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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 
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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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Introduction 

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). 

15 



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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Chapter 1 

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). 

adult retina 

ONL 

OPL 

1NL 

IPL 

GCL 

hor izon ta l INL 
cone ONL 
amacr ine INL 
ganglion P15 

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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H U M A N retinoblastomas can occur both as hereditary and as 
sporadic cases. Knudson's proposal1 that they result from two 
mutational events, of which one is present in the germ line in 
hereditary cases, has been confirmed by more recent molecular 
analysis, which has shown both events to involve loss or mutational 
inactivation of the same gene, RB-1 (ref. 2). RB-1 heterozygosity 
also predisposes to osteosarcoma, and RB-1 allele losses are seen 
in sporadic lung, breast, prostate and bladder carcinomas3"7. RB-1 
is expressed in most, if not all, tissues and codes for a nuclear 
phosphoprotein which becomes hypophosphorylated in the GO 
growth arrest state and in the Gl phase of the cell cycle2. To gain 
a further insight ino the role of RB-1 we and other groups8'9 have 
generated mice carrying an inactivated allele of the homologous 
gene, Rb-1 (ref. 10), by gene targeting". We report here that 
young heterozygous mice do not appear abnormal and do not 
develop retinoblastoma at a detectable frequency. However, 
homozygous mutant embryos fail to reach term and show a number 
of abnormalities in neural and haematopoietic development. 
Broadly similar results are reported by the other groups8,9. 

E14 Embryonic Stem (ES) cells, derived from strain 129/Ola 
(ref. 12) and cultured in BRL medium13 or LIF-suppIemented 

medium _1 were used to generate mutated clones carrying an 
insertion into exon 19. Two targeting vectors were used to 
generate mutant clones. The isogenic targeting vector 129Rb-hyg 
was used to generate clones sRb66 and sRb96. As previously 
observed with this vector17 a high proportion of hygromycin-
resistant clones (27 out of 36 tested) resulted from the correct 
integration of hyg into the 19th exon of Rb-1 without the need 
for a further step to enrich for homologous recombination. Clone 
sRbl23 was generated using a closely related nonisogenic vector 
containing 18 kilobases (kb) of homology with a neo cassette 
inserted into exon 19 and a herpes simplex virus thymidine 
kinase (tk) cassette added to the 3' end of the genomic sequence 
(Fig. 1). From 3,600 colonies reistant to G418 (determined by 
control plates), 240 were doubly resistant to G418 and ganci
clovir, of which 227 were screened by Southern blotting analysis. 
In three of these clones, one copy of the Rb gene was found to 
carry the predicted modification. Because the insertions carry 
translation termination codons in all three reading frames and 
polyadenylation signals18"20, the Rb-1 reading frame is truncated 
upstream of the coding sequences for T antigen-binding domain 
number 2, which is essential for the function of the gene prod
uct21. Even in the event of deletion of exon 19 by aberrant 
splicing, a frameshift would be generated. We will therefore 
consider the targeted alleles, which we designate Rb-l"91'™ and 
Rb-1"9"'", as null alleles throughout the text, although residual 
activity of the truncated gene cannot be formally excluded. 

Germ line chimaeras were obtained from clones sRb66, sRb96 
and sRbl23 after injection into F2(C57BL/6xCBA) or 
C57BL/6 blastocysts. Offspring were analysed by Southern blot
ting to confirm presence of the mutated allele, and mice heterozy
gous ( + / - ) for the mutation were mated to generate animals 
homozygous ( - / - ) at the mutant locus (Fig. lb). Some of these 
animals were descended from matings of chimaeras to strain 
129/Ola females, and were thus coisogenic with strain 129/Ola; 
others were generated from matings to BALB/c or FVB females, 
resulting in a variable, crossbred genetic background. 

The effects of Rb-1 genotype were similar in mice derived 
from all three targeted clones. In contrast to the situation in 
humans , none of 82 + / - mice ranging in age up to 7 months 
displayed any sign of retinoblastoma or, indeed, any other 
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•129g-Rb 
FIG. 1 A strategy for the disruption of the 
retinoblastoma gene, a, Rb-1 locus around 
exons 19 and 20 (black boxes, numbered 
according to the human RB-1 gene organiz
ation; presence of additional exons within 
the depicted region is not excluded). The PNS 

(ref. 26) targeting vector used to generate clone sRbl23 was created by 
inserting a pgk-neo cassette27 into the Bglli site of exon 19 and adding a 
pgk-tk cassette to the 3' end of the Rb-1 homology (1.8 kb BglW-EcoK 
HSVft fragment28 in the Smal site of a pgk expression vector29). The 
external 5' probe (a 0.45 kb fragment from a Pstt/PvuH double digest) used 
for Southern analysis is indicated. Thick lines, genomic DNA. Thin lines 
Plasmid DNA. B, ßg/ll; E, EcoRI; P, Pstl. ö, Typical Southern analysis of progeny 
after restriction with Psrl, and probing with the external probe. The positions 
of bands corresponding to the wild-type Rb-1 allele (4.9 kb) and the neo-
containing allele (3.7 kb) are indicated. 

METHODS. Electroporation was done as previously described19. Targeted 
cells were selected after 1 day in 200 p-g ml" 1 G418 and after 4 days 
counterselected in 2 p.M ganciclovir. Genomic DNA was prepared from ES 
cells, tail biopsy material or. as is the case in b, from yolk sac of the 
midgestation conceptus. It was then digested, separated in a 0.8% agarose 
gel by electrophoresis, transferred to a Hybond-N+ filter (Amersham) and 
hybridized according to manufacturers' conditions. 
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abnormality; nor were retinoblastomas macroscopically detec
ted in 38 chimaeras ranging in age up to 11 months. However, 
there were no - / - animals among 30 liveborn offspring of 
+ / - X + / - matings, a statistically significant deficiency com
pared to the expected mendelian proportion (P = (0.75)30 = 
0.0002). We conclude that - / - mice die in utero. 

To investigate the nature of this embryonic lethality, embryos 
ranging from day 10.5 to day 12.5 postcoitum (p.c.) were collec
ted. A total of 11 litters was analysed. These contained 83 pups 
of which 41 were + / - , 1 7 - / - and 25 + / + . There was no 
statistically significant deficiency of - / - embryos compared 
with the expected mendelian proportion (x2 = 0.90, P>0.05) . 
However, 12 resorptions were seen, of which four could be 
genotyped, two being - / - and two + / - . We therefore cannot 
exclude the possibility that some - / - embryos die before the 
stages analysed. 

Several abnormalities were seen to various degrees in these 
homozygous embryos, but none was universally present. These 
included a light appearance to the conceptus in its intact yolk 
sac (in contrast to the heterozygote, where yolk sac blood vessels 
were clearly visible) and an altered morphology of the head. 
Features of this altered morphology included a more prominent 
fourth ventricle, compression of the forehead and a distinctly 
smaller frontal lobe (Fig. 2). These features may be due to 
altered local growth, developmental retardation or both, as the 
mutant embryos bear a resemblance to wild-type embryos 
slightly earlier in development. Of the 17 - / - embryos, 11 
appeared pale or retarded, two appeared externally normal, but 
sectioning revealed abnormalities, three appeared normal but 
were not sectioned and one appeared normal both visually and 
histologically. An increased rate of cell death by apoptosis22 

was evident in the spinal cord, myelencephalon, pontine flexure, 
and particularly in the spinal ganglia of - / - embryos (Fig. 3). 
In one animal degeneration extended into the prosencephalon. 
Following submission of our manuscript, our attention was 
drawn to the observations of Lee et al.s that the increased cell 
death is predominantly in the intermediate zone and not in the 
ventricular zone, and that ectopic mitosis also occurs in this 

FIG. 2 External morphology of day 12.5 embryos, a, Left to right + / - , + / -
and - / - litter mates before dissection from yolk sac. o, - / - (left) and 
+ / - (right) litter mates after dissection from yolk sac. The - / - embryo 
carries a more prominent fourth ventricle, compressed forehead and smaller 
frontal lobe. Scale bars, 0.5 cm. 

region in the homozygote. On re-examination of our prepaf-
ations we confirm these findings. The light appearance of the 
- / - embryos suggested a disruption of normal haematopoiesis; 
we therefore investigated several aspects of this process (Fig. 
4). Aberrant erythropoiesis in - / - embryos was confirmed by 
the presence of abnormal erythrocytes in fetal blood (Fig. 4b), 
a deficiency in mature nucleated red cells in the yolk sac vessels 
(Fig. 4d) and abnormal proliferation of immature erythrocytes 
in the liver (Fig. 4 / ) . This was accompanied by a failure of 
haematopoiesis in liver cultures (Fig. 4h) and, in some cases, 
an increase in liver megakaryocyte levels (Fig. 4 / ) or in myeloid 
cell numbers (not shown). No abnormalities were detected in 
the eyes of - / - embryos. Effects of both differences in time of 
fertilization and variation in genetic background on the time of 
onset of abnormalities may contribute to the variable phenotype 
seen at these embryonic stages, and may explain small differen
ces between the phenotype reported here and by the other two 
groups8,9, such as the fact that Jacks et al saw no abnormalities 
until 13.5 days9, and our detection of a deficiency in the earlier, 
yolk sac lineage. The only inbred —/— embryo we have so far 
studied was highly abnormal and undergoing resorption at 10.5 
days. Further work will clarify whether the time of onset of 
abnormality is less variable in inbred —/— embryos. 

The present work demonstrates that inactivation of one copy 
of Rb-1 has little or no effect in the young mouse and in 
particular does not lead to the development of retinoblastoma 
at detectable frequency. Similar results are reported by the other 
groups8'9, although brain tumours8 and, specifically, pituitary 
tumours have been found in animals older than our heterozy
gotes. Rather than reflecting a basic biological difference 
between murine Rb-1 and human RB-1, this may be a con
sequence of differences between mouse and human such as a 
reduced number of target cells or faster developmental rate in 
the mouse. The failure of homozygous mice to develop to term 
indicates a role for Rb-1 in normal development. Expression of 
Rb-1 messenger RNA is widespread in the mouse embryo. 
Maximal expression occurs at 12.5-14.5 days' gestation, with 
the highest levels in liver, brain and spinal column10, and in the 
liver high levels of Rb-1 protein are present in megakaryocytes 
and blood-forming islands23. This correlates well with the tissue-
specificity and time of onset of the abnormalities reported here. 
Rb-1 -expressing cells have in common that they are in the course 
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FIG. 3 Histology of spinal ganglia in 11.5-day p.c. + / - and - / - litter mate 
embryos, a, + / - : only occasional apoptotic cells, identified by their pyknotic 
and fragmented nuclei and dense eosinophilic cytoplasm22, are present 
(some arrowed), b, - / - : widespread apoptosis is seen in confluent zones' 
(some arrowed). Haematoxylin and eosin stain. Scale bars, 50 ^m. 
METHODS. Conceptuses were dissected into embryo, yolk sac and placenta 
Embryos were fixed in buffered formalin, embedded and sectioned at 5 p,m 
Yolk sac was used to prepare DNA for genotyping as in Fig, 1. 
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of differentiation, suggesting a general role for Rb-1 in the 
maturation of precursor cells23. Furthermore, it has been 
hypothesized22 that one of the functions of Rb-1 is to maintain 
cells in a growth-arrest state, wherein they show a reduced 
susceptibility to apoptosis and that when a functional Rb-1 gene 
product is absent cells assume a state in which there is a high 
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turnover and an aberrant pattern of apoptosis is generated. 
These considerations may explain the expansion of inappropri
ate haematopoietic lineages and the increased levels of neural 
apoptosis and ectopic mitosis reported here and by the other 
groups8,9. These do not involve the eye, as does somatic homozy
gosity for a nonfunctional RB-1 allele in humans, but involve 
tissues in which abnormalities have not been reported in retino
blastoma patients. This may be a consequence of the difference 
between germline and somatic homozygosity. Homozygous mice 
may die before the retina reaches a susceptible stage. Rescue 

of homozygous or doubly targeted cells2; 1 by wild-type cells 
in chimaeras may allow study of the effect of homozygosity on 
later stages of retinal development. D 
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FIG. 4 Haematopoiesis in + / - and - / - litter mate embryos, a, b, Cytospin 
preparations of fetal blood at 12.5-days p.c. a, +/—: predominantly nucleated 
red cells with round nuclei at various stages of condensation with occasional 
immature white cell (arrow), b, -/—, lower ratio of red to white cells, the 
former having more densely stained cytoplasm of reduced volume and 
pyknotic nuclei that are in some cases irregular (arrows), c. d, Yolk sac 
histology at 12.5-days p.c. c, + / - : capillaries contain numerous nucleated 
red cells, d, -/-: the yolk sac membrane is thinner with empty capillaries 
(one arrowed) and few red cells, e, f, Liver histology at 11.5-days p.c. e, 
+ / - : regular trabecular structure with nucleated red cells in sinusoids, f, 
-/-: trabecular structure irregular with dilated sinusoids containing red 
cells, some of which are irregular (i) and some apoptotic (ap). Increased 
numbers of megakaryocytes (m) are present, g h, 12.5-days p.c. liver culture 
supernatants. -g, +/—. various white cell types are present including cells 
of the myeloid (My) and monocytoid (Mo) lineages, as well as occasional 
nucleated red cells (N) and debris (D). h, -/—. only debris present, a, b, g, 
h, Giemsa stain; d, e, f, g haematoxylin and eosin stain. Scale bars, 50 ^m. 
METHODS. Fetal blood obtained from the umbilical vessels was used for 
cytospin preparations. Histological preparations were made as described in 
Fig. 3; where yolk sac was used for histology the embryo was used for 
genotyping. Fetal liver cultures were established by passing the tissue 
through a 19G needle and plating in RPMI 1640 medium30 supplemented 
with 10% fetal calf serum and 30% (v/v) of the same medium conditioned 
by the spleen cell line S27.1 (A.R.C. et ai, manuscript in preparation). After 
4 riavs. cvtosDin DreDarations were made from culture supernatants. 
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The requirement for a functional retinoblastoma gene, 
Rb-1, in murine development around days 12-15 of 
gestation precludes monitoring the effect of loss of 
Rb-1 function on later stages of development and on 
tumorigenesis in adult mice. Here we describe the 
developmental rescue of embryonic stem cells carrying 
two inactive Rb-1 alleles in chimeric mice. Rb '~ 
cells contributed substantially to most tissues in adult 
chimeras, including blood, liver and central nervous 
system, which were severely affected in pure Rb~'~ 
embryos. The adult chimeric erythroid compartment 
appeared completely normal, but an increased number 
of nucleated red cells was observed during fetal liver 
erythropoiesis in highly chimeric embryos. No ostensive 
abnormalities were seen in the developing and adult 
CNS. However, the developing retina of chimeric 
Rb~'~ embryos showed ectopic mitoses and substantial 
cell degeneration, while the contribution of Rb'~ cells 
to the adult retina was much reduced. Moreover, the 
formation of lens fibre cells was severely disturbed. No 
retinoblastomas developed in any of these mice. 
Instead, nearly all animals died of pituitary gland 
tumours which were exclusively derived from 
Rb ' cells. 

Key words: chimera/eye development/pituitary tumour/ 
Rb~'~ ES cells/retinoblastoma 

Introduction 

Human retinoblastomas, which can occur as sporadic and 
hereditary cases, serve as a paradigm for tumorigenesis 
through loss-of-function mutations (Murphree and 
Benedict, 1984; Hansen and Cavenee, 1988; Weinberg, 
1991). In either form, the loss or mutational inactivation 
of both alleles of the retinoblastoma gene, RB-1, in the 
developing retina is the rate-limiting step in neoplastic 
transformation (Knudson, 1971; Friend et al, 1986; 

Lee,W.H. et al, 1987; Bookstein et al, 1988; Hong et al, 
1989). In hereditary cases, one inactive RB-1 allele is 
carried in the germline, leading to a high incidence of 
retinoblastomas (90%) at an early age and osteosarcomas 
and soft-tissue sarcomas (10%) later in life (Abramson 
et al, 1984; Friend et al, 1987; Shew et al, 1989). RB-1 
heterozygosity does not predispose to the development of 
other tumours, but loss of RB-1 function is frequently 
found in lung, breast and bladder carcinomas (Harbour 
etal, 1988; Lee,E.Y.-H.P. et al, 1988; Cance et al, 1990; 
Horowitz et al, 1990; Xu et al, 1991). 

Biochemical analyses and in vitro studies have provided 
a framework to understand the role of the retinoblastoma 
protein (pRB) in suppressing cellular proliferation 
(Cobrinik et al, 1992; Hamel et al, 1992). pRB activity 
is regulated throughout the cell cycle by cyclin-dependent 
phosphorylation and possibly dephosphorylation 
(Buchkovich et al, 1989; Chen et al, 1989; DeCaprio 
et al, 1989; Ludlow etal, 1990). The hypophosphorylated 
form of pRB, found in the G0 growth arrest state and the 
G, phase of the cell cycle, binds to a number of proteins, 
including the transcription factor E2F (Defeo-Jones et al, 
1991 ; Kaelin et al, 1991; Heiin et al, 1992; Kaelin et ed., 
1992; Shan et al, 1992). Binding of E2F to pRB prevents 
the transcriptional activation of a number of genes required 
for DNA synthesis, thus blocking entry into S phase 
(Mudryj et al, 1990). This block is relieved by cyclin-
dependent phosphorylation of pRB, leading to dissociation 
of the pRB-E2F complex (Hinds et al, 1992; Shirodkar 
et al, 1992). One of the genes carrying an E2F-responsive 
element in their promoter is c-myc (Thalmeier et al, 
1989). Down-regulation of c-myc was hypothesized to be 
essential for growth arrest (Freytag, 1988; Waters et al, 
1991). Expression of c-myc is markedly reduced in cells 
treated with the growth inhibitor TGF-ß (Laiho et al, 
1990; Pietenpol et al, 1990). Both growth inhibition and 
down-regulation of c-myc by TGF-ß were found to be 
linked to suppression of phosphorylation of pRB. Thus, 
pRB may function as the nuclear target of a signalling 
pathway through which extracellular growth inhibitors can 
interfere with the cell cycle and direct cells into quiescence. 
Loss of pRB function, either by genetic inactivation or 
by association of pRB with the transforming viral proteins 
E1A, E7 or large T (Whyte et al, 1988; Dyson et al, 
1989; Ludlow et al, 1989), which prevents inactivation 
of E2F by pRB (Bandara and La Thangue, 1991; 
Chellappan et al, 1991), may result in the inability of 
cells to respond to growth-inhibiting and/or differentiation-
inducing stimuli. 

A clue to the normal function of the retinoblastoma 
gene has come from analysis of the role of the mouse 
homologue Aè-7 (Bernards etal, 1989) in murine develop
ment. First, Rb-1 expression was observed in mouse 
embryos as early as day 9.5 of gestation, with the highest 
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levels found in brain, spinal cord and liver at 12.5-14.5 
days (Bernards el ai, 1989). Secondly, the introduction 
of loss-of-function mutations in Rb-1 into the mouse 
germline revealed the requirement for a functional Rb 
protein in development: homozygous Rb mutant embryos 
die around days 12-15 of gestation and show a number 
of developmental defects (Clarke el ai, 1992; Jacks et al, 
1992; Lee,E.Y.-H.P. et al, 1992). Massive cell death, most 
probably by apoptosis. was seen in the post-mitotic layers 
of the brain and the spinal cord. In embryos surviving 
beyond day 14.5, complete degeneration of the spinal 
ganglia was frequently observed. The fetal liver showed 
reduced cellularity and, in contrast to wild-type or hetero
zygous littermates, nucleated erythrocytes were the pre
dominant cell type in the circulation. At this stage of 
development, the retina appeared normal. In contrast, a 
highly disorganized structure of the eye lens was observed 
in homozygous Rb mutant embryos around day 14.5, 
probably as a result of improper fibre cell differentiation 
(this report). These results indicate that the lack of a 
functional Rb-1 protein during embryonic development 
affects the normal differentiation programme of a number 
of different cell types. 

In adult mice. Rb-1 is expressed in most if not all 
tissues, with highest levels found in lung, thymus and 
spleen (Bernards et al, 1989). However, the early 
embryonic lethality caused by Rb-1 nullizygosity precludes 
monitoring of the role of Rb-1 at later stages of develop
ment and restricts the post-natal analysis of the effect of 
loss-of-function mutations in Rb-1 on tumorigenesis. We 
therefore investigated the developmental and tumorigenic 
potential of embryonic stem cells carrying two inactive 
Rb-1 alleles in chimeric mice where embryonic lethality 
was prevented by the wild-type fusion partner. 

Results 
Generation of chimeric Rb'1 mice 
ES cells carrying a disruption in exon 19 of both copies 
of the retinoblastoma gene, Rb-1. were obtained by two 
rounds of homologous recombination using the previously 
described isogenic targeting vectors 129Rb-hyg and 
129Rb-neo respectively (Te Riele et al, 1992). The 
targeted alleles, designated Rb-lü9h™ and Rb-P]9m°, can 
be considered as null alleles (Clarke et al, 1992) and 
therefore the genotype of these cells will be indicated by 
Rb~'~ throughout the text. Three independent Rb'1' 
ES cell clones were injected into C57BL/6 blastocysts. 
Notwithstanding the fact that nullizygosity of Rb-1, 
obtained by intercrossing of Rb+I' mice, led to early 
embryonic lethality, chimeric Rb~!~ animals were readily 
obtained. Apparently, embryonic lethality was prevented 
by cells of the wild-type fusion partner. Based on coat 
colour, 41 chimeras were obtained from Rb'1' ES cell 
clones dRbl2 (n = 23), dRbl4 (« = 11 ) and dRb47 (n = 7). 

In the second round of the targeting experiment, ES 
cell clones were obtained in which the previously disrupted 
Rb-1 allele had been targeted again, leaving the wild-type 
allele intact. With one of these Rb+I~ clones (sRb33) 39 
chimeric Rb+I' animals were generated. These were used 
as control mice to distinguish phenotypic effects that 
might have resulted from the inadvertent introduction of 
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Fig. 1. Mean ES cell contribution in adult chimeric Rb'1' and Rb~'~ 
mice. The ES cell contribution to various tissues of individual 
chimeras was determined by GPI analysis. The diagram represents the 
mean contribution to each tissue of Rb'1' ES cells (black columns) 
and Rb+!' ES cells (hatched columns). The horizontal bar indicates 
for each tissue the maximum percentage of chimerism observed in 
both types of chimeric mice. Br, brain: SC. spinal cord: Lu. lung; Co, 
colon: Ki. kidney; Li. liver; Th. thymus: Te, testis; Ma. mammary 
gland: Bl. blood; Sp, spleen; II, ileum: Ad. adrenal gland: Pa. 
pancreas: Mu. skeletal muscle. 

a mutation into the ES cell clones during manipulation from 
those specific for the absence of a functional Rb protein. 

Tissue contribution of Rb1' cells 
The ES cell contribution to the different organs was 
estimated by the ratio of ES cell-specific versus blastocyst-
specific glucose phosphate isomerase (GPI) isozymes in 
tissues of 23 chimeric Rb''' and six chimeric Rb+I~ mice. 
The mean contributions of ES cells to various tissues in 
chimeric Rb''' mice and chimeric Rb+I' mice are depicted 
in Figure 1. Clearly, Rb'1' cells contributed as effectively 
as Rb+I' cells to most tissues. These included blood, liver, 
brain and spinal cord, tissues found to be severely affected 
in Rb'1' embryos. Although in brain the mean ES cell 
contribution in Rb'1' chimeras seemed somewhat lower 
than in Rb+I' chimeras, the maximum values that were 
observed did not differ. Also, in lung, thymus and spleen, 
tissues where Rb-1 was found to be highly expressed in 
adult wild-type animals, no selection was observed against 
a contribution of Rb'1' cells. A slight difference in 
contribution in favour of Rb'1' cells was seen in the 
adrenal and pancreas. The extremely high contribution of 
both Rb'1' cells and Rb+I' cells to skeletal muscle was 
not related to nulli- or hemizygosity of Rb-1, but was 
intrinsic to the E14 ES cell line. 

Thus, Rb'1' cells contributed substantially to most 
tissues in adult chimeras, allowing analysis of the pheno
typic consequences of the mutation at later stages of 
development. To complete this study, 38 chimeric Rb'1' 
embryos ranging in age from days 14.5 to 18.5 of gestation 
were included in the analyses. 

Central nervous system 
Contrary to the massive degeneration of the developing 
central nervous system around day 14.5 in pure Rb'1' 
embryos, chimeric Rb'1' embryos from days 14.5 to 18.5, 
with ES cell contributions of up to 80% to the retinal 
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Fig. 2. Rh"' ES cell-derived contribution to the blood of adult 
chimeric mice. (Hb) Globin chains present in the blood of six adult 
Rb ' chimeras (lanes Ad. I-6) were separated by Triton-acid-urea 
gel electrophoresis. The positions of embryonic globin chains (E) and 
adult ß-globin chains (ß) of 129 and C57BL/6 were determined by 
electrophoresis of blood from day 11.5 embryos (lanes Em. B6 and 
129) and adult mice (lanes Ad. B6 and 129) respectively, a indicates 
the position of a-globin. (GPI) GPI analysis of the blood of the same 
six Rb ' chimeras (lanes Ad. 1-6). 
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a 
Fig. 3. Normal haemoglobin chain switching in homozygous Rb~'' 
embryos. The globin content of blood from day 13.5 embryos obtained 
by intercrossing Rb+/' heterozygotes was determined by 
Triton-acid-urea gel electrophoresis. Of three independent crosses a, 
b and c. the globin patterns of Rb-deficient (lanes - / - ) and Rb-
proficient (lanes +/+ or +/-) littermales are shown. E. a and ß 
indicate the positions of embryonic, a-globin and ß-globin 
respectively. Variations in the migration pattern of the ß-globin chains 
in a. b and c result from variations in the genetic background of the 
three crosses. 

pigment epithelium and the tail, showed no abnormalities 
in the developing brain and spinal cord. The contribution 
of Rb'1' cells to the adult central nervous system also was 
not accompanied by obvious histological abnormalities. In 
spinal ganglia, however, which completely degenerated in 
pure Rb'1' embryos, a slightly increased rate of cell 
death was observed in chimeric Rb'1' embryos (result 
not shown). 

Erythropoiesis 
Rb'1' cells contributed significantly to the erythroid 
compartment in adult chimeric Rb'1' mice (Figure 1). 
Blood smears from these animals showed normal numbers 

Fig. 4. Nucleated red blood cells in chimeric Rb'1' embryos. The 
percentage of nucleated red blood cells in the periphery of low-
chimeric (O, <25%) and high-chimeric (•, >25%) Rh ' embryos of 
days 14.5-18.5 was judged from histological sections. The extern of 
chimerism was derived from the relative amounts of the strain-specific 
GPls and adult ß-globin chains in blood samples of each embryo. 
(Insert) DNA extracted from the blood of day 16.5 embryos I, 2 and 
3 was digested with EcoRl and analysed by Southern hybridization. 
+/+ indicates the non-modified Rb-I restriction fragment present in 
wild-type cells: - / - indicates the disrupted Rb-1 restriction fragment 
present in Rb'1' ceils. 

of mature, enucleated red cells (result not shown). To 
determine whether erythrocytes derived from the 
Rb'1' fusion partner synthesized normal amounts of adult 
haemoglobins, we took advantage of the fact that the adult 
ß-globin chains of 129/OLA (ES cells) and C57BL/6 
(blastocysts) cells migrate differently in T r i t on -ac id -u rea 
gels (Figure 2, Hb). Both types of ß-globin chain were 
present in the blood of adult chimeras (Figure 2, Hb). 
Moreover, the extent of chimerism as measured by the 
relative intensity of the strain-specific ß-globin bands 
correlated well with that of the strain-specific GPI bands 
(Figure 2, GPI). These results demonstrate that during 
adult life, when spleen and bone marrow are the major 
sites of haematopoiesis, Rb'1' cells can normally take 
part in erythropoiesis. Apparently, the increase in the 
number of nucleated red cells due to nullizygosity of Rb-1 
occurs only prenatally. 

We next investigated whether the shift from yolk sac 
erythropoiesis (nucleated cells with embryonic globin 
chains) to liver erythropoiesis (enucleated cells with adult 
globin chains) occurred normally in pure Rb'1' embryos. 
Figure 3 shows that pure Rb'1' embryos synthesized 
similar levels of adult ß-globin chains to their wild-type 
and hemizygous littermates. Apparently, erythropoiesis in 
pure Rb'1' embryos is not defective in switching to the 
synthesis of adult haemoglobin chains, suggesting that in 
these embryos nucleated red cells were produced in 
the liver, rather than resulting from continued yolk sac 
erythropoiesis. 

