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Chapter 1 

1 General introduction on the genetics of cancer 

Cancer research has been dominated during the first half of the century by the idea that a single key 
event is responsible for tumor development, such as the common metabolic disturbance, the common 
cancer antigen, the universal cancer virus, or general chromosomal imbalance. It is now generally 
believed that tumors evolve through a series of genetic and epigenetic changes, that provide the cell 
with a selective advantage within the gradual process to escape from growth control (Nowell, 1976). 
Thus, cancer is a genetic disease. 

The genetic changes associated with cancer can be split into gain-of-function and loss-of-function 
mutations. Gain-of-function mutations convert proto-oncogenes to oncogenes. Loss-of-function 
mutations inactivate tumor suppressor genes. Both types of genes control the rate of cell division and 
the rate of cell death. Although it has been generally thought that tumorigenesis is caused by increases 
in the rate of cell division, it is now recognized that it represents an imbalance between cell division 
and cell death (apoptosis), resulting in a net increase in cell mass. Proto-oncogenes are involved in 
mitogenic plasma membrane-to-nucleus signaling functions, that upon illegitimate oncogenic 
activation by structural or regulatory changes can trigger cell cycle progression and prevent 
apoptosis. In the activated form, oncogenes function in a dominant fashion. The majority of the 
tumor suppressor genes (see section 2 of the introduction) are nuclear proteins that control cell cycle 
progression and cell cycle arrest, the latter required for DNA repair or exit from the cell cycle to start 
differentiation. Upon tumor suppressor gene inactivation, cell growth becomes unrestrained in a 
direct or indirect manner, promoting tumorigenesis. Unlike oncogenes, tumor suppressor genes are 
usually recessive in nature, thus inactivation of both alleles is a prerequisite for tumor formation. 
Hence, patients with inherited cancer syndromes are at higher risk of developing a tumor, since they 
carry one inherited mutation in a tumor suppressor gene in all cells from birth on. 

Oncogenes and tumor suppressor genes have been positioned on the same (growth stimulatory or 
inhibitory) signaling pathways, emphasizing the importance of such pathways in tumorigenesis (for 
review, Hunter, 1997). Constitutively activated mitogenic signaling pathways and lack of cell growth 
arrest make the mutated cell independent of growth stimulatory factors or unresponsive to growth 
inhibitory signals. Thus, tumorigenesis is intimately connected with a failure of incipient tumor cells 
to differentiate upon corresponding environmental cell growth inhibitory signals. Once normal cells 
have correctly differentiated to their terminal form during development, they stop dividing and, 
therefore, will not frequently sustain genetic mutations anymore. Accordingly, activation of 
oncogenes and inactivation of tumor suppressor genes can result in both abnormal development and 
in tumorigenesis. 

The identification of the genes and elucidation of the function of the encoded proteins is an 
important prerequisite for understanding both normal and abnormal (cancerous) growth as well as 
identifying new therapeutic regimens and diagnostic options for cancer. During the past decade, 
advances in gene targeting and embryonic stem cell technologies have become powerful tools to 
mutagenize specific genes in the mouse germ line, and to allow the systematic analysis of their 
functions within the mammalian organism. The employment of these techniques in the study of tumor 
suppressor genes has been particularly profitable to further understand the role of these genes in 
development and tumorigenesis. 

Paragraph 2 of this introduction describes tumor suppressor genes in general. In paragraph 3, I 
especially focus on the available mouse models to investigate the role of loss of function of tumor 
suppressor genes in murine development and tumorigenesis, since I have used various methods to 
mimiek two human hereditary cancer syndromes. Paragraphs 4 and 5 describe the two syndromes 
and the (single) rumor suppressor genes that have been found inactivated in the corresponding 
tumors, retinoblastoma (the RB gene) and neurofibromatosis type 2 (the NF2 gene), plus the mouse 
models that have been used to mimiek these syndromes. 
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2 Tumor suppressor genes 

Introduction 

2.1 Molecular concepts 
The molecular concepts of tumor suppressor genes stem from three lines of work. Early evidence for 
the existence of tumor suppressor genes came from somatic cell hybridization experiments. These 
showed that fusion of tumor cells with normal cells almost invariably results in the formation of 
nontumorigenic hybrids. Reversion to a tumorigenic state was often found to be associated with loss 
of (certain) parental chromosomes. This work provided the first clue that cancer cells often lose genes 
that could act to normalize the growth program of cancer cells (for review, see Weinberg, 1991). 

Fundamental has been Knudson's 'two-hit' hypothesis, predicting that development of the rare 
childhood eye tumor retinoblastoma requires two successive genetic hits (Knudson, 1971). He 
proposed that in case of sporadic retinoblastoma, seen in patients without a family history of the 
disease, both hits occur in the retinal cell lineage as somatic mutations long after conception. For 
familial retinoblastoma, he argued that one of the two mutations is acquired from a genetically 
affected parent or originates during gametogenesis; the second required mutation then occurs as a 
somatic event. A third essential observation was the fact that these genetic hits consisted of loss-of-
function mutations of a chromosome 13-associated gene termed RB, as shown by karyotypic and 
genetic analyses (Yunis and Ramsay, 1978; Benedict et al., 1983; Godbout et al., 1983; Cavenee et 
al., 1983; Sparkes et al., 1983; Friend et al., 1987). This indicated, that single inactive RB alleles act 
within cells throughout the body in a recessive manner, as children hemizygous for RB in essence 
develop normally. Only the rare cell that loses its remaining wild-type allele has the potential to form 
a tumor (Fig. 1). The demonstration of loss-of-gene-function connected RB with the "tumor 
suppressing" genes of the cell fusion experiments. 

2.2 Loss of function 
In evolving tumor cells, both alleles of tumor suppressor genes can be eliminated by a variety of 
genetic mechanisms. The first hit is often a point mutation inactivating one allele of the tumor 
suppressor gene in a somatic cell or gamete. This step leads to heterozygosity for the mutant allele. 
The second hit leads to inactivation of the remaining wild-type allele, often manifested by loss of 
heterozygosity (LOH), such that the primary mutation becomes homozygous or hemizygous (Fig. 1). 
Homozygosity for the mutant allele can occur by mechanisms like gene conversion, mitotic 
recombination, and non-disjunction plus reduplication, hemizygosity by deletion, and non
disjunction plus loss. Elimination of the remaining wild-type allele by LOH occurs with a high 
frequency of 10"3 to 10"4 per cell generation, and is therefore greatly favored over an independent 
inactivating mutation in the wild-type allele (with a frequency of occurrence of 10"6 or 10"7 per cell 
generation) (Weinberg, 1991). Most tumors that lack functional copies of a tumor suppressor gene 
display homozygosity for the mutant allele. Additionally, hypermethylation of an unmethylated 
region is a potential mechanism of gene inactivation, for example in case of the VHL gene (Herman et 
al., 1994). 

Indirectly, loss of function can occur at the protein level by DNA tumor viruses (simian virus 40 
(SV40), adenovirus, and human papillomavirus (HPV)), that use essential domains of their 
transforming proteins to inactivate the function of cellular target proteins, such as pRB (see paragraph 
4 of this introduction). Alternatively, overexpression of a regulator protein may interfere with the 
function of the tumor suppressor protein to which the regulator normally binds, as in case of the 
interaction between MDM2 and p53 (Wasylyk et al., 1999). 

2.3 Detection and definition 
Homozygosity of a mutant suppressor allele usually involves the flanking chromosomal regions as 
well. Therefore, anonymous DNA markers mapping to a nearby tumor suppressor gene may display 
LOH in tumor cells. The repeated observation of LOH of a specific chromosomal marker in cells 
from a particular tumor type suggests the presence of a closely mapping tumor suppressor gene, the 
loss of which is involved in tumor pathogenesis. Initially, tumor suppressor genes that demonstrate 
both somatic mutations in sporadic cancers and germline mutations in inherited cases, as determined 
by karyotyping and LOH analysis, have been identified using positional cloning methods. Moreover, 
one has surveyed systematically tumor cell genomes by using a large repertoire of polymorphic DNA 

13 



Chapter 1 

HEREDITARY 
FORM 

0 0 
rb 

SPORADIC 
FORM 99 99 

i 
all cells retinal cell 

o 
rb: 

00 
rb: 

non-disjunction 
plus loss 

r h non-disjunction 
plus reduplication 

99 
rb: rb mitotic recombination 

99 
r b ; \ r b gene conversion 

i 
i 

99 
rb: ~ deletion 

99 
rb: i rb point mutation 

i 

retinal tumor cell 

Figure 1. Genetic basis of retinoblastoma. Schematic representation of chromosomal mechanisms that 
result in loss of heterozygosity for RB. In the inherited form of retinoblastoma, the mutated RB allele is 
acquired from a genetically affected parent (black square), or originates during gametogenesis. In the 
sporadic form, mutation in one RB allele occurs somatically in the retinal lineage, long after conception. 
Gene conversion, mitotic recombination, and non-disjunction plus loss lead to homozygosity for the 
mutant allele. Deletion and non-disjunction plus reduplication lead to hemizygosity. A point mutation 
in the remaining wild-type allele can also result in complete functional loss of RB. 

markers to find involved tumor suppressor loci. Recent approaches promise to identify many more 
genes that are inactivated in tumors, whether or not they constitute the initial rate-limiting event: 
Differential display (Liang and Pardee, 1992), comparative genomic hybridization (CGH) 
(Kallioniemi et al., 1992), representational difference analysis (RDA) (Lisitsyn et al., 1993), mouse 
and other animal models in which gene inactivation leads to tumorigenesis ((conditional) knockout 
mice (Thomas and Capecchi, 1987; Gu et al., 1994), screening for differences in the gene-expression 
patterns using DNA chip (Schena et al., 1995) or SAGE (Velculescu et al., 1995) technology, 
functional screens for growth-inhibiting genes (Li et al., 1996), and retrovirus and transposon 
tagging in mice (Cho et al., 1995). 

