathy D, ¢1 al. Multinational study of
the efficacy and safety of humanized anti-HER2 monoclonal
antibody in women who have HER2-overex-pressing metastatic
breast cancer that has progressed afler chemotherapy for
metastatic disease. J Ciin Gneol. 1999;17: 2639-2648,
Slamon DJ, Leyland-Jones B, Shak 8, et al. Use of chemotherapy
plus a monoclonal amibody against HER2 for metastatic breast
cancer that overexpresses MER2. N Bapl J Med. 2001;344:783—
792.
Adams EJ, Green JA, Clark AH, Youngson JH. Comparison of
different scoring sysiems for immunohistochemical staining. J
Clin Pathol. 1999;52:75-77.
van Diest PJ, van Dam P, Henzen-Logmans SC, el al. A scoring
system for immunohisiechemical staining: consensus report of the
task force for basic research of the EORTC-GCCG, European
Organization for Research and  Treatment of Cancer-
Gynageological Cancer Cooperative Group. S Clin Pathel.
1997;56:801-804.
Chow N-H, Chan §-H, Tzai T-8, Ho C-1, Liu H-S. Expression
profiles of ErbB family rcceptors and prognesis in primary
transitional cell carcinomez of the urinary bladder. Clin Cancer
Res, 2003,7:1957-1962.
Blanke C, Mehren M, Joensuu H, & al. Evalvation: of the safery
and cfficacy of an oral molecularly-targeted therapy, ST1571, in
patients (pts) with unreseciable or melastatic gaslrointestinal
stromal tumors (GISTS) expressing c-kit (CD117} [Abstract].
Prac Am Sac Clin Oneel. 2001;20:1a (Absiract 1),
van Qosterom AT, Judson 1, Verweij |, et al. STI571, an active
drug in metastatic pastrointestinal stromal tumors (GIST), an
EOQRTC phase | study [Absiract]. Proc Am Soc Clin Oncol.
2001;20:1a (Abstract 2).
Moulder SL, Yakes M, Bianco R, Arteaga CL. Small molecule
EGF receptor tyresing kinase inhibiter ZD1839 (IRESSA} inhibits
HER2/Neu (erb-2) overexpressing breast wmor cells [Abstract].
Proc Am Soe Clin Oncol. 2001;20:3a (Abstract 8).
Saltz [,, Rubin M, Hochster 4, ct al. Cetuximab (IMC-C225) plus
irinotecan (CPT-11} is agtive in CPT-11-refractory cole-rectal
cancer (CRC}) 1hat expresses epidermal growih factor receptor
(EGFR) [Abstract). Proe Am Soc Clin Ouesl 2001; 20:3a
(Abstract 7).
Aneaga CL, Wianicr AR, Poiricr MC, ¢t al. p185c-erbB-2 signal
enhances  cisplatin-induced  cyictoxicity in  humar  breast
carcinoma cells: association heiween an oncogenic receplor
tyrosine kinasc and drug-induced DNA repair. Cancer Res.
1994;54:3758-3765.
Blarari D, Yarden Y. Mokcular mechanisms underlying
ErbBYHERZ action in breast cancer. Oneagene, 2000;19: 6102~
G114,
Montgomuery RB, Guzman J, O’Raurtke DM, Stahl WL. Ex-
pression of oncogenic epidermal growth factor receptor family
kinases induces paclitaxel resistance and ahers beta-wbulin
isatype cxpression. J Bio! Chem. 2000;275:17358~ 17363,
Waosikowski K, Schuurhuis D, Kops GJ, Sacedz M, Bates SE.
Altered gene expression in drig-resistant human breast cancer
cells. Clin Cancer Res. 1997;3:2405-2414,
Chen Z, Ke LD, Yuan XH, Adler-Storthz K. Correlation of
cisplatin sensitivity with differential alteration of EGFR ex-
pression in head and neck cancer cells. Amticancer Res.
2000;20:899-902.

Slamon DJ, Godolphin W, Jones LA, et al. Studies of the
HER-2/neu proto-oncogene in human breast and ovarian cancer.
Seience. 1989;244:707-7112,

81




Chapter 6

41,

42,

43,

44,

45.

46,

47.

48.

82

Salomon S, Brandt R, Ciardiello F, Normanno N. Epidermal
growth faclor-related peptides and their receplors in human
malignancics. Crif Rev Oncol Hematol. 1995;19:183~- 232,

Cooke T, Regves I, Lanigan A, Slanon P. HER2 as a prog-nostic
and predictive marker for breast cancer. Ann Oncol 2001512
(Suppl 1):823-528.

Scambia G, Benedetti-Panici P, Ferrandina G, et al. Epidermal
growth factor, oestrogen and progesterone receptor expression in
primary ovarian cancer: correlation with clinical outcome and
response to chemotherapy. 8rJ Cancer. 1995;72:361-366.

Long B, McKibben BM, Lynck M, van den Berg HW. Changes in
epidermal growth faclor receplor eXpression and response to
ligand asscciated with acquired ramoxifen resistance or cesirogen
independence in the ZR-75-1 human breast cancer cell line. Br J
Cancer. 1992:65:865-369.

Dassonvitle O, Formento JL, Francoual M, ¢t al. Expression of
epidermal growth facter receptor and survival ia upper
acrodigestive tract cancer. J Clin Oneel, 1993;11:1873-1878.

Fan Z, Basclga J, Masui H, Mendelsohn F. Antitumor efleet of
anli-epidermal growth factor receplor monoclonal antibodies plus
cis-diammincdicliloroplatinum on well established A431 cell
xenogralts, Cancer Res. 1993;53:4637-4642.

Hancock MC, Langton BC, Chan T, et al. A monoclonal antibody
against the c-erbB-2 protein enhances the cytotosicity of cis-
diamminedichloroplatinum against human breast and ovarian
tumor cell lines. Cancer Rex. 1991;51: 45754580,

Pictras RJ, Fendly BM, Chazin VR, Pegram MD, Howell SB,
Slamoen DJ. Antibody to HER-2/ncur receptor blocks DNA repair
after cisplatin in human breast and ovarian cancer cells,
Oncogene. 1994;9:1829-1838.

49
50.

BN

53

54.

55

56.

57

Hunter T. Signaling--2000 and beyond. Ceif. 2000;100:113- 127.
Baselga J, Pfister D, Cooper MR, et al. Phase 1 studies of anti-
epidermal growth factor receptor chimeric amibody €225 alone
and in combination with cisplatin, J Clin Oncel. 2000;]8:904—
914,

Klapper LN, Glathe 8, Vaisman N, et al. The ErbB-2/HER2
oncoprotein of human carcinomas may function solely 35 a shared
coreceptor for multiple stroma-derived growth factors. Proc Narl
Acad Sci US-. 1999;96:4995-5000.

Ladines-Llave CA, Marue T, Manalo AS, Mochizuki M.
Cytolegic localization of epidermal growth factor and its receptor
in developing human placenta varies over the course of
pregnancy. Am J Gbster Gynecol. 1991;165:1377-1382.

Moroni M, Veranese §, Schiave R, ¢t al, Epidermal growth factor
receptor expression and activation in nonseminomatous germ cell
tumoss. Clin Cancer Res. 2001;,7:2770-2775.

Soule SE, Vance GH, Baldrige L, el al. HER-2/neu expression in
germ cell umors (GCT) [Abstract). Proc Amt Soc Clin Oncol.
2001;20:192a (Abstract 766).

Heiarich MC, Griffith DF, Druker BJ, Wait CL, Ott KA, Zigler
Al. inhibition of c-kit receptor tyrosine kingse activily by STI
571, a sclective tyrosine kinase inhibiter. Blood. 2000;96; 925-
932,

Bokemeyer €, Kuezyk MA, Sehr J, e al. Treatment of stage |
testicular cancer and the possible role for new biclogical
prognosiic markers. J Cancer Res Clin Oncol. 1996;122:475—

Strohmeyer T, Peter 8, Hartmann M, ct al, Expression of the hstl
and c-kit protooncogences in human testicular germ cell tumors.
Cancer Res. 1991351:1811-1816




Chapter 7

ANEUPLOIDY OF HUMAN TESTICULAR GERM CELL TUMORS IS ASSOCIATED WITH

AMPLIFICATION OF CENTROSOMES

Oncogene 2003, in press

Frank Mayer, Hans Stoop, Subrata Sen, Carsten Bokemeyer, J. Wolter Qosterhuis, and
Leendert H.J. Looijenga







Centrosome abnormalities in germ cell tumors

Aneuploidy of human testicular germ cell tumors is associated with

amplification of centrosomes

Mayer F."?, Stoop H.!, Sen 8.2, Bokemeyer C.%, Oosterhuis J.W.!, and Looijenga L.H.J. '

Pathology/Laboratory for Experimental Patho-Oncology, Josephine Nefkens [nstitute,

Erasmus Medical Center/Daniel den Hoed Cancer Center, 3000 DR Rotterdam, the Netherlands
Abteilung fiir Onkologie, Himatologie, Inenunologie und Rheumatologie,

Medizinische Universitaetsklinik Tiibingen, 72076 Tilbingen, Germany

*  Division of Pathology & Laboratory Medicine, Box 54, Room Y4.5609

The University of Texas M.D. Anderson Cancer Center, 1515 Holcombe Boulevard,

Housten, TX 77030

[

Running title: Centrosome abnormalities in germ cell tumors

Key words: germ cell tumors, aneuploidy, centrosomes, STK15

Corresponding author:

Leendert H.J. Looijenga, Ph.ID.

