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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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Chapter 6  

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 
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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. 

97 



Chapter 6  

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). 
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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). 
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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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