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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. 

[Key Words: Neurofibromatosis type 2 ; schwannomin; Schwann cell tumors; tumor suppressor gene; dominant 
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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 
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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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