We then asked whether an elevated level of nucleated 
red cells was also present in chimeric Rb'1' embryos and, 
if so, whether this was correlated with the extent of 
chimerism in these embryos and with their developmental 
stage. In the blood of days 14.5-18.5 chimeric Rb'1' 
embryos, the relative amounts of the strain-specific GPIs 
correlated well with those of the strain-specific adult ß-
globins (result not shown). This again indicates that 
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Fig. 5. Aberrant lens formation in chimeric Rb ' mice. Histological sections through the eyes of chimeric Rb+I~ (A) and Rb~'~ (B) mice at 3 
weeks of age were stained with haematoxylin-eosin. Scale bar: 50 Jim. 

Fig. 6. Aberrant eye development in pure Rb~'~ and chimeric Rb~'~ embryos. (A and B) Transverse histological sections through the eyes of day 
14.5 Rb~'~ (A) and Rb~'~ (B) embryos stained with haematoxylin-eosin. (C and D) Sagittal histological sections through retina and lens of day 
16.5 chimeric Rb+I~ (C) and Rb~'~ (D) embryos stained with haematoxylin-eosin. R, retina: L, lens. Scale bars: (A and B) 100 um; (C and D) 
50 p.m. 
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Rb'''-derived erythrocytes had normally shifted to the 
synthesis of adult haemoglobins. Figure 4 shows that the 
percentage of nucleated red cells gradually decreased from 
95% in day 14.5 embryos to <5% in day 18.5 embryos. 
At days 15.5 and 16.5 of development, however, a 
relatively high percentage of nucleated red cells was seen 
in the highly chimeric embryos. This correlation had 
disappeared at days 17.5 and 18.5. Southern analysis of 
DNA, extracted from the blood of 16.5 day embryos, 
showed that both Rb-1 wild-type and Rb'1' cells were 
present in the nucleated fraction (Figure 4, insert). These 
results indicate that nullizygosity of Rb-1 leads to abnormal 
production of nucleated red cells only during fetal liver 
erythropoiesis. Moreover, as Rb-1 wild-type cells are 
present in the nucleated fraction of chimeric fetal blood, 
this defect does not seem to reside within the erythroid 
compartment in a cell-autonomous fashion. 

Eye 
Macroscopically, 28 out of 41 adult chimeric Rb~'~ mice 
showed cataracts of the eye lens. Microscopic analysis 
revealed a highly abnormal lens structure in most, if not 
all, chimeras (Figure 5B): the characteristic regular fibre 
pattern of the normal lens (Figure 5A) was completely 
absent. Instead, the lens cavity was filled with large 
nucleated polygonal cells and, occasionally, mitotic figures 
were observed. As the lens epithelial layer was completely 
normal, this defect probably resulted from aberrant differ
entiation of fibre cells. None of the 39 chimeric Rb+I' 
mice showed this phenotype, indicating that the effect 
was caused by the absence of a functional Rb protein in 
some of the lens cells. Abnormal fibre cell formation was 
already observed in both pure Rb'1' embryos at day 14.5 
of gestation (compare Figure 6A and B) and chimeric 
Rb~'~ embryos (compare Figure 6C and D). 

No retinoblastomas were observed in any of the 41 
Rb'~ chimeras, although some local dysplasia of the 
inner and outer nuclear layers of the adult retina was 
seen. In both pure and chimeric Rb'1' embryos, retina 
development appeared normal, at least until day 14.5 of 
gestation (compare Figure 6A and B). In chimeric Rb'1' 
embryos from days 16.5-18.5, however, significant 
pycnosis in the inner half of the developing retina was 
observed (Figure 6D). This region also contained 
mitotically active cells, which are normally only present 
at the outer border of the nuclear layer adjacent to the 
retinal pigment epithelium. In adult chimeras, the relative 
contribution to the retina of Rb'1' cells was significantly 
lower (P = 0.006) than that of Rb+'~ cells (Figure 7). 
The absolute contribution of Rb'1' cells never exceeded 
15%, whereas Rb+'~ cells contributed up to 50% to the 
retina (data not shown). 

These results suggest that Rb'1' cells were excluded 
from the retinal layers at a specific stage of development 
and replaced by wild-type cells. 

Tumorigenesis 
Over 90% of the chimeric Rb'1' mice succumbed at 
between 3 and 11 months of age to tumours localized in 
the pituitary gland (Figure 8). GPI or DNA analyses of 
11 tumours showed that they were all of ES cell origin. 
Pituitary tumours also developed in pure Rb+I' animals 
after a 3-5 month longer latency period (Figure 8). In 
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Fig. 7. Strongly reduced contribution of Rb'1' cells to the retina of 
adult chimeric mice. The ES cell contribution to both retinas and 10 
other defined tissues of six Rb'1' ( • ) and eight Rb+I' (O) chimeras 
was determined by GPI analysis. The relative contribution, defined as 
the ratio between the contribution to each retina, precisely determined 
by dilution series, and the mean contribution to 10 other tissues of the 
corresponding chimera (brain, spinal cord, lung, kidney, liver, thymus, 
blood, spleen, ileum and adrenal) is indicated. 
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Fig. 8. Predisposition to pituitary gland tumours by Ioss-of-function of 
Rb-1. Chimeric Rb'1' and Rb+I' mice and pure Rb*1' and Rb*l+ 

mice were sacrificed when moribund and examined for the presence of 
macroscopically visible tumours in the pituitary gland. 

these tumours, loss of the Rb-1 wild-type allele was found 
in 17 out of 18 cases. Apparently, functional loss of the 
retinoblastoma gene is a rate-limiting step in the onset of 
pituitary gland tumours. The tumours, although large in 
size (4-5 mm), were relatively benign, as they did not 
infiltrate into adjacent brain tissue. Most displayed charac
teristics of well-differentiated melanotrophs of the pars 
intermedia, as judged by the following. First, sections 
of paraffin-embedded tumours were immunostained with 
antibodies against the pituitary gland hormones a-MSH 
and ß-endorphin, mainly produced by cells of the pars 
intermedia, and FSH/LH, exclusively produced by cells 
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Fig. 9. Pituitary tumours originating from the intermediate lobe. In situ tumorigenesis in the pituitary gland of a Rb+I~ mouse of 4 months of age at 
low (A) and high (B) magnification. Sections were stained with haematoxylin-eosin. A, pars anterior; I, pars intermedia; N, pars neuralis. The 
arrow in A indicates a neoplastic focus in the pars intermedia. Scale bars: (A) 300 u.m; (B) 50 um. 

of the pars anterior. Nearly all tumours of chimeric 
Rb'1' mice (five out of six) and pure Rb+,~ mice (four 
out of four) stained positively for oc-MSH and ß-endorphin, 
whereas none of the tumours were positive for FSH/ 
LSH (results not shown). Secondly, electron microscopic 
analysis showed that five out of seven tumours consisted of 
cells indistinguishable from pars intermedia melanotrophs 
(Tanaka et al., 1991). These cells were characterized by 
a well-developed Golgi apparatus with small electron-
dense haloed granules and, dispersed in the cytoplasm, 
many larger secretory granules of variable electron density 
(result not shown). Thirdly, histological analysis of a 
macroscopically normal pituitary gland from a hetero
zygous Rb*1' mouse, sacrificed at 5 months of age, 
revealed a neoplastic focus of rather well-differentiated 
cells within the intermediate lobe (Figure 9A and B). 
Taken together, these results indicate that the majority of 
tumours originated from the intermediate lobe of the 
pituitary gland. Of three tumours (of the 15 that were 
analysed), the cell type remained unidentified, which may 
indicate that these cells were either poorly differentiated 
or of different origin. 

Pre-neoplastic lesions were observed in the medulla of 
the adrenal gland of six out of nine chimeric Rb'1' mice, 
which had succumbed at between 4 and 7 months of age. 
These lesions, which were often multifocal, were not 
observed in the adrenal of four chimeric Rb*1' animals 
of the same age. 

Discussion 
Loss of function of the retinoblastoma gene, RB-1, was 
frequently found in human tumours. In view of the high 
expression levels of the murine homologue, Rb-], in adult 
animals, the role attributed to Rb-1 was to suppress 
neoplastic outgrowth in many different tissues. In addition, 
the .early embryonic expression of Rb-1 in the central 
nervous system and the liver pointed to a functional role 
for pRb in the development of these tissues. Indeed, 
Rb-1 nullizygous embryos showed severe defects in neuro
genesis and fetal liver erythropoiesis and died at days 12-
15 of gestation. 

Our results show that pRb-deficient cells can be develop-
mentally rescued in chimeric mice. Chimeras may survive 

because in specific cell layers where pRb is crucial, 
Rb~'~ cells were negatively selected or rescued by homo-
or heterotypic Rb-1 wild-type cells. Either possibility 
may explain the absence of phenotypic abnormalities in 
chimeric brain and spinal cord. The abrogation of 
embryonic lethality allowed us to study the phenotypic 
effects of pRb deficiency at later stages of erythropoiesis 
and eye development and the role of pRb deficiency in 
tumorigenesis. 

Erythropoiesis 
The high percentage of nucleated red cells in the circulation 
of Rb'1' embryos at the time when erythropoiesis had 
shifted from yolk sac to fetal liver was interpreted as a 
reflection of a cell-autonomous effect of lack of Rb 
function on terminal erythrocyte differentiation. Abnormal 
production of nucleated red cells was also observed in 
chimeras during fetal liver erythropoiesis, however, both 
Rb-1 wild-type cells and Rb~'~ cells were impaired in 
enucleation. Moreover, normal numbers of Rb~'~ erythroid 
progenitors were present in the livers of Rb'1' homo
zygous embryos (day 13.5) and chimeric embryos (days 
14.5 and 15.5), as judged from CFU-E assays (unpublished 
data). In either case, these cells gave rise to the synthesis 
of normal adult haemoglobin chains, indicating a normal 
developmental switch of erythropoiesis from the yolk sac 
to the liver. These observations indicate that the effect 
of loss of Rb function on end-stage differentiation of 
erythrocytes is not a cell-autonomous phenomenon. 

Is the defect then related to improper liver development 
due to Rb-1 nullizygosity? Two observations support this 
hypothesis. First, regions of reduced cellularity in the fetal 
liver, similar to those observed in Rb'1' embryos, were 
seen in chimeric embryos from days 14.5 to 16.5. Secondly, 
adult chimeric Rb'1' mice showed regions of polyploid 
hepatocytes in the liver, a phenomenon which was absent 
in chimeric Rb*1' mice of the same age (unpublished data). 

Eye 
Microscopical analysis of the lens of chimeric Rb'1' mice 
indicate that pRb is required to trigger the differentiation 
of lens epithelial cells to fibre cells in a cell-autonomous 
fashion. It is tempting to speculate that a differentiation 
block due to loss of Rb function is one of the steps in the 
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development of lens tumours in transgenic mice carrying 
the SV40 large T antigen driven by the a-crystallin 
promoter (Mahon et al, 1987). Indeed, the severe lens 
aplasia in pure and chimeric Rb~'~ embryos closely 
resembled the pre-malignant morphology of lenses 
observed in large T-expressing embryos. One has to 
assume that, in addition to inactivation of pRb, large T 
induces one or more additional phenotypic changes 
required for tumorigenesis in adult animals which are 
absent in Rb~'~ chimeras. 

Perhaps the most intriguing observation in Rb~'~ 
chimeras was the abnormality in the retina. Ectopic mitoses 
and cellular degeneration were seen in the inner half of 
the developing retina of highly chimeric Rb~'~ embryos 
at days 16.5-18.5 of gestation. Interestingly, at this stage 
of development expression of Rb-1 in the retina was 
confined to this region (Szekely et al, 1992). Before this 
stage, at least until day 14.5, Rb~'~ cells participated 
normally in retina development. Therefore, this 
phenomenon may reflect a cell-autonomous requirement 
for pRb in the differentiation pathway of retinoblasts. The 
absence of a functional Rb protein may render these cells 
unresponsive to growth-arresting and/or differentiation-
inducing signals, leading to additional mitoses and cell 
death. The cellular degeneration in the developing retina 
of chimeric Rb~'~ embryos was relatively modest and 
confined to the inner half of the primitive nuclear layer. 
However, the strongly reduced contribution of Rè~'~ cells 
to the retinal layers in adult chimeras is suggestive of a 
massive selection against Rb~'~ cells. In this respect, 
it is noteworthy that the vast majority of retinoblasts 
differentiate as rods around or closely after birth (Carter-
Dawson and Lavail, 1979; Young, 1985). Together with 
the observation that in transgenic mice expression of SV40 
large T in rod photoreceptor cells led to their complete 
degeneration between days 5 and 15 post-natally (Al-
Ubaidi et ai, 1992b), this may indicate that replacement 
of Rb~'~ photoreceptor cells in chimeras occurred post-
natally. Careful analysis of post-natal retina development 
in Rb~H chimeras is required to substantiate this. 

No retinoblastomas developed in. any of the chimeric 
mice. Our results suggest that loss of Rb-1 during end-
stage differentiation of the retina leads to cell death rather 
than enhanced cell proliferation. Therefore, unlike the 
situation in man, in the mouse retina a concomitant 
mutation may be required to unleash the oncogenic poten
tial of pRb deficiency. This situation may occur in retino
blastomas developing in transgenic mice expressing SV40 
large T (Windle et al, 1990; Al-Ubaidi et al, 1992a). 

Tumorigenesis 
Almost all Rb~'~ chimeras succumbed to pituitary gland 
tumours, which were exclusively of Rb~H cell origin. 
Similar tumours developed in Rb+I~ mice, and nearly all 
had lost the wild-type Rb allele. Thus, tumorigenesis in 
Rb-1 heterozygotes follows Knudson's original two-hit 
postulate explaining the different appearance of sporadic 
and hereditary retinoblastoma in humans (Knudson, 1971). 
Apparently, loss of Rb function is an essential and rate-
limiting step in the onset of these tumours, although 
we cannot exclude additional somatic mutations being 
involved. An indication in favour of the requirement for 
other mutations may be that the pituitary gland developed 

normally in chimeric embryos and that macroscopically 
visible tumours were not seen in young chimeras before 
the age of 2-3 months. 

In both types of animal, most tumours consisted of 
well-differentiated cells, producing the intermediate lobe-
specific hormones a-MSH and ß-endorphin. Moreover, 
the presence of neoplastic foci with mitotically active 
cells within the intermediate lobe of pituitary glands from 
young heterozygous animals further identified this part of 
the pituitary gland as the origin of the tumour. Thus, in 
spite of their common embryonic origin, the intermediate 
lobe appears to be susceptible, while the anterior lobe is 
refractory, to tumorigenesis by loss of function of Rb. One 
may speculate that the variation in tumour susceptibility of 
different regions of the adenohypophysis is related to 
differences in local cell—cell interactions, through which 
proliferation might be regulated. In this respect, it might 
be significant that the intermediate lobe, but not the 
anterior lobe, is in direct contact with the neurohypophysis. 

The tumours grew to a large size and often contained 
large blood-filled cavities, resembling in this respect 
oestrogen-induced tumours of the anterior pituitary in 
male Sprague—Dawley rats (Van Nesselrooij et al, 1992). 
They did not infiltrate into adjacent brain nor spread to 
other sites in the body. This corresponds well with the 
relatively benign characteristics of pituitary tumours in 
man (Russell and Rubinstein, 1989). It will be interesting 
to see whether loss of RB function is also involved in the 
onset of pituitary tumours in man. 

Materials and methods 

Generation of chimeric mice 
Cells were cultured in BRL conditioned medium as described for the 
parental ES cell line E14 (Hooper et al, 1987). ES cell clones dRbl2, 
dRb 14. dRb47 and sRb33 were obtained by homologous recombination 
using the previously described Rb^'~ ES cell clone sRb66, carrying a 
hygromycin resistance (hyg) gene in exon 19 of one allele of Rb-1 
(Clarke et al, 1992), and isogenic targeting vector 129Rb-neo (Te Riele 
et al, 1992). The electroporation conditions, G418 selection and DNA 
analysis of G418-resistant colonies using Pstl and probe A have been 
described (Te Riele et al, 1992). After selection for G418 resistance, 
lu4 colonies were obtained, of which 36% (21 of 59 tested colonies) 
resulted from homologous recombination. The frequency of homologous 
recombination at the ^-conta in ing Rb locus was similar to that at the 
wild-type Rb locus. 

Chimeric mice were generated by injection of six to eight ES cells 
into C57B1/6 blastocyst stage embryos. 

GPI analysis 
Frozen tissue samples were thawed and gently homogenized in PBS 
with a micropestle. Blood components were separated by density 
centrifugation of fresh blood [diluted 1:4 with 0.38% (w/v) trisodium 
citrate in PBS] on a lympholyte-M gradient (Cedarlane laboratories) 
according to standard procedures. Frozen samples of anticoagulated blood 
or components were thawed and diluted with PBS. After centrifugation of 
the homogenates. the supernatants were electrophoresed on cellulose 
acetate membranes in Supraheme electrophoresis buffer (Helena Labora
tories) (pH 8.2-8.6) for 1.5 h at 300 V, 4°C. To 10 ml 0.9% agarose 
containing 15 mg fructose 6-phosphate (F6P), 2 mg nicotinamide adenine 
dinucleotide phosphate (NADP), 0.36 mg phenazine methosulfate (PMS), 
2 mg methylthiazolium tetrazolium (MTT) at 55°C. 10 units of glucose 
6-phosphate dehydrogenase (G6PDH) were added. The overlay was 
mixed and poured over the gel. The GPI isozyme bands appeared after 
a few minutes in the dark. 

Histological analysis 
Embryos and tissues were fixed in phosphate-buffered formalin, embed
ded in paraffin, sectioned at 5 urn and stained with haematoxylin and 
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eosin according to standard procedures. Blood smears were stained with 
May Griinwald-Giemsa. 

Haemoglobin analysis 
Fetal blood samples were obtained from the umbilical cords by aspiration 
into heparinized micro haematocrit capillaries and stored in heparinized 
tubes at —80°C. Blood from adult mice was collected in heparinized 
tubes after removal of the eye and stored at —80°C. Crude haemolysates 
were prepared by mixing 1 vol anticoagulated blood in 4 vol deionized 
water and subsequent incubation for 15 min at 4°C. Globin chains were 
separated by electrophoresis on Triton—acid—urea gels following a 
modification of the method of Alter et al. (1980), kindly provided by 
N.Dillon. The gels contained 12% acrylamide—6 M urea (freshly 
deionized by stirring for 30 min with 8% Bio-Rad AG501-X8 mixed 
bed resin). 2% Triton X-100. 5% acetic acid, 0.06% (w/v) ammonium 
persulfate and 0.5% (v/v) TEMED. Electrophoresis buffer was 0.5% 
acetic acid. Each well was loaded with 40 ul 1 M ß-mercaptoethanol 
and pre-run for 30 min at 200 V and 6 h at 30 mA. Gels were run 
positive to negative and kept at room temperature. Up to 3 u] haemolysate 
was mixed with 20 (il sample buffer (6.7 M freshly deionized urea, 
8.3% acetic acid, 1.2 M ß-mercaptoethanol and 0.3 mg/ml pyronin Y). 
After centrifugation, the stroma-free samples were loaded onto the pre-
run gels and electrophoresed for 20 h at 100 V. Gels were stained with 
Coomassie Blue, destained and dried according to standard procedures. 

DNA analysis 
DNA was isolated from tissues as described by Laird et al. (1991). The 
extent of chimerism and loss of heterozygosity in tumours of Rb+I~ 
mice were determined by detection of the Rb-1 wild-type and mutated 
EcoRl restriction fragments with probe A on Southern blots as described 
before (Te Riele et ai, 1992). 

Electron microscopical analysis 
Pituitary gland tumours were fixed with 2.5% glutaraldehyde in 0.1 M 
cacodylate buffer (pH 7.4) and cut into small blocks. Blocks, representing 
different parts of the tumour, were post-fixed with 1% Os04 , stained 
with uranyl acetate and embedded according to routine methods. Thin 
sections of several blocks per tumour were stained with lead and 
observed in a Philips CM 10 electron microscope. 

Immunostaining 
The indirect immunoperoxidase assay was used as described by Ivanyi 
et al. (1989). The rabbit antisera against melanocyte stimulating hormone 
(MSH), ß-endorphin and luteinizing hormone/follicle stimulating 
hormone (LH/FSH) were purchased from Seralab. 
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development in pRb-deficient mice 
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Hemizygosity for the retinoblastoma gene RB in man strongly predisposes to retinoblastoma. In the mouse, 
however, Rb hemizygosity leaves the retina normal, whereas in Rb''~ chimeras pRb-deficient retinoblasts 
undergo apoptosis. To test whether concomitant inactivation of the Rb-related gene pl07 is required to 
unleash the oncogenic potential of pRb deficiency in the mouse retina, we inactivated both Rb and pl07 by 
homologous recombination in embryonic stem cells and generated chimeric mice. Retinoblastomas were 
found in five out of seven adult pRb/pl07-deficient chimeras. The retinal tumors showed amacrine cell 
differentiation, and therefore originated from cells committed to the inner but not the outer nuclear layer. 
Retinal lesions were already observed at embryonic day 17.5. At this stage, the primitive nuclear layer 
exhibited severe dysplasia, including rosette-like arrangements, and apoptosis. These findings provide formal 
proof for the role of loss of Rb in retinoblastoma development in the mouse and the first in vivo evidence that 
pl07 can exert a tumor suppressor function. 

[Key Words: Retinoblastoma,- apoptosis,- Rb; pl07; tumor suppressor gene; chimeric mice] 
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Hereditary retinoblastoma, a childhood tumor of the eye, 
has served as a paradigm for studies concerning the role 
of tumor suppressor genes in cancer predisposition. The 
rate-limiting step in the init iation of both the hereditary 
and sporadic form of this tumor is loss of function of the 
retinoblastoma gene RB in the developing retina. Inher
itance of one mutan t RB allele not only predisposes to 
retinoblastoma (90%) early in life but also to osteosar
comas (2%) later on (Draper et al. 1986,- Friend et al. 
1987). In addition, loss of function of RB has been fre
quently found in lung, breast, and bladder carcinomas 
(Harbour et al. 1988; Lee et al. 1988; Horowitz et al. 
1990). Also, upstream regulators of pRB are repeatedly 
found muta ted (pl6 and CDK4) or overexpressed (cyclin 
D l ] in h u m a n tumors (Hall and Peters 1996). Thus , de
regulation of pRB function appears to be a common 
event in the development of many tumor types. 

pRB plays an important role during the Gj phase of the 
cell cycle, when cells are responsive to extracellular 
positive and negative proliferation signals (Sherr 1994). 
pRB functions in a pathway that transduces such signals 
to the cell nucleus modulat ing the activity of, for ex
ample, E2F transcription factors. I n G „ the transactivat-
ing potential of these proteins is suppressed by their as-

'Present address: Institute» di Neurofisiologia del Consiglio Nazionale 
Ricerche, Pisa, Italy. 
Corresponding author. 
E-MAIL hrieleSnki.nl,- FAX 31 205121954. 

sociation wi th hypophosphorylated pRB. The E2Fs are 
released upon phosphorylation of pRB by cyclin D-de-
pendent kinases whose activity depends on mitogenic 
st imuli . After passing a restriction point, pRB stays in 
the hyperphosphorylated, inactive conformation 
throughout the autonomous program that carries the cell 
through the remaining of G,, S, and G 2 phases of the cell 
cycle (Weinberg 1995). In both sequence and function 
pRB is closely related to two other nuclear phosphopro-
teins, p l 0 7 and p l 3 0 (Ewen et al. 1991; Hannon et al. 
1993; Li et al. 1993; Mayol et al. 1993). Extensive struc
tural homology is found in their so called pocket do
main, the binding site for many viral oncoproteins, in
cluding adenovirus El A, simian virus 40 large T antigen, 
and h u m a n papillomavirus E7 (DeCaprio et al. 1988; 
Whyte et al. 1988; Dyson et al. 1989). Like pRB, p l 0 7 and 
p l 3 0 may also act as negative regulators of cell prolifera
tion through interaction wi th E2F transcription factors 
(Zhu et al. 1993; Claudio et al. 1994; Qin et al. 1995). 
However, different pRB family proteins associate wi th 
different E2Fs at different t imes during the cell cycle 
(Bernards 1997). In mice, the Rb gene family members 
share a wide expression pattern, wi th high and overlap
ping expression of Rb and pl07 in embryonic liver and 
CNS (Jiang et al. 1997). 

Retinoblastomas have not been described to occur 
spontaneously in species other than man. In addition to 
loss of RB, a l imited number of karyotypic rearrange
ments wi th unknown functional significance have been 
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found in retinal tumors (Kusnetsova et al. 1982; Squire et 
al. 1984). In the mouse, hemizygosity for Rb does not 
lead to retinoblastoma. Instead, Rb*'' mice succumb to 
pituitary gland tumors from 6-8 months on. Rb"'' em
bryos show severe defects in central neurogenesis, fetal 
liver erythropoiesis, lens development, and myogenesis, 
and die around days 12-15 of gestation when the devel
oping retina appears normal (Clarke et al. 1992; Jacks et 
al. 1992; Lee et al. 1992; Morgenbesser et al. 1994,- Ro
banus Maandag et al. 1994; Williams et al. 1994b,- Zack-
senhaus et al. 1996). However, evidence for a function of 
pRb at later stages of retinal development has come from 
the analysis of chimeric Rb''' mice. Apoptosis was ob
served in the developing retina beyond day 16 of gesta
tion and the number of Rb~'~ cells in the adult retina was 
significantly reduced (Robanus Maandag et al. 1994). 
These observations suggest that in the mouse loss of Kb 
during development of the retina results in cell death 
rather than enhanced cell proliferation. Therefore, addi
tional mutations may be required to unleash the onco
genic potential of pRb deficiency in mouse retinoblasts. 
This hypothesis is supported by the analyses of various 
transgenic and knock-out mouse lines. Retinoblastomas 
develop in transgenic mice with retina-specific expres
sion [using the human interphotoreceptor retinoid-bind-
ing 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). These results suggest a 
requirement for multiple inactivations that possibly in
clude one or more of the pocket proteins and p53. How
ever, which specific proteins need to be inactivated has 
not been answered and the oncoproteins may elicit other 
oncogenic alterations as well. In addition, the use of spe
cific promoters to drive SV40 Tag or HPV-16 E 7 limits 
inactivation to those cells in which the oncoproteins are 
expressed. As a consequence, analyses have remained re
stricted to a subset of cells within a specific differentia
tion window characterized by expression of IRBP. 
Knockout mouse models lack these limitations of the 
transgenic mouse models. Mice have been generated 

with (various combinations of) inactivated candidate 
genes that may be required for retinoblastoma develop
ment. Rb*/';pl07'/' mice do not show any altered tumor 
predisposition when compared with Rb*1' mice but de
velop multiple dysplastic lesions of the retina that are 
absent in Rb*'' and plOT1' mice (Lee et al. 1996). In 
addition, 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). 

The lethality of pRb/pl07-deficient embryos at day 
11.5 of gestation precludes to study the effect of con
comitant pRb and pl07 deficiency at later stages of de
velopment and during adult life (Lee et al. 1996). To cir
cumvent this problem, we investigated the tumorigenic 
and developmental potential of Rb'/~:pl07'/~ cells in the 
retina of chimeric mice generated with Rb'''; 
pl07''' embryonic stem cells. We report here that loss of 
function of both Rb and pl07 in murine retinoblasts 
leads to retinoblastoma originating from cells commit
ted to the amacrine cell compartment of the inner 
nuclear layer but not from those committed to the outer 
nuclear layer of the retina. 