Pathology/Lab. for Experimental Patho-Oncology
Josephine Nefkens Institute

Erasmus Medical Center, Building Be room 430b
P.O. box 1738, 3000 DR Rotterdam

The Netherlands

Phone: +31 10 4088329

Fax: +31 10 40838365

g-mail: looijenga@leph.azr.nl

&5




Chapter 8

Abstract

Testicular germ cell tumors occur in three age groups. Seminomas and nonseminomas of adults,
including mature teratomas, and the precursor carcinoma in situ (CIS) are aneuploid. This holds also true for
yolk sac tumors of newborn and infants while the mature teratomas of this age are diploid. In contrast,
spermatocytic seminomas occusing in the elderly contain both diploid and polyploid cells. Aneuploidy has
been associated with centrasome aberrations, sometimes related to overexpression of STK/5. Aneuploidy of
non-neoplastic germ cells has been demonstrated in the context of male infertility, a risk factor for the
development of seminoma/monseminoma. We investigated aneuploidy, centrosome aberrations and the role
of STKI5 in different types of testicular germ cell tumors as well as in normal and disturbed
spermatogenesis. The aneuploid seminomas and nonseminomas tumors (including CIS) showed increased
numbers of centrosomes, without STK/5 amplification or overexpression. Four out of six infantile teratomas
had normal centrosomes, the remeining two and an infantife yolk sac tumor showed a heterogeneous pattern
of cells with normal or amplified centrosomes. Spermatocytic seminomas had two, four or eight
centrosomes. Germ cells in seminiferous tubules with disturbed spermatogenesis shared both aneuploidy and
centrosome abnormalities with seminomas/nonseminomas and showed a more intense STK1S staining than
ihose with normal spermatogenesis and CIS. Therefore, aneuploidy of testicular germ cell tumors is

associated with amplified centrosomes probably unrelated to STK15.
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Introduction

Aneuploidy is the most frequent genomic abesrration found in solid tumors and has been proposed as
a crucial event in the development of many malignancies (Mitelman, 2000, for review). Recent studies have
suggesied a link between centrosome anomalies, chromosomal constitution and phenotype. Centrosomes are

cellular structures composed of a pair of centrioles associated with so called pericentriolar material, of which

pericentrin is an important component {Doxsey et al., 1994). Centrosomes are essential for proper cellufar
polarity and & balanced distribution of chromesomes during mitosis and meiosis (Hincheliffe & Sluder,
2001, for review). Centrioles start to duplicate at the late Gl/early S phase of the cell cycle, and two
functional centrosomes are formed during G2. Centrin as one constituent of the centrioles appears to be
important in the proper segregation of centrioles during cell cycle, probably regulated by phosphorylation of

a serine residue (Lutz et al,, 2002). Aberrant centrin phosphorylation has been observed in breast cancer with

supernumerous centrosomes (Lingle et al., 1998).

In vitro experiments proved the link between centrosome amplification induced by inactivation of
P53 (Fukasawa et al, 1996; Meek, 2000), and overexpression of the centrosome-associated serine/threonine
kinase STK 15 (BTAK/Aurora2/AuroraA) (Zhou et al., 1998) and aneuploidy. The STK/5 gene maps to the
long arm of chromosome 20, band q3, and it is found to be amplified in primary tumors of the breast, ovary,
coion, prostate, cervix and neuroblastoma, and various cell lines. Overexpression of STK/J has also been
reported without gene amplification. Lack of centrosome duplication before mitosis results in polyploidy,
while aneuploidy might result from the presence of multiple centrosome duplications during one cell cycle.
The presence of abnormal centrosomes, i.e., amplification/hypertrophy and a disturbed cellular distribution,
has been observed in various aneuploid cancers of ditferent histogenesis (Ghadimi et al., 2000; GustafSon et
al., 2000; Kuo et al., 2000; Lingle et al., 1998; Pihan et al., 2001; Weber et al., 1998).

Aneuploidy is characteristic for all testicular germ cell tumors of adolescents and adults {TGCTs),
i.e., seminomas and nonseminomas (El-Naggar el al., 1992; Ko et al.,, 1996; Looijenga et al., 1991,
Looijenga et al., 2000, Mostert et al., 1996; Oosterhuis et al., 1989; Ottesen et al., 1997, Rosenberg et al.,
1999; Summersgill et al., 1998; Summersgiil et al., 2001). This is also the case for their common precursor
carcinoma in site (C1S) (De Graaff et al.,, 1992; Faulkner et al., 2000; Gillis et al., 1994; Looijenga et al.,
1993; Looijenga et al., 2000; Summersgill et al., 2001; Van Echten-Arends et al., 1995). While seminomas
are composed of cells highly simifar to CIS cells, the nonseminomas can be composed of embryonal
carcinoma, yolk sac tumor, choriocarcinoma, and teratoma {Mostofi & Sesterhenn, 1998). Interestingly, gain
of the long am of chromosome 20 has been found in some TGCTs, including CIS (Looijenga et al., 2000;
Rosenberg et al, 1999; Summersgilt et al, 2001). Due to the consistent aneuploidy of TGCTs,
polyploidization has been proposed as one of the initiating events in the formation of CIS, although the
mechanisms involved are unknown. Based on this knowledge, attempts have been undertaken to detect CIS
ceils in semen of patients suspected for the presence of a TGCT (Clausen et al., 1991; Giwercman, 1992;
Giwercman et al., 1993). This has not been successful so far, due to the small amounts of CIS cells present,

as well as the presence of aneuploid non-malignani germ cells in testicular samples showing atrophy, even
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unrelated to the presence of a TGCT. The mechanisms behind this phenomenon have also not been explored
so far.

In contrast to the histological diversity of TGCTs, the germ cell tumors of newborn and infants are
either teratoma or yolk sac tumor (Scully, 1978). Whereas the yolk sac tumors of newborn and infants are
aneuploid, the infantile teratomas are diploid (Looijenga et al., 2000; Mostert et al., 2600; Perlman et al,,
1994; Perlman et al., 2000). Within the adult testis, a third entity of germ cell tumors is identified, the so
called spermatocytic seminoma (Burke & Mostofi, 1993; Cummings et al., 1994; Dekker et al., 1992; Ebie,
1994, Miiller et al., 1987, Rosai et al., 1969; Scully, 1961; Talerman, 1974). These tumors have a separate
pathogenesis from that of TGCTs, and most likely originate from a germ cell which is able to undergo partial
meiosis (Stoop et al., 2001, for review). This is in agreement with the presence of small, intermediate and
targe cells, representing nuclei with a diploid, a tetraploid and a hypertetraploid DNA content {Looijenga et
al., 1994; Rosenberg ct al., 1998).

We investigated the presence of centrosome abnormalites and a possible rofe of STKIS, in the
pathogenesis of both dipleid and aneuploid germ cell tumors of different etiology and histology. In addition,
these parameters were studied in the context of the presence of aneuploid germ cells in testicular parenchyma

with atrophic features, related and unrelated to TGCTs.
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Material and Methods
Tissue samples and patients characteristics

Tumor specimens were collected between 1997 and 2000 in close collaboration with urologists and
pathologists in the South-Western part of the Netherlands, Tissue samples were snap frozen directly after
surgery. Whenever feasible, samples from tumorous and non-tumorous parts of the specimen were taken,
Patients underwent orchidectomy/resection for TGCTs (n = 26), spermatocytic seminoma (n = 3), Leydig

cell tumors (n = 4), B-cell non-Hodgkin’s lymphoma of the testis (n = 3), non-neoplastic reasons (n = 2), or

infantile germ cell tumors (n = 7). Patients characteristics are given in Table 1.

Table 1:  Baseline patient characteristics of tumor patients .

Infantile cases TGCTs Spermatocytic  Disease unrelated
seminoma 10 TGCT
Number 7 26 3 9
Median age (ycars) ; 34 (14-62)
Diagnosis
s  Seminoma 11
¢ Nonseminoma (all cases) 7 15
mixed nonseminoma 12
pure embryonal carcinoma 2
pure yolk sac tuntor 1
pure teratoma 6 I
*  Spermatocytic seminoma 3
«  Disease unrelated to GCT
B-cell lymphoma 4
Leydig cell tumor
2

non-ncoplastic

Enzyme- and innmunohistochemistry

Sections of 5 um were air-dried, fixed in acetone for 5 min, air dried, rinsed in phosphate buffered
saline (PBS), blocked with PBS containing 1% bovine serum albumin (BSA, Sigma Chemicals, Zwijndrecht,
Netherlands). Antibodies were diluted in 1% BSA in PBS, all incubations (primary and secondary
antibodies} were done at room-temperature for | h, Sections were incubated with: anti-STK15 antibody
{rabbit polyclonal, provided by S. Sen, diluted 1:50), and/or a mouse monoclonal anti-centrin {clone 20HS5,
diluted 1:600, kindly provided by Dr, J.L. Salisbury, Department of Biochemistry and Molecular Biology,
Myo Clinic, Rochesterm Minnesota, USA) , or anti-pericentrin {rabbit polyclonal, Babco, Richmond, CA,
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diluted 1:200). Slides were rinsed in PBS and incubated with the respective secondary antibody (FITC
conjugated swine anti-rabbit immunoglobulin, DAKOQ, Glostrup, Denmark, diluted 1:50) and/or Cy3-
conjugated goat anti-mouse immunoglobulin G (Jackson Immuno Research Laboratories, Westgrove, PA,
diluted 1:100), rinsed, post-fixed in 4% formaline and mounted in Vectashield (Vecta Laboratories,
Burlingame, CA) containing 0.1% DAPIL Double stainings for cenirin and pericentrin were performed on
selected cases, and showed identical results. For demonstration of endogenous alkaline phosphatase, which
specifically demonstrates the presence of CIS cells (Roelofs et al., 1999), slides were incubated in 60 ml
Tris-buffer (0.2 M, pH 8) containing 15 mg Fast Red and 15 mg Naphtol-As-MX-Phosphate (Sigma

Chemicals, Zwijndrecht, Netherlands) for 5 min. before fixation in formaline.