The classical concept that re-introduction of tumor suppressors into malignant cells inhibits their 
proliferation does not cover genes whose loss leads to genetic damage that can not be repaired by 
restoration of a wild-type allele (see section 2.4). Therefore, Haber and Harlow (1997) have 
proposed to use the broad definition for tumor suppressor genes: Genes that sustain loss-of-function 
mutations in the development of cancer. The designation is not limited solely to human cancer and 
regardless of the presumed functional role of the genes. They emphasize that the presence of 
definitive inactivating mutations is essential, thus evidence of reduced expression in tumors or of 
ability to suppress cellular proliferation alone is not sufficient to term a gene a tumor suppressor 
gene. Complicating are the genes carrying dominant negative mutations, or genes whose dosage is 
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critical carrying heterozygous mutations, since these mutations are not definitive inactivating. Also, 
genes in which one allele is imprinted without the presence of a mutational inactivation are not 
covered by the definition of a tumor suppressor gene (Haber and Harlow, 1997). 

2.4 Function 
A small category of tumor suppressor genes, such as RB and p53, prevents cancer through direct 
control of cell growth. Inactivation of these genes contributes directly to the neoplastic growth of the 
tumor, thus, they can function as "gatekeepers" to prevent runaway growth (Kinzler and Vogelstein, 
1998). Restoration of the missing gatekeeper function to cancer cells leads to suppression of the 
neoplastic growth. 

In addition, an expanding class of tumor suppressor genes indirectly suppresses tumorigenesis. 
The prototypes of this category of genes encode DNA repair proteins that act as "caretakers" of the 
genome, such as MSH2 and XPB. Inactivation of the caretaker gene can lead to cancer, but 
restoration of caretaker function to a cancer cell will not affect its growth. Also, a second class of 
indirectly acting tumor suppressor genes has been suggested that function as "landscapes". Here, a 
proliferating, defective stromal environment for epithelial cells seems primarily to lead to an increased 
risk of cancer for the epithelial cells (as hypothesized for SMAD4 (Kinzler and Vogelstein, 1998)). 

Mutation of a particular gene may be an initiating event in tumor development within a certain cell 
lineage, whereas in tumors derived from other cell types, it may contribute to some late event that 
occurs only in part of the tumors during their progression and that may render them more invasive, 
metastatic, or less responsible to local growth-regulating signals. Also, tumor suppressor genes can 
play a role in non-tumorigenic phenotypic characteristics of the inherited disease (for example, NF2 
is associated with presenile cataract of the lens in half of the cases). 
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Chapter 1 _ _ 

3 Mouse models for loss-of-function analyses of tumor suppressor 
genes 

In general, biological functions of genes can be studied in mammalian cell culture systems. However, 
in vitro systems have their limitations. Only a restricted number of cell types can be propagated in 
culture, while retaining their tissue-specific characteristics. Also, the effects of (mutated) gene 
products on complex interactive systems, as present in a complete organism, are difficult to assess in 
vitro. Therefore, since two decades it has become a routine to additionally study the (mutated) 
function of a defined gene in vivo, especially in development and/or tumorigenesis, in a mammalian 
organism. The mouse is an ideal model organism for human disease because of its physiological 
similarity to man. For this reason and based on more practical arguments, the mouse has been used 
since a long time in the classical approach to search for the mutant gene contributing to a defined 
phenotype, that has been the result of genetic crossing or induced by radiation, chemicals or viruses. 

A variety of techniques has been developed manipulating the mouse genome with the aim to study 
the, often mutated, function of a defined gene in vivo. The resultant mutant mice can be used to 
derive mutant mouse embryonic fibroblasts (MEFs) for additional in vitro studies. 

3.1 Homogeneous mice 
All cells of a homogeneous mouse have an identical genotype. 

3.1.1 Transgenic mice 
Transgenic mice are generated by pronuclear injection of foreign, reconstructed but not necessarily 
mutated, DNA (containing regulatory plus gene coding sequences) in the murine zygote, thereby 
introducing this DNA randomly into the germ Une (Palmiter and Brinster, 1986) (Fig. 2). Transgenic 
mice provide a powerful system to study the various features of gene products (synthesis, 
modification, degradation, stability, and effects on the intact organism) and gene regulatory 
sequences. The effects of the transgenic proteins are measured against the background of the normal 
endogenous proteins. 

The system is solely appropriate to investigate the effects of dominantly acting transgenes. Such 
genes playing a role in tumorigenesis are the oncogenes, that in mutated (activated) form have a 
dominant oncogenic effect. Although indirectly, also loss of function of certain (recessive) tumor 
suppressor genes can be studied in transgenic mice. First, mutant tumor suppressor transgenes can 
be investigated on a dominant negative effect. The inactive transgene product forms stable complexes 
with molecules required for the normal, endogenous protein to function resulting in loss of function 
of the endogenous protein (for example, transgenic mice expressing dominant negative mutant p53 
transgenes (Lavigueur et al., 1989; Harvey et al., 1995; Bowman et al., 1996)). The system of 
transgenic mice has been utilized to study a potential dominant negative function of NF2 (chapter 5: 
Giovannini et al., 1999). Second, products of dominantly acting transforming viral oncogenes can 
lead to association with, and therefore loss of function of, endogenous proteins of recessive tumor 
suppressor genes (for example, transgenic mice expressing SV40 large T in the retina (Al-Ubaidi et 
al., 1992) or HPV-16 E6 and E7 in the lens (Pan and Griep, 1994). Third, transgenes can be 
introduced encoding a transcript that is complementary to all, or part of, the tumor suppressor gene 
transcript. The function of the latter becomes suppressed by formation of a RNA hybrid. This 
approach has frequently been used in tissue-cultured cells (e.g., Kobayashi et al, 1998). 

The generation of transgenic mice is easy and quick, expression can be directed to certain cell 
lineages, and the effects of transgenic proteins appear often to be very informative. However, the 
present system is limited in controling proper gene expression. Unknown regulatory sequences in 
introns, untranslated sequences and distal areas may lack, the copy number of integrated DNA 
molecules varies and the site of integration is random with the risk of position effects or 
(exceptionally) disruption of other genes. Some of these problems may be resolved by the recently 
developed technique to create transgenic mice carrying large DNA fragments (Lamb and Gearhardt, 
1995). Also, murine embryonic stem cells have become an efficient and alternative genetic vehicle for 
transgene expression (see sections 3.1.2 and 3.2.2). 
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Figure 2. Generation of homogeneous and mosaic mutant mice. To the category of homogeneous 
mutant mice belong the transgenic, heterozygous and homozygous mutant mice. Transgenic mice are 
generated by pronuclear injection of foreign DNA into fertilized eggs (zygotes). The DNA integrates 
randomly in the mouse genome and is present in all cells of the resulting transgenic mice. Tissue-
specific expression of a dominant negative mutant (dnm) transgene will lead to indirect inactivation of 
the gene function in certain cells. Heterozygous and homozygous mutant mice are generated via gene 
targeting. Upon homologous recombination (HR) of a mutant DNA fragment with homologous 
sequences in the pluripotent mouse embryonic stem (ES) cells, the mutant cells are injected into normal 
mouse embryos (blastocysts). The resulting chimeric mutant mice with contribution of the mutant cells 
to the germline (e.g. sperm cells) are crossed with normal (wild-type) mice to generate heterozygous 
mutant mice. Intercrossing of these mice will lead to homozygous mutant progeny. 
Mosaic mutant mice (in Italics) comprise the chimeric mutant mice and conditional mutant mice. These 
mice are used in case of embryonic lethality of homozygous mutant mice. Double mutant, instead of 
single mutant, ES cells are injected to generate chimeric homozygous mutant mice. Alternatively, 
conditional mutant mice can be generated. These mice carry two floxed, but functional, alleles that 
become inactivated upon the tissue-specific activity of the transgenic Cre recombinase. 
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3.1.2 Knockout mice 
To generate the different types of knockout mice, described in this section and section 3.2, murine 
embryonic stem (ES) cells are modified. 

Embryonic stem cells can be isolated directly from in vitro cultures of mouse blastocysts (Evans 
and Kaufman, 1981; Martin, 1981) and are capable of giving rise to germline chimeras upon 
introduction into normal blastocysts (Bradley et al., 1984). Establishment in tissue culture of these 
pluripotent ES cells has allowed to develop strategies to specifically modify defined genes of the 
mouse genome outside the organism and to transfer such modifications to the germ line of the mouse. 

The modification strategies are based on homologous recombination, also termed targeting, 
between a specifically designed targeting construct and the chromosomal target gene of interest. This 
recombination leads to replacement of chromosomal target DNA by, or insertion of, foreign modified 
DNA, dependent on the type of targeting vector (Capecchi, 1989a,b). 