Results 

Generation of mutant Rb;pl07 chimeras 

The pl07 gene was inactivated in murine embryonic 
stem (ES) cells by homologous recombination. Because 
pl07 is expressed in ES cells (Fig. IB), a targeting vector 
was constructed with the promoterless IRESßgeo cas
sette (Mountford et al. 1994) inserted behind codon 145 
o(pl07 (Fig. 1 A). Homologous recombination of thepl07 
targeting vector with mouse genomic DNA was pre
dicted to produce a pl07 null allele caused by an in-
frame termination codon in the 1RES sequence. On in
troduction of the pl07 targeting vector into strain 129/ 
Ola-derived ES cells homologous recombinants were 
obtained with a frequency of 65%. One of these clones 

g-p107 • 
probe A 

X 

Œ \RESßgeo Ë 

probe B B 
p107 

+ / + -/-
129p107-IRESßgeo 

1 kb p107 • 

kDa 

-200 

Figure 1. Targeted disruption of pl07. (A) Restriction map of the wild-type pl07 allele around codon 145 at the EcoRV site and DNA 
targeting construct. Black boxes indicate determined exons. Upon homologous recombination a fusion transcript is generated of pl07, 
truncated behind codon 145, with IRESßgeo. Probe A and probe B detect modifications at pW7. (S) Western blot analysis of pl07 in 
lysates prepared from pl07+u and plOT1' ES cells. Positions of molecular mass standards and pW7 are indicated 
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Retinoblastoma in Rb'/;pl07/' chimeric mice 

Figure 2. Retinoblastoma in chimeric Kb7"; 
pl0r'-[ihlKBPp53DD} mice. Histological sections 
of eyes, stained with hematoxilyn-eosin. [A] Dys
plasia in the transit region of the inner nuclear 
to the outer plexiform retinal layer of a chimeric 
Rb"'-;pl07-'- adult mouse (5 months]. (£) Develop
ing retinal tumor consisting of inner-nuclear-layer
like cells growing between the outer nuclear layer 
and the RPE in a chimeric Rb-'-tpWT'- mouse (1 
month). |C) Large retinoblastoma in a chimeric 
Rb-!-:pl07''- mouse (3.5 months), with (D) rosettes 
consisting of rearranged photoreceptor cells (open 
arrows) and tumor cells (solid arrows). (£) Malig
nant retinoblastoma, with (F) nodular growth of 
the inner nuclear layer disrupting the outer nu
clear layer in a young chimeric Rb''~;plOT'~; 
hIRBPp53DD mouse (P15). (G) Large retinoblasto
ma in a chimeric Rb-'-;pl07-'-fiSSSBpS3DD mouse 
(2.5 months), with \H) rosette-like structures (ar
rows). (RPE) Retinal pigment epithelium; (ONL) 
outer nuclear layer consisting of photoreceptor 
cells; (OPL) outer plexiform layer,- (INL) inner 
nuclear layer; (L) lens. Magnification {C.E.G) 25x; 

[A,B,D,F,H] 200x. 

carried IRESßgeo in both pl07 alleles giving a piOT'~ ES 
cell line. To confirm full inactivation of pl07, the level 
of p l07 protein was examined in extracts of ES cells. 
Whereas p i 0 7 could be readily detected in wild-type ES 
cells, no p l 0 7 protein was detected in pl07~'~ ES cells by 
Western blot analysis using the ant i -pl07 rabbit anti
body C-18 (Fig. IB). 

Subsequently, in this plOT'' ES cell l ine both alleles 
of the retinoblastoma gene Rb were inactivated by two 
rounds of homologous recombination with the isogenic 
targeting vectors 129Rb-hyg (Te Riele et al. 1992] and 
129Rb-his. These vectors carry the hygromycin and his-
tidinol resistance genes, respectively, inserted into exon 
19 of Rb, which on homologous recombination lead to 
Rb nul l alleles (Clarke et al. 1992). 

In an at tempt to investigate the effect of combined loss 
of Rb, pl07, and p53 in the retina, we also introduced 
into Rb~'-;pl07-'- ES cells the dominant-negative p53 
mutan t minigene p53DD (Shaulian et al. 1992) driven by 
the 1.3-kb human interphotoreceptor retinoid-binding 
protein (hIRBP) promoter fragment (Liou et al. 1990). 

p53DD has been shown to elicit a biological effect cor
responding to genetic loss of p53 including a reduction in 
apoptosis and acceleration of tumorigenesis (Bowman 
et al. 1996). We expected Rb-/-ipl07-/-}hïRBVp53DD 
chimeras to mimic hIRBP-E7;p53" /_ transgenic mice, 
which developed retinoblastoma (Howes et al. 1994). 
Multiple copies of hIRBPp53DD were introduced into 
Rb~'~!pl07~/- ES cells by coelectroporation with the se
lection marker PCKpur. 

Rb^'iplOï-'-, Rb-/-;pl07-/-, and Rb-'-!pl07-/-; 

hIRBPp53DD ES cell clones were verified for the correct 
karyotype and injected into C57BL/6 blastocysts to gen
erate chimeras. The level of pigmentat ion in the retinal 
pigment epithelium (RPE) served as a rough indication 
for the extent of chimerism of the eye (nonpigmented 
areas result from ES cell contribution . 

Poor chimerism in Rb" / " ; p l07 _ / " chimeras 

Chimeric Rb*/-:pl07~/- mice were readily obtained (28/ 
62 births) and were able to t ransmit ES cell-derived al-
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leles through the germ line. In 6/56 chimeric eyes, the 
retina showed some dysplasia. For example, Figure 2A 
shows a small lesion in the transition region of the inner 
nuclear to the outer plexiform layer. In contrast, Rb~'~-, 
pl07~'~ chimeras were obtained wi th low efficiency (7/ 
56 births) and only when a low number of ES cells (4-6) 
per blastocyst was injected. In general, the ES cell con
tribution in the tissue samples of these animals was re
duced twofold with respect to that of Rb~'~ chimeras 
(Robanus Maandag et al. 1994) (not shown). 

Retinoblastoma in Rb~'~;pl07~'~ chimeras 

Retinoblastomas were found in five of seven Rb"1': 
pî07" / _( ;hIRBPp53ÛD) chimeras: Two of six eyes in 
Rb~,~-,pl07~/~ and four of eight eyes (one bilateral case) 
in Rb~/~:pl07~/~;hïRSPp53DD chimeras. Histological 
examination of the eyes of Rb~'~;pl07~'~ chimeras re
vealed in a 1-month-old chimera a developing retinal tu
mor between the photoreceptor layer and the RPE, con
sisting of inner-nuclear-layer-like cells (Fig. 2B). In a chi
mera of 3.5 months , one of the eyes contained a large 
tumor process. Microscopically, this appeared to be a 
retinoblastoma that had invaded into the anterior eye 
chamber (Fig. 2C,D). The tumor cells often formed small 
irregular circles. Also, invasion of tumor cells into the 
outer nuclear layer apparently induced the rearrange
ment of normal photoreceptor cells into rosettes (Fig. 
2D). In a chimeric Rb- /- ;pî07" /";hIRBPp53DD mouse of 
postnatal day 15 (P15) we observed a malignant nodular 
growth of inner-nuclear-layer-like cells at mult iple re
gions (Fig. 2E,F); similar to the tumor in Figure 2B, the 
tumor cells tended to invade between the photoreceptor 
layer and RPE (Fig. 2F). We found three large tumors in 
chimeric Rlr'-:pl07-'-:hlRBVp53DD mice of 2.5 (Fig. 
2G,H) and 4 months . In the four large tumors, 3-10 mi
totic figures were counted per high power field with a 
40x objective (not shown). Thus , both types of chimeras 
developed retinoblastoma wi th similar incidence (al
though the numbers were small), inner-nuclear-layer
like appearance, and tendency to grow between the pho
toreceptor layer and RPE. 

To investigate whether the tumors were ES cell-de
rived, tumor cells were scraped from formalin-fixed, par
affin-embedded tissue sections, DNAs were isolated and 
subjected to simple sequence repeat (SSR) analysis. PCR 
amplification of a polymorphic SSR marker on chromo
some 2 (D2mit94) showed that the four large tumors that 
could be tested in this way were of ES cell origin (Fig. 3). 
These results indicate that loss of function of both Rb 
and pl07 leads to retinoblastoma in the mouse. 

Retinoblastoma has characteristics of the inner 
nuclear layer 

Our results suggested that the hIRBPp53DD transgene 
had not contributed to tumorigenesis. To address this 
point, we further characterized the tumors by immuno-
histochemistry. Staining with an anti-p53 antibody of 
the retina of a control hIRBPp53DD transgenic mouse 
identified a compartment of non-LRBP-expressing cells 

F1 1 2 3 

129 / Ola 

C57BI/6 

Figure 3. Retinoblastomas are derived from Rb ;pl07 ' 
cells. PCR products of a simple sequence repeat polymorphic for 
129/Ola (190 nucleotides) and C57B1/6 (160 nucleotides) in tu
mor DNAs. (Lane 1} Control liver of 129/01a:C57Bl/6 F, (50% 
129/Ola). (Lane 2) Retinoblastoma in a Rb' !~;pl07~'~ chimera 
(82% 129/Ola). (Lanes 3-5) Three retinoblastomas in Rb"•'"; 
p207-''-;hIRBPp53DD chimeras (96%, 79%, and 99% 129/Ola, 
respectively). Percentages of 129/Ola contribution were deter
mined using the Phosphorlmager. 

in the inner nuclear layer (Fig. 4B, left). These cells were 
positively identified with anti-syntaxin that labels neu
ronal amacrine cells in the inner nuclear layer and their 
synaptic processes in the inner plexiform layer (Barn
stable et al. 1985) (Fig. 4A, left). None of the tumors in 
R£r'~;p207~''~;hIRBPp53£>D chimeras expressed the 
p53DD transgene (Fig. 4B, right). This indicates that they 
did not express IRBP, as was confirmed by staining wi th 
an anti-IRBP antibody recognizing the outer segments of 
photoreceptor cells (Carter-Dawson et al. 1986) (Fig. 4C). 
Instead, all retinal tumors showed extensive positive 
staining wi th anti-syntaxin (Fig. 4A, right). Furthermore, 
the tumors were positive wi th an antibody against neu
ron-specific enolase (NSE), labeling all neuronal cells of 
the retina (Schmechel et al. 1978) (Fig. 4E), but negative 
for the antibody against 200-kD neurofilament protein 
(NF200kd) which identifies the nerve fibers of the gan
glion cells and axonless horizontal cells (Drager et al. 
1984) (Fig. 4F). Some staining in the tumors was found 
wi th an antibody against glial fibrillary acidic protein 
(GFAP) (Fig. 4D), which recognizes glial cells, that is, 
retinal astrocytes in the ganglion cell layer and shows 
some positivity in the outer plexiform layer (Bjorklund 
et al. 1985). Double staining wi th anti-syntaxin and anti-
GFAP showed that the cell bodies labeled by anti-syn
taxin did not coincide wi th those labeled by anti-GFAP, 
indicating that the tumors contained two different cell 
types, neuronal amacrine and glial cells (Fig. 4G,H). The 
abnormally high GFAP staining in the adjacent retina 
may be indicative of reactive Müller cells, which express 
increased levels of GFAP under pathogenic conditions 
(Eisenfeld et al. 1984) (Fig. 41; see also Fig. 4D, right). 
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Figure 4. Retinoblastomas show immunocharacteristics of amacrine and glial cells. Sections of a normal retina (transgenic 
hIRBPp53DD mouse, left parts] and a tumor-containing eye (chimeric Rb-''-;pl07^'-;hlRBFpS3DD mouse, right parts| immunostained 
with various antibodies using FITC, Texas Red, and DAB. (ONL) Outer nuclear layer containing photoreceptor (rod and cone] cells-
(OPL) outer plexiform layer,- (INL) inner nuclear layer containing horizontal, bipolar, Müller, and amacrine cells; (IPL) inner plexiform 
layer; (GCL) ganglion cell layer containing ganglion cells and astrocytes. [A) Extensive positive staining of the tumor with anti-
syntaxm that labels amacrine cells in the INL and their synaptic processes in the IPL (FITC). |B) Whereas the control retina shows 
positive staining of the ONL and the outer half of the INL with anti-p53, the tumor is negative (DAB|. Note the nuclear staining caused 
by the nuclear localization signal in p53DD. (C| No tumor staining with anti-IRBP that recognizes the outer segments of photoreceptor 
cells [FITC). (D| Tumor area with cells positive for anti-GFAP that labels glial cells (astrocytes in the GCL| and shows some positivity 
in the OPL (FITC). (£) Positive staining of the tumor with anti-NSE that immunoreacts with all neuronal cells (FITC). (i>) No tumor 
staining with anti-NF200kd that labels the nerve fibers of ganglion cells in the GCL and axonless horizontal cells in the INL (FITC) 
(&-ƒ) No double-stained (yellow) cells with anti-syntaxin (FITC) and anti-GFAP (Texas Red) in the tumor (H|, or in the adjacent retina 
11) showing a staining pattern suggestive of reactive Müller cells spanning across the retina. Dotted lines mark the border of the tumor 
(T|. Magnification [A-G] 200x; [H,I] 600x. 

Taken together, these results show that the tumors 
largely originated from cells commit ted to the amacrine 
cell compartment of the inner nuclear layer. 

The majority of Rtr '- jplOT"7" letinoblasts do not form 
tumors but undergo apoptosis 

During normal retinal development, the non-IRBP-ex-
pressing amacrine and ganglion cell compartments are 
formed prenatally, the Müller cell compartment postna-
tally. Also prenatally, /ÄBP-expressing cells begin to ap
pear which will ul t imately consti tute the outer nuclear 
layer (photoreceptor cell compartment) and the outer 
part of the inner nuclear layer (bipolar and horizontal cell 
compartment) (Young 1985; Al-Ubaidi et al. 1992). Our 
results suggest that the tumors originate prenatally from 

a retinoblast population commit ted to form amacrine 
cells, but not from the population commit ted to form 
IRBP-expressing cells (Duke-Elder and Cook 1963). To 
identify early stages of tumor development and to study 
the fate of pRb/pl07-deficient /.RBP-expressing cells, we 
analyzed chimeric eyes at various stages of retinal devel
opment. 

Whereas only a l imited number of chimeras survived 
into adulthood, at day 17.5 of gestation chimeric Rb'''; 
pl07~^{;hlRBFp53DD) embryos were present at normal 
frequency and often showed a high contribution of ES 
cells to the RPE. At this stage of development, 11/23 
chimeric eyes already showed severe dysplasia, rosette
like arrangements and many pyknotic nuclei, indicative 
of apoptotic cell death (Fig. 5B-D), this in contrast to 6/6 
normal chimeric Rb*'';pl07-'- retinas of the same age 
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Figure 5. Severe retinal abnormalities in 
chimeric Rb~/~;pl07~/~ embryos. Histologi
cal sections of eyes, stained with hematoxi-
lyn-eosin. [A] Normal retina of a chimeric 
Rb*'-;plOT'- embryo (E17.5). (B) Dysplastic 
retina of a chimeric Rb~/~;pl07~1~ embryo 
(E17.5), with rosettes (C), and an increased 
number of pyknotic nuclei [D] indicative of 
apoptosis. Magnification [A,B\ 100x; (C) 
200x; (D) 400x. 

(Fig. 5A). Clear anti-p53DD antibody staining in the ven
tricular layer of the developing retina identified J?b" / _

; 

pi07" A ;hIRBPp53DD retinoblasts that had apparently 
reached the differentiation stage of /RBP-expressing cells 
(Fig. 6B|. These cells were virtually absent at P I5 , even at 
retinal regions that were highly chimeric as deduced 
from the presence of malignant nodular growths of the 
inner nuclear layer (Fig. 6C, see also Fig. 4B). Apparently, 
pRb/pl07-deficient cells can contribute to the IRBP-ex-
pressing compartment , but are excluded from the retina 
between E17.5 and P15. Indeed, apoptotic cell death in 
chimeric Rb'^splOT*' retinas could be detected as early 
as day 17.5 of gestation and continued at least unt i l P l l 
(Fig. 7B,D). 

These results allow us to draw two conclusions. 
Firstly, oncogenic transformation of pRb/pl07-deficient 
retinoblasts occurs as early as day 17.5 of gestation and 
involves cells commit ted to the non-IRBP-expressing 
amacrine cell compartment of the inner nuclear layer. 
Secondly, pRb/pl07-deficient cells can contribute to 
the /RBP-expressing compartment , but these cells do 
not grow out to retinoblastoma. Instead, they undergo 
apoptosis before P15, likely at the stage of differentia

tion to mature bipolar, horizontal, and photoreceptor 
cells. 

Discussion 

In contrast to the situation in humans , mice hemizygous 
for the retinoblastoma gene Kb do not develop retino
blastoma, bu t pituitary gland tumors. Also, chimeric 
Rb~'~ mice do not form retinoblastomas but, instead, 
undergo retinal apoptosis during development. Appar
ently, the mur ine retina is better protected against tu-
morigenesis than the human retina. For example, in the 
mouse, additional mutat ions may be required for the on
cogenic transformation of pRb-deficient retinoblasts. In
dications for this have come from studies in transgenic 
mice in which concomitant inactivation of pocket pro
teins and p53 by overexpression of HPV-16 E7 (in a p53 
null background) or SV40 Tag led to development of ret
inoblastoma. However, these transgenic mouse models 
do not accurately specify the mutat ional requirements 
for retinal tumorigenesis. On the other hand, the use of 
knockout mice carrying specific (combinations of] mu
tations is l imited by the early death of pRb-deficient em-

RPE» 

A a i e , 
Figure 6. /ßBP-expressing Rb~'~;pl07~'~ cells disappear from the retina before P15. Immunohistochemical staining for p53DD 
protein with pAb421 plus counterstaining with hematoxilyn. [A] No staining in the dysplastic retina of a chimeric Rb'^tplOT'' 
embryo (El 7.5). (B) Retina of a chimeric Rb~'~ :pl07-'~ ,hlRBVp53DD embryo (E17.5) with positive cells in the ventricular layer (arrows]. 
(C) No staining in the retina with malignant nodular growth of a young chimeric Rb~/-;pl07~/-;hlRBPp53OD mouse (P15). (RPE) 
Retinal pigment epithelium; |VL) ventricular layer; (ONL) outer nuclear layer; (INL) inner nuclear layer. Magnification [A,B] 400x; (C) 
200x. 
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Figure 7. Abnormal apoptosis during retinal development of 
chimeric Rb~/~;pl07~/~ mice. FITC staining of apoptotic retinal 
cells (TUNEL assay). [A] Normal level of apoptosis in chimeric 
Rb*''-ipl07-'-,tiXRSPp53DD embryo (E17.5). (B| Increased level 
of apoptosis in chimeric Rb~I~-,pl07~l~ embryo (E17.5). (C) Nor
mal level of apoptosis in wild-type C57B1/6 neonate (PII). (D) 
Massive apoptosis in chimeric Rb~r~-,pl07~l~ neonate (PI 1). 
(ONL) Outer nuclear layer; (INL) inner nuclear layer; (L) lens. 
Magnification [A-D] 200x. 

bryos. Therefore, we generated chimeric mice using ES 
cells carrying disruptions in both Rb and pl07. This ap
proach permit ted us to address the question whether loss 
of pl07 unleashes the expected oncogenic potential of 
loss of Rb in retinoblasts. 

Our results clearly demonstrate that this is the case: In 
the mouse, loss of function of both Rb and its close rela
tive pl07 leads to retinoblastoma. Although it is gener
ally believed that loss of pRb function is the key event in 
retinoblastoma development in the various transgenic 
mouse models, proof for this has been lacking. Here we 
have provided formal evidence for the role of loss of Rb 
in the development of retinoblastomas in mice. More
over, our results indicate that pl07 can act as a tumor 
suppressor gene in the mouse. p l07 exerts its tumor sup
pressor function in a conditional fashion, that is, it sup
presses tumorous outgrowth of pRb-deficient retino
blasts. In the presence of wild-type pRb activity, hetero-
or homozygosity for mutan t pl07 by itself does not lead 
to tumorigenesis (Lee et al. 1996). Thus, p l07 and pRb 
may functionally overlap, as was previously suggested by 
their structural homology and capacity to block the cell 
cycle in vitro (Zhu et al. 1993,- Beijersbergen et al. 1995). 
Our results provide the first demonstration of functional 
synergism of pRb and p i07 in controlling proliferation in 
vivo. It remains unclear why this safeguard mechanism 
does not operate in human retinal cells. It is possible that 
pl07, in contrast to the situation in the mouse, is not 
adequately expressed in the human retina. Alternatively, 
murine p i07 may respond to upstream regulators of pRb, 
whereas human p l07 may not. 

The cell of origin of human retinoblastoma is a moot 
point (Tsokos et al. 1986; Nork et al. 1995). Many believe 
it is a primitive mult ipotential cell, but differentiation 
toward amacrine cells has only sporadically been found 

(Albert et al. 1974; Tarkkanen et al. 1984; Tsokos et al. 
1986). Others suggest it is a cell capable of bipotential 
differentiation into photoreceptor and glial cells. How
ever, proof for the neoplastic nature of glial cells in hu
man retinoblastoma is lacking. Also, the retinoblastoma 
cell type in the transgenic mouse models remained 
largely undefined, although oncogenic transformation 
was directed to the IRBP-expressing cell compartment . 
In our model system, immunohis tochemis t ry of the tu
mors revealed two distinct cell types: Non-lRBP-ex-
pressing neuronal amacrine cells (majority) and glial 
cells (minority). This may indicate that the tumors origi
nate from a primitive retinoblast wi th bipotential differ
entiation capacity into amacrine cells and glial cells. The 
relatively modest GFAP staining in the tumors may also 
represent nontumorigenic, reactive Muller cells that in
creased GFAP expression under pathogenic conditions 
(Eisenfeld et al. 1984). Such cells may support the ma
lignant outgrowth of amacrine-like tumor cells. The in 
situ identification of individual Rb~/~;pl07~/~ cells in 
the chimeras by a marker will further address this issue. 
Formally, we cannot fully exclude the possibility that 
the tumors in our system had originated from IRBP-ex-
pressing precursors that were destined to form the pho
toreceptor cell layer, but had lost this capacity (and IRBP 
expression) through oncogenic transformation and ac
quired amacrine cell differentiation. 

Although the retinal tumors arise at a high frequency 
in chimeric Rb-/-:pl07-'^:hlRBPp53DD) mice, addi
tional mutat ions may be required. First, some but not all 
retinas that were chimeric in the RPE formed retinoblas
tomas. Second, Rb*'~;pl07~/~ mice (Lee et al. 1996) and 
chimeric Rb*/~;pl07~'~ mice (our data) often showed re
gions of retinal dysplasia but never developed a malig
nant tumor. Third, the tumors apparently arose from de
velopmental defects that occurred as early as embryonic 
day 17.5. At this stage, the primitive nuclear layer 
showed severe dysplasia but also extensive apoptosis. 
This result suggests that in addition to loss of Rb and 
pl07, a genetic alteration counteracting apoptotic cell 
death is required for development of retinal tumors. We 
cannot exclude, however, that apoptotic cell death only 
included the IRBP-expressing pRb/pl07-deficient com
partment of the retina (see below). In line wi th this, we 
could not obtain evidence for involvement of p53 muta
tions in retinoblastoma development. Single-strand con
formation polymorphism and sequence analyses of p53 
exons 5-8 in D N A of the large Rb~/~:pl07~/~ tumor did 
not reveal a p53 muta t ion (E. Robanus-Maandag and A. 
Berns, unpubl.). Moreover, none of the tumors immuno-
reacted with the anti-p53 antibody. 

/RBP-expressing retinoblastomas did not develop in 
our system. /ÄBP-expressing pRb/pl07-deficient cells 
were present in the ventricular layer of the embryonic 
retina, however, these cells underwent massive apopto
sis and had completely disappeared from the developing 
retina by postnatal day 15. Death of IRBP-expressing 
pRb/pl07-deficient cells is in agreement wi th the ob
served retinal degeneration in the hIRBP-E7 transgenic 
mice (Howes et al. 1994). These authors showed that 
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hIRBP-driven expression of E7 could give rise to retino
blastoma exclusively in a pS3~'~ background, suggesting 
that p53 counteracted apoptosis of cells that lacked Rb 
(and pl07) function. Therefore, the absence of p53DD-
expressing retinoblastomas in our chimeric Rb~'~;pl07~,~; 
hIRBPp53DD mice was unexpected. It is possible that the 
wild-type p53 was not fully inactivated by p53DD. Alter
natively, other as yet unknown oncogenic alterations may 
be required for the development of outer nuclear layer tu
mors. In the hIRBP-E7;p53"'~ transgenic mice, genetic in
stability throughout all stages of development may have 
provided the required mutation) s ) [note that in hlRBP-
E7;p53* /_ transgenic mice no retinal tumors were found 
(Howes et al. 1994]]. In conclusion, our observations show 
that Rb~l'-,pW7'l~ retinoblasts committed to the non-
IRBP-expressing inner nuclear layer have the potential to 
form tumors at high incidence, whereas /.RBP-expressing 
Rb~'~;pl07~'~ retinoblasts do not. Because both types of 
retinoblasts originate from the same Rb~/~;pl07~/~ retinal 
stem cell, different, and possibly fewer, mutations may be 
required for the development of inner nuclear layer tumors 
than for the development of outer nuclear layer tumors. 

Functional loss of Rb in murine retinoblasts has been 
generally believed as essential for the development of 
retinoblastoma analogous to the situation in man. How
ever, the absence of retinoblastoma in Rb*'~ and chi
meric Rb~'~ mice indicated that besides loss of function 
of Rb additional muta t ions are required to induce tu-
morigenesis in the murine retina. Our data unequivo
cally demonstrate that the inactivation of both Rb and 
the closely related gene pl07 leads to oncogenic trans
formation of cells commit ted to the amacrine cell com
par tment of the inner nuclear layer but not of cells com
mit ted to other retinal compartments . Thus, pl07 can 
act as a tumor suppressor gene in the mouse. Finally, our 
results illustrate that the generation of chimeric mice 
wi th ES cells carrying multiple gene lesions is a valuable 
tool to assess the role of these genes in development and 
tumorigenesis. 

Materials and methods 

Marker plasmids 

For the disruption of multiple genes in a single cell line, we 
generated two new selectable markers: PGKpur and VGKhis. 
The Streptomyces alboniger puromycin phosphotransferase 
genepur(Lacalleetal. 1989; kindly provided by A. Jimenez) was 
provided with a Kozak consensus sequence and inserted be
tween the PGK promoter and poly(A| sequences (McBurney et 
al. 1991), giving PGKpur. The Salmonella typhimurium histidi-
nol dehydrogenase gene his (Hartman and Mulligan 1988) was 
inserted between the PGK promoter and poly(A) sequences, giv
ing PGKiis. 

Generation of DNA fragments for electroporation 

For construction of the pl07 targeting vector (129pl07-
IRESßgeo), a 129-derived genomic clone covering a portion of 
the mouse pl07 gene was isolated using the human pl07 cDNA 
(kindly provided by M. Ewen and D. Livingston, Dana-Farber 
Cancer Institute, Boston, MA) as a probe. An exon was identi

fied within the genomic clone by a combination of Southern 
blot and sequence analysis. Into a unique £coRV site within this 
exon, IRESSgeo [derived from the plasmid pGT1.8IRES-ßgeo 
(Mountford et al. 1994), kindly provided by A. Smith] was in
serted, resulting in a fusion transcript containing pl07 codons 
1-145 and IRESßgeo. The targeting vector was linearized before 
electroporation into ES cells (Fig. 1A). Two comparable isogenic 
targeting vectors for the Rb locus were used: 129Rb-hyg (Te 
Riele et al. 1992) and 129Rb-his, carrying instead of PGKiyg the 
2.2-kb PGKiiis fragment. Both markers were inserted into the 
Bglll site of exon 19. 

For the construction of hIRBPp53DD the plasmid pSPp53DD 
(Shaulian et al. 1992; kindly provided by M. Oren) was digested 
with BamHI, filled in with Klenow polymerase, and digested 
with £coRI. The resulting 800-bp p53DD cDNA fragment, con
taining amino acids 1-13 and 302-390, was ligated into the 
£coRV-EcoRI-digested plasmid containing the 1.3-kb hIRBP 
promoter fragment, kindly provided by G. Liou (Medical Col
lege of Georgia, Augusta). phIRBPp53D.D was linearized with 
BamHI, pPGKpur with Xhol. 

Generation of mutant ES cell clones and chimeric mice 

The E14 ES cell line, derived from 129/Ola and kindly provided 
by M. Hooper (Western General Hospital, Edinburgh, UK), was 
subcloned. Subclone IB10 and its derivatives were grown on 
feeder layers of 7-irradiated murine embryonic fibroblasts in 
Glasgow modified Eagle medium supplemented with 10% fetal 
calf serum, lx nonessential amino acids, 1 mM sodium pyru
vate, 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, and 1000 
U/ml of ESGRO-LIF. During selection the ES cells were cul
tured in BRL-conditioned medium (Hooper et al. 1987). 

129pl07-IRESßgeo was introduced into IB10 ES cells and 
G418-resistant cells were selected as described (Te Riele et al. 
1992). Southern blot analysis with the 5' probe A and 3 ' probe B, 
located as in Figure 1A, of £coRI-digested DNA from selected 
clones showed in case of a homologous recombinant both a 
band of 20 kb of the nonmodified p207 locus, and a band of 3.4 
and 16.6 kb of the modified p307 locus, respectively. In addi
tion, one pl07'/~ ES cell clone was obtained that had inserted 
the promoterless IRESßgeo in both p207 alleles. Subsequently, 
in this pl07~'~ ES cell clone targeting at the Rb locus was per
formed with 129Rb-hyg as described (Te Riele et al. 1992). In a 
resulting Rb*-'~;pl07~J~ clone the second wild-type Rb allele 
was targeted with 129Rb-his. One day after electroporation, ES 
cells were selected for resistance to 1.5-2.5 mM histidinol for 7 
days. Southern blot analysis with the 5' Rb probe B (Te Riele et 
al. 1992) of EcoRI-digested DNA from selected clones showed 
a 7.2-kb band in case of a correctly recombined 129Rb-his 
fragment. 