Fluorescent in situ hybridization (FISH)

A STK135-specific probe (BAC 3B23, kindly given to use by Dr. S. Sen, MD Anderson Cancer
Center, Houston, Texas, USA) was used to check for amplifications of the gene (Zhou et al., 1998). For
ploidy analysis, centromere specific probes for chromosome [2 (pai12HS; (Looijenga et al., 1990) and 15
{D15Z1; (Higgens et al., 1985)) were used. FISH was performed as previously described (Kersemaekers et
al., 2002).

Evaluation of imymunohistochemical stainings, scoring of spermatogenesis in seminiferous tubules and
correlation with ploidy, centrosome aberrations and STK135 level

The immunohistologically stained sections and those used for FISH, containing the seminiferous
tubulfes, were evaluated with the DAPI-filter for presence of different stages of spermatogenesis from
spermatogonia to spermatozoa. These were analyzed for alkaline phosphatase enzymatic reactivity, centrin,
STK15, and the centromeres of chromosomes 12 and 15, respectively. The following "centrin-score" was
ascribed to tumors as a whole and to individual ubules: "1": the present germ ceils had normal centrosomes
composed of 2 centrioles; "2": four to eight centrioles; "3": more than eight centrioles. STK 1% was scored
subjectively as absent'weak ("1"), moderate ("2") or strong ("3"). A Johnson-Score (assessment of the
quality of spermatogenesis based on number and furthest maturation stage present with a score of ““10™ being
optimal with normal numbers of spermatozoae present, and a score of *1” representing Lotal absence of germ
cells and Sertoli cells) was attributed to individual tubules, Germ cells within seminiferous tubules were
considered aneuploid when the number of signals for centromeres 12 and 15 were not 1/1 or 2/2. Ten
randomly selected cells per tubule were assessed in 10 tubules per case. The number of aneuploid cells was
correlated with centrosome abnormalities, or STK15 protein level in 10 randomly selected tubules per

section.
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Sratistical analysis

A possible correlation between the number of aneuploid cells and the Johnson score was tested in

parenchyma samples of four cases within a testicular germ cell tumor or CIS by ANOVA, A correlation

between mean Johnson-score and mean centrin score and beiween mean Johnson score an mean BTAK score

was tested in the parenchyma in patients with (n=13) and without (n=9%)} in invasive

seminoma/nonseminoma/CIS.
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Results

We investigated whether aneuploidy of human testicular germ cell tumors correlates with the
presence of centrosome anomalies. Therefore, a series of seven germ cell tumors of newborn and infants (six
teratomas and one yolk sac tumor), 26 mvasive TGCTs (11 seminomas and 15 nonseminomas), 13 testis
samples contzining CIS, and three spermatocytic seminomas were investigated by immunohistochemistry
and FISH. The ploidy of these tumors has been reparted before, showing that all TGCTs, including CIS, as
well as the only yolk sac tumor of infants are aneuploid, and that the teratomas of newborn and infants are
diploid (Lootjenga <t al., 2000; Rosenberg ei al., 1999; Rosenberg et al, 1998). In addition, the
spermatocytic seminomas contain diploid, tetraploid and hypertetraploid cells (Looijenga et al, 1994;
Rosenberg et al., 1998). The number and conformation of the centrosomes in these tumors was delermined

using two different antibodies (dirccted against centrin and pericentrin), which revealed identical results.

Centrosone organization and STK13 protein in CIS, seminomas and nonseminomas

All seminomas and nonseminomas showed an increased number of centrosomes per cell compared to
normal cells, Their numbers per tumor cell varied between 4 and approximatety 20, and they were arranged
as aggregaies at one pole of the nueleus (Figure 1A). Within a singte wmor, the pattern was homogeneously
distributed, even in ease of nonseminomas with different histological clements, including the fully
differentiated, but ancuploid teratoma (Figure 1B) (Looijenga et al., [991). No differences in ploidy status,
as demonstrated by the copy numbers of two reference chromosomes {Rosenberg et al., 1997; Rosenberg et
al., 1999), were found in three seminomas with the lowest level of centrosome-amplification (about four
centrioles per cell) compared to three seminomas with the highest level of ampliltcation (up to 20 centrioles
per cell) by ANOVA (mean number of chromosome 12 signals per cell 3.2 versus 2.5, p=0.24; mean number
of chromosome 15 signals 2.3 versus 2,5, p=6.4), Immunohistochemistry showed that the STK15 protein
was either absent or present at a very low level in TGCTs (see Figure 1A/B). In addition, nonc of the tumors
showed amplification of the STK73 genc as studied by FISH {data not shown).

CIS cells were identified by the direct alkaline phosphatase staining in the testicular parenchyma
adjacent to three seminomas and 10 nonseminomas. Double immunohistechemistry for alkaline phosphatase
and centrin demonstrated the presence of amplified centrosomes in all CIS cells (see Figure [C). This is in
agreement with their known aneuploid DNA content (De GraalT et al., £992; Faulkner et al., 2000; Gillis et
al,, 1994; Looijenga et al., 1993; Looijenga et al., 2000; Summersgill et al., 2001; Van Echien-Arends et al.,
1995), confirmed by FISH in the specific cases studied here (data not shown). The patlern of centrosome
amplification in the CIS cells was more heterogencous than observed in the matched invasive tumor.
Similarly as in the invasive TGCTs, no or a very weak staining for STK15 was found. These results indicate
that overall the pattern of centrosome organization and presence of STK15 in CIS celis is similar to the

invasive components,
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Figure 1; Immunohistochemical stainings

ABD-H: double-staining for centrin {red) and STK13 (green); C: cozymehistochensical demonstration of alkaline
phosphatasc activity (red) with immunohistoclemical siaining for centrin (green). Arrows point to amplified centrosomes,
arrowheads to normal centresomes. A: seminoma. B: mature teratema of a mixed nonseminoma, C: Seminiferous tubule contaiaing
carcinoma &7 sity (positive for alkaline phosphatase). D: intantifc mature teratoma. E: infantile yolk sac wmor. F: spermatocyctic
seminoma. G: seminilerous tubule wilh disturbed spermatogencsis (no CIS cells). H: seminiferous tubule with intact
spermalogenesis,
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Infantile germ cell tumors and spermatocytic seminoma of the elderly

The only infantile yolk sac tumor studied (aneuploid), as well as two out of the six diploid teratomas
of this age group showed amplification of the centrosome in about 20% of the tumor cells (see Figure 1E).
These cells were spread throughout the whole histological section analyzed. The remaining four teratomas
showed normal centrosomes, both in number and organization, in agreement with their diploid DNA content
(Figure 1D). Three of these teratomas and the one yolk sac tumors showed no or a weak staining for STK15
protein, while the remaining teratomas showed a strong staining in the tumor cells. Only one of these
positive teratomas contained centrosome amplification (see above). All spermatocytic seminomas showed a
percentage of the tumor cells with normal centrosome organization (about 40%), whereas the remaining cells
had mostly four or eight centrosomes (see Figure 1F). As controls, a number of diploid tumors of different
origin (Leydig cell tumors and lymphomas) were included, which all showed a normal pattern of centrosome

organization {data not shown).

