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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.
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Neurofibromatosis type 2 (NF2) is a dominantly inher-
ited 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). Subcap-
sular opacities in the lens of juvenile onset develop in
about half of all NF2 patients (Kaiser-Kupfer et al. 1989).
Identification of germ-line mutations in NF2 patients
has revealed that the condition is caused by the germ-
line alteration of one allele of the NF2 gene (Rouleau et
al. 1993; Trofatter et al. 1993). In addition, somatic mu-
tations of the NF2 gene are found in both sporadic and
familial schwannomas and meningiomas, the most fre-
quent types of nervous system tumors, and they are also
frequently observed in mesothelioma (for review, see
MacCollin and Gusella 1998). The majority of germ-line
and somatic mutations in the NF2 gene, resulting in ei-
ther a stop codon, a splicing alteration, or a frameshift,
leads to the production of a truncated protein. In-frame
deletions and missense mutations have also been found,
suggesting that alteration of particular functional do-
mains 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 schwan-
nomin 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 simi-
larity between schwannomin and ERM proteins suggests
that schwannomin may also associate with both mem-
brane and cytoskeletal structures. The ERM homology
domain of schwannomin appears to be the main deter-
minant that localizes the protein at the membrane
(Deguen et al. 1998). Mutations, which lead to an inter-
stitial deletion in this domain, have been observed both
in the germ line of NF2 patients and in sporadic
schwannomas, meningiomas, and mesotheliomas. Mu-
tant proteins lacking the exon 2 or 2–3 encoded region
lose interaction with the plasma membrane, and are dif-
fusely observed 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 inter-
act with four still uncharacterized binding proteins
(Takeshima et al. 1994; Nishi et al. 1997). Overexpres-
sion of the �exon2 mutant in cultured cells induces per-
turbation of cell adhesion (Koga et al. 1998), whereas that
of the �exon2–3 mutant in transgenic mice under the
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control of the Schwann cell-specific P0 promoter leads to
development of Schwann cell hyperplasia and tumors
(Giovannini et al. 1999). Therefore, gross overexpression
of mutant NF2 proteins with an altered ERM domain
may generally have a dominant oncogenic effect. How-
ever, the endogenous expression level of a mutant Nf2
allele may not be sufficient to reveal this dominant ef-
fect, because 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 ad-
vanced age, osteosarcomas at a high frequency and fibro-
sarcoma 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 Nf2 gene has a classical tumor sup-
pressor gene function in the progenitor cell of these tu-
mors. 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.

Homozygous Nf2 mutant murine embryos fail in de-
velopment at approximately day 7 of gestation, display-
ing poorly organized extraembryonic ectoderm (Mc-
Clatchey et al. 1997). This early lethality hinders the
phenotypic analysis of mice with Nf2-deficient Schwann
cells. To circumvent the embryonic lethality, we gener-
ated conditional Nf2 knockout mice with restricted bi-
allelic Nf2 mutation in Schwann cells directed by the P0
promoter. Here we report the phenotypic characteriza-
tion of conditional P0Cre;Nf2 knockout mice and the
comparison of their specific features with those observed
in NF2 patients.

Results

Deletion of Nf2 exon 2 leads to functional
impairment of its protein product in the mouse

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 Nf2 mutant alleles.

The Nf2KO3 mutant allele was generated in ES cells by
insertion of the IRESLacZ/PGKHyg cassette in Nf2 exon
3 (Fig. 1A). This Nf2KO3 allele differed from the mutant
allele described by McClatchey et al. (1997), here called
Nf2KO2–3. 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.

To anticipate a non-intended tumor spectrum by het-
erozygosity and murine embryonic lethality by homozy-
gosity for the Nf2KO3 allele, we used the Cre/loxP re-
combination system of bacteriophage P1 (Sternberg and
Hamilton 1981) to generate conditional Nf2 knockout
mice. We utilized a two-step strategy (Gu et al. 1994) to
generate in parallel ES cell clones carrying either the
Nf2flox2 or Nf2�2 mutant allele (Fig. 1A). The Nf2�2 allele
carried an in-frame deletion of exon 2. Both the Nf2KO3

and Nf2�2 alleles mimicked two different, naturally oc-

curring, human mutant NF2 alleles found in the germ
line and allowed us to compare the phenotypic effects of
the two in mice. The Nf2flox2 allele carried an insertion
of two loxP sites in the intronic regions flanking exon 2.
In contrast to the Nf2KO3 and Nf2�2 alleles, this mutant
allele retained its function but could be somatically in-
activated by Cre-mediated recombination.