The 5.0-kb hIRBPp53DD fragment was coelectroporated with 
the 4.3-kb PGKpur fragment into Rb~'~ipl07~'~ ES cells in a 
molar ratio of 10:1. One day after electroporation, ES cells were 
selected for resistance to 1.8 ug/ml puromycin for 7 days. A 
450-bp £coRV-XbaI fragment of hIRBPp53DD was used as 
probe in the Southern blot analysis of HcoRV-digested DNA 
from the selected clones. A 5-kb band indicated a head-to-tail 
integration of hIRBPp53DD. 

Selected ES cell clones were verified for the correct karyotype 
(>12/15 metaphase chromosome spreads with 40 chromo
somes). Chimeric mice were generated by injection of 4-12 ES 
cells into C57B1/6 blastocyst stage embryos. 

Western blot analysis 

ES cells (3 x 106) were resuspended in 50 ul of 2x Laemmli 
sample buffer. The lysates were boiled for 10 min and, after 
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centrifugation for 2 min, 30% of the supernatant was loaded on 
a 10% SDS-polyacrylamide gel. After resolution, the gel was 
transferred to a Protran membrane (Schleicher & Schuil) by 
electroblotting. For the antibody incubation with anti-pl07, 
performed in 5% Blotto dissolved in TBST (Tris-buffered saline; 
0.1% Tween-20), the polyclonal rabbit anti-human antibody C-
18 was used that recognizes amino acids 1052-1068 of pl07 
(Santa Cruz Biotechnology). Subsequently, the membrane was 
incubated with goat anti-rabbit horseradish peroxidase-labeled 
antibody. Antigen-antibody complexes were detected by en
hanced chemoluminescence (ECL; Amersham). 

Generation of transgenic hIRBPp53DD mice 

The 2.1-kb Clal-BamHl fragment of phIRBPp53DD was micro-
injected into FVB zygotes. Southern blot analysis of £coRV-
digested DNA from tail biopsies was performed as described 
(Laird et al. 1991} using the 450-bp EcoRV-Xbal fragment of 
phIRBPp53D.D as probe. 

ES cell contribution in (tumor) tissues 

DNA was isolated from tissue samples as described by Laird et 
al. (1991). The extent of chimerism was determined by detec
tion of the Rb wild-type and mutated £coRI fragments with 
probe A on Southern blots as described before (Te Riele et al. 
1992) using the Phosphorlmager. Cells of the tumor areas in the 
unstained 10 urn tissue sections were scraped off with a scalpel 
from the plain glass slides and transferred to 0.5 ml of xylene to 
dissolve the paraffin for 5 min. One volume of 100% ethanol 
was mixed with the supernatants and after 5 min the tissues 
were pelleted, dried at 55°C, and incubated in 50 mM Tris (pH 
8.5), 1 mM EDTA, 0.5% Tween-20, and 200 ug/ml proteinase K 
overnight at 55°C and for 10 min at 95°C. To determine the 
percentage of ES cell-derived cells in the tumors, simple se
quence repeat analyses were performed on the DNA solutions 
with the primer set D2mit94 (Mouse MapPairs, Research Ge
netics, Huntsville, AL] as described (Dietrich et al. 1992). 

Histological analysis and immunostaining 

Embryos and tissues were fixed in phosphate-buffered formalin, 
embedded in paraffin, sectioned at 5 urn, and stained with he
matoxylin and eosin according to standard procedures. 

For immunohistochemical detection of antigens, the rehy-
drated tissue sections were boiled for 15 min in citrate buffer at 
pH 6.0 and cooled down slowly before preincubation with 1% 
normal goat serum. The following primary antibodies were 
used: (1) mouse monoclonal anti-human p53 that recognizes 
amino acids 370-378 (pAb421, Harlow et al. 1981; Oncogene 
Science); (2) mouse monoclonal anti-rat syntaxin (F1PC-1, Sigma 
Biosciences); (3) rabbit polyclonal anti-bovine IRBP (kindly pro
vided by Yvonne De Kozak, U450 INSERM, Paris, France); (4) 
rabbit polyclonal anti-cow glial fibrillary acidic protein (GFAP; 
DAKO); (5) rabbit polyclonal anti-bovine neuron-specific eno-
lase (NSE; Chemicon International); and (6) rabbit polyclonal 
anti-bovine neurofilament, 200-kD subunit (NF200kd; Sigma]. 

Expression of the p53DD transgene was detected by the indi
rect immunoperoxidase assay with DAB substrate as described 
(Ivanyi et al. 1989). Expression of the endogenous retinal anti
gens was determined by the indirect immunofluorescence assay 
with goat anti-mouse or pig anti-rabbit FITC (DAKO) and, in 
case of double staining, goat anti-rabbit Texas Red (Molecular 
Probes, Leiden, The Netherlands). Incorporated fluorescein was 
detected by confocal laser scan microscopy. 

In situ detection of apoptosis 

TUNEL analyses (Gavrieli et al. 1992) were performed on 8-um 
tissue sections as described (In Situ Cell Death Detection kit, 
Boehringer Mannheim). Incorporated fluorescein was detected 
by confocal laser scan microscopy. 
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Specific mutations in some tumor suppressor genes such as p53 can act in a dominant fashion. We tested 
whether this mechanism may also apply for the neurofibromatosis type-2 gene [NF2) which, when mutated, 
leads to schwannoma development. Transgenic mice were generated that express, in Schwann cells, mutant 
NF2 proteins prototypic of natural mutants observed in humans. Mice expressing a NF2 protein with an 
interstitial deletion in the amino-terminal domain showed high prevalence of Schwann cell-derived tumors 
and Schwann cell hyperplasia, whereas those expressing a carboxy-terminally truncated protein were normal. 
Our results indicate that a subset of mutant NF2 alleles observed in patients may encode products with 
dominant properties when overexpressed in specific cell lineages. 
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Neurofibromatosis type 2 (NF2) is an inherited condi
tion, characterized primarily by an increased susceptibil
ity to develop mult iple schwannomas and meningiomas 
(Eldridge 1981]. It is associated with germ-line muta t ions 
in the NF2 gene that are predicted to lead to major struc
tural impairment of its product, schwannomin (Rouleau 
e ta l . 1993)or merl in (Trofatter et al. 1993). Both sporadic 
and familial schwannomas frequently show biallelic in-
activation of the NF2 gene, thus meet ing the criteria 
usually required for a tumor suppressor gene (Bianchi et 
al. 1994; Bijlsma et al. 1994; Sainz et al. 1994; Twist et al. 
1994; Merel et al. 1995b; Jacoby et al. 1996). In contrast 
to the narrow spectrum of benign tumors observed in 
human NF2 patients, Nf2 heterozygous m u t a n t [Nf2*'~) 
mice develop a variety of highly metastat ic tumors, 
mainly osteosarcomas (McClatchey et al. 1998). Nearly 
all of these tumors exhibit loss of the wild-type Nf2 al
lele indicating that also in the mouse the JV/2 gene acts 
as a classical tumor suppressor gene. Remarkably, how
ever, the Nf2*t~ mice do not develop schwannomas, the 
hallmark tumors associated wi th human NF2. 

Two major isoforms of the NF2 gene product are gen
erated by alternative splicing and differ in their carboxyl 

'Corresponding author. 
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terminus. Schwannomin isoform 1 is a 595 amino acid 
protein (Rouleau et al. 1993] composed of two interact
ing structural domains, the amino and carboxyl termi
nus (Sherman et al. 1997; G u t m a n n et al. 1998). 
Schwannomin isoform 2 (590 amino acids) contains 11 
strongly hydrophilic amino acids at its carboxyl termi
nus and does not self associate (Sherman et al. 1997). It 
has been suggested that this intramolecular interaction 
(closed conformation) is essential for tumor suppressor 
activity, whereas failure to form such a self-folded com
plex results in an inactive protein (open conformation) 
(Sherman et al. 1997; Xu and G u t m a n n 1998). When 
transiently expressed in various cell types, m u t a n t pro
teins corresponding to naturally occurring NF2 muta
tions demonstrate alternate localizations (Deguen et al. 
1998, unpubl.; Shaw et al. 1998a; Xu et al. 1998). Car-
boxy-terminal deletion mutants of various lengths re
main located at the cell membrane. In contrast, mutan ts 
with an intact carboxy-terminal domain but wi th a de
leted or altered amino-terminal domain are delocalized 
mainly in the perinuclear cytoplasmic region. Such de-
localization was observed for a mu tan t protein modeled 
from naturally occurring mutat ions in which exons 2-3 
are spliced out wi thout frameshift, Sch-A(39-121) 
(Deguen et al. 1998). 

To develop a system by which to identify functional 
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domains of the NF2 protein that may play a role in on
cogenesis, we have generated transgenic mice express
ing, under the control of the Schwann cell-specific PO 
promoter (Messing et al. 1992), either a mutan t 
schwannomin modeled from a naturally occurring mu
tation, Sch-A(39-121), or a schwannomin prototypic for 
carboxy-terminal deletion mutan ts , Sch-ACter. 

Results 

Transgenic mice were generated wi th D N A constructs 
in which human cDNAs encoding either Sch-ACter or 
isoform 1 of Sch-A(39-121 ) were placed under the control 
of the minimal PO promoter (Fig. 1A). The PO protein is 
the major structural protein of peripheral myelin, and 
previous studies identified regulatory elements within 
1.1 kb of the proximal 5'-flanking D N A that were suffi

cient to direct appropriate Schwann cell-specific expres
sion of heterologous genes in transgenic mice (Messing 
et al. 1992). To detect transgene-specific expression, the 
mutan t proteins were tagged with the VSV epitope (Kreis 
1986). Such addition leaves unaltered the subcellular lo
calization of the wild-type and mutan t schwannomins 
(Deguen et al. 1998). Strains that expressed the 39-kD 
(Sch-ACter) or 62-kD [Sch-A|39-121|] mu tan t 
schwannomins in peripheral nerves were identified by 
immunoblot t ing wi th a polyclonal ant i-NF2-Nter (Fig. 
IB). The transgenic nature of both proteins was con
firmed by immunoblot t ing wi th anti-VSV polyclonal an
tibodies (Fig. 1C). Additional tissues of one PO-Sch-
ACter and three P0-Sch-A(39-121) strains were also ana
lyzed (Fig. 1C). As expected, no expression was observed 
in heart, spleen, lung, kidney, liver and in various struc
tures of the central nervous system such as brain, cer-
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Figure 1. Structure and expression of the transgenes. [A] Schematic representation of the PO-Sch-ACter and P0-Sch-A|39-121| 
transgenes. The transgenic constructs were made by inserting the VSV-tagged (black box| mutated human NF2 cDNAs into plasmid 
pPG6 between the 5' flanking sequence from the rat PO gene (1.1 kb) and the rabbit ß-globin 3' splicing plus polyadenylation signal 
(1.2 kb). (B) Transgene expression analysis by Western blotting. The 39-kD (Sch-ACter) and 62-kD Sch-A|39-121) schwannomin 
mutants were detected by immunoblotting with a polyclonal anti-NF2-Nter serum in protein extracts from sciatic nerve of the F! 
mice of two of four PO-Sch-ACter and three of three P0-Sch-A(39-121 ] independent strains. The polyclonal anti-NF2-Nter A-19, raised 
against a peptide corresponding to amino acids 2-21 of human schwannomin, detects both the endogenous murine NF2 protein and 
the two transgenic mutant human schwannomins (arrows). (Lanes 1-4) Sciatic nerves from strains PO-Sch-ACter; (lanes 6,27,32) sciatic 
nerves from strains P0-Sch-A(39-121). (C) Sciatic nerves from nontransgenic FVB/N littermate. (C) To confirm that the mutant 
proteins are encoded by the transgene and to analyze the spatial profile of expression of the transgenes, total protein extracts were 
obtained from various organs of transgenic animals of strains PO-Sch-ACter/3 and P0-Sch-A(39-121)/6, 27, and 32 and analyzed by 
Western blotting. Transgenic proteins were readily detected by immunoblotting with anti-VSV polyclonal antibodies in peripheral 
nerves (trigeminal and sciatic nerves) and uterus. (SN) Sciatic nerve; (Br] brain,- (Ce) cerebellum; (BS) brain stem; (TN) trigeminal nerve; 
(SC) spinal cord,- (He) heart; (Ut) uterus; (Sp) spleen; (Lu) lung; (Ki) kidney; (Li] liver. 
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ebellum, optic nerve, and spinal cord. However, a low 
level of expression was consistently detected in the 
uterus, which shows rich innervation (Moscarini et al. 
1982; Houdeau et al. 1998). 

A total of 36 PO-Sch-ACter (lines 1 and 3) and 36 P 0 -
Sch-A(39-121) (lines 6, 25, 27, a n d 3 2 ; see Table 1) trans
genic mice was kept under observation for the appear
ance of abnormal phenotypes over a period of 24 months . 
PO-Sch-ACter transgenic mice showed a survival rate 
similar to that of nontransgenic l i t termates. Despite 
high expression of the Sch-ACter transgene in peripheral 
nerves and uterus, these structures appeared normal and 
not prone to tumor development. In agreement wi th the 
known spontaneous tumor profile of aging FVB/N mice 
(Mahler et al. 1996), various tumors were identified in 
these mice. In total, 12 lung adenocarcinomas, 2 pitu
itary adenomas (in females wi th reactive mammary ad
enocarcinomas), 2 sarcomas of the subcutis, and 1 his
tiocytic sarcoma were found. None of these tumors ex
pressed the transgene to a detectable level as determined 
by immunoblot t ing. The sole exception was a mammary 
adenocarcinoma that showed weak expression of the 
transgene when compared wi th the endogenous 
schwannomin level. The microscopic analysis of the tu
mor revealed nerve bundles that are probably responsible 
for this weak expression level (data not shown). 

In contrast to PO-Sch-ACter transgenic mice, PO-Sch-
A(39-121 ) mutan t mice showed a decreased survival rate 
(Kaplan-Meier test: P = 0.0001). The average age of tu
mor incidence in P0-Sch-A(39-121) transgenic mice was 
17.5 months , wi th tumors detected between 9 and 20 
months . Fifteen peripheral nerve tumors were found in 
12 of 36 mice of the four independent lines from 9 
months on (Table 1). Four of these tumors originated 
unambiguously from the trigeminal nerve and spinal 
ganglia (Fig. 2a,d). Their Schwann cell origin was con
firmed by strong immunoreact ivi ty with S-100 protein 
and the 75-kD low affinity nerve growth factor receptor 
(LNGFR) (Fig. 2b,c). The S-100 protein is expressed dur
ing the later stages of Schwann cell differentiation 
(Zorick and Lemke 1996) and is also present in rather 
differentiated neoplastic Schwann cells (Walker et al. 

1994). High levels of LNGFR expression are present in 
neural crest cells, Schwann cell precursors, and commit
ted Schwann cells and its expression is down-regulated 
during the later stages of Schwann cell differentiation 
(Zorick and Lemke 1996). Accordingly, LNGFR is fre
quently expressed in neural crest-derived tumors of the 
peripheral nervous system, regardless of their degree of 
differentiation (Perosio and Brooks 1988; Hoshi et al. 
1994). Tumors were found in the uterus of 8 of 20 female 
transgenic mice between the age of 13 and 20.5 months , 
all wi th similar histological features of interlacing fasci
cles of spindle-shaped cells showing areas of palisaded 
nuclei and ropelike formations resembling Verocay bod
ies (Fig. 2e). These features are suggestive of Schwann 
cell differentiation. To investigate further the histologi
cal origin of the uterine tumors, immunohis tochemical 
detection of S-100 protein and LNGFR was performed. 
As summarized in Table 1, five of eight uterine tumors 
displayed areas of weak S-100 protein immunoreact ivi ty 
(Fig. 2f), and eight of eight revealed a diffuse strong 
LNGFR immunoreactivity, which suggests their 
Schwann-cell origin (Fig. 2g). Other tumors showing 
strong LNGFR immunoreact ivi ty were microscopically 
detected in the shorter curvature of the stomach, in the 
intestine, and in the pancreas of P0-Sch-A(39-121) trans
genic mice (Fig. 2h-j). In contrast to the intestinal and 
pancreatic spindle-cell tumors that showed areas of faint 
S-100 protein immunoreactivity, the tumor in the stom
ach displayed strong positivity for S-100 protein (Table 
1). In addition to the transgene-related tumors, the 36 
P0-Sch-A(39-121) mice developed a total of 11 lung tu
mors and 3 sarcomas. The latter were found unrelated to 
transgene expression (data not shown) and are seen in 
5% of aging FVB/N mice (Mahler et al. 1996). 

Whenever possible, the expression of wild-type and 
mutan t NF2 protein was monitored in fresh tumor 
samples by immunoprecipi tat ion wi th a polyclonal an
tibody anti-NF2-Cter followed by immunoblot t ing 
analysis either wi th ant i-NF2-Nter polyclonal antise
rum or wi th a monoclonal anti-VSV-G antibody. The 
two polyclonal NF2 antisera directed at two distinct pep
tide epitopes have been shown to specifically immuno-

Table 1. Schwann cell tumors and hyperplasia in P0-Sch-k(39-121) transgenic i 

Line 

P0-Sch-A(39-121)(n: = 44 mice) 

Line 6; N/2*'* 25,- N/2*'* 27; N/2*'* 32; N/2*'* 32; Nf2*'~ 
Tumor site N(F:M] 6 (3:3) 3(2:1) 15(10:5) 12 (5:7) 8(7:1) IHC a-LNGFR IHC a-S-100 

Trigeminal n. 0/6 0/3 0/15 1/12 0/8 + 1/1 + 1/1 
Spinal ganglia 0/6 1/3 2/15 0/12 0/8 N.D. + 1/1 
Uterus 1/3 0/2 7/10 0/5 2/7 + 8/8 + 5/8 
Stomach 0/6 0/3 •0/15 1/12 0/8 + 1/12 + 1/12 
Intestine 0/6 0/3 1/15 0/12 1/8 + 1/1 +/- 1/1 
Pancreas 0/6 0/3 1/15 0/15 0/8 + 1/1 +/- 1/1 

Schwann cell hyperplasia 

Spinal ganglia and/or muscle 3/6 3/3 13/15 1/12 4/8 + 1/1" 

(IHC) Immunohystochemistry; (N.D.) not determined. 
aSee Fig. 5. 
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Figure 2. Schwann cell tumors in PO-Sch A(39-1211 transgenic mice, (a) Moderately proliferative and locally aggressive schwannoma 
(asterisk] originating from the ganglion semilunaris of the trigeminal nerve that had infiltrated peripherally the perineurium reaching 
the pituitary stalk (arrow] and invaded the surrounding soft tissues down to the region of the soft palate and the external ear region 
(9-month-old male, strain 32], hematoxylin and eosin stain. The tumor displayed moderate pleiomorphism, dense cellularity, and areas 
of S-100 [V] protein and LNGFR immunoreactivity (c). (d) Schwannoma arising from a paravertebral spinal ganglion in a 17-month-old 
mouse (strain 27] that presented a generalized increase in Schwann cells in various ganglia. The tumor was composed of loosely 
arranged interwoven bundles of fusiform cells within scant fibrovascular stroma. Tumor cells had indistinct borders and the cytoplasm 
blended into the stroma, hematoxylin and eosin. |e| Representative microscopic features of a uterine tumor. Compactly arranged 
spindle-shaped cells in tumor 4228 (17-month-old female; strain 6), hematoxylin and eosin stain, (ƒ) Focal areas of weak S-100 protein 
and (g) strong, diffuse LNGFR immunoreactivity in uterine tumor 4235 (20-month-old female; strain 27). (i) Schwann cell proliferation 
at the internal surface of a Peyer's plaque in a 20-month-old female (strain 27), hematoxylin and eosin stain, showing (ƒ) weak S-100 
protein, and \k) strong LNGFR immunoreactivity. Magnification, 25x [a); 200x (b,c|; lOOx (d); 400x [e-g); lOOx [h-k). 

precipitate schwannomin (Shaw et al. 1998b). Expression 
of the transgenic protein was readily detectable in all 
uterine tumors under conditions that hardly allow de
tection of the Sch-A(39-121) in the normal transgenic 
uterus (Fig. 3). Also wild-type schwannomin could be 
detected in all of these tumors appearing as a doublet due 
to differential phosphorylation (Shaw et al. 1998b). The 
doublet observed around 62 kD for Sch-A(39-121) wi th 
both ant i -NF2-Nter and anti-VSV-G antibodies (Fig. 3) 
may also be due to differential phosphorylation. As for 
the peripheral nerve tumors of which no fresh material 
was available for protein analysis, interphase cytogenetic 
analysis on paraffin-embedded tissues was performed by 
fluorescent in situ hybridization (FISH) to confirm that 
both chromosomes 11 with wild-type Nf2 alleles were 

present. Because loss of an entire chromosome is a rela
tively frequent event during mouse tumorigenesis 
(Luongo et al. 1994), we utilized a mouse chromosome 
11-specific probe. A strong FISH signal was obtained in 
two peripheral nerve tumors and in one uterine tumor 
with preservation of acceptable nuclear, cytoplasmic, 
and tissue morphology (Fig. 4). In all three cases, - 8 5 % of 
the nuclei showed two hybridization signals, indicating 
that the tumor cells contained two copies of chromo
some 11. As a result of nuclear truncation, the remaining 
nuclei showed one hybridization signal. Altogether, 
these data demonstrate that mutan t schwannomin Sch-
A(39-121) has a true dominant effect. 

In 13 of 36 mice (Table 1 ), microscopic foci of Schwann 
cell proliferation, schwannosis, were observed in various 
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Figure 3. P0-Sch-A(39-121) transgene expression in tumors. 
Immunoprecipitations were performed on RIPA extracts of the 
different tumors with polyclonal antibody anti-NF2-Cter C-18. 
Immunoprecipitated proteins were separated on a 8% Polyacryl
amide gel and electrotransferred to nitrocellulose membrane. 
Immunoblottings were performed with anti-NF2-Nter A-19 
polyclonal antibody [top] and anti-VSV-G monoclonal antibody 
[bottom]. Detection was performed by chemoluminescence and 
the exposure time was defined for optimal detection of trans-
gene expression in uterine tumors (lanes 1-7]. Under these con
ditions, transgene expression in the normal transgenic uterus 
(lane 9) is hardly detectable. (Lane 1] Uterine tumor (strain 6); 
(lanes 2-7] uterine tumors (strain 27); (lane 8], lung adenocarci
noma (strain 27); (lane 9) normal transgenic uterus (strain 32). 

spinal ganglia (Fig. 5a-c). As for h u m a n NF2 patients 
(Wiestler and Radner 1994], these foci most likely repre
sent precursor lesions with the potential for progression 
into schwannomas. Schwannosis was also found in skel
etal muscles in which hypertrophic nerve bundles 
showed Schwann cell hyperplasia (18 of 36 mice) (Fig. 
5d-f). Paravertebral, quadriceps, and intercostal muscles 
were most frequently involved. Schwannosis was de
tected in muscle and spinal ganglia as early as 6 and 9 
months , respectively. In total, 53% of the P0-Sch-A(39-
121) mice showed diffuse schwannosis, a phenotype 
completely absent in PO-Sch-ACter mice. Transgenic 
line 27 (15 mice analyzed] showed the highest incidence 
of schwannosis in spinal ganglia and muscle with 86% of 
the mice presenting schwannosis in one or both loca
tions (Table 1). 

The finding of schwannosis in the spinal ganglia of 13 
of 36 Sch-A(39-121) mice and spinal ganglion tumors in 
only 3, indicates that additional events may be necessary 
for the full development of schwannomas. Nevertheless, 
the overall tumor incidence may be underestimated be
cause of the small volume of the slow-growing lesions 
that are not associated with macroscopical changes. 

To investigate further the genetic basis of the domi
nant effect observed for Sch-A(39-121), we crossed the 
P0-Sch-A(39-121] transgenic mice of line 32 with het
erozygous Nf2 mutan t mice. The latter mice, generated 
by homologous recombination in ES cells (M. Giovan-, 
nini, E. Robanus-Maandag, M. Van der Valk, M. Niwa-
Kawakita, V. Abramowski, L. Goutebroze, J.A. Wood
ruff, A. Berns, and G. Thomas, in prep.), do not show 
schwannosis or Schwann cell tumors, a finding similar 
to that in Nf2*f~ mice described by McClatchey et al. 
(1998). The P0-Sch-A(39-121)32 line was chosen because 

it exhibited the lowest percentage of schwannosis (Table 
1) and no Schwann cell tumors of the uterus. Although 
the survival rate of P0-Sch-A(39-121)32

;IV/2+/- [n = 12) 
was similar to that of P0-Sch-k{39-121]3zNf2*'+[n = 10) 
mice within a follow-up period of 28 months (data not 
shown), schwannosis and Schwann cell tumors were de
tected in 4 and 3 of 8 analyzed P0-Sch-A(39-
121 | 3 2 ;W2" / _ mice, respectively, but only in 1 and 2 of 12 
P0-Sch-A(39-121)32;N/2h/* mice, respectively. These re
sults suggest that the tumorigenic activity of Sch-A(39-
1211 is modulated by the number of functional Nf2 alle
les in vivo, thus supporting the hypothesis that this 
dominant mutan t negatively interferes wi th the NF2 tu
mor suppressor pathway. 

Discussion 

In humans , specific mutat ions in some tumor suppressor 
genes such as p53 can act in a dominant-negative fashion 
(Nigro et al. 1989). Such mutat ions usually provide the 
cell with a selective advantage wi thout the requirement 
of loss of the remaining functional allele. We show here 
that this mechanism may also apply to the NF2 gene in 
an experimental model. Promotion of Schwann cell tu-
morigenesis and schwannosis by Sch-A(39-121) modu
lated by the number of functional Nf2 alleles strongly 

Figure 4. Tumors from P0-Sch-A(39-121) transgenic mice are 
diploid. FISH with mouse chromosome 11-specific probe on par
affin sections. The biotin-labeled probe was detected with FITC-
avidin and nuclei were visualized by counterstaining with prop-
idium iodide. Nuclei from a normal trigeminal nerve [a] and 
from a uterine tumor [b] in which expression of wild-type 
schwannomin was shown by immunoprecipitation analysis 
(same tumor as in Fig. 3, lane 1], were taken as reference. The 
presence of two distinct hybridization signals in the majority of 
the hybridized nuclei from both tumor and normal tissue 
proved that the tumor was diploid for chromosome 11. Nuclei 
showing two distinct hybridization signals (c) in a schwannoma 
originating from the trigeminal nerve of a transgenic P0-Sch-
A(39-121l mouse (same tumor as in Fig. 2A], and in a 
schwannoma arising from a paravertebral spinal ganglion [d] 
(same tumor as in Fig. 2D). Magnification, I250x. 
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Figure 5. Schwannosis in P0-Sch-A(39-121 ) transgenic tissues, [a] Microscopic foci of proliferated Schwann cells (schwannosis) in the 
spinal cord [inset; enlarged in b and c (asterisks)] in a spinal ganglion, [d] Hyperplastic Schwann cells and hypertrophic nerve bundles 
(arrows) in skeletal muscle with (e) focal aspects of nodular Schwann cell growth displaying (ƒ) S-100 protein immunoreactivity. 
Schwannosis is a frequent histopathological feature of the peripheral nerves of NF2 patients (Wiestler and Radner 1994). Hematoxylin 
and eosin stain. Magnification, 25x (a); 200x [b,d,f\; lOOx (c); 400x (e). 

argues for a dominant function of this mutant protein. 
Koga et al. (1998) have recently shown that nuclear mi
croinjection of a mutant NF2 cDNA lacking exon 2 se
quences induces loss of cell adhesion in VA13 cells. 
These results indicate that exon-skipping mutations in 
the amino terminus of schwannomin cause a dominant 
effect on cell attachment. However, this experimental 
approach has not discriminated between a dominant-
negative role or a dominant gain of function for this mu
tant NF2 allele. Nevertheless, in Dwsophila a true domi
nant-negative NF2 mutant has been identified that 
causes overproliferation when expressed ectopically in 
the wing. The mutant carries an interstitial N-ter dele
tion of seven amino acids that are identical in human 
(amino acids 177-183) and Dwsophila NP2 and func
tional studies have shown that it interferes directly with 
the activity of the wild-type protein (Lajeunesse et al. 
1998). We show here that Sch-A(39-121) has a dominant 
effect on Schwann cell proliferation. Although we prove 
that the wild-type schwannomin is present in the tu
mors, we found neither relocalization of a HA-tagged 
wild-type schwannomin coexpressed with the VSV-
tagged Sch-A(39-121) in HeLa cells, nor coimmunopre-
cipitation of Sch-A(39-121) and endogenous schwanno
min in protein extracts of normal transgenic peripheral 
nerve and tumor tissues under the experimental condi
tions used by Scoles et al. (1998) (data not shown). There
fore, these results do not support a dominant-negative 
mechanism of Sch-A(39-121). This leaves open the pos
sibility of interaction of Sch-A(39-121) with other pro
teins due to a conformational change leading to altered 
binding properties to membrane and intracellular com
ponents (Nishi et al. 1997; Deguen et al. 1998; Xu and 
Gutmann 1998). For this interaction, the carboxy-termi-
nal domain is required, as overexpression of Sch-ACter 

lacking this domain did not lead to tumorigenesis, al
though the mutant protein was detected at similar high 
levels when compared with Sch-A(39-121). 