Ploidy, centrosomes and STK15 status in velation fo quality of spermatogenesis

Testicular parenchyma samples of 13 patients with TGCTs (also containing CIS), and of nine
patients with unrelated disorders were included in the analysis of the relationship between centrosome
organization and atrophy of the seminiferous tubules. Spermatogenesis was rated by means of the Johnson
score for 10 individual tubules per case, on which ploidy, centrosome aberrations and the presence of STK15
protein were assessed. The quality of spermatogenesis was in general reduced in samples of patients with a
TGCT compared to the other samples (median Johnson score of 6 compared to a median score of 8§, with a
range of 3 to 9 and 6 to 9, respectively). In the individual patients, the Johnson score of different tubules
varied considerably, with occasional tubules showing marked deterioration also in case of an overall well
preserved spermatogenesis. In the individual seminiferous tubules a clear correlation between impaired
spermatogenesis, and centrosome amplification was evident, regardless of the underlying disease and overali
quality of spermatogenesis (Figure 1G/H). This correlation was statistically siginificant (p<0.0001 ) (see
Figure 2A}. In four samples derived from patients with non-TGCT-related disorders, we analyzed the
correlation between Johnson score and the number of aneuploid cells (Figure 2B). Whereas in case of
complete maturation fo spermatozoa the germ cells were di- or haploid, tubules with disrupted maturation
arrested at earlier stages contained significantly more aneuploid cells, The latter showed a more intense

staining for STK15. This was also found in the normai germ cells of seminiferous tubules containing CIS.
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Figure 2:

A: Correlation between Fohnson score and mean ceotrin score for all tubules containing CIS and ali non-CIS containing

tubules given as mean for each patient. Score normal centrosomes, "2"; 4-8 centrioles, "3™: >8 centrioles; B: Perceniage of

aneuploid cells by Johnson-scorc given for individual tubules of 4 different patients (data from individual patients arc depicted by

different symbols)
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Discussion

Our data show a correlation between the presence of amplified centrosomes and aneuploid DNA-
content for human testicular germ cell tumors. Even though aneuploidy is the most frequent £ross genomic
aberration in solid tumors (Mitelman 2000), a similar correlation has only been described for a limited
number ol entities (Ghadimi et al., 2000; GustafSon et al., 2000; Kuo et al., 2000; Lingle et al., 2002; Lingle
et al., 1998; Pihan et al., 2001; Weber et al., 1998). Since we observed no difference in ploidy status of
lumors with on average 4 or 20 centrosomes, the presence of amplified centrosomes per se and not their
actual number seems to be of major importance for the aneuploidy of seminomas and nonseminomas.
However, the number of cases investigated in this regard is too small 1o exclude small differences in ploidy
depending on the number of centrioles present. It is of interest to note that these aberrations of centrosomes
are already present in the pre-invasive stage of TGCTs, in accordance with its aneuploidy (De GraafT et al.,
1992). This indicates that centrosomal changes do not represent a late stage of progression in TGCTs. In this
regard TGCTs differ from other solid tumors Fke prostate cancer, in which the level of centrosome
anomalies correlale with Gleason score (Pihan et al., 2001). The more heterogencous pattern of centrosome
amplification in CIS compared to the adjacent invasive tumor could be explained by a selective outgrowth
of a certain clone of CIS cells dering progression to an invasive tumor. Our data also show that centrosomal
aberrations in TGCTs are not related to amplification and/or overexpression of the STK15 gene, as found in
some types of aneuploid tumors (Miyoshi et al., 2001; Zhou et al., 1998). It may, therefore, be that additional
genes regulating chromosome segregation contribute towards induction of aneuploidy in TGCT. Two
recently identified mammalian members of the STKIS5 kinase family, AuroraB (aiso referred to as
Auroral/Aik2) and AuroraC (also referred to as Aik3), have been reported to overexpressed in several
human cancers (Kimura et.al. 1999, Talsuka et al., 1998, Katayama et.al., 1999). However, it cannot be rufed
out that overexpression of STK15 is involved in the initial obtainment of supernumerous centrosomes in
TGCTs. In addition, it remains 1o be investigated whether dysregulation of the TGF beta pathway (Glick et
al., 1999) is involved in the initial aneuploidization of TGCTs. A role of inactivation of P53 as indicated
recently for breast (Meraldi et al., 2002) and prostate cancer (Ouyang et al., 2001), seems unlikely in TGCTs
due to the presence of the wild type protein in almost all tumors (Kersemaekers et al., 2002, and references
cited therein).

The correlation between ploidy and centrosome status in human TGCTs is not restricted to the
seminomas and nonseminomas as demonstrated by the findings in the yolk sac tumor and teratomas of the
infantile testis, which have a separate pathogenesis compared to TGCTs (Looijenga, 1999, for review). The
aneuploid yolk sac tumor has amplified centrosomes in some of the tumor cells. The enly tumors showing a
normal centrosome organization are the diploid teratomas of the newborn and infants and to a certain extent
the spermatocytic seminomas. The finding of infantile teratomas containing a small cell fraction with
amplified centrosomes remains unclear. It is conceivable that aneuploidy of the respective cells has been
overlooked due Lo the techniques used for assessing their ploidy status. Besides the presence of diploid tumor

cells, spermatocytic seminomas also contain tumor cells with a polyploid DNA content. Therefore, the subset
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of tumor cells containing 4 or 8 centrosomes could be considered as “normal” assuming a polyploid

chromoseme content. The infantile teratomas and the spermatocytic seminomas are the least malignant

subtypes of germ cell tumors, although the teratomas may progress to the (aneuploid) malignant yolk sac
tumor and the spermatocytic seminomas to sarcoma (Burke & Mostofi, 1993; Floyd et al., 1988; Matoska &
Talerman, 1990; True et al., 1988). Therefore, the data presented are in accordance with the model that
aneuploidy and centrosome amplification are related to, and may be a prerequisite for a more malignant
phenotype. The presence of STK 135 despite normal centrosomes in some of these infantile teratomas, remains
unexplained so far. Different localizations of STKI5 have been described depending on the model

investigated. In contrast to the centrosomal localization in HeLa-cells in vitre, a cytoplasmic staining was

seen in paraffin-embedded tissue samples from patients suffering from bladder cancer after antigen retrieval

using the identical antibody (Zhou et al., 1998; Sen. Et al., 2002}). In the fresh-frozen tissue sections of testis
tissue and GCTs, the antibody resulted in a circumscript nuclear/perinuclear staining in cells in interphase.
Whether these differences have a functional meaning or might just be caused by different experimental

conditions remains to be elucidated.

Aneuploidy of germ cells in not confined to the situation after malignant transformation,. It has also
been found in semen of patients with a disturbed fertility (Acar et al,, 2000; Lahdetic et al., 1997; Shi &
Martin, 2000; Van Dyk et al, 2000), both after acute external hazards, like chemotherapy, and primary
infertility, the latter condition being a known risk factor for development of a TGCT (Jacobsen et al., 2000a;
Jacobsen et al., 2000b; Moller & Skakkebazk, 1999). To investigate whether amplification of centrosomes
also ptays a role in the generation of aneuploid germ cells under non-malignant conditions, we assessed
spermatogenesis quality (by the Johnson score) in relation to ploidy, centrosome organization, and presence
of STK15 protein. All samples showed a correlation between the presence of ancuploidy, centrosome
number and a poor Johnson score. The data also indicate that detection of supernumerous centrosomes and
aneuploidy can not be used as markers for CIS in semen. Of interest is that STK15 protein staining was
stronger in germ cells of seminiferous tubules with a low Johnson score compared to seminiferous tubules
with a high Johnson score as well as the TGCTs and CIS. This might be related to the model that
spermatogonia respond to external stress factors by induction of STK15, which results in surplus numbers of
centrosomes and subsequently aneuploidy of germ cells. Subsequently, this could lead to a differentiation
block of the germ cells and atrophy. This idea is supported by the uniform picture in the testis of patients
suffering from primary TGCTs and unrefated disorders including acute trauma. Another supporting argument
is the finding of aneuploidy in oligospermic semen after chemotherapy for various malignancies (Robbins et
ak., 1997). A similar course of events when occurring in primordial germ cells or gonocytes in the embryonic

testis may initiale TGCTs. Role of STKIS5 in the initiation of centrosome amplification and induction of

aneuploidy, as suggested, seems plausible in view of the recent reports that abaormal elevated expression of
this protein is detected in a minor fraction of aneuploid bladder epithelial cells of near diploid human bladder

turnors (Sen et.al., 2002) and also as an early event in rat mammary carcinogenesis (Goepfert et.al., 2002),
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In conclusion, human TGCTs, ie., seminomas and nonsentinomas of the adult testis, as well as
teratomas and yolk sac tumors of newborn and infants, and spermatocytic seminoma of the elderly
demonstrate a close relationship between aneuploidy and ampiification of centrosomes. As this feature is
already present in CIS of the testis, it is an early event in development of TGCTs, and not related to
invasiveness. Although generation of centrosome aberrations in these tumors seems to be unrelated to
STK135, this protein might be involved in the formation of aneuploid germ cells in case of a disturbed

spermatogenesis.
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8 GENERAL DISCUSSION

Due to their histological and biological diversity, GCTs offer a unique mode] to investigate the molecular
basis for chemotherapy sensitivity and resistance in solid tumors. The spectrum of clinical response ranges
from durable complete remissions of advanced metastatic disease after three to four cycles of chemotherapy
to absolute chemotherapy resistance of refractory invasive nonseminomas or mature teratormnas. The
comparison of the varicus histologic differentation stages present in GCTs allows insight into the effect of
differentiation on putative resistance mechanisms, which can influence the efficacy of cytotoxic agents on
different levels from drug uptake to execution of apoptosis. In the present work, various of these
determinants were analyzed in clinically well defined groups of tumers covering the histologic diversity of
GCTs and the spectrum of response to chemotherapy. The results of the different studies are discussed in the
context of the overall chemosensitivity of GCTs, the intrinsic chemotherapy resistance of mature teratomas,
and the rare occurance of chemotherapy resistance in invasive tumors. These considerations are followed by
chapters on receptor tyrosine-kinases as potential treatment targets in refractory disease and on the

development of aneuploidy in GCTs.