Germ line transmission was obtained upon injection
of all three types of ES cell clones into blastocysts. The
consequence of the three different mutations on Nf2
mRNAs produced in brain and sciatic nerves was inves-
tigated by RT–PCR analysis and subsequent sequencing
of the PCR products (data not shown). The corresponding
Nf2 protein products in brain were analyzed by immu-
noprecipitation and immunoblotting. When compared to
full-length Nf2 protein, very low levels of mutant pro-
teins were detected that were likely to correspond to the
�exon3 isoform (in the case of the Nf2KO3 allele), and to
the �exon2 and �exon2–3 isoforms (in the case of the
Nf2�2 allele). No mutant Nf2 protein could be detected
in the case of homozygosity for the Nf2flox2 allele (Fig.
1B).

In contrast to NF2 patients, none of 51 Nf2KO3/+ and 7
Nf2�2/+ mice followed up to two years of age developed
schwannoma, meningioma, or other manifestations of
NF2. Instead, both types of heterozygous Nf2 mutant
mice were highly predisposed to the formation of osteo-
mas and well differentiated osteosarcomas showing loss
of the Nf2+ allele (Table 1; data not shown). The differ-
ence in genetic backgrounds likely applies to the finding
of osteomas that were not described by McClatchey et al.
(1998). This or the different time windows of the histo-
logical analyses may account for the lower frequency of
metastases of osteosarcoma (29%) when compared to the
Nf2KO2–3/+ mice (95%). Remarkably, a mesothelioma
was found in a single Nf2KO3/+ mouse showing loss of
the Nf2+ allele (Table 1).

Comparable to Nf2KO2–3/KO2–3 embryos, Nf2KO3/KO3

and Nf2�2/�2 embryos died before E9.5 (data not shown).
As expected, Nf2flox2/flox2 mice were viable and fertile.

Characterization of Cre expression and activity
pattern in adult transgenic tissues

To induce Cre-mediated recombination in Schwann
cells of mice carrying Nf2flox2 alleles, we generated
P0Cre transgenic mice. The 1.1 kb of 5� flanking se-
quence of the rat P0 gene is sufficient to direct expres-
sion of heterologous genes principally to myelinating
Schwann cells in vivo (Messing et al. 1992). Schwan-
noma precursor cells are targeted, because transgenic
mice expressing either SV40 large T antigen or the natu-
rally occurring �exon2–3 mutant NF2 protein under the
rat P0 promoter develop schwannomas (Messing et al.
1994; Giovannini et al. 1999).

Eight independent P0Cre transgenic lines were gener-
ated. Mice of all Cre lines were healthy, fertile, and
showed no sign of disease. Four lines (P0CreA–D) carried
a single integration of the transgene that was transmit-
ted at the expected Mendelian ratios.
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An extensive characterization was performed of the
pattern of expression and activity of the P0CreA–C trans-
genic lines. In all three lines, Cre expression in sciatic
nerves was readily detectable by Western blot analysis
(Fig. 2A). The levels of expression roughly correlated
with the proportions of cells with detectable Cre expres-
sion within sciatic nerves, as determined by anti-Cre im-
munostaining (Fig. 2C,D; data not shown). Next, Cre-
mediated recombination in peripheral nerve cells was
evaluated by examination of �-galactosidase activity in
sciatic nerves of mice derived from matings of P0CreA–C

and floxlacZ indicator mice (Akagi et al. 1997). The pro-
portions of blue-stained cells correlated with the Cre ex-
pression levels in sciatic nerves of all three lines (Fig. 2E;
data not shown). To further characterize the blue-stained
cells, we additionally immunostained with anti-Krox-20
antibodies that specifically recognize myelinated
Schwann cells (Topilko et al. 1994). Not all blue-stained
Schwann cells showed anti-Krox-20 immunopositivity,
indicating that Cre-mediated recombination had oc-
curred before commitment to myelinating or nonmy-
elinating Schwann cells (Fig. 2F).