In mammalian cells, nonhomologous recombination (random integration) often occurs more 
frequently than homologous recombination. Therefore, targeting strategies have been developed to 
enhance the frequency of homologous recombination and to enrich for cells that have undergone 
homologous recombination. The use of isogenic DNA constructs, which are mouse strain 129-
derived like the ES cells (Te Riele et al, 1992; Deng and Capecchi, 1992; Van Deursen et al., 1992), 
with a large stretch of homologous DNA (Deng and Capecchi, 1992) strongly increase the targeting 
efficiency. Selection procedures are aimed at the enrichment for the desired homologous 
recombination event by suppressing the formation of colonies carrying the targeting construct at 
random sites. In single selection protocols, targeting constructs generally contain one marker gene, 
that is autonomously expressed. In case of target gene expression in ES cells, the marker gene be 
deprived of transcriptional and/or translational start signals in such a way that the juxtaposition of 
functional expression signals to the marker gene (conferring drug resistance to a cell) would be 
obtained on homologous recombination but only rarely on random integration (Sedivy and Sharp, 
1989; Charron et al., 1990; Te Riele et al., 1990). The double (or positive/negative) selection 
procedure developed by Mansour et al. (1988) makes use of an autonomously expressed marker 
gene, but the targeting construct is flanked by a second gene whose expression is detrimental to the 
cell. The flanking gene will be lost on homologous recombination but not on random integration, 
thus preventing the formation of drug-resistant colonies. Protocols based on the polymerase chain 
reaction (PCR) allow the detection of homologous recombinants in pools of cell clones (Joyner et al., 
1989; Zimmer and Grass, 1989). Most genes have been inactivated by the integration of a positively 
selectable marker. The use of fusion genes such as ß-geo, which consists of the reporter gene E. coli 
ß-galactosidase (ß-gal) and the selectable marker neomycin phosphotransferase (neo) lacking a 
promoter, allows to select for the inactivated target gene and, concomitantly, define the expression 
pattern of this gene by staining for ß-galactosidase activity. Hence, artifacts are avoided due to 
extraneous genetic elements, such as an exogenous promoter. The widest use of transgenesis with /}-
geo has been in gene trap experiments, with ß-galactosidase expression as a means to identify genes 
with interesting patterns of expression that even can be related to a mutant phenotype (Friedrich and 
Soriano, 1991). To circumvent definitive introduction into the target locus of a positive selection 
element, other targeting strategies have been developed aiming at gene replacement to create subtle 
modifications, such as "in-out" (Valancius and Smithies, 1991), "tag and exchange" (Askew et al., 
1993), and "double replacement" (Stacey et al., 1994). Moreover, these techniques can be attractive 
alternatives to generate transgenic mice as described in section 3.1.1. The copy number and 
integration site of the transgene (including an exogenous promoter) can be contraled by screening for 
correct events, although the risk of regulatory elements at the desired site remains. In addition, 
studies on functional compensation (integrating one transgene in the locus of its inactivated homolog) 
and expression or translocation (by in-frame fusions bringing one gene under the transcriptional 
control of the other gene) can be performed without the potential influence of concomitant exogenous 
sequences (for example, Schwartzberg et al., 1990; Hanks et al., 1995). 

Finally, upon introduction of the targeting construct into ES cells by electroporation, clones with 
the integrated construct are selected in culture and subsequently screened by DNA analysis for 
homologous recombination. After subcloning, expansion and karyotyping the correctly modified ES 
cells are used to generate chimeric knockout mice. The mutant ES cells (derived from the beige 
mouse strain 129/Ola) are injected into the biastocoel of a genotypically normal (wild-type) 3.5-day-
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old mouse embryo, the blastocyst (mostly derived from the black mouse strain C57B1/6), where they 
participate in the development of all tissues of the developing mouse, the so-called chimera which can 
be recognized by coat color mosaicism (Fig. 2). 

Heterozygous knockout mice are generated by subsequent matings of chimeric mutant mice with 
wild-type 129/Ola mice (Fig. 2). If the ES cells have contributed to formation of germ cells, the 
mutant gene is transmitted to their progeny. 

By interbreeding heterozygotes, homozygous knockout mice are produced, immediately in a 
congenic 129 background (Fig. 2). However, the reproductive performance of 129 mice is poor, 129 
mice are not a good choice for some studies because of major anatomical abnormalities in the brain 
and severely impaired spatial learning (Livy and Wahlsten, 1991; Gerlai, 1996), and phenotypic 
comparison to other genetic loci is limited because the vast majority of inbred strains in the mouse are 
derived from strains other than 129. The choice of backcross strain may have significant impact on 
the phenotype as unlinked genes contained in the strain background can have a dramatic effect on the 
mutant phenotype (Threadgill et al., 1995). Thus, ideally, the phenotype of a given mutation is 
determined on different genetic backgrounds. To achieve this, ES cells from different inbred strain 
backgrounds can be used (Lederman and Burki, 1991; McWhir et al., 1996) or the knockout 
mutation can be backcrossed onto different inbred strain backgrounds to create congenic lines. Since 
the last approach may take three or more years (10 backcross generations), this time can be shortened 
to one year (3-4 backcross generations) through the use of marker assisted selection. In this method, 
so-called speed congenics, are those mice selected at each successive backcross generation that carry 
the highest percentage of the desired strain genome (Wakeland et al., 1997). Mice carrying a 
combination of inactivated genes can be generated by intercrossing, a time-consuming but effective 
strategy which however can be restricted by the viability of the desired offspring. 

We have used the system of homozygous knockout mice to study the role of loss of function in 
development and tumorigenesis of the tumor suppressor genes Rb (chapter 2: Clarke et al., 1992) 
and Nf2 (chapter 6: Giovannini/Robanus-Maandag et al., submitted). However, homozygous germ-
line mutations in these two genes cause early embryonic lethality. Although the stage of arrested 
development and physiology of the lethal embryo generally elicit some information on the function of 
the inactivated gene, examining the phenotype at this stage is not always sufficient to identify the 
primary site of action of the affected gene due to a complex phenotype. Moreover, effects of 
functional loss on later stages of embryonic development or in the adult (such as tumorigenesis) can 
not be studied in these knockout mice. The generation of mosaic knockout mice overcomes this 
problem. 

3.2 Mosaic mice 
Mosaic mice consist of cells of two genotypes. 

3.2.1 Chimeric knockout mice 
Chimeras, generated by aggregation of mouse embryos at the eight-cell stage, have been used for 
many years to dissect the phenotypes of spontaneous homozygous lethal mouse mutants. However, 
these studies were often limited by the lack of molecular markers to identify the mutant cells and the 
fact that only one in four of the resulting chimeras was of the required genotype. When homozygous 
mutant ES cell lines are used, there is no limitation on numbers of mutant embryos available and all 
offspring are of the required genotypic combination. Not only can homozygous mutant ES cells be 
derived from embryos of a heterozygous mutant cross, they also can be made directly in culture by a 
variety of strategies (Nagy and Rossant, 1996), such as consecutive inactivation of both alleles (Fig. 
2) (Te Riele et al., 1990) and selection at high concentration of the drug (Mortensen et al., 1992). 
The extent of chimerism can be determined by whole-tissue DNA or isozyme analysis, while the 
mutant cells can be identified in situ by cell-specific markers, tools also critical for fate mapping, ß-
gal, most widely used, is reported to be ubiquitously expressed in the ROSA26 gene trap Une of 
mice, making this line (in a strain 129 background) a suitable donor of marked ES cells (Zambrowicz 
et al., 1997). Another marker, green fluorescent protein (GFP) of jellyfish, can be observed directly 
in living cells (Chalfie et al., 1994). 

Homozygous mutant chimeras can show a very widespread contribution of the ES cells and an 
extensive mixing of the homozygous mutant and wild-type cells in a tissue. Therefore, it is possible 
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to analyze mutant effects in multiple lineages in one animal. This can yield a significant amount of 
information about the function of the gene: 
(a) Chimeras are frequently viable (depending on the extent of chimerism) due to developmental 
rescue of the homozygous mutant ES cells by the wild-type cells, 
(b) Exclusion of mutant cells from a certain tissue may indicate a requirement for the mutated function 
in that tissue (for example, Hilberg et al, 1993), 
(c) Competition between mutant and wild-type cells can even reveal phenotypic effects not detectable 
in the purebred embryos themselves (Crosby et al., 1998), 
(d) The restricted early potential of ES cells to contribute only to the embryo proper provides a special 
opportunity to distinguish whether early lethality of a mutant is due to defects in embryonic or 
extraembryonic lineages (Rossant and Spence, 1998), 
(e) With the so-called blastocyst complementation assay, mutant cells are introduced into host 
embryos that are genetically impaired in their ability to make certain lineages; In resulting chimeras, 
those lineages derive entirely from the donor cells while others are of mixed origin (for example, 
Chen et al., 1993). " 
However, also the production of chimeras has its limitations: 
(a) Each animal has to be generated by ES cell injection into a blastocyst, a labor-intensive procedure 
lacking reproducibility in the extent of chimerism amongst different tissues and mice, 
(b) Combined complete inactivation of both alleles of different genes in ES cells is limited by the 
number of available selection genes, 
(c) Spontaneous mutations can accumulate in these cells as a result of continued cell culturing. 
Alternatively, based on the problems (b) and (c), homozygous mutant ES cell lines can be established 
from blastocysts, generated by intercrossings of different knockout mice that are heterozygous 
mutant for one gene. 

The system of chimeric mice has been used in studies on the role of functional loss on 
development and tumorigenesis of Rb (chapter 3: Robanus Maandag et al., 1994) and of both Rb and 
pl07 (chapter 4: Robanus-Maandag et al., 1998). 

Autonomy of gene function can only be judged through mosaic analysis. A cell-autonomous 
requirement for gene function comes up independent of the proportion of mutant and wild-type cells 
in a tissue: Mutant cells might be entirely excluded from the affected tissue, or they might exhibit a 
mutant phenotype within the tissues to which they contribute. On the other hand, if the mutant cells 
are defective in a non-autonomous function, the presence of wild-type cells can rescue the mutant 
phenotype, provided that the mutant cell contribution to tissues that require the function is low. In 
general, the mode of action of a gene in homogeneous knockout mice is inferrred from the cells that 
express the gene. However, determination of the expressing cells depends on accuracy and 
sensitivity (Deng et al., 1997; Ciruna et al., 1997) and a wide expression pattern precludes to obtain 
any information about the type of requirement for a gene function. It is even possible, that the same 
gene can act both autonomously and non-autonomously with respect to different cellular phenotypes 
(Guillemot et al., 1994; Tanaka et al., 1997)). Thus, mosaic analysis can provide the critical test for 
autonomy of gene action. 