8.1 Treatment sensitivity of invasive GCTs

The unique chemosensitivity of GCTs amongst solid tumors has been linked to a high fevel of wild type
P53". In vitro experiments on testicular GCT-derived cell lines questioned this notion: a cell line containing
no functional P53 at all was found to be sensitive, inactivation of P53 by E6-overexpression in a cell line
with functional P53 did not affect CDDP-sensitivity™. However, the findings were disregarded as
representative because the cell lines used did not show a high level of wild type P33%, Our study
investigating the P53 status (wild type/mutant and level) in chinically well defined patient populations
{Chapter 2) clearly showed, that the postulation of a constitutionally high level of wild type P53 in all GCTs
is not correct, as a considerable fraction of GCTs had rather tow levels of P53 — and still responded to
chemotherapy. Consequently, the P533-level itself does not explain the sensitivity of GCTs. On the other
hand, in line with previous investigations, most GCTs showed wild type P53. Therefore, it is still
conceivable, that a functional P53-pathway rather than a high level of P53 in the untreated situation might be
important in the favorable response of GCTs towards chemotherapy”.

The analysis of multiple markers potentially influencing treatment response adds a number of relevant
aspects, which taken logether offer an alternative explanation for the chemotherapy sensitivity of GCTs
(Chapters 3): Characteristics of the tumor cells favors efficacy of CDDP (and presumably also that of other
drugs to a certain exteat) on multiple levels: Without interference of export mechanisms with affinity for
CDDP like MRP2, BCRP, and LRP, CDDP can accumulate in the cell and bind to the DNA. The observed

presence of MRP1 in invasive tumors as opposed to mature teratomas does not contradict the notion of the
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fack of CDDP-export systems, as MRP1 has probably no affinity to CDDP®. MRP1 expression has even been
shown to be inversely correlated with CDDP-sensitivity’, GSTr was also hardly detected in invasive GCTs.
The relatively high level of metaltothionein detected by immunohistochemistry has been described in GCT-
derived cell lines®. Obviously, metallothionein is not sufficient to inhibit CDDP in its action in these cells,
Based on daia from cell lines, it has been suggested that once CDDP has interacted with the DNA, GCTs
were not able 1o repair the damage efficiently by the NER pathway due to low levels of the xeroderma
pigmentosum complementation protein group A (XPAY. Analyzing a series of GCTs of different histologies,
XPA could be demonstrated immunohistochemically in the majority of tumors. Seminomas and embryonal
carcinoma components showed the lowest rate of XPA-positivity with 48% and 26%, respectively. Yolk sac
tumors and choriocarcinomas were positive in 70% and 75%, all mature teratomas showed a strong nuclear
staining for XPA. No differences were detected between responding and non-responding cases. Even though
GCT-derived cell lines showed a slightly weaker XPA-signal than those of other solid tumors, the
differences did by far not reach the extent that has been reported for different GCT cell lines. The results cast
significant doubt on the model, that a defect in NER caused by a low XPA-level is responsible for the
exquisite chemosensitivity of GCTs. However, our results are purely descriptive and cannot rule out
functional defects in NER in GCTs (Chapter 4).

The next group of potential determinants of treatment response affects the recognition of CDDP-induced
DNA-damage and subsequent initiation of an apoptotic cascade. At least two potential candidates seem to be
functional in GCTs: DNA-MMR and - as previously discussed - P53. The investigated MMR-factors MLH1,
MSH2, and MSH6 were detected in high levels in invasive GCTs. The majority of GCTs are microsatellite
stable, indicating an intact DNA mismatch repair system (Chapter 5). In addition to the presence of wild type
P53, the correfation of the fraction of P53 positive celis with the apoptotic index suggests that P53 is
functional, at least as far as the induction of spontaneous apoptosis in GCTs is concemed (Chapter 3). It
remains to be investigated, whether further means of damage recognition are involved in the apoptosis of
GCT cells exposed to chemotherapy. For example, recent data suggest a role for P73 in CDDP-induced cell
death™. The execution of apoptosis is the last level determining the response of GCTs to chemotherapy. The
lack of knowledge about the exact apoptotic pathway in GCT cells following CDDP-treatment complicates
the interpretation of the findings. The anti-apoptotic members of the BCL-2 family BCL-2 and BCL-X are
present only in low levels in invasive GCTs. The correlation between P53 and the apoptetic index and the
demonstration of a strong BAX-staining in apoptotic bodies suggest, that spontaneous apoptosis in untreated
GCTs is executed via a P53-dependent, mitochondrial apoptotic pathway. This in turn would indicate, that
this particular pathway is intact and that anti-apoptotic influences downsiream of P53 are not sufficient to
prevent apoptosis at least in the untreated situation. However, these considerations are only relevant in
relation to chemotherapy resistance, if CDDP exposure is resulting in celi-kill via the mitochondrial

pathway, which remains to be proven (Chapter 3).
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In summary, CDDP induced cell death is augmented by the cellular composition of GCT cells on various
levels. The sensitivity of these tumors to CDDP-based chemotherapy is determined by the total expression

pattern of determinants of treatment response and cannot be attributed to a single factor.

8.2 Intrinsic chemotherapy resistance of mature teratomas

Mature teratomas are the only general exceplion to the high chemo-sensitivity of GCTs. Their intrinsic
chemotherapy-resistance is not limited to CDDP, but extends to all other drugs used in the systemic

treatment of GCTs'"?

. Secondary non-germ cell malignancies derived from mature teratomas share their
chemotherapy resistance and have a dismal prognosis”.

Similar to the supposed multi-factorial explanation for the exquisite chemo-sensitivity of invasive GCTs, the
presented investigations suggest a multi-factorial origin for the resistant phenotype of mature teratomas. In
contrast to the invasive components, drug export is enabled by the regular presence of ABC-transporters
(MDR, MRP2, BCRP) and LRP. The detection of GSTn suggests, that mature teratomas are able to detoxify
CDDP by conjugation to glutathion (Chapter 3}. On the level of damage repair, mature teratomas have been
shown to have higher levels of XPA compared to unselected invasive tumors (Chapter 4). Therefore, mature
teratomas might iave a compelent NER and be able to repair CDDP-induced DNA-damage”.

The available data do not indicate a defect in any of the two pathways of damage recognition in mature
teratomas. No higher incidence of P53-mutations has been detected in untreated ieratomas compared to other
histologies (Chapter 2). Only in a series of 28 samples from relapsed or refractory GCT patients, P53
mutations have been described in three teratomas and one secondary non-germ cell malignancy, all of which
have been previously exposed to chemotherapy. The fact, that all cases with P53-mutatations were
previously treated, indicates, that the P53-mutations were acquired during treatment', However, the resistant
phenotype in teratomas is intrinsic and not acquired or induced. The finding therefore does not argue in favor
of a contribution of P53-mutations to the resistant phenotype of teratomas.

The MMR-pathway has been considered an alternative means to detect DNA-damage and activate a cell
death program (Chapter 5). Immunohistochemistry for hMLH1, hMSH2, and hMSHG showed a less intense
signal in mature teratomas compared to the invasive GCTs (data not shown in the respective article),
possibly due to slower growth, which is associated with lower expression of MMR factors'®, MSI was not
more frequently detected in mature teratomas than in the remaining specimen. Therefore, there are no
conclusive argumentis to assume a defective MMR-pathway in mature teratomas as explanation for their
specific chemotherapy resistance.

Regarding the downstream targets of P53, mature teratomas show a different behavior compared to invasive
GCTs. Even though P53 can be detected in mature teratomas to a similar extent as in the remaining GCT, its
biological elfect seems to be altered. Whereas p21 as one of the classic downstream targets of P53 is hardly
induced in invasive GCT even in the case of high levels of the wild-type P53 protein, p2[ can regularly be

detected in mature teratomas. On the other hand, BAX-positive apoptotic bodies — frequently seen in
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invasive GCTs — do not occur in teratomas. RB can usually be detected in teratomas in contrast to the
remaining components'®. These data suggest that P53 causes p2l-induction and G1/S-arrest in teratomas in
contrast to invasive GCTs, where the data favor BAX-induction and apoptotic cell death upon upregulation
of P53. Also with regard to the BCL-2 family members, mature teratomas are equipped to resist apoptotic
stimuli with higher levels of BCL-X| and to a lesser extent of BCL-2.

In summary, the resistant phenotype of mature teratomas results from various factors interfering with the
efficacy of chemotherapy on multiple levels. The detected resistance mechanisms are not restricted to the
action of CDDP, but extent to multiple agents in case of MDR or even to anti-apoptotic mechanisms
theoretically effective against all drugs killing via the mitochondrial apoptotic pathway. The occurence of the
different resistance markers in mature teratomas is probably the consequence of terminal differentiation. In
this way, it is conceivable, that a cell with a somatic differentation sharing biological characteristics with
normal somatic cells has a comparable sensitivity and can thus not be killed by systemic treatment without

doses associated with unacceptable side effects.

8.3 Predicting and understanding chemotherapy resistance in GCTs

Despite the knowledge of multiple possibilities to achieve chemotherapy resistance in virro, little is known
about the development of clinical CDDP-resistance in GCTs.

The investigations on putative mediators of chemotherapy resistance acting before CDDP reaches the DNA
did not show upregulation in any of the parameters studied by immunohistochemistry in refractory compared
to sensitive cases to a significant extent, The ABC-transporter MRP2, presumably able to transport CDDP
when conjugated to glutathion', was found in three out of 24 reftactory cases, but not in any of the
responding or of the unselected cases. GSTr was only detected in five out of 24 refractory tumors. A high
increase in glutathion levels has been described in resistant GCT cell lings compared to sensitive ones®. A
prognostic value has been described for GSTr in carcinomas of the head and neck region'®, Therefore,
MRP2 and GETr might well have an impact in selected refractory cases and should be evaluated in a larger
series.