In humans, germ-line mutations predicted to generate 
carboxy-terminally truncated schwannomins have been 
generally associated with a more severe clinical outcome 
(Merel et al. 1995a; Parry et al. 1996; Ruttledge et al. 
1996; Evans et al. 1998). Immunohistochemical studies 
examining tumor specimens have failed to identify such 
protein species (Stemmer-Rachamimov et al. 1997; Gut
mann et al. 1998) suggesting that the severe phenotype is 
associated with the complete loss of NF2 function. Our 
observation that high expression of Sch-ACter in the 
transgenic mice is associated neither with developmen
tal abnormalities nor with tumorigenic effects indicates 
that in humans residual expression of carboxy-termi
nally truncated schwannomins would not be detrimen
tal. 

The less frequent exon-skipping mutations that leave 
the carboxy-terminal domain unaltered occur in both 
mildly and severely affected individuals. The NF2 tran
script lacking exons 2 and 3 is one of a series of transcript 
isoforms generated by alternative splicing that are physi
ologically present at a low concentration in human lep-
tomeningeal tissue and in human brain (Nishi et al. 
1997). Nevertheless, the expression levels and physi
ologic relevance of the corresponding mutant proteins in 
normal tissues are so far unknown. Recently, Koga et al. 
(1998) have shown that the abnormal profiles found in 4 
of 11 NF2-related tumors by protein truncation test 
(PTT) were due to the skipping of exon 2 (2 of 4), exon 3 
(1 of 4) or exons 2-3 (1 of 4), but the expression level of 
the resulting mutant proteins in the tumors was not in
vestigated. Precise evaluation of the relative levels of 
expression of the wild-type and mutant schwannomins 
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resulting from in-frame exonic deletions will be manda
tory to document the relevance of the present animal 
model to human NF2. 

Materials and methods 

Construction of plasmids and transgenic mice 

Construction of plasmids containing mutant Sch-ACter and 
Sch-A(39-121) isoforms has been described previously (Deguen 
et al. 1998). The 11 carboxy-terminal amino acids from the ve
sicular stomatitis virus (VSV) glycoprotein G, preceded by a 
proline-rich secondary structure breaker (GPPGP|, were linked 
in-frame to the carboxyl terminus of the deletion mutants. The 
fusion protein is detectable with antibodies raised against either 
wild-type schwannomin or the tag corresponding to the car
boxy-terminal end of the glycoprotein G. Plasmid pPG6 con
taining the 1.1 kb of PO promoter linked onto the ß-globin 3 ' 
splicing and polyadenylation signals was provided by Dr. G. 
Lemke (Salk Institute, La folia, CA). An £coRI fragment con
taining the VSV-tagged Sch-ACter or Sch-A(39-121) cDNA was 
blunt-ended and subcloned into the £coRV site of pPG6 to gen
erate PO-Sch-ACter and P0-Sch-A(39-121). Constructs were 
separated from the vector sequences by digestion with Notl and 
Sail followed by electrocution. Transgenic mice were generated 
by use of inbred FVB/N zygotes as described previously (Akagi 
et al. 1997). Tail genomic DNA was prepared and tested either 
by Southern blotting (founder mice) or PCR analysis (subse
quent generations) with forward primers GAP3.3 [P0-Sch-A(39-
121)] 5'-AGATACTGACATGAAGCGG-3' or GAP2.2 (PO-Sch-
ACter) 5'-TGGATAAGAAAATTGATGTC-3' and reverse 
primer TAG.Anti: 5'-TTACTTGCCCAGCCGGTTCAT-3'. 
Breeding lines of animals were maintained by backcrosses to 
FVB/N mice. 

Western blot analysis of transgene expression 
in normal tissues from transgenic mice 

Tissues and tumors from transgenic and nontransgenic litter-
mates were frozen in liquid nitrogen and stored at -70°C until 
further processing. Samples were homogenized in 8 M of Urea in 
a Ultra-Turrax (IKA Labortechnik, Staufen, Germany), soni
cated three times for 10 sec each time and centrifuged at 
10,000g for 4 min at 4°C. Protein concentration of the superna
tant was assessed by Coomassie plus protein assay reagent 
(Pierce, Rockford, IL).Twenty micrograms of protein were dena
tured in Laemmli sample buffer by boiling for 3 min and ana
lyzed on a reducing 8% SDS-polyacrylamide gel. Proteins were 
blotted to nitrocellulose membranes by electrotransfer. Blotted 
proteins were Ponceau-S (Bio-Rad, Hercules, CA| stained for 
visual confirmation of equal loadings. Membranes were blocked 
with 4% nonfat dry milk in PBS overnight at 4°C. Blots were 
incubated with specific affinity-purified polyclonal rabbit anti
body solutions anti-VSV-G (1:200; gift of Dr. M. Arpin, Institut 
Curie, Paris, France) or anti-NF2-Nter A-19 (0.5 ug/ml; Santa 
Cruz Biotechnology). Membranes were incubated with horse
radish peroxidase-conjugated donkey anti-rabbit immunoglob
ulin secondary antibodies (Amersham) for 1 hr at room tem
perature. Detection was performed by chemoluminescence 
(Boehringer-Mannheim ). 

Immunoprecipitation and immunoblotting 

Samples were disrupted in RIPA buffer [0.1% SDS, 0.5% deoxy-
cholate, 1% NP-40, 150 mM NaCl, 50 mM Tris (pH 8)] contain

ing protease inhibitors (Complete tablets, Boehringer-Man
nheim) in a Ultra-Turrax and lysed for 30 min on ice. Lysates 
were cleared by centrifugation at.7000 rpm for 5 min at 4°C. 
Protein concentration of the supernatant was assessed by Coo
massie plus protein assay reagent (Pierce). A total of 0.5 mg of 
protein extract was precleared by incubation with protein A-a-
garose beads (Sigma-Aldrich) for 1 hr at 4°C on a rotating wheel, 
then incubated for 3 hr at 4°C with 0.1 ug of the rabbit poly
clonal antibody anti-NF2-Cter C-18 (Santa Cruz Biotechnol
ogy), and with protein A-agarose beads. Immunoprecipitates 
were washed two times with 1 ml of RIPA buffer and eluted in 
electrophoresis Laemmli sample buffer. Proteins were separated 
on a 8% Polyacrylamide gel and blotted to nitrocellulose mem
branes by electrotransfer. The membrane was blocked over
night at 4°C with TBST (Tris-buffered saline supplemented 
with 0.15% Tween 20) containing 5% nonfat dry milk and in
cubated for 2 hr at room temperature with either affinity-puri
fied rabbit polyclonal anti-NF2-Nter A-19 (0.5 ug/ml) or mouse 
monoclonal anti-VSV-G (12.5 ug/ml; Boehringer-Mannheim). 
Membranes were incubated for 1 hr at room temperature with 
horseradish peroxidase-conjugated donkey anti-rabbit immuno
globulin secondary antibody (Amersham) or with horseradish 
peroxidase-conjugated sheep anti-mouse immunoglobulin sec
ondary antibody (Amersham), where appropriate. Detection was 
performed by chemoluminescence (Boehringer-Mannheim). 

Histopathology 

Mice were sacrificed when moribund or held until 24 months of 
age. A complete necropsy was performed and tissues were fixed 
in formalin, paraffin embedded, sectioned at 5 urn, stained with 
hematoxylin and eosin and examined microscopically. After the 
brain was removed, the facial skeleton was decalcified, sec
tioned in the coronal plane, and embedded in toto. Multiple 
longitudinal sections of the vertebral column were also exam
ined. 

Immunohistochemistry 

Paraffin sections of tumors were deparaffinized and rehydrated. 
All immune reactions were preceded by a blocking step in pro
tein block serum free solution (DAKO) and were carried out at 
4°C overnight. The following rabbit polyclonal antisera were 
used: anti-bovine S-100 protein (DAKO), anti-mouse p75 
LNGFR (Chemicon International, Temecula, CA). Secondary 
antibodies were affinity-purified goat anti-rabbit HRP-conju-
gated (horseradish peroxidase-labeled goat anti-rabbit IgG, Am
ersham), and visualized with DAB substrate. Sections were 
counterstained by aqueous hematoxylin (Zymed, South San 
Francisco, CA). 

FISH on paraffin embedded tumor material 

FISH was performed with biotin-labeled mouse chromosome 
11-specific DNA probe (Oncor, Gaithersburg, MD). The sec
tions for hybridization were deparaffinized in a xylene and al
cohol series and air-dried. To ensure good penetration of the 
probes into the nuclei, the sections were pretreated with so
dium thiocyanate ( 1 M) f or 30 min at 80°C. After washing in 
distilled water, the sections were immediately incubated in pep
sin solution (4.0 mg/ml in 0.2 N HCl) for 20 min at 37°C, rinsed 
in PBS, fixed in phosphate-buffered formaldehyde 3.8% solution 
for 10 min at room temperature, and air-dried. Probe and target 
DNA were denatured at 75°C on a heating plate for 10 min and 
hybridization was performed at 37°C for 16-20 hr. Posthybrid-
ization washes and visualization of the probes were performed 
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as described previously (Giovannini et al. 1992). For each tumor, 
50-100 nuclei showing a clear hybridization signal were evalu
ated for copy number of chromosome 11. The following criteria 
described by Hopman et al. (1991) were used in evaluating FISH 
signals: (1) Overlapping nuclei were not analyzed; (2) the signals 
in one nucleus had to be of uniform size and intensity; (3) paired 
(split) signals were counted as one signal; and (4) unspecific 
signals of minor binding sites were not counted. 
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Summary 

Hemizygosity for the NF2 gene in humans causes a syndromic susceptibility to 
schwannoma development. However, Nf2 hemizygous mice do not develop 
schwannomas but mainly osteosarcomas. In the tumors of both species, the second 
Nf2 allele is inactivated. We report that conditional homozygous Nf2 knockout mice 
with Cre-mediated excision of Nf2 exon 2 in Schwann cells showed characteristics 
of neurofibromatosis type 2. These included schwannomas, Schwann cell 
hyperplasia, cataract, and osseous metaplasia. Thus, the tumor suppressor function 
of Nf2, here revealed in murine Schwann cells, was concealed in hemizygous Nf2 
mice because of insufficient rate of second allele inactivation in this cell 
compartment. The finding of this conserved function documents the relevance of the 
present approach to model the human disease. 

Introduction 

Neurofibromatosis type 2 (NF2) is a dominantly inherited genetic disorder characterized by the 
development of bilateral vestibular schwannomas, schwannomas of other cranial, spinal, and 
cutaneous nerves, as well as cranial and spinal meningiomas (Eldridge, 1981). Subcapsular opacities 
in the lens of juvenile onset develop in about half of all NF2 patients (Pearson-Webb et al., 1986; 
Kaiser-Kupfer et al., 1989). These cataracts assist in early diagnosis of the disease since they often 
appear at a younger age than tumors associated with NF2. Identification of germline mutations in 
NF2 patients has revealed that the condition is caused by the germline alteration of one allele of the 
NF2 gene (Rouleau et al., 1993; Trofatter et al., 1993). In addition, somatic mutations of the NF2 
gene are found in both sporadic and familial schwannomas and meningiomas (Bianchi et al., 1994; 
Bijlsma et al., 1994; Sainz et al., 1994; Twist et al., 1994; Mérel et al., 1995b; Jacoby et al., 1996), 
the most frequent types of nervous system tumors, and they are also frequently observed in 
mesothelioma (Bianchi et al., 1995; Sekido et al, 1995). The majority of germline and somatic 
mutations in the NF2 gene, resulting in either a stop codon, a splicing alteration or a frameshift, leads 
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to the production of a truncated protein. In-frame deletions and missense mutations have also been 
found, suggesting that alteration of particular functional domains can abolish the function of the NF2 
protein. These observations indicate that NF2 is a tumor suppressor gene, although the detailed 
mechanism by which NF2 mutation leads to transformation of Schwann cells is largely unknown. 
The product of the NF2 gene has been called schwannomin (Rouleau et al., 1993) or merlin 
(Trofatter et al., 1993). Sequence homologies indicate that schwannomin belongs to the 4.1 
superfamily of cytoskeleton-associated proteins and relates more specifically to a subset of this 
family, consisting of ezrin, radixin, and moesin (the ERM proteins) (Sato et al., 1992). The 
similarity between schwannomin and ERM proteins suggests that schwannomin may also associate 
with both membrane and cytoskeletal structures. In contrast to the ERM proteins, schwannomin has 
two major isoforms (isoform 1 and 2) which differ at their C-terminal end (Arakawa et al., 1994) and 
are conserved in mouse (Huynh et al., 1994) and rat (Gutmann et al., 1995). Schwannomin isoform 
1 is a 595-amino acid protein composed of two interacting structural domains, the N- and C-
terminus (Sherman et al, 1997; Gutmann et al., 1998). Schwannomin isoform 2 (590 amino acids) 
contains eleven strongly hydrophilic amino acids at its C-terminus and does not self-associate 
(Sherman et al., 1997). 

The ERM homology domain of schwannomin appears to be the main determinant that localizes the 
protein at the membrane (Deguen et al., 1998). Mutations, which lead to an interstitial deletion in this 
domain, have been observed both in the germline of NF2 patients and in sporadic schwannomas, 
meningiomas and mesotheliomas (Bianchi et al., 1994; Sainz et al., 1994; Merel et al., 1995a; Merel 
et al., 1995b; Sekido et al., 1995). Mutant proteins lacking the exon 2 or 2-3 encoding region loose 
interaction with the plasma membrane, and are observed diffusely in the cytoplasm (Deguen et al., 
1998; Koga et al., 1998). Absence of the exon 2 encoded region results in the loss of ability of 
schwannomin to interact with four still uncharacterized binding proteins (Takeshima et al., 1994; 
Nishi et al., 1997). Overexpression of the Aexon2 mutant in cultured cells induces perturbation of 
cell adhesion (Koga et al., 1998), while that of the Aexon2-3 mutant in transgenic mice under the 
control of the Schwann cell-specific P0 promoter leads to development of Schwann cell hyperplasia 
and tumors (Giovannini et al., 1999). Thus, in general, gross overexpression of mutant NF2 
proteins with an altered ERM domain may have a dominant oncogenic effect. However, the 
endogenous expression level of a mutant Nf2 allele may not be sufficient to reveal this dominant 
effect, since inactivation of the second wild-type allele is found in the tumors in NF2 patients and in 
sporadic schwannomas, meningiomas and mesotheliomas. 

Heterozygous Nf2 mutant mice develop cancer at advanced age, osteosarcomas at a high 
frequency and fibrosarcoma and hepatocellular carcinoma at an increased, but lower frequency 
(McClatchey et al., 1998). Nearly all these tumors exhibit loss of the wild-type Nf2 allele, indicating 
that the Nfl gene has a classical tumor suppressor gene function in the progenitor cell of these 
tumors. However, Nf2+'~ mice develop neither tumoral nor non-tumoral manifestations of human 
NF2. Thus, these mice do not represent a phenotypically accurate model for the human NF2 disease. 
The lack of schwannomas in Nf2+'~ mice may indicate species-specific differences in the growth-
suppressive pathways operating in the Schwann cell lineage and/or in the number of Schwann cell 
precursors with functional loss of the remaining wild-type Nf2 allele. 

Homozygous Nf2 mutant murine embryos fail in development at approximately day 7 of 
gestation, displaying poorly organized extraembryonic ectoderm (McClatchey et al., 1997). This 
early lethality hinders the phenotypic analysis of mice with Nf2-deficient Schwann cells. To 
circumvent the embryonic lethality, we generated conditional Nf2 knockout mice with restricted 
biallelic Nf2 mutation in myelinating Schwann cells directed by the P0 promoter. Previous studies 
have demonstrated that 1.1 kb of 5' flanking sequence of the rat P0 gene is sufficient to direct 
expression of heterologous genes specifically to myelinating Schwann cells in vivo (Messing et al., 
1992). This expression follows the developmental schedule of the endogenous P0 gene showing a 
dramatic increase during the first week after birth (Lee et al., 1997). Moreover, transgenic mice 
expressing either SV40 large T antigen or the naturally occurring Aexon2-3 mutant NF2 protein 
under the rat P0 promoter develop schwannomas (Messing et al., 1994; Giovannini et al., 1999). 
Thus, this promoter targets schwannoma precursor cells. We report here the phenotypic 
characterization of conditional ~P0Cre;Nf2 knockout mice and the comparison of their specific features 
with those observed in NF2 patients. 
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Results 

In our approach to model more closely human hereditary (NF2-related) and sporadic schwannoma in 
the mouse, we have initially generated three mouse lines carrying different Nß mutant alleles. The 
first mutant allele, NßKm, was generated by an insertional mutation in exon 3. This Nf2Km allele 
differed from the mutant allele described by McClatchey et al. (1997), here called "A//2K°2"3". In the 
latter, the 3' part of exon 2 up to the 5' part of intron 3 has been replaced by the selection marker 
leading to a message that has skipped exons 2 to 4. The second mutant allele, NßA2, carried an in-
frame deletion of exon 2. Both the NßKm and Nß&2 alleles mimicked two different, naturally 
occurring, human mutant NF2 alleles found in the germline and allowed us to compare the 
phenotypic effects of the two in mice. The third mutant allele, Nßnox2, carried an insertion of two 
short repeat sequences (loxP) in the intronic regions flanking exon 2. In contrast to the NßK03 and 
NßA alleles, this mutant allele retained its function but could be somatically inactivated by Cre-
mediated recombination. 

Nf2KOil* mice develop non-NF2-related tumors, NßK03,K03
 m i c e a r e embryonic lethal 

In the NßKm/+ mouse une the IRESLöcZ/PGK#y£ cassette had been introduced into Nß exon 3, 
thereby disrupting the Nß coding sequence at codon 87 (Figures 1A and IB). The consequence of 
this insertion on Nß mRNAs produced in brain and sciatic nerves was investigated by RT-PCR, 
using primers located in exon 1 and 5. In addition to a 461-bp fragment corresponding to the wild-
type (Nfi+) allele, two smaller fragments of 338 bp and 254 bp (faint band) were observed which, by 
sequencing, were shown to correspond to Nß mRNA species lacking exon 3 and exons 3-4, 
respectively (both not detected in Nß+/+ tissues) (Figure 2D). To determine whether protein was 
generated from these smaller mRNAs, immunoprecipitation of brain extracts was performed with 
polyclonal antibody A-19, directed against exon 1-encoding amino acids 2-21 of human 
schwannomin that are conserved in the mouse. Subsequent immunoblotting with polyclonal antibody 
C-18, directed against the carboxy-terminus (amino acids 570-587) of human schwannomin 
revealed, besides a major band corresponding to wild-type schwannomin, only one very faint lower 
molecular weight species likely to correspond to the Aexon3-isoform (Figure 2E). These data indicate 
that both Aexon3 and Aexon3-4 Nß mRNAs are aberrantly spliced products, specifically transcribed 
from the Ay2K03 allele that produce very low levels of the corresponding mutant proteins when 
compared to full-length Nf2 protein. No composite Nß/lacZ mRNA could be detected by RT-PCR 
using primers located in the exon 1 and lacZ coding sequence (data not shown). 

We carefully screened the NßK0V+ mice for common lesions associated with the human NF2 
disease as well as for any other phenotypic abnormality. In contrast to NF2 patients, none of 51 
NßKOi/+ animals (38 outbred F,(FVB/N x 129/Ola) and 13 inbred (129/Ola) mice) followed up to 
two years of age developed schwannoma, meningioma, or other manifestations of the NF2 disease. 
However, in the joint group of inbred and outbred NßK0V+ mice that died before the age of 24 
months, 12/25 (48%) histopathologically analyzed animals developed highly differentiated 
osteosarcomas. The vast majority of these tumors (10/12) arose in the vertebrae or appendicular 
skeleton, two were found in the skull (Table 1 (outbred), data not shown (inbred), and Figure 3A). 
Four of twelve (33%) NßKoy+ animals showed metastasis of osteosarcoma in liver, lung, and lymph 
nodes (Figure 3B). One NßKm,+ mouse showed, besides metastasis, osseous metaplasia in the lung 
while another showed osseous metaplasia in the lung in the absence of any detected malignant 
neoplasm (both inbred mice). In addition to osteosarcoma, we found benign bone tumors (osteomas) 
in 10 of 25 (40%) mice. Remarkably, all 10 osteomas arose in the skull, 9/10 in craniofacial bones 
and one within the ganglion semilunare of the trigeminal nerve (Figure 3C). In addition, we found 
one neurofibroma and one metastatic neurofibrosarcoma in 16 outbred mice, both located 
subcutaneously in the neck. Finally, a mesothelioma was found in a single NßK0V+ mouse showing 
loss of the wild-type Nß allele (Figure 1C). Besides the tumors, we observed hyperplastic lesions in 
various bones (40%) and kidney tubules (48%), while cataract was found in one animal. 

We next examined whether the tumors showed loss of heterozygosity (LOH) for Nß by Southern 
blot analysis: All 7 osteosarcomas analyzed plus 1 metastasis to the liver displayed loss of the Nß+ 

allele (Figure 1C). In addition, 3 of 4 papillary lung carcinomas, both the mammary fibroadenoma 
and carcino-sarcoma, and 1 anaplastic carcinoma of the kidney showed LOH fovNß (Table 1 and 

93 



Chapter 6 

X A 
i I 

B 
II 1 KXh 

1 1 1 i f? 
2 3 4 m 

A 

B 

kb ES A3 H3 

9.4 —»• 
Nf2^ allele •• 

1! 
2 

—jÉ /acZ-— ^ | 1 M2K03 1! 
2 

—jÉ /acZ-
»re | 4 

1 
targeting fragment 

1 P I P2 

XA B 
II 
a 

Bs£ EVps w B XBX 
i ! I 

W / 2 K 0 3 a ! i e j e B 
II 
a 

— 1 tecZ»-

-> 
w B XBX 

i ! I 
W / 2 K 0 3 a ! i e j e 

a 

B 
II 
a 

— 1 tecZ»-

-> < A 
~ . 6.0 W) 
-* BamHl-EcofW Ipa l *> 

— 1 tecZ»-

-> < A 
~ . 6.0 W) 
-* BamHl-EcofW 

c 

kb 1 2 3 4 5 S S 

9.4—*-

6.5 —** 

m m 
«-Nf2+ 

wfâK03 

kb 1 2 ï> 
9.4 —*-

W '•-*— AÖ2* 

Figure 1. Generation of NßK°3'* mice and LOH analysis of tumors in heterozygous N 2̂ mutant mice. 
(A) Targeting strategy. Restriction maps of the Nf2r allele (5' relevant portion), the N/2K03 targeting 
fragment, and the modified NßKm allele after homologous recombination. Exons 2, 3, and 4 are 
indicated (black boxes) and restriction sites used for cloning and screening (A: Apal, B: BamHI, Bs: 
BstBI, EV: EcoRV; K: Kpnl; X: Xbal; Xh: Xhol). The JV/2K03 targeting fragment comprises the 
IRESLacZPGKffvg selection cassette, inserted into the BstBI site of exon 3 in the Nf2 orientation (small 
arrow) and surrounded by 6.0 kb of 5' and 3.3 kb of 3' Nfl homologous sequences. The Nf2 locus of 
ES cells was targeted with the A//2K03 targeting fragment. Hygromycin B-resistant cells were selected 
and genotyped by Southern blot analysis to identify homologous recombant ES cell clones. The 
double-headed arrows indicate the fragments of Nfl DNA digested with BamHI-EcoRV expected to 
hybridize with the external probe A. Also depicted are combinations of PCR primers P3 and P2 that 
detect the Nfl* allele (250 bp), and PI and P2 that detect the Nfl*0> allele (440 bp). 
(B) Identification of targeted ES cell clones. Southern blot analysis of DNA of one Nfl*'* ES cell clone 
and two homologous recombinant NflK0V* clones A3 and H3, digested with BamHI-EcoRV, using probe 
A. The bands corresponding to the Nfl* allele (7.5 kb) and NflKOi allele (6.0 kb) are indicated by 
arrows. Arrows on the left side refer to the marker (Hindlll digest of lambda DNA). 
(C) Loss of heterozygosity for Nfl in five representative tumor DNA samples of NflKOV* mice, analyzed 
by Southern blotting (BamHI-EcoRV digestion, probe A). The bands corresponding to the Nfl* allele 
(7.5 kb) and NflKm allele (6.0 kb) are indicated by arrows. Arrows on the left side refer to the marker 
(Hindlll digest of lambda DNA). Note the under-representation of the Nfl* allele in mesothelioma (lane 
1), osteosarcoma (lane 2 and 4), mammary carcinosarcoma (lane 3), and osteosarcoma metastasis to a 
lymph node (lane 5). 
(D) Loss of heterozygosity for Nfl in two representative tumor DNA samples of Nfl * mice, analyzed 
by Southern blotting (Xbal-BamHI digestion, probe B). The bands corresponding to the Nfl* allele (5.0 
kb) and Nfla allele (3.0 kb) are indicated by arrows. Arrows on the left side refer to the marker 
(Hindlll digest of lambda DNA). Note the under-representation of the Nfl* allele in a fibrosarcoma 
(lane 1) and well-differentiated osteosarcoma (lane 2). 
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Figure 2. Generation and functional analysis of Nf2n"2'* and iy/2i2'+ alleles, LOH analysis of tumors. 
(A) Two-step targeting strategy to generate the Nf2no:a and Nfta allele. Restriction maps of the Nfl* 
allele (5' part), the Nf2lo\2 targeting fragment, and the various mutant Nfl alleles are presented. Exons 
2, 3, and 4 are indicated (black boxes) and restriction sites used for cloning and screening (A: Apal, B: 
BamHI, E: EcoRI, K: Kpnl; P: PstI, S: Sad, Sp: Spel; X: Xbal, Xh: Xhol). The NflXoxl targeting 
fragment comprises the floxed PGKHprt selection cassette, that was inserted into the BamHI site 
downstream of the endogenous Nfl exon 2 in opposite orientation to Nfl (arrow head) and surrounded 
by 7.5 kb of 5' and 4.8 kb of 3' Nfl homologous sequences, plus a third loxP site that, carrying an 
extra PstI site to verify the presence of this loxP site in homologous recombinants, was introduced into 
the EcoRI site upstream of exon 2. All loxP sites are represented by open triangles. Recombination of 
loxPl and loxP3 result in the loxP 2+3 site, and 7+3 are the result of and 1+3, respectively. In the first 
step of the strategy, the Nfl locus was targeted with the Nfl\ox2 targeting fragment. HAT-resistant cells 
were genotyped by Southern blot analysis to identify ES cell clones with the modified Nfl""2 allele. 
Indicated are the Sacl-Xbal and PstI fragments expected to hybridize with the external probe A and the 
internal probe B, respectively, during Southern blot analysis of candidate Nfl'"^* clones. In the second 
step, the selectable marker PGKHprt was removed by Cre recombinase that, upon transient expression in 
Nfllonl* ES cells, recombined loxP sites 1+3 and 2+3 (1+2 does not lead to loss of the selectable 
marker). 6-TG-resistant clones were genotyped by PCR analysis to identify NflBm21* and Nflal* ES cell 
clones. The Nfl* allele (305 bp), Nfl^ allele (338 bp), and Nfla°n allele (442 bp) were detected with the 
indicated primers P4, P5, and P6. As depicted, these three alleles can also be determined by Southern 
blot analysis using Xbal-BamHl or Apal-Spel digestion and probe B. 
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Figure 2 (continued). 
(B) Identification of Nfl'0*2'* ES cell clones, targeted in the first step. Southern blot analysis of DNA of 
four homologous recombinant ES cell clones, digested with Xbal-SacI and PstI, using probe A and B, 
respectively. The bands in the Xbal-SacI lanes, corresponding to the Nfl* allele (9.3 kb) and Nf2""a 

allele (8.0 kb) are indicated by arrows. Arrows on the left side refer to the marker (Hindlll digest of 
lambda DNA). All four clones showed in the PstI lanes the 6.0 kb-band resulting from the cointegrated 
third loxP site upstream of exon 2. 
(C) Identification of Nfl!""21* and NflA21* ES cell clones, Cre-recombined in the second step. Multiplex 
PCR analysis using primers P4, P5, and P6 of DNA of NflAV* and Nf2t""a'+ deletion subclones, derived 
from each of the parental Nfl1"'2'* ES cell clones 49 and 178. The non-modified (Nfl*) allele gives a 
fragment of 305 bp, the Nfl exon 2-floxed (Nfi"0*1) allele gives a fragment of 442 bp, and the Nfl exon 
2-deleted (Nf2àl) allele by Cre recombination gives a fragment of 338 bp. Indicated are the fragment 
lengths of Haelll-digested <]>X174 DNA in lane M. 
(D) Multiple alternatively spliced Nf2 transcripts in wt and mutant Nf2 mouse tissues. RT-PCR with 
primers located in Nfl exon 1 and 5 (not depicted) was performed on total RNA of brain (B) and sciatic 
nerves (SN) of wild-type and mutant Nfl mice (genotypes are indicated). DNA sequencing identified 
the indicated PCR products with the following lengths: WT (wild-type): 461 bp; A2 (deletion of exon 
2): 335 bp; A3: 338 bp; A2-3: 212 bp; A2-3-4: 128 bp. M, the marker, is Haelll-digested <|>X174 DNA. 
(E) Mutant schwannomins produced by the Nf2Km and Nfl02 alleles in heterozygous mice are present at 
strongly reduced amounts compared to wild-type schwannomin. Immunoprecipitations and 
immunoblotting were performed on brain extracts of wild-type and mutant Nfl mice (genotypes are 
indicated) using the polyclonal antibodies anti-NF2-Nter A-19 and anti-NF2-Cter C-18, respectively. 
Detection was performed by chemoluminescence and the exposure time was defined for optimal 
detection of the mutant proteins. The bands correspond to the indicated proteins. 
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data not shown). In conclusion, these data provide evidence that Nf2Koy+ mice do not exhibit the 
classical symptoms of human NF2 but, instead, are highly predisposed to the formation of osteomas 
and osteosarcomas. 