3.2.2 Conditional knockout mice 
The utility of the bacteriophage PI-derived CrdloxP site-specific recombination system (Sauer and 
Henderson, 1988) has further refined targeted gene manipulation in order to obtain more specific 
biological information about gene function from mutants (Gu et al., 1994). Apart from an increase of 
the number of possibilities to introduce stable genetic modifications (pointmutation, deletion, or 
replacement) into the ES cell genome without definitive integration of a positive selection element, the 
system offers the opportunity of conditional gene targeting (Fig. 2). In this way, modification can be 
restricted in vivo to selected cell types either from a certain developmental stage or upon induction 
from a given time point on. The site-specific recombinase Cre catalyzes reciprocal site-specific 
recombination between two loxP sites. Acting intramolecularly, the enzyme excises chromosomal 
DNA between two directly repeated recognition (loxP) sites as a circular molecule, leaving a single 
34 base pair (bp) loxP site on each reaction product, or inverses the intervening region in case the 
two loxP sites have an opposite orientation. The recombination system of yeast, Flp/F/t, seems to 
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function less efficiently, possibly due to the lower temperature optimum of the FLP recombinase 
(Buchholzetal., 1996a). 

To alter the mouse genome directly at the ES cell stage using the CrdloxP system, two steps are 
required. First, a genetic modification (mutation or, in case of targeted insertion or transgenesis, 
transgene or cDNA of target gene), including loxP sites is introduced into the ES cell genome by 
homologous recombination. The loxP sites flank both a marker (combination), that in the first step 
can be selected for and in the second step against, and genomic sequences in case of deletion or 
replacement. Subsequently the desired, final structure of the targeted locus is generated by site-
specific recombination between the loxP sites by transient expression of Cre, deleting the loxP-
flanked marker region and leaving a single loxP site. The targeting construct is designed to introduce 
the loxP sites at innocent positions into the non-coding region of the target gene. This is especially 
important in case of conditional gene targeting, in which the genome in particular cell types at defined 
developmental stages of the mouse is modified by transgenic expression of Cre, but in all other cells 
remains unaltered (Gu et al., 1994). This 'flox-and-delete' strategy requires three steps, the first two 
in ES cells, the third in the mouse, resulting in a mosaic mouse (Fig. 2). First, a foxP-flanked 
selection marker (combination), as described above, and an isolated loxP site are introduced into the 
target gene by homologous recombination such that they flank the region that will be deleted in the 
third step in the mouse. The constructed loxP sites in the targeting vector, all three in the same 
orientation, can be tested on their function in Cre-expressing bacteria (Buchholz et al., 1996b). 
Subsequently, the marker (combination) is deleted in the ES cells by transient expression of Cre, 
resulting in a /axP-flanked ('floxed') region without disturbance of target gene expression by the 
position of both loxP sites. With these clones, mice are generated that are heterozygous and, by 
intercrossing, homozygous for the floxed allele. In the third step, transgenic mice that express the 
Cre recombinase in specific cell types at defined developmental stages are crossed into the 
homozygous floxed background, generating conditional knockout mice with a homozygous somatic 
deletion in a restricted cell pattern. Cre-transgenic mice can be generated by conventional 
transgenesis, targeted insertion or targeted transgenesis. In the last two methods, using^h sites of the 
Flp system avoids the presence of a "contaminating' loxP site. Moreover, because Cre also mediates 
intermolecular recombination between two loxP sites, mutant sites can be applied thereby favoring 
integrative recombination over excisive reaction (Araki et al., 1997). 

It is the regulatory system of Cre expression that determines the conditonal nature of the deletion 
in the mouse. Suitable Cre transgenic strains can be identified by mating with a /oxP-indicator strain, 
testing the activity and cell type specificity of Cre expression in the offspring (Akagi et al., 1997). 
However, determination of the efficiency of Cre-mediated deletion by Southern blotting may be 
optimally tested at the gene of interest, avoiding eventual locus-specific effects. It is possible to 
construct conditional gene targeting vectors that upon homologous recombination will express a 
reporter gene in case of Cre-mediated deletion. 

The use of conditional gene targeting is a fairly recent development, offering a number of unique 
opportunities: 
(a) To study the phenotypic effect of functional loss of a gene if "pure" knockout mice show a severe 
or lethal phenotype during embryonic development, 
(b) To study the phenotypic effect of a mutated gene in a particular cell lineage (normal until Cre is 
expressed), thereby avoiding the risk of functional compensation due to the lack of a protein from 
zygote stage on, 
(c) To obtain gene inactivation in part of the cells in all tissues, thereby mimicking chimerism: The 
'balancer' strain can be used which expresses Cre under the control of regulatory elements of the 
nestin gene (Betz et al., 1996), 
(d) To generate large genomic deletions up to several centimorgans by placing the two loxP sites in 
the same orientation on one chromosome by two rounds of independent gene targetings (Ramirez-
Solis et al., 1995); This approach is especially helpful to screen for recessive mutations on haploid 
chromosome segments; For the successive homologous recombination steps only a single selection 
gene (combination) is required due to its direct removal in the ES cells in each round, 
(e) To create chromosomal translocations and inversions by placing the two loxP sites on different 
chromosomes or on one chromosome in the inverted orientation, respectively (Smith et al., 1995; 
Van Deursen et al., 1996), 
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(f) To mimiek sporadic mutations, which are frequently found in cancer, 
(g) To reproducibly perform phenotypic analyses, with the option to vary the efficiency and 
specificity of Cre-mediated deletion within one experiment by the use of different transgenic founder 
lines, 
(h) To still introduce a deletion of the floxed region into the germ line; For this purpose, mice that 
carry the floxed allele are mated with one of the 'deleter' strains which express Cre in all tissues, 
including germ cells (Lakso et al., 1996; Schwenk et al., 1996); Alternatively, such offspring with 
the Cre-mediated deletion in the germ cells can be generated using a different category of ES cell 
clones selected for in the second step of the flox-and-delete strategy; In these clones, the outer loxP 
sites have recombined resulting in deletion of the entire loxP-fianked region. 
However, also this new method of conditional gene targeting with Cre expression under the control 
of a cell type-specific promoter has several drawbacks: 
(a) The efficiency of Cre-mediated deletion depends on certain features of the target locus (chromatin 
structure, transcription rate or DNA methylation), 
(b) The availability of cell type-specific promoters and transgenic regulator mice is limited, although 
these mice are rapidly being developed, 
(c) Promoter specificity has only been roughly determined by Northern blot analysis or reporter gene 
expression analysis; Therefore, knowledge is still incomplete about the primary developmental stage 
and site of activity of the promoter; Such incompleteness holds also for the cell (the differentiation 
stage at, or even the type of cell in which gene function has to be altered to obtain the desired result), 
(d) All cell types originating from a certain Cre-expressing cell carry the deletion, thus the phenotype 
is not necessarily related to cells of interest with an active Cre promoter, 
(e) An intermediate or reversible state of regulation is not possible, the target gene is functional or 
irreversibly non-functional. 

The last two disadvantages are overcome by inducible regulator systems that can control the 
activity of the endogenous gene (directly), apart from that of Cre (indirectly) (for review, see Porter, 
1998). Promoters can be used that make genes responsive to various natural inducer molecules such 
as interferon, metal ions or dexamethason (endogenous transcriptional switches). Regulator systems 
of E. coli (Lac, Tet) or Drosophila (ecdysone) can be employed (exogenous transcriptional switches). 
Also, posttranslational switches are utilized, mostly based on the oestrogen receptor (ER). Finally, 
ligand-inducible systems (for example, based on rapamycin or mifepristone) are tested on their 
feasibility. Direct control leaves open the possibility to obtain reversibility, useful for confirmation of 
a certain phenotype, and to do complementation studies by expression of a complementing minigene 
under the control of exogenous transcriptional-regulatory sequences, although with the risk of 
physiological irrelevance. Inducible regulation is especially helpful to analyze gene function in the 
adult stage, because modification takes place after the normal establishment of adaptational responses 
of cellular systems, such as immunological or spatial memory. However, the inducible method, 
mostly applied in the indirect way on Cre, is even more labor-intensitive than that with Cre 
expression under the control of a cell type-specific promoter, because the utility of both constructs 
and conditions has first to be determined. Moreover, the risk of leakiness exists, resulting in a fairly 
uniform population of cells in which conditional gene targeting is incomplete or timing of alteration is 
incorrect. 

An alternative way to achieve temporal and spatial control, without the limitations of tissue-
specific or inducible regulator systems and time-consuming crossings, is to deliver Cre to somatic 
tissues via recombinant adenoviruses. These have a broad tissue specificity and do not integrate into 
the host genome, resulting in transient expression of Cre (Shibata et al., 1997). The application of 
liposomes may be an alternative way to deliver Cre (Lasic, 1998). In the few reported conditional 
gene targeting experiments, mainly transcriptional regulation of Cre by tissue-specific promoters is 
used, but the efficiency and versatility of the conditional knockout approach will improve rapidly. 