A PCR-based approach was used to detect the recom-
bination event at the Nf2flox2 locus in the various tissues
of P0CreA–C conditional Nf2 knockout mice. The 338-bp

fragment corresponding to the Nf2�2 allele was amplified
principally in the peripheral nerve samples analyzed,
thus confirming the specificity of this promoter for the
peripheral nervous system. Recombination was also
found in the lens, brain cortex, and uterine cervix of all
three P0Cre mouse variants, in testis of P0CreA, and in
several other tissues of P0CreB,C conditional Nf2 knock-
out mice (Table 2; data not shown). The efficiency of Cre
recombination was assayed by Southern blot analysis.
Detection of recombination product was restricted to pe-
ripheral nerves, lens, and uterine cervix of all three
P0Cre variants (Fig. 2B; Table 2; data not shown). Also,
in P0CreA conditional Nf2 knockout mice recombina-
tion could be detected in brain cortex (22%) and testis
(31%), the latter without transmission of the recom-
bined allele through the germ line.

Because the characteristics of the P0CreD line fell
within the range of those of the P0CreA–C lines, all four
P0Cre transgenic lines were included in the study of the
phenotypic effects on conditional Nf2 knockout mice.

The viability of conditional Nf2 knockout mice is
dependent on the employed P0Cre transgenic line

Two types of conditional Nf2 knockout mice were used

Table 1. Summary of the phenotypic consequences of Nf2 gene mutation in the mouse germline or in P0Cre-expressing cells

Phenotypic abnormality

Nf2KO3/+

outbreda (n = 16)
Nf2�2/+

outbreda (n = 7)
Nf2flox2/+

P0CreA,B,C (n = 16)
Nf2flox2/flox2

P0CreC (n = 17)

n (%) LOH (nb) n (%) LOH (nb) n (%) �2 (nb) n (%) �2 (nb)

Schwann cell hyperplasia 0 0 0 14 (82%)
Schwannoma 0 0 0 4 (24%) (2/2)
Malignant schwannoma 0 0 0 2 (12%) (2/2)
Neurofibroma 1 (6%) n.d. 0 0 0
Neurofibrosarcoma 1c (6%) n.d. 0 0 1 (6%) (1/1)
Stromal sarcoma (LNGFR+) 0 0 0 5 (30%) (5/5)
Osseous metaplasia 0 0 0 5 (30%)
Osteogenic hyperplasia 7 (44%) 0 0 8 (47%)
Osteoma 8 (50%) (1/1) 2 (29%) n.d. 1 (6%) n.d. 1 (6%) n.d.
Osteosarcoma 7e (44%) (4/4) 3f (43%) (1/1) 0 1 (6%) n.d.
Odontogenic hyperplasia 1 (6%) 0 1 (6%) 2 (12%)
Odontoma 0 0 0 1 (6%) n.d.
Fibrosarcoma 0 3g (43%) (1/1) 0 0
Fibroadenoma mammary gland 2 (13%) (1/1) 0 1 (6%) (0/1) 2 (12%) (1/1)
Carcino-sarcoma mammary gland 2 (13%) (1/1) 0 0 0
Pap/adenocarcinoma lung 9 (56%) (2/3) 1 (14%) n.d. 5 (31%) n.d. 2h (12%) n.d.
Renal tubule hyperplasia 6 (38%) 0 0 9 (53%)
Carcinoma in situ kidney 0 0 0 3 (18%) n.d.
Anaplastic carcinoma kidney 1i (6%) (1/1) 0 0 0
Mesothelioma 1 (6%) (1/1) 0 0 0
Cataract 0 0 0 3 (18%)

aFVB/N × 129/Ola
bNumber of tumors displaying LOH or �2/number of tumors analyzed
cMetastatic to lymph nodes
dIncluding osteopetrosis and bone exostosis
e2 of 7 were metastatic to liver (1/1 LOH+)
f1 of 3 metastatic to liver (LOH n.d.)
g1 of 3 metastatic to lung (LOH n.d.)
h1 of 2 metastatic to kidney/thorax (�2 n.d.)
iMetastatic to liver (LOH n.d.)
n.d., Not determined

Giovannini et al.