NßKoy* mice were intercrossed to generate homozygotes. Among 46 liveborn offspring derived 
from 7 litters, 16 Nf2+I+ and 30 NßKoy+ mice, but 0 Nß*m/Km animals were identified at 3 weeks of 
age. Upon genotyping of 44 embryos from heterozygous intercrosses at E9.5 using a PCR-based 
strategy (Figure 1A), no homozygous mutant embryos were identified indicating that A^2K 0 3 / K 0 3 

animals die in utero before E9.5. Thus, homozygosity for the Nf2Km allele, like for the NßK0M 

allele (McClatchey et al, 1998), resulted in embryonic lethality. Based on all results, we considered 
the Nf2K0} allele as null allele. The early lethality precluded to study whether inactivation of both Nß 
alleles in the Schwann cell lineage leads to tumorigenesis in adult mice. 

Deletion of Nf2 exon 2 leads to functional impairment of its protein product in the 
mouse 
We constructed both a NßA2 and Nf2n°*2 mutant allele, the former to compare the phenotypic effect 
of an in-frame deletion of exon 2 in the germline with that of the insertional mutation in exon 3 (see 
above), the latter to target exon 2 deletion to the Schwann cell lineage with the aim to prevent 
embryonic lethality. Our approach was based on the CrdloxP recombination system of bacteriophage 
PI (Sternberg and Hamilton, 1981) that has been previously shown to be capable of mediating loxP 
site-specific recombination in both transgenic mice (Lakso et al., 1992) and ES cells (Gu et al., 
1993). We utilized a two-step strategy as depicted in Figure 2A (Gu et al., 1994) and thereby 
generated in parallel ES cell clones carrying either the NßA2 or Nf2n°*2 mutant allele. Both types of 
clones were injected into blastocysts and germline transmission of the two different alleles was 
obtained. 

To determine any Nß mRNA and protein product of the Nf2A2 allele, RT-PCR and 
immunoprecipitation plus immunoblotting were performed as described for the NßKOi allele. Besides 
a 461-bp wild-type Nß cDNA fragment, in NßA tissues three smaller fragments of 335 bp, 212 bp 
(faint band) and 128 bp (faintest band) were observed (Figure 2D), corresponding to Nß mRNAs 
lacking exon 2, or exons 2-3, or exons 2-4 (data not shown). In addition to a major protein band 
corresponding to wild-type schwannomin, two minor lower molecular weight species were seen 
(Figure 2E). The latter likely corresponded to schwannomin isoforms lacking the amino acids 
encoded by exon 2, and exons 2-3. The truncated protein lacking sequences encoded by exon 2-4 
was not seen possibly due to comigration with the rabbit immunoglobulins. These results indicate 
that expression of the Nß1"1 allele leads mainly to the predicted mutant schwannomin. However, its 
amount is much smaller than that of wild-type schwannomin produced by the Nß+ allele. 

Comparable to NßKoy+ mice, NßA2,+ mice of the same background (FVB/N x 129/Ola) developed 
osteosarcomas (3/7; 43%) in the vertebrae and appendicular skeleton, and osteomas (2/7; 29%) in the 
skull (Table 1, and Figures 3D and 3F). In these mice we also found fibrosarcomas (3/7; 43%) 
subcutaneously in the back. Metastasis was found in two cases (Figure 3E). Loss of the Nß+ allele 
was observed in two analyzed primary tumors (Table 1 and Figure ID). 

The phenotypic consequences of the homozygous NßAl mutation were examined in offspring 
derived from an intercross of F,(FVB/N x 129/Ola) Nß"2'+ or F,(FVB/N x FJ NßA2,+ mice. 
Genotyping of 71 3-week-old offspring revealed 28 Nß+r+, AA NßA2l\ and 0 NßAllA- mice. We then 
examined the genotype of 30 embryos from 3 litters at E9.5: 18 Nß+I+, 12 NßA2l+, and 0 NßA2lAl 

embryos were identified. Thus, 7V72A2/A2 embryos, like NßK03/K03 embryos, died before E9.5. 
As expected, mice homozygous for the Nßnox2 mutant allele ^f2nox2m,a2) were viable and fertile 

suggesting that the introduction of loxP sites in the genomic regions flanking exon 2 did not hamper 
normal Nß expression. Indeed, analysis of Nß mRNA and protein expression in brain and sciatic 
nerves of 7y^2nox2/flox2 mice showed profiles identical to those of wild-type Nß animals. The RT-PCR 
profiles included a faint band that appeared to be the cDNA product of an aberrantly spliced Nß 
mRNA lacking exon 2, however, no corresponding protein product could be detected by 
immunoprecipitation (Figures 2D and 2E, and data not shown). 

In conclusion, our data indicate that Nß mutations leading to either indirect skipping of exon 3 by 
insertion of a selection cassette or direct deletion of exon 2 result in similar impairment of Nß 
function, while floxing of exon 2 leaves the Nß function normal. 
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Figure 3. Bone tumors in mice hemizygous for two types of mutant Nf2 alleles. 
H&E stains of tumors in Nf2K0Vt (A-C) and Nß*21* mice (D-F). (A) Osteosarcoma arising from a 
vertebral bone (VB). The tumor was highly pleiomorphic with focal areas of organized osteoid material 
(arrows). The tumor was invasive and metastatic to the liver, lymph nodes, and lungs. (B) Intravascular 
lung metastasis (arrow) of the osteosarcoma in (A). (C) Osteoma arising from the cranial vault and 
compressing the cerebellum (Ce). The tumor consisted of mature compact bone with acellular cavities 
(arrow). (D) Osteosarcoma (arrow) arising from a vertebral bone (VB) and extending to the 
acetabulum. (E) Metastasis of the osteosarcoma in (D) to the liver, appearing as a well differentiated, 
bone forming sarcoma in the cholecystic loge. (F) Osteoma arising from the parietal bone (arrow) and 
compressing the brain (B). Magnification, lOOx (A); 400x (B); 25x (C-F). 

The viability of conditional Nf2 knockout mice is dependent on the employed POCre 
transgenic line 
To induce Cre-mediated recombination in Schwann cells of mice carrying Nf2aox2 alleles, we 
generated POCre transgenic mice. Eight independent POCre transgenic lines were produced by 
pronuclear injection of the POCre DNA construct (Figure 4A). Mice of all Cre lines were healthy and 
fertile, showed no sign of disease and transmitted the transgene at the expected Mendelian ratios. 
Based on both Western blot analysis of Cre expression in transgenic sciatic nerves (Figure 4B) and 
on the activity of Cre recombination in vivo, making use of the flox/acZ indicator mice (Akagi et al., 
1997), four transgenic lines were selected for further evaluation of the recombination frequency at the 
Nf2nox2 locus. In homozygous conditional Nf2 knockout mice generated with the four independent 
POCre transgenic lines, exon 2 deletion was detected by Southern blot analysis solely in peripheral 
nerves and lens (Figure 4C), but by PCR analysis also in the uterine cervix and, depending on the 
transgenic line, in several other tissues (data not shown). 

Based on these analyses, all four POCre transgenic Unes (A-D) were included in the study on the 
phenotypic effects of two types of conditional Nf2 knockout mice, that differed by the number of 
floxed alleles. PO Cre ;7Vy23''lox2 mice, that required a single recombination event for biallelic Nf2 
inactivation, might have a higher tumor incidence in case of a limiting POCre recombination efficiency 
than P0Cre;Nßnm2mm2 mice. Also, in P0Cre;A//2KO3/flox2 mice it would be easily possible to 
determine the extent of biallelic loss of Nf2 function, since the (recombined) Nf2n<a2 allele could be 
distinguished from the inactivated AJf2K03 allele. 

P0Cre;A//2flox2"lox2 and P0Cre;A(/2KO3/flox2 mice were monitored closely for the development of 
pathological phenotypes over a period of 24 months. P0CreA;7y/2flox2/flox2 mice were viable, although 
obtained at a significantly reduced rate (Table 2, /?<0.005) and not fertile, whereas the very few 
P0CreA;Ay2KO3/fKx2 animals died before weaning. P0CreA;A/jf2flox2/flox2 mice were reduced in size and 
weight compared with their 7y£>nox2/fIox2 littermates, the size-difference becoming apparent at the time 
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Figure 4. Cre expression and activity in vivo 
(A) Structure of the POCre transgene. A synthetic intron and the rabbit ß-globin splicing and 
polyadenylation signals were utilized for optimal expression in mice. Abbreviations: (sd), splice donor 
site; and (sa), splice acceptor site. 
(B) Cre expression in sciatic nerves of P0OeAC transgenic mice. Western blot analysis with rabbit 
polyclonal anti-Cre antibody. As indicated by a positive immunoreaction at 38 kD, the three transgenic 
lines show Cre expression in sciatic nerves. 
(C) Cre-mediated deletion in mouse tissues. DNA of various tissues of a P0Crea;Nf2a'"2"""a and 
P0Crec^y/2°oxMlox2 mouse (both 3-month-old) was analyzed by Southern blotting (Xbal-BamHI 
digestion, probe B). Abbreviations: (Le), lens; (TN), trigeminal nerve; (SN), sciatic nerve; (BN), brachial 
nerve; (Li), liver; and (Nft*21*), tail (1:1 ratio of wt Nfl and Nßa allele). The bands corresponding to the 
Nfia°xl allele (5.0 kb) and Nf2A2 allele (3.0 kb) are indicated. Arrows on the left side refer to the marker 
(Hindlll digest of lambda DNA). 

of transition from liquid to solid diet. Histological examination of these mice at 17 and 19 days of 
age revealed retarded or absent molar eruption (data not shown). A number of these animals could be 
rescued by an additional porridge diet before weaning. P0CreBC conditional knockout mice were 
viable. However, in contrast to the P0Crec variant, P0CreB conditional knockout mice were obtained 
at a slightly reduced rate (Table 2). These mice showed a similar but smaller reduction in size and 
weight approaching weaning compared to the P0OeA variant. 

The percentages of survival of P0CreA3-D;/vjf2flox2/flox2 mice were significantly reduced compared to 
that of Ar/2nox2/flox2 animals (Kaplan-Meier Test: /xO.0001), whereas the percentages of survival of 
P0Crec;Nf2üoxmox2 and P0CreAB;Ay2nox2y+ mice were only borderline and not significantly different 
from that 0fNßnoxmox2 animals (p=0.044, ;?=0.051, and />=0.851, respectively) (Figure 5A and data 
not shown). Also, significant reductions in percentage of survival were found in P0CreB"D;Ay2KO3/flox2 

mice compared to A^2K03/nox2 mice (p<0.0001) (data not shown). In addition to the retarded or absent 
molar eruption, severe otitis media reduced the viability of P0CreAB;7y/2flox2/flox2 and 
P0CreB;Ay2KO3/£lox2 mice, a pathological feature found in approximately 50% of the mice that died 
within the first year. In these mice, size and weight reduction, and susceptibility to middle ear 
infection were probably the result of the frequently observed cranio-facial abnormalities. 
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Table 2. Numbers of POCre • fjf2
nox2Jf[ox' and P0Cre;iV/2KO3/flox2mice at weaning 

POCre Une Crosses Genotypes 

P0CreA 
Cre;Nf2n 

Cre;Nf2n 

x Nf2* 

x Nf2ü 

P0Cre;Nf2nox2Jflox2 

na (%) 

l/60(1.7%b) 

4/158 (2.5%d) 

P0C/-e;W/2KO3/flox2 

na (%) 

0/60 (0%c) 

P0CVeB 
Cre;Nf2Kmmm2 x Nf2am2moxl 

x Af/211 / - \Tf2{lox2/no:l2 v \Tfjnm2/nox2 

16/99 (16%e) 

64/118 (54%8) 

16/99 (16%f) 

P0Cr<?c 
Cre;Nf2Komox2 x JV/2n 

Cre;Nf2n x /V/2n 

13/63 (20%h) 

13/21 (61 %') 

17/63 (27%') 

a number of mice with specific genotype/ total number of mice 
b p<0.005, P0C/-eA;Ay2ftox:yflox2 mice obtained (1.7%) vs. expected (12.5%) 
c p<0.001, P0CreA;A//2KO3/nox2 mice obtained (0%) vs. expected (12.5%) 
d p<0.0001, P0CreA;M2flox2/flox2 mice obtained (2.5%) vs. expected (25%) 
e p<0.05, POCre* ;Nf2(ioxmox2 mice obtained (16%) vs. expected (25%) 
f p<0.05, P0CreB;Af/2KO3/flox2 mice obtained (16%) vs. expected (25%) 
8 not significant, POCre*;Nß"ox2/nox2 mice obtained (54%) vs. expected (50%) 
" not significant, P0Cré-c;A//2nox2/flox2 mice obtained (20%) vs. expected (25%) 
1 not significant, P0Crec;/V/2KO3/nox2 mice obtained (27%) vs. expected (25%) 
' not significant, roCrec;A//2nox2/flox2 mice obtained (61%) vs. expected (50%) 
n.s. : not significant 
P0CreA'c;Nf2+l* mice were obtained at the expected mendelian ratios 

Biallelic Nf2 mutation is rate-limiting for murine schwannoma development 
P0Cre;Nf2aoxm°'a mice developed both benign and malignant Schwann cell tumors later in life (from 
10 months on). Schwannomas were found in 4/17 (24%) of P0Crec;Af/2nox2/flox2 mice, while 
malignant schwannomas were observed in 2/17 (12%) of these animals (Table 1). Also, a 
neurofibrosarcoma was seen in 1/17 (6%) of P0Cr/;/V/2flox2/nox2 mice (Table 1). Similarly, 
POCVeB-D;7V72flox2/flox2 mice developed Schwann cell tumors, 1/27 (4%) and 2/3 (66%), respectively 
(data not shown). All Schwann cell tumors that were tested by Southern blot analysis showed 
deletion of exon 2 (10/10; Table 1 and Figure 5C). No Schwann cell tumors were found in the 
P0Cre;Nf2!""l2l+ mice (Table 1). In 32 P0CVeB-c'D;A//2KOMlox2 mice, the Schwann cell tumor pattern 
was essentially the same, although the incidence was lower due to the reduced survival of 
P0Cre;Nf2Koy °x2 mice as described above (data not shown). Also in this type of mice, the two 
Schwann cell tumors analyzed showed deletion of exon 2. No loss of the Nf2a°x2 allele was seen 
(Figure 5B). Thus, Schwann cell tumorigenesis in both types of conditional Nf2 knockout mice (i.e. 
K03/flox2 or flox2/flox2) was dependent on the recombination of the Nf2üox2 allele(s). Moreover, 
inactivation by Cre-mediated recombination of both Nf2nox2 alleles appeared to be as efficient as that 
of a single Nf2n°x2 allele in combination with the Nf2 allele. The 13 peripheral nerve tumors in 
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Figure 5. Survival of conditional N/2 knockout mice and DNA analysis of tumors 
(A) The viability of P0Cre;NßnM mice correlates with the expression level of Cre. Survival curves of 
P0CreA'D;N/2flox™°ö and control Nßnmlmm2 mice over a period of 24 months. Indicated are the numbers 
of considered moribund plus dead animals (in brackets). Of all four presented conditional M2 
knockout mouse lines, P0Crec;Nßüm2m°*2 mice show the strongest resemblance in survival with Nß °" 
animals. 
(B) Tumors of P0Cre;NßKomou mice show NJ2 gene inactivation. Southern blot analysis (probe B) of 
Apal-Spel-digested DNA of a neurofibrosarcoma in the uterus (lane 1) and the corresponding 
metastasis in a lymph node (lane 2). The primary tumor and the metastasis showed Cre-mediated 
excision of the floxed exon 2. All different Nf2 alleles can be distinguished by Apal-Spel digestion, as 
indicated in Figures 1A and 3A: NfT (>13 kb), NßKm (6.0 kb), Nßno12 (4.4 kb), and Nf2° allele (2.4 
kb). Arrows on the left side refer to the marker (Hindlll digest of lambda DNA). 
(C) Tumors of POCre;Ay2flox2/nox2 mice show Cre-mediated Nß gene inactivation. Southern blot analysis 
(probe B) of Xbal-BamHI-digested DNA of nine representative tumors (lanes 1-9). 
The bands corresponding to the Nßüox2 allele (5.0 kb) and Nß61 allele (3.0 kb) are indicated by arrows. 
Arrows on the left side refer to the marker (Hindlll digest of lambda DNA).The residual hybridization 
signal corresponding to the floxed allele in the tumors is the result of the presence of contaminating 
non-tumor cells. 
(D) Osseous metaplasia in the lung of a ?0Cre;Nßü°"2m°'a mouse shows Cre-mediated Nß gene 
inactivation. Southern blot analysis (probe B)- of Xbal-BamHI-digested DNA obtained from the lesion 
shown in Figure 8C (lane 1). The bands corresponding to the Nßami allele (5.0 kb) and Nß allele (3.0 
kb) are indicated by arrows. Arrows on the left side refer to the marker (Hindlll digest of lambda 
DNA). 

102 



NF2 manifestations in conditional Nf2 mutant mice 

'mm-" - ' 

"/••••vr."-̂  
KAïi • mm Wmm^ßmm 
u-se *'• ^:^-t-^m-'w^'^:-::-'' 

Figure 6. Schwann cell tumors in conditional homozygous Nf2 knockout mice. 
(A and B) Spindle cell tumor located on the external side of the esophagal-gastric junction in a 
P0Crec;Nf2B° flox2 mouse. The tumor shows (A) focal Schwann cell characteristics such as Antoni A type 
palisading (arrows), primitive Verocay body formation, and (B) strong, diffuse LNGFR 
immunoreactivity. (C-E) Schwannoma in the uterus of a POCre \Nfl mouse. The tumor appeared 
as (C) a rather uniform Schwann cell growth extending from the corpus uteri to the uterine horns in 
combination with (D) Schwann cell hyperplasia in the peripheral part of the myometrium showing 
strong S-100 protein immunoreactivity. (E) Ultrastructural examination of the tumor showed Schwann 
cells with long, thin cytoplasmic processes (arrow) and variantly coated by a basement membrane (BM). 
Schwann cell nucleus (N). (F and G) Neurofibrosarcoma of the submandibular region of a 
P0CreD;/y/2fl<"2"lox2 mouse. (F) The tumor was moderately cellular with little stromal collagen and 
minimal pleiomorphism, and showed (G) strong LNGFR immunoreactivity. H&E stain, A, C, and F. 
Magnification, 200x (A, B, and D); lOOx (C and F); 4400x (E); 400x (G). 

103 



Chapter 6  

both types of conditional knockout mice were found at various locations: uterus (4), spinal ganglion 
(1), skin (1), submandibular region (1), retroperitoneum (1), stomach (1), small intestine (1), 
colon/rectum (1), bladder (1), and foreleg (1) (Figures 6A, 6C, and 6F). Their Schwann cell origin 
was substantiated by immunoreactivity with the 75 kDa low affinity nerve growth factor receptor 
(LNGFR; 100%; 13/13) (Figures 6B and 6G), S-100 protein (38%; 5/13) (Figure 6D), and glial 
fibrillary acidic protein (GFAP) (50%; 6/12) (data not shown). Ultrastructural examination of one 
uterine tumor showed a mixture of predominantly Schwann cells with thin cytoplasmic processes and 
basal membrane, and some fibroblasts, perineurial cells and smooth muscle cells (Figure 6E). These 
are diagnostic features of human schwannomas (Erlandson and Woodruff, 1982). The Schwann cell 
tumors in the uterus arose mainly in the corpus uteri. Additionally, we found less differentiated 
tumors mostly resembling stromal sarcomas in the uterus horns, pelvis, and bladder, all showing 
deletion of exon 2 and immunocharacteristics similar to those of the Schwann cell tumors (Table 1, 
Figure 5C, and data not shown). 

In human NF2 patients, Schwann cell hyperplasia (schwannosis) is a common finding in the 
spinal roots and peripheral nerves, most likely representing a precursor lesion with the potential for 
progression into schwannoma (Iwata et al., 1998; Stemmer-Rachamimov et al., 1998; Wiestier and 
Radner, 1994). Similarly, Schwann cell hyperplasia was found at high frequency in both types of 
P0CreB-D;Nfl^mmo;i2 mice (19/32; 59%) and P0CreA-D;M2flox2/flO!a mice (45/51; 88%). This 
phenomenon was absent in the 16 P0CreÂ-c;Nf2a°x2/+, 25A//2KÖ3/+, and lNfiA2J+ mice (Table 1). Thus, 
Schwann cell hyperplasia was specifically observed concomitant with complete loss of Nf2 function, 
indicating that biallelic Nf2 mutation promotes this phenotypic expression. Basal and spinal ganglia 
were the predominant sites of the often diffuse form of Schwann cell hyperplasia. Besides, the 
paracervical (Frankenhauser) ganglion of the uterus showed frequently schwannosis. At this site a 
continuum from hyperplasia to overt neoplasia could be observed (Figure 6D). Remarkably, the 
peripheral nerves seldom showed Schwann cell hyperplasia, except for P0CreA;/y/2flox2/flox2 mice 
where it was seen in 2 of 4 young animals (4 months of mean age) and in one pup of 17 days of age 
(Figures 7A and 7B). Moreover, one subcutaneous Schwann cell nodule and one hamartoma of the 
olfactory bulb composed of Schwann and neural cells was found in two P0CreA;/V/2KO3/flox2 pups of 
17 and 19 days of age, respectively. Since ~P0CreA;Nf2Km/nox2 mice died before weaning and 
P0C/-eA;JV/2 flox2 mice had a short lifespan, they were excluded from the long-term follow up of 
tumor development. However, the strong phenotypic effects related to the high expression level of 
P0OeA (Figure 4B) appropriated these mice for short-term studies. We compared the ultrastructural 
features of Schwann cells in sciatic nerves of two P0CreA;Nf2nox2m°*2 pups (19 and 33 days of age) 
with those ofiVy2flox2/flox2 littermates (Figures 7C and 7D). In the former, Schwann cells were seen 
without a clear relation with an axon and many of the myelin sheaths herniated and looped into the 
central axonal region of the nerve (Figure 7D). Ultrastructural analysis of sciatic nerves of a 6.5-
month-old P0CreB;Ay2flox2/nox2 mouse showed relatively normal features with occasional whorls of 
thin cytoplasmic processes. 

Taken together, these results indicate that mutation of the wild-type Nß allele in both the germline 
and conditional heterozygous Nf2 knockout mice is the rate-limiting step not only for Schwann cell 
tumorigenesis but also for Schwann cell hyperplasia. In addition, we show that Nf2 expression in 
Schwann cells is required for the normal development of peripheral nerves. 

P0 promoter-directed biallelic Nf2 mutation leads to tumors in tissues with 
neural crest-derived components 

In addition to the Schwann cell tumors, three osteomas and one osteosarcoma were found in 4 of 
51 (8%) P0Cre;Nf2nm2mox2 mice, while one osteoma was found in 16 (6%) P0Cre;Nf2noxZJ+ mice 
(Table 1 and data not shown). Two osteomas arose in the craniofacial bones, one in the main nerve 
of the mandible (Figure 8 A), while one osteosarcoma was detected in the lung without indication of a 
primary bone tumor elsewhere. Intriguingly, the tumors in the P0Cre;A5f2nox2/nox2 mice could solely 
arise in the PO-expressing lineage, suggesting that this included osteoblast precursor cells. P0 was 
thought to be a late differentiation marker of the Schwann cell lineage. However, more recently it has 
been shown that P0 is expressed throughout embryonic development of the Schwann cell lineage 
from and including its origin in the neural crest (Lee et al., 1997). The neural crest gives rise to 
neurons and glia of the peripheral nervous system, and to melanocytes and endocrine cells. In 
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Figure 7. Schwann cell hyperplasia in conditional homozygous Nf2 knockout mice. 
(A and B) H&E stains of Schwann cell hyperplasia (arrows) in a (A) sciatic nerve of a POCre^Jfß"1"™10*2 

mouse, and (B) trigeminal ganglion of a P0CreB;Nf2ao"2m°*2 mouse. (C and D) Ultrastructure of the sciatic 
nerves of a (C) N/T0*21"0*2 and (D) P0CreA;Nf2aoûlRm2 mouse. (C) Normally myelinated Schwann cell (M) 
surronding the axoplasm (Ax). Non-myelinated Schwann cells (NM) are also shown. (D) Myelin 
sheaths herniating and looping into the central axonal region of the nerve. Magnification, 400x (A); 
200x (B); 1200ÛX (C); 10400x (D). 
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Figure 8. PO-specific conditional homozygous Nf2 knockout mice develop characteristics of 
neurocristopathy. 
(A) Osteoma developing within the main mandibular nerve. (B) Odontoma of upper incisor, deforming 
the maxilla and nasal septum. Many foci of "ectopic" enamel production are seen (arrow) as well as 
osteopetrotic processes in the contra-lateral maxilla. (C) Osseous metaplasia (arrow) in the lung. (D) 
Cataract in a mouse showing normal cranio-facial development. Cornea (Co), adhered to lens (L). 
Retina (R). H&E stains. Magnification, 400x (A); 25x (B and D); lOOx (C). 
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addition, the cephalic part of the neural crest is the origin of mesenchymal cells capable of 
differentiating into bone, cartilage, connective and adipose tissues (reviewed by Le Douarin, 1982). 
The mesenchymal cells, forming the so-called mesectoderm, yield most of the skull bones and facial 
skeleton (Couly et al., 1993). Also, the cephalic neural crest has an odontogenic potential (Lumsden, 
1988) and a role of the neuroectoderm in organogenesis of the kidney has been suggested (Willis, 
1958; Le Douarin and Teillet, 1974). This might well explain the development in P0Cre;Nf2üox2mox2 

mice of odontomas (Figure 8B) and odontosarcomas (3/51; 6%), and carcinomas in situ of the 
kidney (5/51; 10%). These tumors were only microscopically detectable and not available for DNA 
analysis. However, they were neither found in the P0Cre;Nßüox2J+ mice nor in the Nf2KOy+ mice 
suggesting that, like in Schwann cells, loss of the remaining Nf2+ allele is rate limiting for tumor 
formation in two other neural crest-derived cell types (Table 1). This was further supported^ the 
finding of one odontoma and one carcinoma in situ of the kidney in ¥QCre;Nf2 03/flox2 mice. 
However, it can not be excluded that tumorous outgrowth of the odontogenic epithelium was caused 
by the maxillary petrosis. P0CVe;./y/2KO3/flox2 mice developed also one osteoma and two 
osteosarcomas (3/32; 9%) probably due to the Nf2KOi allele, as indicated by the loss of the Nf2a°*2 

allele in one analyzed osteosarcoma (data not shown) (the low frequencies resulted from the reduced 
viability of the P0Cre;Ay2K03/flox2 mice as discussed above). Interestingly, in addition to the 
mesothelioma showing LOH for Nß in the Nf2KOy+ mice, we found one mesothelioma in the 
P0Cre;A92KO3/fiox2 mice. Also this tumor arose due to the presence of the Nf2Km allele, since 
recombination of the Nßnox2 allele was not observed by PCR (data not shown). Although this tumor 
type has never been reported in NF2 patients, a high frequency of biallelic NF2 inactivation has been 
described in its sporadic form (Bianchi et al., 1995; Sekido et al., 1995). In contrast to Schwann cell 
hyperplasia, osteoblastic, odontoblastic and renal tubular cell hyperplasia was seen in Nß * mice 
besides P0Cre;iVy2'lox2/nox2 and P0Cre;Ay2KO3'nox2 animals, whereas it was absent in ?0Cre;Nßnox2J+ 

mice (Table 1). This suggests that activation of the P0 promoter occurred late in the differentiation 
process towards final osteoblasts, odontoblasts and renal tubular cells, leading to a lower frequency 
of spontaneous loss of the wild-type allele when compared to the frequency in Nßmy* mice. 