The system of conditional knockout mice has been used in studies on the role of loss of function 
on development and tumorigenesis of Nf2 specifically in Schwann cells (chapter 6: 
Giovannini/Robanus-Maandag et al., submitted). 
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4 Retinoblastoma 

4.1 Human syndrome 
Retinoblastoma is the most common intraocular malignancy in children with a worldwide incidence 
of 1 in 3,500-45,000 live births (Hooper, 1999). The average age at diagnosis of the disease is 12 
months for bilateral (that can be unifocal or multifocal) and 18 months for unilateral cases, with 90% 
of the patients being diagnosed before 3 years of age. The tumor arises in the neural retina, the inner 
coating of the eyeball which is composed of several different cellular layers converting light impulses 
into signals to the brain (Fig. 3). 
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Figure 3. Retinal development in the mouse. The murine retina originates from the ventricular layer, a 
single cell layer consisting of identical retinal stem cells, the retinoblasts. These cells start to divide at 
embryonic day (E)10 and stop division around postnatal day (P) 11. The new retinoblasts divide again 
in the ventricular layer of the primitive nuclear layer or differentiate into the mature retinal cells. 
Roughly, differentiation into horizontal, cone, amacrine and ganglion cells takes place before birth, that 
of bipolar and Müller cells after birth whereas rod cells are formed during the whole period of 
retinoblast division with a peak around birth. At embryonic day 17, the ganglion cells have separated 
from the primitive nuclear layer. At birth, this layer shows some but not a complete rearrangement of 
the various cell types into the future inner and outer nuclear layer. At postnatal day 15, the retina shows 
its final architecture with the outer nuclear layer (ONL), the photoreceptor layer, consisting of cones 
and rods, the inner nuclear layer (INL), consisting of horizontal, bipolar, Müller and amacrine cells, and 
the ganglion cell layer (GCL) with the plexiform layers in between (OPL and IPL). This retina forms 
the inner coating of the eye ball and converts light impulses into signals to the brain. 

Histologically, rosettes and fleurettes characterize the retinal tumor, while also necrosis is often 
seen. Rosettes are spherical structures (circular in section) constituted by uniform cuboidal or short 
columnar cells arranged in an orderly fashion around a small round lumen (Flexner-Wintersteiner 
rosette) or without any lumen like often found in other neuroectodermal tumors (Homer-Right 
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rosette). Fleurettes show an arrangement of differentiated neoplastic cells with the apical part at the 
exterior and short and thin stromal axes at the interior side, resembling the shape of a flower. 
Invasion of the tumor can occur into the eyecoats, choroid and sclera, but also into the optic nerve 
and meningeal space. The degree of differentiation and number of mitoses weakly correlate with 
prognosis. The tumor is derived from neuroectodermal cells, but its cell of origin, already subject of 
considerable debate in the fifties (Reese, 1953; Willis, 1958), is still under discussion (Tsokos et al., 
1986; Nork et al., 1995). Many investigators believe it is a primitive multipotential cell. Others 
suggest it is a cell capable of bipotential differentiation into photoreceptor and glial cells, although the 
neoplastic nature of the latter in retinoblastoma has to be proven. 

As explained in section 2.1 of this introduction, retinoblastoma has served as a prototypic example 
for tumorigenesis through loss-of-function mutations (Murphree and Benedict, 1984; Hansen and 
Cavenee, 1988; Weinberg, 1991). Of retinoblastoma cases, 60% are sporadic and unilateral, 15% are 
hereditary and unilateral, and 25% are hereditary and bilateral. Independent of the presented form, the 
loss or mutational inactivation of the RB gene (on chromosome 13q 14) in the developing retina is the 
rate-limiting step in neoplastic transformation (Knudson, 1971; Friend et al., 1986; Lee et al., 1987, 
Bookstein et al., 1988; Hong et al., 1989). The first RB mutation is inherited or somatically acquired 
and results in a nonfunctional or absent RB protein. The second mutation is somatically acquired in 
either case by elimination of the second wild-type allele through both mitotic recombination and non
disjunction followed by reduplication (Cavenee et al., 1983; Benedict et al., 1987; Zhu et al., 1992). 

The penetrance of retinoblastoma among RB hemizygotes is high, around 90% (Vogel, 1979). 
Apart from loss of RB, extra copies of chromosome 6p (60-78%) and lq (84%) have been found in 
retinal tumors, but the significance of these karyotypic aberrations is unknown (Kusnetsova et al., 
1982; Squire et al., 1984). 

Several clinical abnormalities have been found associated with retinoblastoma: (1) 13Q-deletion 
syndrome, that shows mental retardation and dysmorphism together with the sporadic form of the 
tumor (Allderdice et al., 1969; Francke and King, 1976), (2) retinoma, a primary benign, only rarely 
progressive, retinal tumor in individuals with a germline RB mutation, composed of cells that show 
photoreceptor differentiation without evidence of necrosis or mitotic activity but with numerous 
rosettes (Margo et al., 1983), (3) trilateral retinoblastoma, characterized by bilateral retinoblastoma 
plus midline brain tumors, usually in the pineal gland with a retinoblastoma-like appearance (Bader et 
al., 1980), (4) second site primary malignant tumors (excluding all possible effects of treatments 
such as irradiation): disease-free patients who were successfully treated for the initial hereditary 
tumor are at 2% risk after 18 years to develop osteosarcoma, showing homozygosity around the RB 
locus (Hansen et al., 1985; Draper et al., 1986). 

4.2 The pRB pathway in cell cycle control and human cancer 
The protein product of the RB gene, spanning 150 kb with 27 exons and a mRNA of 4.7 kb, is a 
phosphoprotein of HOkD (Friend et al., 1986; Fung et al., 1987; Lee et al., 1987a,b) and is since 
the end of the eighties subject of extensive in vitro studies. 

The nuclear tumor suppressor protein is a key regulator of the cell cycle, the process of cell 
division, that can be subdivided into discrete stages: Preparation for DNA replication (Gl), DNA 
duplication (S), preparation for mitosis (G2), and actual cell division (M). During the Gl phase of 
the cell cycle, the cells are responsive to extracellular positive and negative proliferation signals. pRB 
functions in a pathway that transduces such signals to the cell cycle machinery modulating the activity 
of a variety of transcription factors, such as E2F (Fig. 4). In early Gl, pRB in its 
hypophosphorylated, active form (110 kD) physically associates with E2F and thereby suppresses 
transcription of the E2F target genes. Upon an extracellular positive proliferation signal, cycfin D is 
upregulated leading to complex formation of this protein with cyclin-dependent kinase 4 or 6. These 
complexes start to phosphorylate pRB in the mid/late Gl phase, which leads to a dissociation of the 
pRB-E2F complex, permitting transcription of genes with E2F binding sites in their promoters such 
as pi 07, cycMn E, and S-phase genes (Dyson, 1998). Also the complex cycfin E-cdk2 can 
phosphorylate pRB, leading to a positive feedback loop promoting pRB phosphorylation. After 
passing a restriction point, pRB stays in the hyperphosphorylated, inactive conformation (114 kD) 
throughout the autonomous program that carries the cell through the remaining part of the cell cycle. 
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Figure 4. The pRB pathway in cell cycle control. In early Gl, hypophosporylated pRB binds to E2F, 
suppressing the transactivating potential of this transcription factor. Once cyclin D becomes upregulated 
by an extracellular positive proliferation signal, it forms complexes with cyclin-dependent kinase 4 or 6. 
These complexes phosphorylate pRB, leading to a release of the E2F transcription factor which then can 
transactivate E2F target genes like cyclin E. The complex cdk2-cyclin E can phosphorylate pRB, 
leading to a positive feedback loop promoting pRB phosphorylation. After passing a restriction point, 
pRB stays in the hyperphosphorylated, inactive conformation throughout the autonomous program that 
carries the cell through the remaining part of the cell cycle. Just before early Gl, pRB becomes 
dephosphorylated, resuming its activity. 

At the end of M up to early Gl, pRB becomes dephosphorylated, thereby resuming its activity 
(Sherr, 1994; Weinberg, 1995). It has long been thought, that the major function of E2F is to 
positively regulate transcription. Recently, it has been suggested that E2F may be primarily a negative 
regulator of transcription, directing the binding of repressors such as pRB to specific target genes, 
and only incidentally a positive regulator (Field et al., 1996; Yamasaki et al., 1996; Zwicker et al 
1996). 

The nuclear phosphoproteins pi07 and pi30 have been identified as homologs of pRB, and 
together they form thepRB protein family (Ewen et al., 1991; Hannon et al., 1993; Li et al., 1993; 
Mayol et al., 1993). Like pRB, pl07 and pl30 may also act as negative regulators 'of celi 
proliferation through interaction with E2F transcription factors via the regions of extensive structural 
homology, the so-called pocket domains (Zhu et al., 1993; Claudio et al., 1994; Qin et al., 1995). 
Binding of the viral oncoproteins simian virus 40 large T antigen (SV40 Tag), human papillomavirus 
E7, or adenovirus El A, to the pocket domain can result in inactivation of the pRB family members 
(DeCaprio et al., 1988; Whyte et al., 1988; Dyson et al., 1989; Lee et al., 1998; Zalvide et al., 
1998). Also, naturally occurring RB gene mutations in tumorigenic cells appear to affect in some way 
the pocket domain, supporting the significance of this part of the protein (Hu et al., 1990). The 
pocket domain consists of a B box, containing a highly conserved binding site for the LxCxE motif, 
shared by other pRB-binding viral and cellular proteins (such as D-type cyclins, not E2F), an A box 
required for the stable folding of the B box and a conserved spacer region, that is suggested to be an 
additional protein-binding site (Lee et al., 1998). 
Differences have been found that suggest specific roles for each of the pRB family members: 
(a) The pRB-specific spacer region is a possible E2F binding site, whereas the spacer region shared 
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by pl07 and pi30 mediates their interaction with cyclins A and E (Ewen et al., 1992; Zhu et al., 
1993), 
(b) Different pRB family proteins associate with different E2Fs and at different times during the cell 
cycle; The number of possible combinations is even further increased, since E2Fs are able to bind 
DNA and activate transcription only when complexed with one of the probably two members of the 
DP family (for review, see Bernards, 1997), 
(c) In contrast to pRB, which associates with E2F-DP, pl07 and pi30 have been detected in two 
indepedent larger complexes consisting of E2F-DP, cychn E and cdk2, and with E2F-DP, cyclin A 
and cdk2 (Cao et al., 1992; Devoto et al., 1992; Shirodkar et al., 1992), 
(d) pRb and pl07/pl30 are required for the regulated expression of different sets of E2F responsive 
genes (Hurford et al., 1997), 
(e) The control of pRb family member expression is mediated through distinct mechanisms of both 
transcriptional (pl07) and posttranslational (pRb and pl30) control (Smith et al., 1998), 
(f) The C-terminal caspase cleavage site in pRb is absent in pl07 and pl30 (Jänicke et al., 1996; 
Chen et al., 1997), 
(g) In contrast to the alterations in RB, no specific mutations in pl07 (20qll.2) and pi30 (16ql2.2) 
have been found in human tumors. 