1620 GENES & DEVELOPMENT



that differed by the number of floxed alleles.
P0Cre;Nf2KO3/flox2 mice, that required a single recombi-
nation event for biallelic Nf2 inactivation, might have a
higher tumor incidence in the case of a limiting P0Cre
recombination efficiency than P0Cre;Nf2flox2/flox2 mice.
Also, in P0Cre;Nf2KO3/flox2 mice it would be possible to
determine the extent of biallelic loss of Nf2 function,
because the (recombined) Nf2flox2 allele could be distin-
guished from the inactivated Nf2KO3 allele.

P0Cre;Nf2flox2/flox2 and P0Cre;Nf2KO3/flox2 mice were
monitored closely over a period of 24 months.
P0CreA;Nf2flox2/flox2 mice were viable, although ob-
tained at a significantly reduced rate (p < 0.005; data not
shown) and not fertile, whereas the very few
P0CreA;Nf2KO3/flox2 animals died before weaning.
P0CreA;Nf2flox2/flox2 mice were reduced in size and

weight compared with their Nf2flox2/flox2 littermates, the
size-difference becoming apparent at the time of transi-
tion 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. P0CreB,C conditional knockout
mice were viable. However, in contrast to the P0CreC

variant, P0CreB conditional knockout mice were ob-
tained at a slightly reduced rate (data not shown). These
mice showed a similar but smaller reduction in size and
weight approaching weaning compared to the P0CreA

variant.
The percentages of survival of P0CreA,B,D;Nf2flox2/flox2

mice were significantly reduced compared to that of
Nf2flox2/flox2 animals (Kaplan-Meier Test: p < 0.0001),

Figure 2. Cre expression and activity pat-
tern in P0Cre transgenic mice. (A) Cre ex-
pression in sciatic nerves of adult
P0CreA–C transgenic mice. Western blot
analysis with rabbit polyclonal anti-Cre
antibody. As indicated by a positive im-
munoreaction at 38 kD, the three trans-
genic lines show Cre expression in sciatic
nerves. (B) Cre-mediated deletion in adult
mouse tissues. DNA of various tissues
of a P0CreB;Nf2flox2/flox2 and a P0CreC;
Nf2flox2/flox2 mouse (both 3-month-old)
was analyzed by Southern blotting (XbaI–
BamHI digestion, probe B). The Nf2flox2 al-
lele (5.0 kb) and Nf2�2 allele (3.0 kb) can be
distinguished by a XbaI–BamHI digestion,
but the Nf2flox2 and the Nf2+ alleles (both
5.0 kb) cannot. (T) Trigeminal nerve, (S)
sciatic nerve, (B) brachial nerve, (Le) lens,
(Li) liver, (Nf2�2/+) tail (1 : 1 ratio of Nf2+

and Nf2�2 allele). Arrows on the left side
refer to the marker. (C,D) Cre-expressing
cells in sciatic nerves of adult P0CreB (C)
and P0CreC (D) transgenic mice, as de-
tected by immunostaining with anti-Cre
antibodies. Positive nuclei are indicated
by arrows. (E,F) �-Galactosidase activity in
sciatic nerves of adult P0CreA;floxlacZ
double-transgenic mice, as detected by
whole-mount X-gal staining and counter-
staining of the sections with nuclear fast
red. (E) Sagittal section. (F) Sagittal section
additionally immunostained with anti-
Krox-20 antibodies. A detail is shown of an
area with homogeneously blue-stained
cells. Recombination occurs in myelinat-
ed (Krox-20+, black arrow) as well as in
non-myelinated (Krox-20−, white arrow)
Schwann cells. (G–I) Temporal and spatial
expression of lacZ in whole-mount X-gal-
stained P0Cre;floxlacZ double-transgenic