The option of repair of CDDP-induced DNA-damage was only investigated with regard to one compound of
the NER, the XPA. In contrast to data on a limited number of GCT-derived cell lines, XPA could readily be
detected in a significant number of GCTs, both in responding and non-respending tumors {Chapter 4).
Accordingly, GCTs can respond to chemotherapy despite a level of XPA above the immunohistochemical
detection threshold. Nevertheless, two findings do indicate a possible relation of XPA to treatment response:
as previously discussed, all mature teratomas were strongly positive for XPA. All seven investigated
nonseminomas, that were resected in relapse after previous treatment, showed a clear XPA-signal,
suggesting an induction of XPA by CDDP-exposure or a selection of XPA-positive subclone of tumor cells.
In this context, it is noteworthy, that XPA was not induced in GCT-derived cell lines treated repeatedly with

CDDP. However, given the distribution of histologic subtypes in the group pretreated tumors, the difference
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between the seven previously treated refractory samples compared to untreated tumors of the same histology
is statistically not significant. In none of the investigated cases positive for XPA by immunohistochemistry,
an amplification of the gene could be detected, which might be expected based on chromosomal analyses 9,
Taken together, the data on XPA demonstrate, that in clinical reality, modifications in XPA-level detectable
by immunohistochemistry have a limited impact on treatment outcome at best,

No P53 mutations were found in the group of the refractory cases, the P53 level as determined by
immunohistochemistry was comparable to that of sensitive and unselected cases, as was the correlation
between P53 and apoptosis. In consequence, the P53 protein cannot be a common target in the development
of chemotherapy resistance in GCTs. As previously discussed, the finding of P53 mutations in previously
treated chemotherapy resistant tumors by Houldsworth and collegues' does not contradict this interpretation,
as they refer only to mature teratomas. Also for the MMR pathway, a role as damage sensor has been
assumed, as defects in this pathway confer resistance to selected drugs®. Whereas in a large series of
unselected GCT, only 6% of the cases showed MSI in at most one out of eight investigated microsatellite
markers, five out of 11 (45%) of resistant cases were microsatellite instable, four of them in at least two loci
(Chapter 5). The difference was highly statistically significant (p<0.001). Within the group of resistant
GCTs, the progression free survival of the patients with MSI in the tumors differed from that of the
remaining patients. Even though the longer progression free survival of the patients with MSI cannot be
explained at this point, the presence of a difference supports the biological relevance of the finding regarding
the clinical behavior. Tt does not argue against the putative role of a defective MMR pathway in
chemotherapy resisiance. It is important to realize, that the group of refractory tumors with intact an intact
MMR obviously has different, yet unidentified features confering their resistant phenotype. These features
obviously result in a more aggressive tumor growth or & higher resistance level than defects in MMR. In
addition, the microsatellite instable tumors — even though resistant to CDDP — might respond better to other
agents like topoisomerase inhibitors, as has been found in vitro®'.

Looking at the regulation of apoptosis, differences between responding and refractory invasive GCTs could
not be detected regarding the apoptotic index, the BCL-2-family members BAX, BCL-2, and BCL-XL, p21
or RB. Therefore, general anti-apoptotic mechanisms like overexpression of anti-apoptotic proteins or
defects in effectors like caspases are not suggested by the data.

To summarize, the presented investigations point towards defects in the MMR palhway as a frequent
mechanism for clinically relevant chemotherapy resistance in GCTs. The findings will have to be validated
in larger patient cohorts and in interventional experimental models. The phenotype of some refractory cases
might be explained by alierations in drug export by ABC-transporters or drug inactivation by GSTm.

Mechanisms affecting the execution of P53-dependent apoptosis are not suggested by the available data.

84  Aneuploidy of GCTs

Even though the main focus of the study on ploidy, centrosome abrormalities and STK15 (Chapter 7) was to

add to the understanding of the pathogenesis of different types of germ cell tumors, the data allow for some
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conclusions relating to chemotherapy resistance, Both aneuploidy and centrosome aberrations were evident
in CIS, in all seminomas and alf nonseminomas including mature teratoma of the adult. Even though no
clinical information about the investigated tumors is available, the vast majority will respond favorably to
chemotherapy. In contrast, the mature teratomas of the infant ~ known to be diploid — showed normal
centrosomes. On progression to invasive yolk sac tumors, centrosome abnormalities oceur together with
aneuploidy. Whereas, the former share the chemotherapy resistance of adult mature teratomas, the latter
respond to chemotherapy to a similar extent like seminomas and nonseminomas of adults. Thus, a clearcut
correlation between aneuploidy and chemotherapy response as postulated by Duesberg and colleagues™ can
be ruled out as far as GCTs are concerned. Assuming the correlation between aneuploidy and chemotherapy
resistance in other tumor entities, why do GCTs not stick to the rule? At this point, one can only speculate
about the biological background for this difference.

Investigating normal and disturbed spermatogenesis both in the presence and the absence of a testicular
GCT, we found centrosome abnormalities and aneuploidy of non-neoplastic germ cells. Given the
development of GCTs from primerdial germ cells/gonocytes, it can be ruled out, that the aneuploid germ
celis are prone to progress to overt maligancy. It can rather be assumed, that centrosome abnormalities and
aneuploidization are a regular reaction of germ cells fo external stresses. In this way, centrosome
abnormalities and aneuploidy found in disturbed spermatogenesis would be a teactive change, and would
thus differ from that found in malignancies including GCTs. This might explain the presence of aneuploid
germ cells in testes and semen of patients with disturbed spermatogenesis. Again, the considerations have to

remain purely speculative at this point.

8.5  Receptor tyrosine-kinases as possible resistance mechanisms and treatment targets in refractory
GCTs

Receptor tyrosine kinases have received a lot of attention in recent years, as they have been shown to be
promising new targets in a variety of malignancies®, e.g. the BCR-ABL-tyrosine kinase in CML, ¢-KIT in
gastrointestinal stroma tumors, or ERB-B2 in metastastic breast cancer™*,

New therapeutic targets are warranted for patients with refractory disease in particular. A meaningful
response has been described in a patient with an ERB-B-positive GCT following treatment with trastuzamab,
a monoclonal antibody of ERB-B2”, Based on this experience and on considerations of EGFR family
members in germ cells during embryogenesis, all four members of the EGFR family ~EGFR, ERB-B2
(Her2/neu), ERB-B3, and ERB-B4 - were analyzed in refractory GCTs.

Disappointingly, the results of the investigation revealed staining for EGFR and to a lesser extent ERB-B2
only in the syncytiotrophoblastic cells of choriocarcinoma and in some mature teratomas (Chapter 6). The
only investigated secondary non-germ cell malignancy was positive for EGFR. With these results, treatment
strategies addressing the members of the EGFR family do not appear to be promising in refractory GCTs and

should only be offered in individual cases, when the presence of the respective receptor has been
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demonstrated. The presence of EGFR in the syncyiiotrophoblastic cells of choriocarcinoma could expected
due to the expression in normal placenta™,

Similar to the EGFR-familiy, ¢-KIT does not seem to be a suitable treatment target in refractory GCTs,
because it is only detected in seminoma and CIS cells. Seminomas have overall a significantly better
prognosis than nonseminomas; refractory seminomas are therefore extremely rare ¥ Nevertheless, whenever
such tumors are encountered, treatent with STES71 could well be considered

In summary, the data do not support the development of protocols for the regular use of tyrosine-kinase
interactive substances in the context of refractory GCTs. None of the investigated receptors seems to play a

role in the development of chemotherapy resistance.

8.6 Concluding remarks

The presented investigations add to the understanding of the diverse treatment response of GCTs.
Nevertheless, many questions remain to be answered. Rather than seeking explanalions in the analysis of
single factors, future research should focus on whole pathways or interactions between different cellular
syslems, in order to elucidate the phenomenon of GCT as a curative disease. Further investigations would be
greatly augmented once it is clear, by which pathway or cell death program the GCT cells are killed by
CDDP.
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9 SUMMARY/SAMENVATTING

In contrast to most other solid tumors of the adult, germ cell tumors (GCTs) of adolescent and young males
can be cured in up to 80% of patients with advanced metastatic disease by chemotherapy followed by
resection of residual masses. Despite this overall success, 10-15% of all patients newly diagnosed with a
metastastic GCT will not sufficiently respond to available treatment strategies and finaily die of their disease.
A thorough understanding of the cellular basis of the overall chemotherapy sensitivity of GCTs and of the
phenotype of refraciory tumors is necessary in order to indicate ways to overcome or circumvene
chemotherapy resistance and possibly identify new therapeutic targets. The aim of this thesis was to seek
explanations for the exquisite chemosensitivity of GCTs and clinically relevant mechanisms for
chemotherapy resistance, The approach concentrated on tumor samples from well-characterized patients.
Targets were selected along the intracellular course of cisplatin from uptake into the cell down to eventual
execution of apoptosis, i.¢. cell death. In addition, receptor tyrosine-kinases were investigated as potential
new ireatment targets in patients suffering from resistant disease.