It appears that the regulatory mechanism centered around pRB, which has become known as the 
'RB pathway', plays a critical role in both cell physiology and tumorigenic transformation. In the RB 
pathway, several positive regulators of cell cycle control can be characterized as oncogenes (D-type 
and E cyclins, CDK4/6), and negative regulators as tumor suppressors (pi5, pl6, p27, and p57 
CDK inhibitors and RB itself). E2F1 can function either as an oncogene by its growth-promoting 
properties or as a tumor suppressor gene by its growth-inhibitory complex formation with RB. Each 
of these genes can become deregulated via several distinct molecular mechanisms (for reviews, see 
Bartek et al., 1997; MacLeod, 1999). Interestingly, tumor type-associated preferences have been 
found with respect to the mechanism by which deregulation of a certain gene takes place, and the 
gene which is deregulated. These preferences may be connected to specific patterns of gene activities 
and the differentiation program in distinct target cell types. Also, a functional hierarchy in the RB 
pathway might play a role: some components of the RB pathway may become deregulated 
concomitantly (e.g., pl6 and cyclin Dl, Lukas et al., 1995), whereas aberrations of others occur in a 
mutually exclusive way (e.g., 80-100% of the small-cell lung carcinomas display a pl6+/pRb-
phenotype whereas 67-100% of the non-small-cell lung carcinomas display the converse pl6-/pRb+ 
phenotype (Shapiro et al., 1995; Sakaguchi et al, 1996)). Not only aberrations of 'core components' 
of the RB pathway contribute to tumorigenesis, but also those of major signaling proteins (such as 
Ras) may functionally be analogous to a partial inactivation of RB (Mittnacht et al., 1997; Peeper et 
al., 1997). Cooperative effects of either different mitogenic cascades or a mitogenic cascade together 
with anchorage-promoting signals from the extracellular matrix (ECM) may similarly target the RB 
pathway. 

The RB pathway is also involved in choosing alternative cellular fates, such as a temporary cell 
cycle arrest in response to DNA damage, differentiation, cellular senescence, and apoptosis (for 
reviews, see Weinberg, 1995; Weinberg, 1997; Tan and Wang, 1998; Macleod, 1999). In summary, 
pRB with its immediate upstream regulators and effectors has a key role at the decision center in 
somatic cells of higher eukaryotes. 

4.3 Mouse models 
To study the effect of loss-of-function mutations in RB on development and tumorigenesis, we and 
others have generated Rb heterozygous knockout mice via homologous recombination in ES cells. In 
collaboration with the group of Hooper, Edinburgh (UK), we generated mice with an insertional 
mutation in exon 19 of Rb (on chromosome 14) leading to a protein that was truncated in the spacer 
region of the pocket domain (Clarke et al., 1992). Two other groups introduced stopcodons in exon 
3 (Jacks et al., 1992), or an insertional mutation in exon 20 (B box of the pocket domain) (Lee et al. 
1992). Rb+,~ mice do not develop retinoblastoma (Clarke et al., 1992; Jacks et al., 1992; Lee et al. 
1992) (Table 1). Instead, they succumb to tumors (showing LOH for Rb) of the pituitary gland from 
6-8 months on and, dependent on the strain, other neuroendocrine tumors (Jacks et al., 1992; Hu et 
al., 1994; Robanus Maandag et al., 1994; Williams et al., 1994a; Harrison et al., 1995). 
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Table I. Retinal phenotype of mice with knockout Äfr-family-genes 

genotype mouse type stage retinal phenotype Refs. 

Rb+/-
plOT'' 
pl3&-
pl3&' 

Rb+';pl0r'-
Rb+/;pl0r'-
Rb+/';plOT'' 
Rb*'-;pl3Cr'-
pl07'-;pl3O'-

Rb'-

Rb+,;plOT'-
Rb-'-,pl07-'-

knockout 
knockout 
knockout 
knockout 

knockout 
knockout 
knockout 
knockout 
knockout 

adult 
adult 
adult 
Ell-13 

normal 
normal 
normal 
normal 

E12.5-14.5 normal 
adult normal 
adult dysplastic lesions 
adult normal 
birth normal 

chimeric knockout El 6-P11 
adult 

apoptosis primitive nuclear layer 
reduced contribution of Rb'' cells 

(1) 
(2,A) 
(2) 
(B) 

(A) 
(2) 
(2) 
(2) 
(3) 

(4) 

chimeric knockout 
chimeric knockout 

adult 
E17.5 
adult 

dysplasia (5) 
apoptosis primitive nuclear layer (5) 
retinoblastoma amacrine/Miiller cells 

(1) Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992; (2) in C57B1/6 genetic background, Lee et al., 
1996; (3) Cobrinik et al., 1996; (4) Robanus Maandag et al., 1994; (5) Robanus-Maandag et al., 1998. 
(A,B) in Balb/cJ genetic background, (A) LeCouter et al., 1998a; (B) LeCouter et al., 1998b. E, 
embryonic day; P, postnatal day. 

Rb'- embryos die around days 12-15 of gestation. At that time, the embryonic lethality reassured 
the concepts of tumor suppressor genes as essential in controlling cell division or differentiation just 
after the unexpected finding of normal developing p53~'' mice (Donehower et al., 1992). On the other 
hand, the rather late embryonic death was surprising because many important lineage decisions and 
cell divisions have occurred by embryonic day 12 (El 2). However, the age of death correlated with 
the embryonic stage of high Rb expression levels in normal murine brain, spinal cord and liver 
(Bernards et al., 1989). In partial accordance with this expression pattern, embryos lacking pRb 
show severe defects in central neurogenesis, fetal liver erythropoiesis, lens development, and 
myogenesis. However, the developing retina appears normal at E14.5 (Clarke et al., 1992; Jacks et 
al., 1992; Lee et al., 1992; Morgenbesser et al., 1994; Robanus Maandag et al., 1994; Williams et 
al., 1994b; Zacksenhaus et al., 1996). The embryonic lethality precludes monitoring the role of loss 
of Rb at later developmental stages and adult stage. 

With regard to the unexpected absence of retinoblastoma in Rb+I' mice, it was suggested that the 
number of mouse retinal cell divisions might be too low to spontaneously loose the second wild-type 
Rb allele. However, also chimeric Rb'' mice, consisting of both Rb'' and wild-type cells, do not 
develop retinoblastoma (Robanus Maandag et al., 1994; Williams et al., 1994b). They show in 
embryonic stage abnormalities in differentiation of fetal liver erythroid and lens fiber cells (thus, brain 
and spinal cord are normal), and develop in adult stage Rb'' cell-derived pituitary gland tumors 'after a 
shorter latency period compared to Rb+r' mice. Nevertheless, the Rb'' chimeras provided evidence for 
a retinal function of pRb. The contribution of Rb'' cells to the adult retina is significantly reduced due 
to apoptosis in the developing retina beyond day 16 of gestation (Robanus Maandag et al., 1994) 
(Table 1). 

The negative selection of Rb'' cells in the embryonic retina suggests that during differentiation of 
the murine retina loss of Rb results in cell death and not in tumorigenesis. Additional mutations may 
be required to unleash the oncogenic potential of pRb deficiency in mouse retinoblasts. This 
hypothesis was supported by the fact that retinoblastomas develop in transgenic mice with retina-
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specific expression (using the human interphotoreceptor retinoid-binding protein (IRBP) promoter) 
of SV40 Tag or HPV-16 E7, the latter exclusively in a p53'- background (Al-Ubaidi et al., 1992; 
Howes et al, 1994). The multiple inactivations by the viral oncoproteins possibly include one or more 
of the pocket proteins and p53 (in case of Tag). 

Therefore, knockout mice have been generated with (various combinations of) inactivated 
candidate genes that may specify the mutational requirements for murine retinoblastoma development 
(Table 1). Retinal dysplasias have been observed in 40% of the Rb+';p53''' mice as well as 
pinealoblastomas that show loss of heterozygosity for Rb (Williams et al., 1994a). Also, although 
Rb+I~;pl07~'~ mice do not show any altered tumor predisposition when compared with Rb+I' mice, 
these mice develop multiple dysplastic lesions of the retina that are absent in Rb+/' and pi 07'' mice 
(Lee et al., 1996). That Rb family members have overlapping functions is better illustrated in Rb'1' 
\pl07'~ embryos, which die two days earlier and show accelerated apoptosis in the liver and the CNS 
relative to Rb'1' embryos (Lee et al., 1996), consistent with the co-expressison pattern of Rb and pi 07 
in these tissues (Jiang et al., 1997). Moreover, pl07l'\pl3Ol' mice just die after birth showing 
abnormal limb development by loss of control of chondrocyte proliferation, whereas plOT1' and 
pl30~'~ develop normally (except for subtle thickening of forelimb bones observed in plOT' embryos 
at El 8) (Cobrinik et al., 1996). The phenotype of pl07'';pl3&' mice illustrates in addition, that the 
growth-regulatory functions of pi07 and pi 30 are not fulfilled by pRb. The genetic background has 
significant impact on the phenotypes of pl07 and pl30 mutant mice. In the Balb/cJ, instead of 
C57B1/6, background, pl07'' mice exhibit a diathetic myeloproliferative disorder in spleen and liver, 
and Rb+l';plOT'~ embryos die around days 12.5-16.5 after gestation (LeCouter et al., 1998a). In this 
background, pl30~'~ embryos die around days 11-13, showing disorganized neural and 
dermamyotomal structures (LeCoulter et al., 1998b). Likely, the role of modifier gene is attributed to 
pi 6, since the Balb/cJ variant of the pi6 allele shows an inefficient or defective inhibitor function 
(Zhang et al., 1998a). 