mouse embryos. (G) P0CreA;floxlacZ embryo at E9.5. Lateral view demonstrating that �-galactosidase activity is mostly observed in
the area of the neural crest cell migration: head mesenchyme, ventral cranio-facial area (hm), otocyst (ot), and facio-acoustic neural
crest complex (7-8). (H) P0CreC;floxlacZ embryo at E9.5. Lateral view demonstrating scattered areas of weak �-galactosidase activity
(arrows). (I) P0CreA;floxlacZ embryo at E12.5. Lateral view demonstrating �-galactosidase activity in the frontonasal region of the head
mesenchyme (hm), ganglia of the VIIIth (VIII) and Vth (V) cranial nerves, and brachial plexus (bp). Magnification, (CF) 40×.
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whereas the percentages of survival of P0CreC;
Nf2flox2/flox2 and P0CreA,B;Nf2flox2/+ mice were only bor-
derline and not significantly different from that of
Nf2flox2/flox2 animals (p = 0.044, p = 0.051, and p = 0.851,
respectively) (Fig. 3A; data not shown). Also, significant
reductions in percentage of survival were found in
P0CreB–D;Nf2KO3/flox2 mice compared to Nf2KO3/flox2

mice (p < 0.0001) (data not shown). In addition to the
retarded or absent molar eruption, severe otitis media
reduced the viability of P0CreA,B;Nf2flox2/flox2 and
P0CreB;Nf2KO3/flox2 mice, a pathological feature found
in ∼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.

Biallelic Nf2 mutation is rate-limiting for murine
schwannoma development

P0Cre;Nf2flox2/flox2 mice developed both benign and ma-
lignant Schwann cell tumors later in life (from 10
months on). Schwannomas were found in 4 of 17 (24%)
of P0CreC;Nf2flox2/flox2 mice, whereas malignant schwan-
nomas were observed in 2 of 17 (12%) of these animals

(Table 1). Also, a neurofibrosarcoma was seen in 1 of 17
(6%) of P0CreC;Nf2flox2/flox2 mice (Table 1). Similarly,
P0CreB,D;Nf2flox2/flox2 mice developed Schwann cell tu-
mors, 1 of 27 (4%) and 2 of 3 (66%), respectively (data not
shown). All Schwann cell tumors that were tested by
Southern blot analysis showed deletion of exon 2 (10 of
10; Table 1; Fig. 3B). No Schwann cell tumors were found
in the P0Cre;Nf2flox2/+ mice (Table 1). In 32 P0CreB–D;
Nf2KO3/flox2 mice, the Schwann cell tumor pattern was
essentially the same, although the incidence was lower
due to the reduced survival of P0Cre;Nf2KO3/flox2 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 Nf2flox2 allele was seen
(Fig. 3C; data not shown). Thus, Schwann cell tumori-
genesis in both types of conditional Nf2 knockout mice
(i.e., KO3/flox2 or flox2/flox2) was dependent on the
recombination of the Nf2flox2 allele(s). Moreover, inacti-
vation by Cre-mediated recombination of both Nf2flox2

alleles appeared to be as efficient as that of a single
Nf2flox2 allele in combination with the Nf2KO3 allele.
The 13 peripheral nerve tumors in both types of condi-
tional knockout mice were found at various locations:
uterus (4), spinal ganglion (1), skin (1), submandibular
region (1), retroperitoneum (1), stomach (1) (Fig. 4A),
small intestine (1), colon/rectum (1), bladder (1), and
foreleg (1). Their Schwann cell origin was substantiated
by immunoreactivity with the 75 kD low affinity nerve
growth factor receptor (LNGFR; 100%; 13 of 13), S-100
protein (38%; 5 of 13), and glial fibrillary acidic protein
(GFAP; 50%; 6 of 12) (data not shown). No Cre expres-
sion was detectable, as analyzed by immunostaining of 4
Schwann cell tumors (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 (Fig. 4B).
These are diagnostic features of human schwannomas
(Erlandson and Woodruff 1982). The Schwann cell tu-
mors in the uterus arose mainly in the corpus uteri. Ad-
ditionally, we found less differentiated tumors mostly
resembling stromal sarcomas in the uterus horns, pelvis,
and bladder, all showing deletion of exon 2 and immu-
nocharacteristics similar to those of the Schwann cell
tumors (Table 1; 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 precur-
sor lesion with the potential for progression into
schwannoma (Wiestler and Radner 1994). Similarly,
Schwann cell hyperplasia was found at high frequency in
both types of P0CreB–D;Nf2KO3/flox2 mice (19 of 32; 59%)
and P0CreA–D;Nf2flox2/flox2 mice (45 of 51; 88%). This
phenomenon was absent in the 16 P0CreA–C;Nf2flox2/+,
25 Nf2KO3/+, and 7 Nf2�2/+ mice (Table 1). Therefore,
Schwann cell hyperplasia was specifically observed con-
comitant with complete loss of Nf2 function, indicating
that biallelic Nf2 mutation promotes this phenotypic ex-
pression. Basal and spinal ganglia were the predominant
sites of the often diffuse form of Schwann cell hyperpla-