Intriguingly, also two non-neoplastic features of NF2 were observed in Nß mutant mice. 
Intracranial calcifications have been noted frequently in neuroimaging studies of NF2 patients birt the 
histopathogenesis of these deposits has remained unclear (Mayfrank et al., 1990). In both Nf2K 3/+ 

(inbred) and conditional Nß knockout mice, osseous metaplasia was predominantly found in the 
lung (at frequencies ranging between 24% and 67%), and also in the brain, kidney and nasal mucosa 
(Table 1, Figure 8C, and data not shown). Apparently, the osseous metaplasia was dependent on 
biallelic loss of Nß, since these lesions were absent in the VQCre;Nf2nox2J+ mice and deletion of exon 
2 could be detected in one lesion by Southern blot analysis (Table 1 and Figure 5D). Cataract in the 
lens, in man indicative of NF2 evaluation, was found in 27 of 46 (59%) of the P0CreB and 4 of 28 
(14%) of the P0Crec conditional knockout mice, occurring in the bilateral form in half of the cases 
(Table 1, Figure 8D, and data not shown). Upon examination of lens DNA of a 3-month-old 
P0CreB;Ay2fßx2/tlox2 mouse by Southern blot analysis, deletion of exon 2 could clearly be detected 
(Figure 4C). Cataract was not found in 16 V0Cre;Nßnox2J+ mice, strongly suggesting that 
development of cataract was dependent on biallelic loss of Nß. 

In conclusion, our results indicate that PO-specific conditional Nß knockout mice develop various 
characteristics of neurocristopathy. 
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Discussion 

In contrast to human NF2 patients, mice hemizygous for the Nß gene do not develop schwannoma, 
the hallmark feature of neurofibromatosis type 2. Instead, heterozygous mice with a mutation leading 
to an exon 2 to 4 skipping splice product, mainly develop highly metastatic osteosarcomas 
(McClatchey et al., 1998). Murine embryos homozygous for this mutation lack normal 
extraembryonic development and fail between embryonic days 6.5 and 7.0 (McClatchey et al., 
1997). 

The phenotypic consequences of two different Nß mutations described here (leading to splice 
products that have skipped either the single exon 2 or exon 3) show three similarities with those 
described by McClatchey et al. Firstly, all three mutant alleles when homozygously present result in 
embryonic lethality, thereby confirming the essential role of Nß in mouse development. Secondly, 
heterozygosity for either of the three mutant alleles leads to a high incidence of bone tumors showing 
loss of the wild-type Nß allele. However, differences were observed with respect to the grade of 
malignancy. Metastases of osteosarcoma were found less frequently in Nf2K03/* and Nß"21* mice in 
comparison to the mice described by McClatchey et al. (1998) (29% vs. 95%, /?<0.0001, in case of 
Nß 03/+ mice). The different time windows of the histological analyses may account for this 
difference, since mice were followed up to 24 months in this study and up to 30 months in the study 
of McClatchey et al. The finding of the osteomas in NßKoy+ and NßA2,+ mice contrasts with the 
absence of benign bone tumors described by McClatchey et al. (1998). This difference might be 
explained by the use of different genetic backgrounds. Anyhow, our data indicate that Nß mutant 
alleles skipping only exon 2 or exon 3 do not allow development of the mouse and lack tumor 
suppressor properties. Thus both exon 2 and exon 3 carry sequences that are essential for Nß 
function. Thirdly, regardless of the mutation type, all three hemizygous mice do not show features of 
human NF2. In particular they demonstrate a tumor spectrum that differs entirely from that observed 
in NF2 patients. Therefore, these animals cannot serve as a model for the cognate human genetic 
disease. 

Several factors, reviewed by T. Jacks (Jacks, 1996), 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 hypothesis, since it enables to artificially increase this rate in a tissue-specific 
manner. Such increased mutation rate could be obtained in Schwann cells by exploiting the tissue 
specificity of the P0 promoter, that controled the Cre-mediated recombination of the floxed Nß gene. 
P0Cre;A//2KO3/tlox2 mice indeed developed schwannomas in which the floxed allele was recombined, 
thereby demonstrating that Nß inactivation is the rate-limiting step in murine Schwann cell 
tumorigenesis. This conclusion is reinforced by the observation of schwannomas in 
P0Cre;/V/2flox2/flox2 mice. Such mice have two functional Nß genes at the germline level but are prone 
to mutate both alleles in Cre expressing tissues. POCre ;A//2nox2/flox2 mice showed the highest 
incidence of benign and malignant schwannomas (35%), all with biallelic Cre-mediated deletion of 
the floxed exon 2. 

The first histological lesion associated with murine Schwann cell tumorigenesis is probably 
represented by Schwann cell hyperplasia. It was found from an early age (17 days) on, at very high 
frequencies in V0Cre\Nßaox2faox2 and P0Cre;7V/2KO3/flox2 mice, but not in Nßko3/+, Nßii/+, or 
V0Cre;Nßaox2/+ mice. Taken together these observations indicate that Schwann cell hyperplasia is an 
early manifestation of the biallelic Nß inactivation. In contrast, Schwann cell tumors appeared late in 
life, the frequency was at most one tumor per mouse and not all mice of one line developed such 
tumors. These results strongly suggest that Schwann cell hyperplasia does not progress rapidly to 
tumors. Thus, while biallelic inactivation of Nß is essential for initiation of Schwann cell tumor 
development, it is not sufficient and additional genetic or epigenetic events are required. 

Wild-type promyelinating Schwann cells exit the cell cycle once they have established a one-to-
one relationship with the axons and then myelination begins (Zorick and Lemke, 1996). As shown 
by ultrastructural analysis of Schwann cell hyperplasia, Schwann cells of the sciatic nerve of 
~P0CreA;Nßn°x2lnox2 mice can myelinate but their interaction with the axon is profoundly altered. 
Presently, it is not known whether this anomaly is due to a deficiency in the cellular crosstalk, that is 
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normally triggered by the association of the Schwann cell with the axolemma (Jessen and Mirsky, 
1994), or to abnormal adhesive and/or motile properties of the mutant Schwann cells (Gutmann et 
al., 1999). Both hypotheses are supported by the role of schwannomin in membrane dynamics 
(Gonzalez-Agosti et al., 1996) and cell adhesion (Gutmann et al., 1999), by its interaction with ßl 
integrin (Obremski et al., 1998) and its colocalization with CD44 (Sainio et al., 1997), both integral 
membrane proteins. 

The Nf2 protein is involved in migration, growth, and/or differentiation of cells derived from the 
neural crest, since the majority of the POCre conditional Nfl knockout mice develop various signs of 
neurocristopathy, a concept introduced by Bolande (1974). The spatial appearance of the 
neurocristopathological abnormalities is in agreement with the recent observation that in the rat PO is 
expressed long before myelination in migrating neural crest cells, including the Schwann cell lineage, 
irrespective of whether they will myelinate or not (Lee et al., 1997). Consequently, all descendants of 
these PO-expressing neural crest cells in the conditional Nf2 knockout mice may carry and transmit 
the inherited exon 2 deleted Nf2 allele(s) even when the PO promoter is subsequently silenced. 
Hyperplasia therefore, not only of Schwann cells, but also of other neural crest-derived cells, such as 
odontoblasts, osteoblasts and renal tubular cells plus the cranio-facial abnormalities are likely the 
result of the PO promoter-driven, Cre-mediated biallelic Nf2 mutation in a common neural crest 
precursor. The frequently observed osseous metaplasia in various tissues (including brain) of the 
POCre conditional Nf2 knockout mice is likely the result of Nf2 gene inactivation in neural crest-
derived cells. These observations suggest that in humans the frequent non-tumoral intracranial 
calcifications found in NF2 patients (Mayfrank et al., 1990) may be regarded as manifestations of 
neurocristopathy. 

The present mouse model recapitulates several features observed in NF2 patients, specifically 
Schwann cell hyperplasia, Schwann cell tumors, cataracts and cerebral calcifications. All these 
manifestations have been exclusively observed in mice that were prone to inactivate both alleles of the 
Nf2 gene in Schwann cells and in a small subset of neural crest cells. Importantly, meningioma, a 
frequent manifestation of the human NF2 disease was not observed in these mice suggesting that 
meningioma progenitor cells are not permissive to the PO promoter. The use of different promoters to 
direct Cre expression to meningioma precursor cells could be exploited to validate this hypothesis. 
The present model, which develops schwannoma by a mechanism that is functionally similar to that 
observed in human patients, provides a powerful approach to investigate the tumor suppressive 
function of the Nf2 gene and a new tool to explore novel therapeutic interventions prior to trials in 
humans. 
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Experimental Procedures 

Generation of Nf2K03,+ ES Cells 
For construction of the various Nft targeting vectors, a mouse 129/Ola genomic library (kind gift of 
A. Bègue, Institut Pasteur, Lille) was screened with a probe corresponding to exons 1 to 6 of the 
murine Nft cDNA. A 17.0-kb Nft genomic clone was isolated encompassing exons 2 to 4. A 12.0-
kb Notl-Kpnl fragment was subcloned in a modified pBR322 vector containing a Nael-Kpnl 
polylinker from pBluescript KS II (Stratagene). A 5.0-kb fragment containing an 
TRESLacZfPGKHyg cassette was inserted into the BstBI site of exon 3 (codon 87). The NftK03 
targeting fragment, excised by Apal-Kpnl digestion, was electroporated into ES cells of the E14 
subclone IB 10 (Robanus-Maandag et al., 1998) and hygromycin B-resistant cells were selected as 
described (te Riele et al., 1992). Southern blot analysis of BamHI-EcoRV-digested DNA from 
selected clones with the 3' external probe A (0.5-kb KpnI-XhoI fragment) showed in case of a 
homologous recombinant a 6.0-kb band of the Nf2Km allele and a 7.5-kb band of the wt Nft allele. 
Two selected ES cell clones (A3 and H3) were verified for the correct karyotype (>12/15 metaphase 
chromosome spreads with 40 chromosomes). 

Generation of Nf2à2/+ and Nf2a°*ll+ ES Cells 
A 13.4-kb Notl-Kpnl fragment was used for the construction of the Nf2lox2 targeting fragment. A 
2.9-kb BamHI fragment containing a floxed PGKHprt mini-gene (kindly provided by Conny Tölg, 
The Netherlands Cancer Institute, Amsterdam, The Netherlands) was inserted into the BamHI site 
0.4 kb downstream of exon 2 (in a orientation opposite to the Nft gene). A third loxP site and an 
extra PstI site, were introduced into the EcoRI site 1.3-kb upstream of exon 2. The Nftlox2 targeting 
fragment, excised by Notl-Kpnl digestion, was electroporated into ES cells of the 
hypoxanthine/guanine phosphoribosyltransferase (Hprt)-deficient, 129/Ola-derived, HM-1 cell line 
(Magin et al., 1992) and HAT-resistant cells were selected for 7 days were performed as described 
(te Riele et al., 1992). Southern blot analysis of Xbal-SacI-digested DNA from selected clones with 
the 3' external probe A (0.5-kb KpnI-XhoI fragment) showed in case of a homologous recombinant 
a 8.0-kb band of the Nftlox2 and a 9.3-kb band of the Nft* allele. We identified 76 homologous 
recombinants out of 192 HATR clones. Of four independent clones (49, 91, 178, and 209), the 
presence of the loxP site upstream of exon 2 was confirmed by Southern blot analysis using PstI 
digestion and probe B (a 221-bp PCR fragment, 120 bp 3' of the Apal site). In the second step, 
plasmid pIC-Cre (Gu et al., 1993) was transfected into the genetically modified ES cell clones 49 and 
178 to transiently express Cre recombinase. For electroporation of 2 ug of supercoiled plasmid DNA 
into an equivalent of 20 cm2 Nf2lox2/+ ES cells, a Bio-Rad Gene Pulser was used (0.8 kV, luF, 
discharge 0.1 msec, 0.4 cm electrode distance, cells in 200 ul medium). Electroporated cells were 
plated on 2x60 cm2 mouse embryonic fibroblasts (MEFs), medium was refreshed 24 hr after 
electroporation, cells were trypsinized 48 hr after electroporation, counted and replated at a density of 
4xl05 cells/60 cm2 in medium. After either 72 hr or 96 hr, selection with 6-thioguanine (6-TG; 10 
ug/ml) was started and continued for 4 days or 3 days, respectively. Selected colonies were picked 
and multiplex PCR analysis with a combination of three primers (P4: 5'-
CTTCCCAGACAAGCAGGGTTC-3'; P5: 5'-GAAGGCAGCTTCCTTAAGTC-3'; P6: 5'-
CTCTATTTGAGTGCCTGCCATG-3') was utilized to identify both deletions lacking the PGKHprt gene, 
that had occurred in the individual clones after transient expression of Cre. 

Generation of Nf2 mutant and POCre transgenic mice 
Germline chimeras mice were generated by injection of 12-15 Nft mutant ES cells into C57B1/6 
blastocysts and crossed with FVB/N mice to produce outbred heterozygous offspring. 

To generate POCre transgenic mice, a 1.4-kb EcoRI-MluI fragment derived from pOG231 (a gift 
from Stephen O'Gorman, The Salk Institute, La Jolla, CA (O'Gorman et al., 1997)) containing a 
synthetic intron with a nuclear localization signal preceding the Cre coding sequence, was blunt-end 
ligated into the EcoRV site of a cassette between the 1.1 -kb rat P0 promoter and 1 kb of the rabbit ß-
globin intron and polyadenylation signal (a gift from Greg Lemke, The Salk Institute, La Jolla, CA). 
The Notl-Sall 3.4-kb POCre transgene fragment was isolated, purified, and injected at 3 ng/ul into 
FVB/N fertilized mouse oocytes and maintained as described (Akagi et al., 1997). 
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Mating and Genotyping of Mice . 
V0Cre;Nf2üox2J+ animals were crossed with Nftaox2mox2 and Nf2KOimox~ mice to obtain 
P0Cre-M2flox2/+, P0Cre;iV/2fk>x2/flox2 and P0Cre;Nf2 K03/flox2 mice. In case of PQCreB , also 
P0Cre;N/2nox2/fl°x2 and P0Cre;Nf2 K03/flox2 mice were used to breed with Nf2nox2'üox2 mice to increase 
breeding efficiency. . 

The genotypes of all offspring were analyzed by PCR or Southern blot analysis on tail-ùp DNA 
(Laird et al., 1991). Using multiplex PCR analysis with a combination of primers PI (5'-
GCCTGCTCTTTACTGAAGGCTC-3'), P2 (5'-CAGTGTGGAAGTGTTTGTGGTC-3'), and P3 (5'-
GTGrrGGATCATGATGTTTCG-3') the NßKm and Nß+ allele were detected yielding a 440-bp and 250-
bp product, respectively. The Nf2nox2 allele was detected with primers P4: 5'-
CTTCCCAGACAAGCAGGGTTC-3' and P5: 5'-GAAGGCAGCTTCCTTAAGTC-3' yielding a 442-bp 
product for the Nf2nm2 allele and a 305-bp product in case of the wt allele. The Nf2A2 allele was 
detected with primers P5 and P6: 5'-CTCTATTTGAGTGCGTGCCATG-3' yielding a 338-bp product for 
the Nf2i2 allele and a 2.1-kb product in case of the wt allele. VOCre transgenes were determined with 
the primers Cre3 (5'-TCCAATTTACTGACCGTACACC-3') and Cre4 (5'-CGTTTTCTTTTCGGATCC-3') 
yielding a 372-bp product. In case of Southern blot analysis, the Nf2Km and Nfitox2 alleles were 
detected using restriction enzymes and probes as described for the identification of homologous 
recombinant ES cell clones. To detect POCre transgenes, the PCR product generated with primers 
Cre3 and Cre4 and labeled by random priming served as probe on EcoRV-digested DNA. 

RT-PCR 
Total RNA was extracted from brain and sciatic nerves of mice using Trizol LS Reagent (GIBCO-
BRL). The reverse transcription reaction was carried out using a RNA-PCR core kit (Perkin Elmer 
Cetus) with 1 ag of total RNA, first strand mix, and an oligo(dT) primer in a 20 ul final volume. 
PCR was performed on the resulting cDNA using the primers N/2-SI (5'-
CATGAGCTTCAGCTCACTCAAGAGGAAG-3') and A02-AS5 (5'-ATCCCCGCTTGTGCACAGAGG-
GGTCATAG-3'). After agarose gel electrophoresis, RT-PCR products were purified following the 
manufacturer's protocol (Qiagen) and directly sequenced using a dye terminator sequencing kit 
(Applied Biosystems). 

Western blot analysis, immunoprecipitation and immunoblotting 
Protein analysis of mouse tissues by Western blotting has been described (Giovannini et al., 1999). 
To detect Cre, affinity-purified polyclonal rabbit anti-Cre antibody (Novagen) was used and 
subsequently horseradish peroxidase-conjugated donkey anti-rabbit (Amersham). 

For immunoprecipitation rabbit polyclonal antibody anti-NF2-Nter A-19 (sc-331) was used, for 
immunoblotting affinity-purified rabbit polyclonal anri-NF2-Cter C-18 (sc-332) (both of Santa Cruz 
Biotechnology) and subsequently horseradish peroxidase-conjugated donkey anti-rabbit Ig antibody 
(Amersham) as described (Giovannini et al., 1999). 

Histological and Electron Microscopical Analysis, Immunohistochemistry 
Mice were sacrificed when moribund or held until 24 months of age. A complete necropsy was 
performed and tissues were fixed in formalin, paraffin-embedded, sectioned at 5 urn, stained with 
hematoxylin and eosin (H&E) and examined microscopically. After the brain was removed, the facial 
skeleton was decalcified, sliced in the coronal plane, and embedded in toto. Multiple longitudinal 
sections of the vertebral column were also examined. 

For electron microscopical analysis, uterine tumors and sciatic nerves were left overnight in 
Karnovsky's fixative, rinsed in s-collidine buffer, and postfixed for Ihr in 1% osmium tetroxide as 
described (Erlandson and Woodruff, 1982). Specimens then were embedded in epoxy resin and 
examined with a transmission electron microscope. 

For indirect immunoperoxidase assay with DAB substrate, the rabbit polyclonal antisera ami-
mouse p75 LNGFR (Chemicon International), anti-bovine S-100 protein (DAKO), and anti-cow glial 
fibrillary acidic protein (GFAP; DAKO) were used and subsequently horse radish peroxidase-
conjugated goat anti-rabbit Ig antibody (Amersham) as described (Giovannini et al., 1999). 
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Cancer is a genetic disease, becoming manifest following the accumulation of mutations. In 
humans, individuals that inherit a mutant allele of a given tumor suppressor gene are predisposed to 
cancer development. Somatic mutation of the second, wild-type allele in a certain cell will lead to 
complete loss of the tumor suppressor function of the gene and, as a consequence, to growth 
advantage of that cell. 

Also mice get cancer. The ability to genetically manipulate mice, e.g. to introduce an inactivating 
mutation in a tumor suppressor gene in all cells via homologous recombination in pluripotent mouse 
embryonic stem (ES) cells, provides the possibility to model familial forms of human cancer. These 
"knockout" mice can be used to delineate the molecular pathways to tumorigenesis and to test cancer 
therapies. This thesis describes the modeling in the mouse of two human hereditary cancer 
syndromes, retinoblastoma and neurofibromatosis type 2. 

Human retinoblastoma has served as the prototypic example of tumorigenesis through loss-of-
function mutations. In both the hereditary and sporadic form, the functional loss of both alleles of the 
tumor suppressor gene RB in the developing retina is the rate-limiting step in tumorigenesis. Around 
90% of RB*'' individuals develop retinal tumors. 

Based on in vitro studies, the protein pRB has been suggested to play a central role in controling 
cell proliferation. The protein has been found to prevent premature Gl/S transition of the cell cycle 
via physical interaction with cellular proteins such as E2F that activates S-phase genes. 

We have collaborated with the group of Hooper, Edinburgh (UK), to mimiek retinoblastoma in 
the mouse by generation of Rb*1' mice. Like man, these mice (with one Rb allele mutated in all cells) 
were expected to develop retinal tumors at high incidence. However, retinoblastomas have never 
been observed in Rb*1' mice, instead, tumors of the intermediate lobe of the pituitary gland were 
found that showed loss of the wild-type Rb allele (Chapter 3). 

Rb*1' mice have been intercrossed to generate homozygous Rb mutant progeny. In this way, we 
expected to assess the effect of loss-of-i?ft-function in all cell types of the mouse. Rb'1' embryos die 
around day 15 of gestation showing severe defects in central neurogenesis, fetal liver erythropoiesis 
and lens development, while the developing retina shows normal (Chapter 2 and 3). 

Why do these Rb*1' and Rb'1' animals not develop retinoblastomas? We hypothesized, that the rate 
of spontaneous mutation in the murine Rb*1' retina is insufficient to obtain a Rb'1' retinal cell, and that 
Rb embryos die too early to develop retinal tumors. Therefore, we have generated chimeric Rb'1' 
mice (with both Rb alleles mutated in a fraction of the cells). These mice are viable, showing a 
substantial contribution of Rb'1' cells to most tissues in the adult. Defects are seen in fetal liver 
erythropoiesis and lens development. Interestingly, the contribution of Rb'' cells to the adult retina is 
significantly reduced due to apoptosis (programmed cell death) in the developing retina beyond day 
16 of gestation. No retinoblastomas were found, instead, nearly all animals died of pituitary gland 
tumors derived from Rb'' cells (Chapter 3). 

These results suggest that during differentiation of the murine retina loss of Rb results in cell death 
and not in tumorigenesis. Thus, unlike the situation in man, additional inactivating mutations may be 
required to unleash the oncogenic potential of pRb-deficient retinoblasts in the mouse. Mutations in 
not only Rb but also the Rb-related genes pl07 and pi30 may play a role, since transgenic mice that 
express SV40 large T antigen under the control of the photoreceptor cell-specific IRBP promoter 
develop retinoblastomas. These tumors may have resulted from the inactivation of the pRb, pl07, 
and pi 30 proteins through their binding to SV40 T antigen. Others have reported on knockout mice 
carrying combinations of null alleles of these genes, except Rb'' variants as these will be embryonic 
lethal: No retinoblastomas have been found. 

To enable the study on the phenotypic effects of lack of both functional Rb and pl07 genes, we 
have generated chimeric Rb';plOT'' mice. Although in human tumors no specific mutation of pl07 
has been reported, these mice develop retinoblastomas derived from Rb'';plOT'~ cells. The retinal 
tumors largely originate from inner nuclear layer progenitor cells, committed to the amacrine cell 
compartment, not from the /flßP-expressing photoreceptor progenitor cells (the expected tumor cell 
origin). Already at embryonic day 17.5, the primitive nuclear layer exhibits rosette-like arrangements 
and apoptosis. /ÄßP-expressing Rb'''\plOT'' cells are found at mis stage but they undergo apoptosis 
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before postnatal day 15, likely at the stage of differentiation to mature /ÄÄP-expressing cells. These 
findings provide formal proof for the role of loss of Rb in retinoblastoma development in the mouse 
and the first in vivo evidence that pi07 can exert a tumor suppressor function (Chapter 4). 

The hallmark feature of neurofibromatosis type 2 (NF2) is bilateral vestibular schwannoma, a 
Schwann cell tumor that also occurs sporadically. Functional loss of the NF2 gene, identified in 
1993, is the rate-limiting step in tumorigenesis, but the mechanism behind it is largely unknown. 
Truncating and exon-skipping mutations have been found in the coding region for the N-terminal 
domain, that can interact with the C-terminal domain and shows homology with cytoskeleton-
associated ERM proteins. In vitro studies have shown that NF2 protein (schwannomin) mutants 
lacking the exon 2 or 2-3 encoded region loose interaction with the plasma membrane and become 
diffusely distributed in the cytoplasm, whereas C-terminal deletion mutants remain located at the cell 
membrane. 

In collaboration with the group of Thomas, Paris (France), we have generated different mouse 
models to study the phenotypic effects of various mutant Nf2 proteins prototypic for naturally 
occurring mutants observed in humans. Initially, we have tested whether mutant schwannomins, 
comparable to specific tumor suppressor p53 mutants, may act in a dominant-oncogenic fashion. 
Transgenic mice with PO promoter-directed Schwann cell-specific expression of a human mutant 
schwannomin, lacking the exon 2-3 encoding region, develop at high frequency Schwann cell tumors 
and hyperplasia. Those lacking the C-terminal part are normal. The results indicate that a subset of 
mutant NF2 alleles observed in patients may encode products with dominant-oncogenic properties 
when overexpressed in specific cell lineages (Chapter 5). 

We have next compared in NJ2 knockout mice the phenotypic effects of an insertional mutation in 
exon 3 and deletion of exon 2. Nf2Koy* and Nf2Ai,+ mice develop osteomas and osteosarcomas 
(partly with metastasis) showing loss of the wild-type Nf2 allele, but no schwannomas as found in 
man. Homozygosity for each of the mutant alleles results in embryonic death before day 9.5. Thus, 
both types of mutations lead to similar phenotypes. These findings are in agreement with those 
reported by others on animals that are heterozygous or homozygous for a different, Nf2K02'3 allele, 
albeit that the phenotype of the latter heterozygous mice is more malignant (Chapter 6). 

To study whether inactivation of both Nf2 alleles in the Schwann cell lineage leads to 
tumorigenesis in adult mice, we have used another approach, generating conditional Nf2 knockout 
mice. First, N/2 exon 2 is flanked by loxP recombination sites in the intronic regions via 
homologous recombination in ES cells, leaving the function of the mutant allele intact. Subsequently, 
mice that are homozygous for this "floxed" exon 2 allele undergo tissue-specific, somatic Nf2 exon 2 
deletion by transgenic Cre recombinase-mediated loxP recombination under control of the PO 
promoter. These P0Cre;Ay2tlox2,flox2 mice develop schwannomas, Schwann cell hyperplasia, and 
other neurocristopathy-like NF2 features, such as cataract and osseous metaplasia. Thus, the tumor 
suppressor function of Nf2, that in this study is revealed in murine Schwann cells, is concealed in 
hemizygous Nf2 mice because of insufficient rate of second allele inactivation in this cell 
compartment. The finding of this conserved function documents the relevance of the present 
approach to model the human disease (Chapter 6). 
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Kanker ontstaat door een accumulatie van genetische mutaties. In het geval van de niet-erfelijke 
vorm (± 95%) zijn twee spontane mutaties nodig om beide allelen van een tumorsuppressorgen uit te 
schakelen, waardoor de cel een groeivoordeel krijgt. In het geval van de erfelijke vorm hebben 
familieleden, die een mutatie in één allel van een tumor suppressorgen erven, een grotere kans om een 
bepaalde vorm van kanker te ontwikkelen. Immers, één spontane mutatie in het tweede normale allel 
leidt tot volledig verlies van de functie van het gen. Mutaties ontstaan veelal door fouten bij het 
kopiëren van het DNA, maar soms ook door DNA schade ten gevolge van mutagene 
omgevingsfactoren. 

Ook muizen krijgen kanker. Tien jaar geleden werd het mogelijk om in alle cellen van de muis een 
inactiverende mutatie in een allel van een tumorsuppressorgen aan te brengen via de techniek van 
homologe recombinatie in pluripotente embryonale stam (ES) cellen. Dergeüjke "knockout" muizen 
kunnen dienen als model voor erfelijke vormen van kanker. In deze muizen kunnen de moleculaire 
mechanismen van tumorvorming bestudeerd en kankertherapieën uitgetest worden. Dit proefschrift 
beschrijft muizenmodellen van twee erfelijke vormen van kanker, retinoblastoma en 
neurofibromatose type 2. 

Het is de erfelijke en niet-erfelijke vorm van retinoblastoma geweest, waaraan het 
bovenbeschreven concept van tumorsuppressorgenen ontleend is. In beide vormen is het verlies van 
functie van beide allelen van het tumorsuppressorgen RB in een cel van de retina (het netvlies) de 
snelheidsbepalende stap in de tumorvorming. Ongeveer 90% van de individuen met één geïnactiveerd 
RB allel krijgt retinoblastoma. 

Celkweekstudies hebben tot het inzicht geleid dat het pRB eiwitproduct van het gen een centrale 
rol speelt in de controle van de celdeling. Het pRB eiwit regelt de overgang van de pre-DNA-
synthese fase naar de DNA synthesefase (S) bij de celdeling. Het pRB eiwit kan namelijk een 
fysische interactie aangaan met celeiwitten zoals E2F, waardoor geen activatie plaats vindt van genen 
die nodig zijn voor de S fase. 