Retinoblastoma might arise in Rb'' variants of knockout mice, that carry a combination of 
inactivated candidate genes, but these mice can not be studied in adult stage due to embryonic 
lethality. Therefore, we have generated chimeric Rb';pl07'' mice, which appear to develop 
retinoblastomas at high frequency observed up to 4 months of age (Robanus Maandag et al., 1998). 
The retinal tumors show amacrine cell differentiation, and therefore originate from cells committed to 
the inner but not the outer nuclear layer (Fig. 3). The pRb/p 107-deficient cells of the IRBP-
expressing cell compartment (bipolar, horizontal, and photoreceptor cells that probably are still 
immature) appear not to grow out to retinoblastoma. Instead, they undergo apoptosis before postnatal 
day 15, likely at the stage of their differentiation to mature cells (Table 1). These findings provide 
formal proof for the role of loss of Rb in retinoblastoma development in the mouse and the first in 
vivo evidence thatpl07 can exert a tumor suppressor function (Robanus Maandag et al., 1998). 

Interestingly, a retinal phenotype of two other types of mice mutant for nuclear regulators of the 
RB pathway has been reported. Mice lacking the non-CDK-specific inhibitor p27KipI, apart from 
developing pituitary gland tumors, display a disorganized cellular layer pattern: Displacement of 
photoreceptor cell nuclei and bipolar cells, and a thusfar unconspicuous increase in the number of 
amacrine cells and Müller cells together with a disorganization of the network of cell fibers 
(Nakayama et al., 1996). However, no retinal abnormality was reported on such mice by Kiyokawa 
et al. (1996), and on both Rb+/';p27'' and p27''\p57l' mice (Zhang et al., 1998b; Park et al., 1999). 
Mee lacking cyclin Dl show a dramatic reduction in cell number in the neural retina due to 
proliferative failure during embryonic development (Fantl et al., 1995; Sicinski et al., 1995). These 
results indicate a genetic link among pRb/pl07, cyclin D1-CDK4, and p27Kipl. Also, such an in vivo 
link among pRb and E2fl has been found, indicative of deregulation of at least E2fl by loss of Rb: 
Compared to Rb*'~ mice, Rb+/';E2fl''' mice show a significantly reduced frequency of macroscopic 
pituitary gland tumors and a lenghtening of lifespan. The apoptosis in the central nervous system and 
lens (but not the embryonic lethality) in Rb''' mice is rescued by complete inactivation of E2fl, 
indicating that E2f-1 is the major target of pRb in apoptosis in these tissues (Yamasaki et al., 1998). 

In conclusion, our results have provided the first demonstration of functional synergism of pRb 
and pi07 in controlling proliferation in vivo, in the murine retinal cell. Why this safeguard 
mechanism does not operate in human retinal cells, is a new question to address It is possible that 
pl07, in contrast to the situation in the mouse, is not adequately expressed in the human retina. 
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Alternatively, in case of expression of human pl07, further studies are required to determine whether 
murine pi07 may respond to upstream regulators of pRb, whereas human pi07 may not. Also, a 
potential genetic alteration counteracting apoptotic cell death remains to be identified, that in addition 
to loss of Rb and pl07 may be required for development of murine retinal tumors of cells with either 
amacnne or photoreceptor differentiation. p53 mutations are probably not involved in retinal tumor 
development (Robanus-Maandag et al, 1998; Gallie et al., 1999). The mutations in the human retina 
may arise as a consequence of UV radiation since recently, an association has been found between 
exposure to sunlight and the incidence of unilateral retinoblastoma in human populations (Hooper, 
1999). Finally, to set up the ideal mouse model for human retinoblastoma, further characterization of 
the cell of origin of human retinoblastoma is essential. The very recent observation of Gallie et al. 
(1999), that small human retinoblastoma specimens show nuclear morphology of the inner nuclear 
layer rather than the outer nuclear layer, illustrates the relevance to model human cancer disease in 
gene knockout mice. The use of conditional Rb knockout mice (Vooijs et al., 1998) and murine ES 
cells that lack all pocket proteins (Dannenberg and Te Riele, unpubl.) will contribute to a further 
understanding. 
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5 Neurofibromatosis type 2 

5.1 Human syndrome 
Only since 1987, neurofibromatosis type 2 (NF2) is recognized as a disease that is clinically distinct 
from the ten times more common disorder neurofibromatosis type 1 (NF1) or von Recklinghausen's 
disease. Nearly all NF2 patients (96%) develop bilateral vestibular schwannomas. Alternative 
diagnostic criteria for NF2 are a first-degree relative with NF2 plus either unilateral vestibular 
schwannoma before 30 years of age or any two of the following: Meningioma, glioma, schwannoma 
or juvenile posterior subcapsular opacities in the lens, based on a long-term follow-up after 
presentation of the first symptom (for penetrance, see chapter 5) (Gutmann et al., 1997). Whereas 
unilateral vestibular schwannoma alone is a rather common disorder with an incidence of about 1 in 
1,300 live births, NF2 is a rare disorder with a worldwide incidence of approximately 1 in 40,000 
live births. About half of the cases have no family history of NF2 and represent new germline 
mutations. The average age at onset of symptoms is 21 years, with a range of 2 to 52 years, the 
average age at death is 36 years (Evans et al., 1992). Because NF2 shows a marked degree of clinical 
heterogeneity, it is subdivided into the mild, or Gardner, and severe, or Wishart, subtype showing 
differences in age of onset of the disease, rate of progression, number of tumors and age at death. 

The vestibular tumors usually originate from the vestibular branch of the eighth cranial nerve 
within the internal auditory canal, where the Schwann cell ensheathment of the axons in the nerve 
starts (Evans et al., 1992; Parry et al., 1994). They compress the adjacent auditory nerves early in 
their growth giving significant symptoms. Occasionally, schwannomas also may arise on other 
cranial nerves, especially on the fifth, but never on the first or second cranial nerve, which are part of 
the CNS and do not contain Schwann cells (sensory nerves are more often affected than motor 
nerves). Schwannomas also frequently develop within the intravertebral canal on the dorsal root of 
the spinal cord (Mautner et al., 1995). In addition, schwannomas may arise in the brachial and 
lumbar plexuses, and along peripheral nerves. In NF2 patients, the tumors are derived from 
Schwann cells, meningeal cells, and glial cells. The tumors are histologically benign (mitotic figures 
are uncommon), and the schwannomas rarely transform to Schwann cell sarcomas. Schwannomas 
present as encapsulated tumors surrounding the nerve of origin. Many of these tumors show a 
biphasic histopathological growth pattern. The Antoni type A is characterized by interwoven fascicles 
of elongated cells with conspicuous spindle-shaped nuclei that frequently exhibit palisading and 
contribute to the formation of Verocay bodies. The Antoni type B shows a reticular, microcystic 
appearance, and lower cellularity. In schwannomas, which can be mixed with neurofibroma 
components, degenerative changes are common including the presence of macrophages and 
lymphocytic infiltrates. Metaplastic foci of bone and cartilage are occasionally present (Bouldin, 
1990). Apart from the macroscopic tumors, numerous microscopic foci of Schwann cell proliferation 
(schwannosis) are present in the periheral nerves, most likely representing precursor lesions with a 
potential for progression into schwannomas (Wiestler and Radner, 1994). Lens opacities may appear 
already in young patients and progress to cataract, in part of these patients retinal hamartoma and 
epiretinal membrane are seen (Kaiser-Kupfer et al., 1989; Mautner et al., 1993). 

The only gene found involved in the disease, the NF2 gene on chromosome 22ql2, was identified 
by positional cloning (Rouleau et al., 1993; Trofatter et al., 1993). Based on the mutation spectrum 
(see section 5.2), loss of function of NF2 appears to be crucial to the development of the tumors, 
indicative of a tumor suppressor gene function. 

5.2 Wild-type and mutant NF2 protein 
The NF2 gene spans 110 kb and includes 16 constitutive exons plus 1 alternatively spliced exon. 
NF2 is widely expressed, producing two major mRNA species of 7.0 and 2.6 kb and one minor 
band of 4.4 kb, and encoding a protein which is called schwannomin or merlin (Rouleau et al., 1993; 
Trofatter et al., 1993; Gutmann et al., 1995). Two major alternative forms of the NF2 protein exist: 
Isoform 1, a 595-amino-acids protein produced from exons 1 to 15 and exon 17, and isoform 2, a 
590-amino-acids protein with the alternatively spliced exon 16 altering the C terminus, replacing 16 
amino acids with 11 novel strongly hydrophilic residues. Additional alternative splices predicting 
other minor species have also been described (Pykett et al, 1994; Nishi et al., 1997). 
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Schwannomin, as a member of the protein 4.1 family of cytoskeleton-associated proteins, shares 
a strongly homologous N-terminal domain of approximately 270 amino acids with the ezrin-radixin-
moesin (ERM) family members, however, it lacks the conventional actin-binding region (Fig. 6) 
(Gould et al., 1989; Funayama et al., 1991; Lankes and Furthmayr, 1991; Tsukita et al., 1994). Both 
schwannomin isoforms localize preferentially to the motile regions of cultured cells, such as the 
leading or ruffling edges, where they colocalize with F-actin but are not associated with stress fibers 
(Gonzalez-Agosti etal, 1996). Binding to F-actin occurs indirectly, because the C-terminal domain 
of schwannomin isoform 2 associates with the ankyrin-binding region of ßll-spectrin, which on its 
turn binds to F-actin (Scoles et al., 1998). In antisense in vitro studies, changes in cell morphology 
and attachment have been found resulting in increased cell proliferation, which suggests that 
schwannomin has a critical role in cytoskeletal organization and cell adhesion (Huynh and Pulst, 
1996). Other studies show that schwannomin interacts with five cellular merlin-binding proteins 
(MBPs) for which the N-terminal part of the protein is required, but specifically in its native form 
solely with one, p85 (Takeshima et al., 1994; Nishi et al., 1997). One may speculate that this p85 
protein is in function similar to the cell surface glycoprotein CD44. CD44 is through its interaction 
with the ERM family connected to the Ras/Rho signaling pathway involved in cytoskeletal 
reorganization, cell growth, and cell motility (for review, see Van Aelst and D'Souza-Schorey, 
1997). Similarly, p85 through its interaction with the NF2 protein may be connected to the Ras/Raf 
signaling pathway, that is involved in regulation of primary rat Schwann cell proliferation (Lloyd et 
al., 1997). There are indications of a role for NF2 in the Ras pathway, since the N-terminal half of 
the protein can suppress Ras-induced transformation of NIH/3T3 cells (Tikoo et al., 1994). 