A high level of wild-type P53-protein has commonly been regarded as the most likely explanation for the
high curability of GCTs of adolescent and young males. Assessing the P53-status by mutation analysis and
immunohistochemistry in tumor samples from clinically well defined patients, no correlation between the
level and mutation status of P53 and treatment response could be detected. Furthermore, in some of the
tumors, P53 could hardly be detected — and still these tumors responded to chemotherapy. In contrast, P53
was commonly demonstrated in mature teratornas despite their intrinsic chemotherapy resistance. The results
underlined the need to seek further explanations for the behavior of GCTs following systemic treatment,
Analysis of the occurrence of spontaneous apoptosis and downstream targets of P53 in untreated tumor
samples supgested, that the P53 and Bax-dependent apoptotic cascade remiains intact, even in the refractory
tumors. No differences in apoptotic index and correlation with P33-positivity were detected between
sensitive and refractory tumor samples. Therefore, defects of anti-apoptatic stimuli interfering with this
cascade are unlikely to be clinically relevant mechanisms mediating chemotherapy resistance in invasive
GCTs ol adolescents and young adults. However, in mature teratomas, the presence of P53 seems to result in
a p2l/retinoblastoma protein-mediated cell cycle arrest rather than in induction of Bax and consecutive
apoptosis. All together, the data on P53 and on apoptosis suggested, that relevant resistance mechanisms act
either upstreamn of P53 or in an alternative apoptotic pathway different from the P53-dependent
mitochondrial cascade.

Various expart pumps with proven or at least suspected affinity for cisplatin have been analysed. Potentially
contributing to the overall sensitivity of GCTs to cisplatin, none of these pumps were detected in invasive
chemotherapy sensitive GCTs. No single pump was expressed commonly in refractory cases, even though
the lung resistant protein lung resistance protein (LRP) and the ABC-transporter MRP2 could be detected in

individual resistant tumors, where they might contribute to the resistant phenotype. In mature teratomas,
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LRP, MRP2 and the breast cancer resistance protein (BRP) was consistently detected. Similarly, glutathion-
S-transferase 7, an enzyme detoxifying cisplatin by transfering glutathion, was demonstrated in single
refractory cases and consistently in mature teratomas.

The last line of defence against the effect of cisplatin before the initiation of an apoptotic cascade is repair of
the induced DNA-damage. Previous studies have suggested a low capacity for DNA-damage repair
mechanisms in GCTs. This feature has been attributed to a low level of the xeroderma pigmentosum
complementation group A protein (XPA). Even though the analysis of DNA-repair mechanisms was
restricted to the detection of XPA by immunohistochemistry and the assessment of its gene copy numbers by
fluorescence in situ hybridisation, our data argue against the idea of a low level of XPA as explanation for
the chemosensitivity of GCTs. XPA could be detected in more than half of the tumor samples irrespective of
their treatment outcome. Therefore, the mere level of XPA cannot explain the overall chemosensitivity of
GCTs. Furthermore, upregulation of this protein is not a comumon resistance mechanism.

Next ta efficient repair of drug-induced DNA-damage, different factors, including DNA-repair mechanisms,
can initiate an apoptotic cascade once they have detected DNA-damage. The DNA-mismatch-repair (MMR)
pathway seems to be able to induce programmed cell death afler exposure to cisplatin. Accordingly, defects
in the MMR result in resistance to the drug. The analysis of a large series of unselected GCTs showed an
intact MMR in 94% of these tumors logether with strong signals of three crucial MMR factors — MLHI,
MSH2, MSHG6 - as assessed by immunohistochemistry. In contrast, refractory cases showed microsatellite
instability — an indication of a defective MMR — in 45% of the tumors.

Extending the focus of interest to the detection of new treatment targets in refractory GCTs, different
receptor tyrosine kinases were investigated. Overexpression of different members of the epidermal growth
factor receptor.(EGFR) family has been associated with a resistant phenotype. When. overexpressed, various
receptar tyrosine kinases allow for treatment with new agents tke specific kinase inhibitors or monoclonal
antibodies. Analyzing all four members of the EGFR {amily, no differences were observed between samples
derived from résponding and refractory patients. A strong signal for EGFR and — to a lesser extent — of Erb-
B2 was detected in all syncytictrophoblast of choriocarcinoma components. Furthermore, a staining of
various members of the EGFR-family was evident in a minority of mature teratomas, mostly restricled to
parts of the teratoma components. Accordingly, EGFR-family members do not represent promising treatment
targets in patients with chemotherapy-resistant GCTs.

Ancuploidy has been claimed to be the single explanation for the ability of tumor cells to acquire
chemotherapy resistance. GCTs, in particular when including the infantile tumors and the spermalocytic
seminoma of the elderly, do not fit to this hypothesis, as by ne means, a correlation between the ploidy of
certain tumor types and their chemotherapy responsiveness can be observed. The last part of the thesis
concentrated on the role of centrosomes in the development of aneuploidy in GCTs rather than on the
implication of aneuploidy for chemotherapy sensitivity. To widen the spectrum of ploidy, diploid infantile
mature teratomas, aneuploid infantile yolk sac tumors and polypleid spermatocytic seminomas were included

in this investigation. A clear correlation between aneuploidy and centrosome amplifications was observed
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throughout all included tumors. Furthermore, aneuploidy observed in germ cells in the context of disturbed
spermatogenesis unrelated to the presence of a GCT shared the correlation with amplified centrosomes.
Whereas in the latter case, the serine-threonine-kinase STKI5 could be involved in the induction of
centrosome abnormalities, neither overexpression of the protein nor amplification of the gene could be
observed in any of the aneupfoid GCTs.

In summary, the presented investigations indicate, that the exquisite chemosensitivity of GCTs is caused by
cellular features promoting induction of apoptosis after treatment with cisplatin on various levels. Mature
teratomas differ from the other invasive components in the presence of many of these factors resulting in a
resistant phenotype induced by expression of drug export pumps, glutathion-S-transferase pi, anti-apoptotic
members of the Bel-2 family, ability for a p21-dependent cell cycle arrest and possibly a competent nuclear
excision repair. The rarely encountered chemotherapy resistant invasive GCTs might partly be explained by
defects in the MMR-pathway as demonstrated by the frequent microsatellite instability in these tumors. The
precise molecular mechanism connecting the MMR with a failure to induce apoptosis follewing CDDP-

exposure remains to be established in future studies.
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Samenvatting

In tegenstelling tot de meeste volwassenen met een kwaadaardige solide tumor, wordt meer dan 80%
van de mannen met een uitgezaaide kiemceltumor (KCT) genezen door chemotherapie, eventueel gevolgd
door chirurgische verwijdering van restlesies. Dit percentage is ongekend hoog, maar nog steeds reageert 10-
15% van de nicuw gediagnosticeerde patiénten met pemetastaseerde ziekte niet of onvoldoende op de
behandeling, en zal uiteindelijk overlijden aan de =ziekte. Het begrijpen van de moleculaire basis van
chemotherapie-gevoeligheid en -resistentie van KCT is een vereiste voor het omzeilen van chemotherapie-
resistentie, en voor het vinden van nieuwe aangrijpingspunten voor therapie. Het doel van dit proefschrift is
het vinden van de verklaring voor de ongekende chemotherapie-gevoeligheid van KCT en de mechanismen
van chemotherapie-resistentie. Het onderzoek is vooral gericht op de analyse van tumoren van goed
gedefinieerde patiéntenpopulaties. De te onderzoeken parameters werden geselecteerd op grond van het
bekende werkingsmechanisme van cisplatinun, dat via opname in de cel viteindelijke leidt tot inductie van
apoptose (geprogrammeerde cel dood). Tevens werd een aantal receptor-tyrosine-kinases bestudeerd als
mogelijk aangrijpingspunt voor de behandeling van patiénten met resistente ziekte.

Agangenomen werd dat ophoping van wild-type P53 eiwit in de tumorcellen het hoge
genezingspercentage van KCT kon verkaren. Gen-mutaties in P53 en immunohistochemisch aangetoonde
aanwezigheid P53-eiwit blijkt niet te correleren met behandelingsrespons. Een aantal gevoelige KCT blijkt
zelfs bijna geen P33-eiwit te bevatien. Omgekeerd was P53 vaak aanwezig in mature teratomen die intrinsiek
ongevoeligheid zijn voor chemotherapie. Deze resultaten bevestigen dat andere verklaringen gezocht moeten
worden voor de reactie van KCT op systemische behandeling.

Onderzoek naar spontane apoptose en de “downstream targets™ van P53 in onbehandelende tumoren
suggereert dat de P53-BAX apoptose-route intact is, zelfs in resistente tumoren. Het is daarom
onwaarschijnlijk dat afwijkingen in anti-apoptotische regulatiemechanismen die van invloed zijn op deze
route een rol spelen in chemotherapie-resistentie van invasieve KCT. In mature teratomen daarentegen lijkt
de aanwezigheid van P53 te resulteren in een door P21/retinoblastoom-eiwit gereguleerde onderdrukking van
celdeling in plaats van inductie van BAX en apoptose. Geconcludeerd kan worden dat de relevante
resistentie-mechanismen of “upstream” van P53 functioneren, of onafhankelijk zijn van de P353-
mitochondriéle cascade.