We hebben samengewerkt met de groep van Hooper in Edinburg (Groot-Bnttanië) om 
retinoblastoma na te bootsen in de muis door Rb*1' muizen te genereren. We hadden verwacht, dat 
deze muizen (met één geïnactiveerd Rb allel in alle cellen) retinoblastoma's zouden ontwikkelen zoals 
dit ook bij de mens het geval is. Echter, deze retinatumoren hebben we nooit gevonden. Wel 
ontwikkelen Rb+/' muizen hypofyse tumoren, die het functionele Rb allel verloren hebben. 
(Hoofdstuk 3). „ s , „ 

Om Rb'1' nakomelingen te genereren (met twee geïnactiveerde Rb allelen in alle cellen) hebben we 
Rb*1' muizen onderling gekruist. Immers, dan zouden we in alle celtypen van de muis het effect van 
een gemis aan Rb functie kunnen bestuderen. Echter, Rb'' embryos zijn slechts levensvatbaar tot dag 
15 na conceptie (de zwangerschap duurt 20-21 dagen). De embryos vertonen dan ernstige 
afwijkingen in het centraal zenuwstelsel, in de aanmaak van rode bloedcellen in de lever 
(levererythropoïese) en in de lensontwikkeling, maar niet in de zich ontwikkelende retina (Hoofdstuk 
2 and 3). . ,.., , . 

Waarom ontwikkelen deze Rb+I' en Rb'1' dieren geen retinoblastomas? Het is mogelijk, dat in de 
Rb*1' retina (in de muis veel kleiner dan in de mens) onvoldoende spontane mutaties optreden om een 
Rb'' retinacel te laten ontstaan. Rb'1' embryos worden waarschijnlijk niet oud genoeg om afwijkingen 
te ontwikkelen in de retina of andere weefsels als gevolg van een afwezige Rb functie. Daarom 
hebben we besloten om chimère Rb'' muizen te genereren (met twee geïnactiveerde Rb allelen in 
slechts een deel van de cellen). Deze muizen zijn levensvatbaar. Rb'' cellen blijken substantieel te 
kunnen bijdragen aan de meeste weefsels in de volwassen muis. Evenals Rb" embryos vertonen 
chimère Rb~'~ muizen afwijkingen in de foetale levererythropoïese en lensontwikkeling. Interessant is, 
dat de bijdrage van Rb'' cellen aan de volwassen retina significant gereduceerd is als gevolg van 
apoptose (geprogrammeerde celdood) in de zich ontwikkelende retina van het embryo na dag 16. 
Retinoblastomas hebben we niet gevonden. Vrijwel alle dieren bezwijken aan hypofysetumoren van 
Rb'1' celorigine. (Hoofdstuk 3). 

Deze resultaten suggereren, dat in de muis tijdens differentiatie van de retina verhes van Rb runcüe 
resulteert in celdood en niet in tumorvorming. Dus zou de muis, in tegenstelling tot de mens, extra 
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inactiverende mutaties nodig hebben om de oncogene capaciteit van pRb-deficiënte retinoblasten tot 
uiting te laten komen. Mutaties niet alleen in Rb, maar ook in de functioneel aan Rb gerelateerde 
genen pi 07 en pi30 zouden een rol kunnen spelen. Immers, aangetoond is dat transgene muizen, die 
het SV40 grote T antigen tot expressie brengen onder regulatie van de fotoreceptorcelspecifieke IRBP 
promoter, retinoblastomas ontwikkelen. Deze tumoren zouden veroorzaakt kunnen worden door 
binding, resulterend in inactivatie, van de pRb, pi07 en pi30 eiwitten aan dit SV40 grote T antigen. 
Weliswaar hebben anderen gerapporteerd, dat knockout muizen met verschillende combinaties van de 
drie kandidaatgenen in geïnactiveerde vorm geen retinoblastoma ontwikkelen. Echter, Rb'1' varianten 
zijn niet bestudeerd vanwege hun embryonale letaliteit. 

Wij hebben dit probleem omzeild door chimère Rb'''\pl07'' muizen te genereren. Alhoewel in 
humane tumoren geen specifieke mutatie in pl07 is gevonden, ontwikkelen deze chimère muizen 
retinoblastoma van Rb''';pl07'~ celorigine. De retinatumoren komen voornamelijk voort uit 
voorlopercellen van de binnenste kernlaag, die het amacriene celcompartiment gaan vormen, en niet, 
zoals verwacht was, van de buitenste kernlaag, waarin de IRBP promoter actief is die ook gebruikt is 
in de SV40 grote T antigen transgene muizen. Al op dag 17,5 tijdens de embryonale ontwikkeling 
vertoont de primitieve kernlaag rosetachtige structuren en apoptose. Weliswaar worden IRBP-
expresserende Rb''';plOT'' cellen aangetroffen in dit stadium, maar deze cellen groeien niet uit tot 
retinoblastoma maar ondergaan apoptose vóór dag 15 na de geboorte. Deze bevindingen vormen het 
formele bewijs dat verlies van Rb functie een rol speelt in retinoblastomaontwikkeling in de muis en 
het eerste in vivo bewijs datpl07 een tumorsuppressorfunctie heeft (Hoofdstuk 4). 

Karakteristiek voor neurofibromatose type 2 (NF2) is de ontwikkeling van bilaterale, vestibulaire 
schwannoma, een Schwannceltumor die ook sporadisch voorkomt. Functioneel verlies van het NF2 
gen, dat in 1993 is geïdentificeerd, is de snelheidsbepalende stap in tumorvorming, maar het 
mechanisme dat hieraan ten grondslag ligt is nog grotendeels onbekend. Mutaties, die leiden tot een 
verkort eiwit of een eiwit dat een intern deel mist, zijn gevonden in het coderende gebied voor het N-
terminale deel. Dit deel kan een interne interactie aangaan met het C-terminale deel van het eiwit en 
vertoont homologie met cytoskelet-geassocieerde ERM eiwitten. In vitro studies hebben aangetoond 
dat NF2 eiwit (of schwannomine) mutanten, die het door exon 2 of 2-3 gecodeerde gedeelte missen, 
hun interactie met het plasmamembraan verliezen en verspreid aanwezig zijn in het cytoplasma, 
terwijl C-terminale deletiemutanten niet van locatie veranderen. 

In samenwerking met de groep van Thomas in Parijs (Frankrijk) zijn verschillende 
muizenmodellen gegenereerd om de fenotypische gevolgen te bestuderen van een aantal mutante 
schwannomines, die prototypisch zijn voor mutanten gevonden bij de mens. In eerste instantie 
hebben we nagegaan of dergelijke mutanten dominant-oncogene eigenschappen hebben. Transgene 
muizen zijn gegenereerd, die een humaan mutant schwannomine, dat een door exon 2-3 gecodeerd 
gebied mist, specifiek in Schwanncellen tot expressie brengen onder regulatie van de PO promoter. 
Deze muizen ontwikkelen frequent Schwannceltumoren en Schwanncelhyperplasie. Andere muizen 
die een mutant schwannomine tot expressie brengen, dat het C-terminale deel mist, vertonen geen 
afwijkingen. Deze resultaten tonen aan dat een subgroep van humane mutante NF2 allelen eiwitten 
kan produceren met dominant-oncogene eigenschappen (Hoofdstuk 5). 

Ook hebben we in knockout muizen de fenotypische effecten vergeleken van een insertiemutatie in 
exon 3 en deletie van exon 2. Nf2K03,+ en /V/2 muizen ontwikkelen osteomas en osteosaromas 
(deels met métastase), die het functionele Nf2 allel verloren hebben, maar geen schwannomas zoals 
de mens. Homozygotie voor beide verschillende mutante allelen resulteert in embryonale letaliteit 
vóór dag 9,5. Dus beide typen mutaties leiden tot dezelfde fenotypes. Deze bevindingen komen goed 
overeen met wat door anderen gerapporteerd is over muizen die hetero- of homozygoot zijn voor een 
ander, /V/2K02"3 allel, zij het dat het fenotype van de laatste heterozygote muizen meer maligne is 
(Hoofdstuk 6). 

Om te onderzoeken of inactivatie van beide Nf2 allelen in Schwanncellen kan leiden tot 
tumorvorming in de volwassen muis, hebben we een andere benadering toegepast, namelijk het 
genereren van conditionele knockout muizen. Dit houdt in, dat eerst via homologe recombinatie in ES 
cellen exon 2 van /V/2 wordt geflankeerd door loxP recombinatiesequenties in de introns, waarbij de 
functie van het mutante allel niet verandert. Vervolgens worden muizen, waarin beide N/2 allelen 
"gefloxed" zijn, gekruist met transgene muizen, die het Cre recombinasegen tot expressie brengen 
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onder de Schwanncelspecifieke PO promoter. Dit enzym recombineert de loxP sequenties waardoor 
weefselspecifïek en somatisch Nf2 exon 2 gedeleteerd wordt. Dergelijke P0Cre;Nf2nox2/nox2 muizen 
ontwikkelen schwannomas, Schwanncelhyperplasie en andere neurocristopathie-achtige 
verschijnselen van de NF2 ziekte, zoals cataract en botachtige metaplasie. De tumorsuppressorfunctie 
van Nf2, die in deze studie naar voren komt in de Schwanncellen van de muis, openbaart zich niet in 
de Nf2 hemizygote muizen, omdat het tweede allel in onvoldoende mate geïnactiveerd wordt in dit 
celcompartiment. Dat we deze geconserveerde functie gevonden hebben in conditionele Nß knockout 
muizen illustreert het belang van deze benadering om humane ziekten na te bootsen in de muis 
(Hoofdstuk 6). 
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ßgeo lacZ-neo fusion 
cdk cyclin-dependent kinase 
cDNA complementary DNA 
CFU colony-forming unit 
CNS central nervous system 
A deletion 
DNA deoxyribonucleic acid 
E embryonic day 
ERM ezrin, radixin, moesin 
ES embryonic stem 
FISH fluorescence in situ hybridization 
FSH/LH follicle stimulating hormone/luteinizing hormone 
GCL ganglion cell layer 
GFAP glial fibrillary acidic protein 
GPI glucose phosphate isomerase 
hIRBP 
his 

human interphotoreceptor retinoid-binding protein 
hicfiHinAl 

hprt 
lllÄU.U.lliV-'l 

hypoxanthine/guaninephophoribosyltransferase 
HPV E6 and E7 human papillomavirus proteins E6 and E7 
HSVtk herpes simplex virus thymidine kinase 
hyg hygromycin 
IHC immunohistochemistry 
INL inner nuclear layer 
IPL inner plexiform layer 
1RES internal ribosome-entry site 
KO knockout 
lacZ ß-galactosidase 
LNGFR low affinity nerve growth factor receptor 
LOH loss of heterozygosity 
mRNA messenger RNA 
MSH melanocyte stimulating hormone 
neo neomycin phophotransferase 
NF neurofilament 
NF2 neurofibromatosis type 2 
NSE neuron-specific enolase 
ONL outer nuclear layer 
OPL outer plexiform layer 
P postnatal day 
p.c. postcoitum 
PCR polymerase chain reaction 
Pgk phosphoglycerate kinase 
PNS peripheral nervous system, chapter 2: positive-negative selection 
pur puromycin 
RB retinoblastoma 
RNA ribonucleic acid 
RPE retinal pigment epithelium 
RT-PCR reverse transcriptase-PCR 
SSR simple sequence repeat 
SV40 Tag simian virus 40 large T antigen 
TUNEL terminal deoxynucleotidyl transferase-mediated nick end labeling 
VL ventricular layer 
VSV vesicular stomatitis virus 
wt wild-type 

121 





Publications 

Publications 

Berns, A.J.M., Lai, M.H.T., Bosselman, R.A., McKennett, M.A., Bacheler, L.T., Fan, H., 
Robanus-Maandag, E.C., Van der Putten, H., and Verma, I.M. Molecular cloning of 
unintegrated and a portion of integrated Moloney murine leukemia viral DNA in bacteriophage 
lambda. J. Virol. 36: 254-263, 1980. 

Van der Putten, H., Quint, W., Van Raay, J., Robanus-Maandag, E., Verma, I.M., and Berns, A. 
M-MuLV-induced leukemogenesis: Integration and structure of recombinant proviruses in tumors. 
Cell 24: 729-739, 1981. 

Van der Hoorn, F.A., Robanus Maandag (Hulsebos), E., Berns, A.J.M., and Bloemers, H.P.J. 
Molecular cloned c-mos(rat) is biologically active. EMBO J. 1,11:1313-1317,1982. 

Berns, A., Robanus-Maandag, E., Van der Putten, H., and Quint, W. The role of the long terminal 
repeat of retroviruses in integration and expression. In: K.F. Chater, CA. Cullis, D.A. Hopwood 
and H.W. Woolhouse (eds.): The Fifth John Innes Symposium, pp. 93-106, Croom Helm, 
London, 1983. 

Cuypers, H.T., Selten, G., Quint, W., Zijlstra, M., Robanus-Maandag, E., Boelens, W., Van 
Wezenbeek, P., Melief, C, and Berns, A. Murine leukemia virus-induced T-cell 
lymphomagenesis: integration of proviruses in a distinct chromosomal region. Cell 37: 141-150, 
1984. 

Quint, W., Boelens, W., Van Wezenbeek, P., Cuypers, H.T., Robanus Maandag, E., Selten, G., 
and Berns, A. Generation of AKR mink cell focus-forming viruses: a conserved single-copy 
xenotropic-like provirus provides recombinant long terminal repeat sequences. J. Virol. 50: 432-
438, 1984. 

Quint, W., Boelens, W., Van Wezenbeek, P., Robanus Maandag, E., and Berns, A. Generation of 
AKR Mink cell focus-forming viruses: nucleotide sequence of the 3' end of a somatically acquired 
AKR-MCF. Virol. 136: 425-434, 1984. 

Selten, G., Cuypers, H.T., Boelens, W., Robanus-Maandag, E., Verbeek, J., Domen, J., Van 
Beveren, C, and Berns, A. The primary structure of the putative oncogene pim-1 shows 
extensive homology with protein kinases. Cell 46: 603-611, 1986. 

Te Riele, H., Robanus Maandag, E., Clarke, A., Hooper, M., and Berns, A. Consecutive 
inactivation of both alleles of the pim-1 proto-oncogene by homologous recombination in 
embryonic stem cells. Nature 348: 649-651,1990. 

Van der Lugt, N., Robanus Maandag, E., Te Riele, H., Laird, P.W., and Berns, A. A pgk::hprt 
fusion as a selectable marker for targeting of genes in mouse embryonic stem cells: disruption of 
the T-cell receptor 5-chain-encoding gene. Gene 105: 263-267,1991. 

Clarke, A.R., Robanus Maandag, E., Van Roon, M., Van der Lugt, N.M.T., Van der Valk, M., 
Hooper, M.L., Berns, A., and Te Riele, H. Requirement for a functional Rb-1 gene in murine 
development. Nature 359: 328-330,1992. 

Te Riele, H., Robanus Maandag, E., and Berns, A. Highly efficient gene targeting in embryonic 
stem cells through homologous recombination with isogenic DNA constructs. Proc. Natl. Acad. 
Sei. 89:5128-5132, 1992. 

Bain, G., Robanus Maandag, E.C., Izon, D.J., Amsen, D., Kruisbeek, A.M., Weintraub, B.C., 
Krop, I., Schüssel, M.S., Feeney, A.J., Van Roon, M., Van der Valk, M., Te Riele, H.P.J., 
Berns, A., and Murre, C. E2A proteins are required for proper B cell development and initiation 
of immunoglobulin gene rearrangements. Cell 79: 885-892, 1994. 

Robanus Maandag, E.C., Van der Valk, M., Vlaar, M., Feltkamp, C, O'Brien, J., Van Roon, M., 
Van der Lugt, N., Berns, A., and Te Riele, H. Developmental rescue of an embryonic-lethal 
mutation in the retinoblastoma gene in chimeric mice. EMBO J. 13,18: 4260-4268, 1994. 

Schinkel, A.H., Smit, J.J.M., Van Tellingen, O., Beijnen, J.H., Wagenaar, E., Van Deemter, L., 
Mol, C.A.A.M., Van der Valk, M.A., Robanus-Maandag, E.C., Te Riele, H.P.J., Berns, 
A.J.M., and Borst, P. Disruption of the mouse mdrla P-glycoprotein gene leads to a deficiency in 
the blood-brain barrier and to increased sensitivity to drugs. Cell 77: 491-502,1994. 

Van der Lugt, N.M.T., Domen, J., Linders, K., Van Roon, M., Robanus-Maandag, E., Te Riele, 
H., Van der Valk, M., Deschamps, J., Sofroniew, M., Van Lohuizen, M., and Berns, A. 

123 



Publications 

Posterior transformation, neurological abnormalities, and severe hematopoietic defects in mice 
with a targeted deletion of the bmi-1 proto-oncogene. Genes & Dev. 8: 757-769,1994. 

Verbeek, S., Izon, D., Hofhuis, F., Robanus-Maandag, E., Te Riele, H., Van de Wetering, M., 
Oosterwegel, M., Wilson, A., Robson MacDonald, H., and Clevers, H. An HMG-box-
containing T-cell factor required for thymocyte differentiation. Nature 374: 70-74,1995. 

Bain, G., Engel, I., Robanus Maandag, E.C., Te Riele, H.P.J., Voland, J.R., Sharp, L.L., Chun, 
J., Huey, B., Pinkel, D., and Murre, C. E2A deficiency leads to abnormalities in aß T-cell 
development and to rapid development of T-cell lymphomas. Mol. Cell. Biol. 17: 4782-4791, 
1997. 

Bain, G., Robanus Maandag, E.C., Te Riele, H.P.J., Feeney, A.J., Sheehy, A., Schhssel, M., 
Shinton, S.A., Hardy, R.R., and Murre, C. Both E12 and E47 allow commitment to the B cell 
lineage. Immunity 6:145-154,1997. 

Schwarz, E.M. * /Krimpenfort, P.*, Robanus-Maandag, E., Berns, A., and Verma, I.M. 
Immunological defects in mice with a targeted disruption in Bcl-3. Genes & Dev. 11: 187-197, 
1997. 

Robanus-Maandag, E., Dekker, M., Van der Valk, M., Carrozza, M.-L., Jeanny, J .-C, 
Dannenberg, J.-H., Berns, A., and Te Riele, H. pl07 is a suppressor of retinoblastoma 
development in pRb-deficient mice. Genes & Dev. 12: 1599-1609, 1998. 

Giovannini, M., Robanus-Maandag, E., Niwa-Kawakita, M., Van der Valk, M., Woodruff, J.M., 
Goutebroze, L„ Mérel, P., Berns, A., and Thomas, G. Schwann cell hyperplasia and tumors in 
transgenic mice expressing a naturally occurring mutant NF2 protein. Genes & Dev. 13: 978-986, 
1999. 

Jonkers, J., Van Amerongen, R., Van der Valk, M., Robanus-Maandag, E., Molenaar, M., Destree, 
O., and Berns, A. In vivo analysis of Fratl deficiency suggests compensatory activity of Fraß. 
Mech. Dev. in press. 

Giovannini, M.*/Robanus-Maandag, E.*, Van der Valk, M., Niwa-Kawakita, M., Abramowski, 
V., Goutebroze, L., Woodruff, J., Berns, A., and Thomas, G. Conditional biallelic Nf2 
mutation in the mouse promotes manifestations of human neurofibromatosis type 2. Submitted. 

•These authors contributed equally to this work. 

124 



Dankwoord 

Dankwoord 
Het is niet eenvoudig om de overweldigende stroom aan positieve gedachten bij dit dankwoord te 
beteugelen in een beperkt aantal zinnen. Zie hier mijn poging. 

Anton Berns heeft mij de liefde voor de wetenschap bijgebracht. Reeds als beginnend analiste in 
de nog jonge groep van Ton in Nijmegen (vanaf 1978) raakte ik in de ban van zijn benadering van het 
wetenschappelijke werk, gekarakteriseerd door intelligentie, nauwkeurigheid, vernieuwingsdrift en 
hardwerken, vaak gekruid met speelsheid en plezier. Dit "virus" vond in mij een integratieplaats en 
bracht mij tot expressie. 

Na een korte periode in Wageningen ging ik in 1988 in op jouw vraag, Ton, om opnieuw bij je te 
komen werken, nu in Amsterdam. Drie jaar later honoreerde jij het ongewone verzoek van mij, toen 
36-jarige analiste, om bij jou te mogen promoveren. Ton, ik dank je zeer voor je vertrouwen in mij. 
Jij stimuleerde niet alleen mijn wetenschappelijke maar ook mijn persoonlijke ontplooiing. 

Zeer aangename herinneringen bewaar ik aan de tijd, waarin we als eerste knockoutclubje bij Ton 
(nieuw, onbezorgd en gretig) de knockouttechniek leerden in Edinburgh (1989) en deze opzetten in 
Amsterdam. Marian van Roon, Peter Laird, Hein te Riele, en wat later Nathalie van der Lugt, met 
jullie was het werk een groot plezier en de relatie hartelijk. I have appreciated the collaboration with 
the group of Martin Hooper in Edinburgh, especially with Alan Clarke, which has been essential for 
the results presented in chapter 2. 

Hein, jou wil ik in het bijzonder bedanken. Het werken (drie jaar als analiste en daarna als OIO) 
met jou aan pim, targeting strategieën en retinoblastoma was zeer inspirerend door je scherpte, 
creativiteit en vermogen om alles eruit te halen wat er in zit. Na mijn eerste twee jaar OIO-schap, 
waarbij jij een deel van de begeleiding tijdens de sabbatical leave van Ton verzorgde, startte jij een 
eigen groep op H2. Het was een complexe situatie om in twee groepen verder te werken aan 
muizenmodellen voor humane retinoblastoma. Ik ben erg gelukkig met het feit dat het uiteindelijk 
juist de samenwerking van deze twee groepen is geweest die geresulteerd heeft in nabootsing van de 
retinoblastoma-ontwikkeling in de muis. Terecht heeft jouw bijdrage aan mijn promotiewerk 
geresulteerd in het co-promotorschap. Daarnaast heb ik op belangrijke momenten steun ervaren aan je 
wijze analyses. 

Niet alleen heeft Marleen Dekker aan het retinoblastomawerk in belangrijke mate bijgedragen, 
maar ook had zij een open oog en oor voor mijn persoonlijke zaken. Marian en Nathalie droegen als 
leden van het knockoutclubje bij aan de blastocystinjecties in de eerste jaren. Later kreeg ik hulp van 
René Bobeldijk en Karin van Veen-Buurman. Zij hebben met hun grote vaardigheid bijgedragen aan 
het genereren van Rb/pl07 knockout chimeren, wat geen sine cure was gezien het feit dat deze zelden 
het stadium van de geboorte bereikten. Stans Feltkamp verzorgde de electronenmicroscopische 
analyses van hypofysetumoren. Maria-Luisa Carrozza ging door de moeizame fase heen van het 
doneren van het pi07 muizengen. Jean-Claude Jeanny kindly provided the antibodies to characterize 
in a short time the cell origin of murine retinoblastomas. Jan-Hermen Dannenberg en Marc Vooijs 
droegen bij aan de werkdiscussies. 

The collaboration with the group of Gilles Thomas in Paris on neurofibromatosis type 2 has 
formed the basis of the work presented in chapters 5 and 6 of this thesis. A special thanks to you, 
Marco Giovannini. The extensive interaction with you since 1994 has been very fruitful, inspiring, 
and enjoyable. Also, I would like to thank the other co-authors of the lab in Paris, Michiko Niwa-
Kawakita and Vincent Abramowski for excellent technical assistance, Laurence Goutebroze for 
protein analyses, and Philippe Merel for providing part of the transgenic constructs. James M. 
Woodruff in New York has cared for the electron microscopical analyses of the murine 
schwannomas. 

Martin van der Valk, jij als dierpatholoog hebt aan al het gepresenteerde werk in dit proefschrift 
bijgedragen. Vooral je uitgebreide en nauwkeurige histologische analyses aan de diermodellen van 
neurofibromatosis type 2 zijn van grote waarde geweest voor een volledige interpretatie van de 
ontstane fenotypen. De kijk terug op een zeer plezierige en leerzame tijd met jou achter de microscoop. 
Veel dank ook aan Jurjen Bulthuis, Kees de Goeij, Irene Hegger, Dennis Hoogervorst, Lia Kuijper-
Pietersma en Eva van Muylwijk voor het vele histotechnische werk van hoge kwaliteit, dat aan de 
analyses vooraf ging. 
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Mijn grote dank gaat uit naar alle medewerkers, die zich met hart en ziel hebben ingezet voor de 
kwaliteit van leven van de muizen: Fina van der Ahé, Kwamé Ankama, Xandra Bender, Nel Bosnie, 
Tania Maidment, Halfdan Raas0, Loes Rijswijk, Cor Spaans en Auke Zwerver van G4, Louis 
Tolkamp en Ellen Tanger van Gl. 

Rein Régneras zorgde voor een solide basis door zijn muizengenotypering. Secretariële 
ondersteuning kwam van Marlijn Sonne, Tineke van Diepen en Suzanne Heussen. Lauran Oomen 
assisteerde bij de confocal laser scan microscoop analyses. Ilja van de Pavert schoot te hulp in geval 
van computerproblemen. Het lab van Rob Michalides bood plaats om de immunokleuringen en 
TUNEL assays uit te voeren. De medewerkers van de audiovisuele dienst hebben bijgedragen aan 
presentaties in allerlei vorm. Els Groeneveld bood gastvrij bureauruimte om nog kleine zaken af te 
ronden. 

De groep Berns heeft door de jaren heen een zeer plezierige werkomgeving gevormd. Tijdens mijn 
promotieperiode droegen daartoe bij (in verkorte vorm vermeld): Hanneke, Marleen, Koert, Conny 
B., Els V., Jacqueline en Rein; Nathalie, Jos D., Jos J., Heinz, Dennis, Mark, Bianca, Marc, 
Tariochan en Harald; Hein, Marian, Chris, John, Conny T., Paul, Gabriel, Hugh, Philippe, Jörg en 
Kim. Ook met de groep Demant op dezelfde verdieping was het contact bijzonder aangenaam en de 
uitwisseling over het werk nuttig. In het bijzonder wil ik noemen Huub, met wie ik de zorg had voor 
het C-lab, Margriet, Peter G, Remond, Fons, Tom en Peter D. 

Mijn ervaring in de knockouttechniek heb ik in zeer plezierige samenwerkingsverbanden mogen 
delen met de groepen van Piet Borst, Hans Clevers en Cees Murre. 

Dank aan alle overige hier niet bij naam genoemden in het instituut, bij wie ik terecht kon voor 
advies, materiaal en uitwisseling van wetenschappelijk of ander gedachtengoed. 

Kamergenoten en overige groepsgenoten in het nieuwe werk op H6, in het bijzonder Cathy Bosch 
en Els Wagenaar, dank voor jullie meeleven tijdens de afronding van het proefschrift. Maarten 
Huisman heeft mij geholpen met de uitvoering van de cover. 

Lieve familie en vrienden, jullie wil ik van harte bedanken voor jullie ruime mate van begrip, 
belangstelling en ondersteuning in de promotieperiode. 

Theo, mijn Hef, aan jou draag ik het proefschrift op. Dat zegt genoeg. 
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Els Robanus Maandag werd op 2 oktober 1955 geboren te Puttershoek. In 1974 behaalde zij het 
diploma gymnasium ß aan het Christelijk Lyceum te Dordrecht. Na uitloting voor de studie 
Geneeskunde koos zij voor de opleiding Hoger Natuurwetenschappelijk Onderwijs te Breda. Zij 
voltooide deze in 1978, na een jaar stage op de afdeling Moleculaire Biologie (Prof. Dr. J.G.G. 
Schoenmakers) aan de Katholieke Universiteit Nijmegen (KUN). 

Als moleculair biologisch analiste werkte zij van 1978 tot 1985 bij Dr. A.J.M. Berns op de 
afdeling Biochemie van de KUN. De volgende driejaar was zij werkzaam op de afdeling Moleculaire 
Biologie bij Dr. P. Zabel van de Landbouw Universiteit Wageningen. In 1988 keerde zij als analiste 
terug naar de groep van Dr. A.J.M. Berns op de afdeling Moleculaire Genetica van het Nederlands 
Kanker Instituut (NKI) te Amsterdam. 

Vanaf januari 1992 tot augustus 1997 was zij werkzaam als onderzoeker in opleiding op de 
afdeling Moleculaire Genetica van het NKI bij Prof. Dr. A.J.M. Berns (promotor). Onder zijn 
begeleiding werd het in dit proefschrift beschreven onderzoek aan muizenmodellen van de humane 
erfelijke kanker syndromen retinoblastoma en neurofibromatosis type 2 verricht. Het deel gewijd aan 
retinoblastoma werd mede begeleid door Dr. H.P.J. te Riele (co-promotor). 

Vanaf oktober 1998 is zij werkzaam als wetenschappelijk medewerker op de afdelingen 
Pathologie en Experimentele Therapie van het NKI. In de groep van Dr. M. van de Vijver verricht zij 
onderzoek naar de genetische veranderingen in borsttumoren van de mens. Dit project wordt 
gefinancierd door de Nederlandse Kanker Bestrijding (NKB/KWF). 
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