NF2 has been frequently found mutated not only in schwannomas, meningiomas and spinal 
ependymomas of NF2 patients, but also in the sporadic form of these tumors and in malignant 
mesotheliomas (Bianchi et al., 1995; Mérel et al., 1995b; Sekido et al., 1995). The detailed 
mechanism by which NF2 mutation leads to transformation is largely unknown. The N-terminus of 
schwannomin can associate with the C-terminus of isoform 1, but not with that of isoform 2 
(Sherman et al., 1997, Gutmann et al., 1998). It has been suggested that this intramolecular 
interaction, or 'closed' conformation, is required for tumor suppressor activity whereas failure to 
form such a self-folded complex results in an inactive protein, or 'open' conformation (Sherman et 
al., 1997; Xu and Gutmann, 1998). Mutations can be efficiently detected in blood of 84% of NF2 
patients, the remaining part may be missed by mosaicism due to post-zygotic mutation (Zucman-
Rossi et al., 1998). Mutations have been identified in all NF2 exons except for exon 9 and the 
translated part of exons 16 and 17. No major hot spot for mutations has been found, but 
approximately 70% of the mutations cluster in the N-terminal half of schwannomin. The majority of 
germline mutations are nonsense, frameshift or splice site mutations which predict protein products 
with an altered or absent C-terminal domain. A minority of mutations are missense mutations, in-
frame internal deletions or splice-site mutations which predict exon skipping without frameshift, and 
thus preserve the C-terminal domain (Rouleau et al., 1993; Trofatter et al., 1993; MacCollin et al., 
1994; Mérel et al., 1995a; Bourn et al., 1995; Ruttledge et al., 1996; Parry et al., 1996). Such 
mutated schwannomins fail to form an intramolecular complex or to interact with putative effector 
proteins (Sherman et al., 1997; Xu and Gutmann, 1998). Links have been found between the type of 
naturally occurring NF2 mutations and the localization of the mutant protein, as shown in transient 
expression studies in various cell types. C-terminal domain deletion mutants remain located at the cell 
membrane, whereas N-terminal domain alteration/deletion mutants with an intact C-terminal domain 
(such as those that lack the exon 2 or 2-3 encoding region) are delocalized mainly in the perinuclear 
cytoplasmic region (Deguen et al., 1998; Koga et al., 1998; Shaw et al., 1998; Xu et al., 1998). 

5.3 Mouse models 
In collaboration with the group of Thomas, Paris (France), a series of mouse models has been set up 
to study the phenotypic effects of mutant Nß alleles prototypic for naturally occurring mutants 
observed in humans (Table 2). 

We have tested whether mutant schwannomins, comparable to specific tumor suppressor p53 
mutants, may act in a dominant fashion. Transgenic mice have been geneiated that express under the 
control of the Schwann cell-specific rat P0 promoter a human mutant schwannomin with either an 
interstitial deletion encoded by exon 2-3 in the N-terminal domain, Sch-A(39-121), or a C-terminal 
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Table II. Schwann cell phenotype of mice with loss of Nf2 function 

genotype mouse type Schwann cell phenotype Refs. 

Nfi™M'+;NfiKm/+ knockout normal (1,4) 
Nf2A2/+ knockout normal (4) 
»T£2K02-3/K02-3.»fJ2 K 0 3 / K 0 3 

knockout - (lethal <E9.5) (2,4) 
Nf2A2,A2 knockout - (lethal <E9.5) (4) 

POSch-ACter transgenic normal (3) 
P0Sch-A(39-121) transgenic benign/malignant tumors 

hyperplasia 
(3) 

s 

mCre\Nßüm7J+ conditional knockout normal (4) 
?0Cre;NfiKomox2 conditional knockout benign/malignant tumors 

hyperplasia 
(4) 

P0Cre;Nf2üox2tnm2 conditional knockout benign/malignant tumors 
hyperplasia 

(4) 

(1) McClatchey et al., 1998; (2) McClatchey et al., 1997; (3) Giovannini et al., 1999; (4) 
Giovannini/Robanus-Maandag et al., in prep. E, embryonic day. 

deletion, Sch-ACter (chapter 5: Giovannini et al., 1999). Sch-A(39-121) mice show a high frequency 
of Schwann cell-derived tumors and Schwann cell hyperplasia, whereas Sch-ACter mice are normal 
(Table 2). The results indicate that a subset of mutant NF2 alleles observed in patients may encode 
products with dominant properties when overexpressed in specific cell lineages. However, the 
endogenous expression level of a mutant Nfi allele might not be sufficient to reveal this dominant 
effect, since inactivation of the second, wild-type allele is found in tumors of NF2 patients. 

McClatchey et al. have disrupted the mouse Nfi gene by homologous recombination in ES cells 
(1997). In the mutant allele, the 3' half of exon 2 up to the 5' part of intron 3 has been replaced by an 
insertional mutation. A mutant protein has not been detected. jv/2K02"3/K02~3 embryos die around days 
6.5-7, exhibiting a collapsed extraembryonic region and the absence of organized extraembryonic 
ectoderm and failing to initiate gastrulation. Thus, the Nfi gene appears to be essential for 
extraembryonic development immediately prior to gastrulation. Of Nfi 02"3/+ mice, the majority 
develop osteosarcomas, a minority fibrosarcomas or hepatocellular carcinomas (all types showing 
LOH for Nfi). In addition, McClatchey et al. have found indications for a role of Nfi loss in 
metastatic potential (1998). To compare the phenotypic effects of two different, naturally occurring, 
human mutant NF2 alleles in the mouse, we have generated mice heterozygous for either the NfiK 3 

allele carrying an insertional mutation in exon 3, or the A^2A2 allele lacking the exon 2-encoding 
region (chapter 6: Giovannini/Robanus-Maandag et al., submitted). Our results indicate that both Nfi 
mutations result in similar impairment of Nfi function. Also these NfiK03,+ and NfiA2/+ mice develop 
no schwannomas but at high frequency bone tumors (partly with metastasis) showing loss of the 
wild-type Nfi allele. Homozygosity for the NfiKœ and Nfi^ allele results in embryonic death before 
day 9.5 (Chapter 6). These results are grossly in agreement with those reported by McClatchey et al. 
(1997, 1998) on animals that are heterozygous and homozygous for the NfiKOi'3 allele. However, 
Nf2K02~y+ mice lack osteomas and show a higher incidence of metastasis, probably due to a difference 
in the genetic background and time window of analysis. Thus, the two independent studies indicate 
that Nfi+'~ mice do not develop schwannomas, the hallmark tumors associated with human NF2 
(Table 2). 

Several factors may explain the lack of overlap of the tumor spectrum in humans and mice 
heterozygous for a homologous tumor suppressor gene. One straightforward hypothesis is that the 
tumor spectrum is modulated by the rate of the loss of the wild-type allele in specific tissues. 
Conditional somatic mutation of a tumor suppressor gene is a powerful way to address this 
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hypothesis, since it enables to artificially increase this rate in a tissue-specific manner. Such increased 
mutation rate can be obtained in Schwann cells by exploiting the tissue specificity of the PO promoter, 
that controls the Cre-mediated recombination of the floxed Nß gene. The P0Cre;Nßnox2Mox2 mice, 
that we have generated, develop schwannomas (Table 2) and other features of the NF2 disease 
including Schwann cell hyperplasia, cataract and osseous metaplasia. These mice also show at low 
frequency tumors in tissues with neural crest-derived components (bone, teeth, and kidney). The 
appearance of these neurocristopathological abnormalities is in agreement with the recent observation 
that PO is expressed long before myelination in migrating neural crest precursor cells, including the 
Schwann cell lineage (Lee et al., 1997). 

Thus, the tumor suppressor function of Nß, that is revealed in murine Schwann cells, is 
concealed in hemizygous Nß mice because of insufficient rate of second allele inactivation in this cell 
compartment. The finding of this conserved function documents the relevance of the new approach 
for modelling the human disease (chapter 6: Giovannini/Robanus-Maandag et al., submitted). 

Given the high incidence of Schwann cell hyperplasia, the relatively low incidence of Schwann 
cell tumors, and the late onset of tumorigenesis in VQCre\Nßa°x7,üox2 mice, an additional mutation 
may accelerate progression from hyperplasia to neoplasia. Since mutations in Nß and p53 show 
strong cooperativity in osteosarcoma development (McClatchey et al., 1998), the next step will be to 
analyse the phenotype of VQCre;NßamMa,a mice in a p53+^ genetic background. Also, different 
mutant genetic backgrounds can be used to search for gene mutations that play a role in mesothelioma 
development. The conditional Nß mutant mice can be used to study the altered interaction between 
the Schwann cell and the axon, as observed by ultrastructural analysis. Finally, different promoters 
can be used to direct Cre expression to meningioma precursor cells, that are also target cells of 
tumorigenesis in NF2 patients. 
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