Verschillende cellulaire pompen zijn in staat cisplatinum te verplaatsen. Ze blijken niet essentieel te
zijn voor cisplatinum-resistentie van KCT tumoren. “Lung resistance protein (LRP)” en de ABC transporter
MRP2 zjn gevonden in enkele resistente tumoren, waar ze mogelijk van invloed zijn op cisplatinum-
gevoeligheid. In mature teratomen daarentegen kunnen LRP, MRPZ, en het “breast cancer resistance protein
(BRP)” altijd worden aangetoond. Op dezelfde manier is glutathion-S-transferase mi, een enzym dat door
middel van glutathion detoxificatie van cisplatinum tot stand kan brengen, slechts in enkele resistente

tumoren aanwezig, tetrwijl het altijd kan worden aangetoond in mature teratomen.
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De laatste mogelijkheid voor verweer tegen het effect van cisplatinum is de stap voor de initiatie van
het proces van apoptose, en wel het repareren van de geinduceerde DNA schade. Tn de literatuur is
gesugpereerd dat KCT een lage capaciteit voor DNA herstel hebben omdat het Xeroderma Pigmentosum
complementatie groep A eitwit (XPA) laag tot expressic komt. Onze gegevens, verkregen op basis van
immunchistochemie voor XPA ciwit en fluorescente in sifu hybridisatie voor het aantal XP4 genen geen
steun geven aan de hypothese dat het niveau van XPA een rol speelt in chemotherapie-gevoeligheid van
KCT. Het ciwit is aanwezig in meer dan 50% van de onderzochte tumoren, onafhankelijk van de
behandelingsuitkomst. Met andere wooerden, de chemotherapie-gevoeligheid van KCT is niet te verklaren op
basis var niveaw van XPA-expressie in de tumorcellen. Het blijkt dat overexpressic van XPA niet een
veelvoorkomend mechanisme van resistentie kan zijn,

Naast DNA herstelmechanismen, kan ook herkenning van DNA-schade de apoptotische cascade
initigren. Het zogenaamde DNA-mismatch-repair (MMR) mechanisme is in staat celdood te initiéren na
blootstelling van de cel aan cisplatinum. Hieraan gerclateerd, blijkt een verstoorde MMR te kunnen
resulteren in resistentic tegen dit geneesmiddel. Analyse van een grote serie van willekeurige KCT laat een
intact MMR mechanisme in 94% van de tumoren zien, geassocieerd met duidelijke immunohistochemische
aanwezigheid van drie cruciale MMR factoren (MLIHL, MSH2 en MSH6). De resistente tumoren
daarentegen blijken in 45% een verstoorde MMR te vertonen, geillustreerd door de aanwezigheid van
microsatelliet instabiliteit.

Om nieuwe aangrijpingspunten te vinden voor de behandeling van resistente KCT zijn verschillende
typen tyrosine-kinase-receptoren bestudcerd. Overexpressie van leden van de “epidermal growth factor
receplor (EGFR)” familie is geassocieerd met resistentie. Als deze receptoren tot overexpressie komen in
lumoren blijken ze een aangrijpingspunt fc zijn voor behandcling met nieuwe geﬁeesmiddelen, zoals
specificke kinase-remmers of monoklonale antitichamen. Er zijn geen verschillen m.b.t. de vier verschillende
leden van de EGFR familie tussen gevoelige en ongevoelige tumoren. Een sterk signaal is aanwezig voor
EGFR en, maar in mindere mate, voor Erb-B2 in alle syncytiotrophobtast- en choriocarcinoom elementen.
Ook blijken verschillende leden van de EGFR-familie aanwezig te zijn in een minderheid van de mature
teratomen, ¢n wel in bepaalde componenten van de tumor. Deze resultaten geven aan dat leden van de
EGFR-familie geen aangrijpingspunt bieden in de behandeling van patiénten met chemoresistente KCT.

" Aneuploidie (de aanwezigheid van afwijkende aantallen chromosomen) is gesuggereerd als basis
voor het vermogen van tumorcellen om chemotherapie-resistentie te ontwikkelen. Het gedrag van de KCT
van de neonaten cn pasgeborenen en van de spermatocytaire seminomen van de oudere man, is niet in
overeenstemming met deze hypothese. Er is in zijn algemeenheid geen correlatie tussen de ploidie van de
verschillende histologische subtypes van KCT en hun chemotherapie-gevoeligheid. Het laatste gedeclte van
dit proefschrift betrefi de bestudering van de rof van centrosomen in de ontwikkeling van aneuploidie in
KCT, en niet de implicatie van aneuploidic voor chemotherapiegevoeligheid, Om hel geheel in een bredere
contexl te plaatsen zijn ook de diploide teratomen, de aneuploide dooierzaktumoren van het jonge kind, en

de polyploide spermatocytaire seminomen in de studie betrokken. Er bestaat een duidelijke correlatie tussen
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ploidie van de tumoren en de aanwezigheid van centrosoom-amplificatie. De diploide tumoren hcbben
normale centrosomen, terwijl in alle aneuploide tumoren amplificatic wordl gevonden. Tevens is een
correlatic gevonden tussen centrosoom-amplificatie en aneuploidie van kiemcellen bij gestoorde
spermatogenese, nict gerelateerd aan de aanwezigheid van een KCT. Serine-theonine-kinase STK 15 blijkt
geen rol te spelen in het ontstaan van centrosoom-amplificatie in KCT. Dit is waarschijnlijk wel het geval bij
centrosoom-amplificatie in de spermatogenese.

Samengevat: uit de gepresenteerde studies is gebleken dat de witzonderlijke chemotherapie-gevoeligheid van
KCT het gevolg is van verschillende cellulaire processen, dic na behandeling met cisplatinum op
verschillende niveaus apoptose induceren. De mature teratomen verschillen van de andere invasieve
componenten door hoge expressie-niveaus van factoren die resulteren in een resistente cel: drug- pompen,
glutathion-S-transferase @, anti-apoptotische leden van de Bel2 familie, p21. Mogelijk speelt cen functioneel
DNA herstel mechanisme door middel van “nuclectide excisie repair” een rel. De soms waargenomen
chemotherapie-ongevocligheid van KCT zou ten dele verklaard kunnen worden door een verstoorde MMR-
route, blijkend uit frequente microsatelliet-instabiliteit. De moleculaire mechanismen die MMR koppelen aan
het onvermogen tot inductie van apoptose ma blootstelling aan cisplatinum moeten verder worden

onderzocht.
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10  ABBREVIATIONS

BCRP
CDDP
CIS
DNA
EGFR
GCT
GIST
IGCCCG
LDH
MDR
MMR
MRP1/2
MSI1
NER
PE

PEB
RB
RNA
RPLND
BHCG
STK15
XPA
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breast cancer resistance protein
cis-dichlor-diamin-platin
carcinoma in situ

deoxyribonucleic acid

epidermal growth factor receptor
germ cell tumor

gastrointestinal stroma tumor
international germ cell cancer collaborative group
lactate dehydrogenase

multidrug resistance

DNA mismatch repair

multidrug resistance related protein
microsatellite instability

nucleotide excision repair
cisplatin/etoposid
cisplatin/etoposid/bleomycin
retinoblastoma gene protein
ribonucleic acid

retroperitoneal lymph node dissection
beta human choriogenadotropin
serine-threonin-kinase 15

xeroderma pigmentosum complementation group A protein
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Appendix — Color figures
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10.

11,

Detectable levels of P53 in part of germ cell tumor samples represent a physiological
response of the tumor cells to cellular stress rather than intrinsically high levels of the
P53-protein. {this thesis)

. The increased incidence of microsatellite instability in tumors from chemotherapy

refractory germ cell tumor patients compared to unselected patients indicates, that the
mismatch-repair system is involved in cisplatin-induced cell death in germ cell
tumors. {this thesis)

Resembling the behavior of normal adult somatic tissue, the intrinsic chemotherapy
resistance of mature teratomas is generated at multiple cellular levels including drug
export and cell cycle control and cannot be attributed to a single resistance
mechanism. (this thesis)

Receptor tyrosin kinases of the epidermal growth factor receptor family do not offer a
promising therapeutic target in clinically refractory germ cell tumors in general. (this
thesis)

Invasive germ cell tumors do not undergo G1/S-phase cell cycle arrest in response to
P53 and are thus deprived of time needed for DNA-repair after cisplatin exposure.
(this thesis)

PB-catenin cooperates with K-Ras in upregulating the level of cyclooxygenase 2 in
colorectal cancer (Araki et al., Cancer Research 2003; 63: 728-734)

The mismatch-repair factor PMS2 can initiate a cell death program in response to
cisplatin via a P73-related pathway. (Shimodaira et al., Proceedings of the Nationat
Academy of Science USA 2003; 100: 2420-2425)

Specific cytotoxic T lymphocyte responses against multiple myeloma cell lines can be
induced in vitro using myeloma RNA transduced dendritic cells. (Milazzo et al., Blood
2003; 101: 977-982)

Patients suffering from locally advanced colorectal cancer without lymph node
involvement do not benefit from adjuvant chemotherapy following adequate local
treatment. (IMPACT B2 Investigators, Journal of Clinical Oncology 1999; 17:1356-
1363)

Optimal pain relief in patients suffering from endstage cancer is an effective treatment
against the underlying disease, as it improves the patient’s quality of life and prolongs
survival. (Smith et al., Journal of Clinical Oncology 2002; 20: 4040-4049)

Medical doctors — when left alone in the lab — are unable to design experiments
adequate to give answers to the questions, which biologists — when left alone - do not
even ask.