Table 2. Cre-mediated recombination in tissues
of P0Cre;Nf2flox2/flox2 mice

P0CreB P0CreC

PCR SB PCR SB

Brain cortex + 0% + 0%
Cerebellum − 0% − 0%
Brain stem − 0% ± 0%
Spinal cord − 0% ± 0%
Optic nerve +++ n.d. ++ n.d.
Trigeminal nerve +++ 60% +++ 54%
Brachial plexus +++ 14% +++ 40%
Sciatic nerve +++ 45% +++ 40%
Lens ++ 21% ++ 9%
Pituitary gland ± 0% ± 0%
Lung − 0% + 0%
Heart + 0% + 0%
Kidney + 0% + 0%
Thymus + 0% ± 0%
Spleen − n.d. − n.d.
Liver − 0% − 0%
Colon + 0% ± 0%
Muscle ± 0% ± 0%
Testis − 0% − 0%
Uterus body + 0% + 0%
Uterus cervix ++ 19% ++ 5%

For each P0Cre line, tissues were analyzed of two mice (one
female and one male mouse). The Nf2flox2 and Nf2�2 alleles
were detected in independent PCR reactions using primers P4
and P5, and P5 and P6, respectively [recombination-efficiency
estimates varied between (−) to (+++)]. For Southern blot analysis
(SB), estimates of recombination efficiency were obtained from
phosphorimage quantification of recombined to non-recom-
bined bands.
n.d., Not determined.
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sia (Fig. 4C,D). Remarkably, the distal peripheral nerves
seldom showed Schwann cell abnormalities, except for
P0CreA;Nf2flox2/flox2 mice where hyperplasia/hypertro-
phy was seen in 2 of 4 young animals (4 months of mean
age) and in one pup of 17 days of age (Fig. 4E). Moreover,
one subcutaneous Schwann cell nodule and one hamar-
toma of the olfactory bulb composed of Schwann and
neural cells was found in two P0CreA;Nf2KO3/flox2 pups
of 17 and 19 days of age, respectively. Because
P0CreA;Nf2KO3/flox2 mice died before weaning and

P0CreA;Nf2flox2/flox2 mice had a short lifespan, they were
excluded from the long-term followup of tumor develop-
ment. However, the strong phenotypic effects related to
the high expression level of P0CreA (Fig. 2A) appropri-
ated these mice for short-term studies. We compared the
ultrastructural features of Schwann cells in sciatic
nerves of two P0CreA;Nf2flox2/flox2 pups (19 and 33 days
of age) with those of Nf2flox2/flox2 littermates (Fig. 4F–I).
In the former, Schwann cells were seen without a clear
relation with an axon and many of the myelin sheaths

Figure 3. Survival of conditional Nf2 knockout
mice and DNA analysis of tumors. (A) The viabil-
ity of P0Cre;Nf2flox2/flox2 mice correlates with
the expression level of Cre. Survival curves of
P0CreA–D;Nf2flox2/flox2 and Nf2flox2/flox2 mice over
a period of 24 months (numbers of considered
moribund plus dead animals in brackets). (B) Tu-
mors of P0Cre;Nf2flox2/flox2 mice show Cre-medi-
ated Nf2 gene inactivation. Southern blot analysis
(probe B) of XbaI–BamHI-digested DNA of nine
representative tumors (lanes 19). The bands corre-
sponding to the Nf2flox2 and Nf2�2 allele, and those
referring to the marker (left) are indicated by ar-
rows. (C) Tumors of P0Cre;Nf2KO3/flox2 mice show
Nf2 gene inactivation. Southern blot analysis
(probe B) of ApaI–SpeI-digested DNA of a neurofi-
brosarcoma in the uterus (lane 1) and the corre-
sponding metastasis in a lymph node (lane 2). The
primary tumor and the metastasis showed Cre-me-
diated excision of the floxed exon 2: The intensity
of the Nf2�2 band inversely correlates with that of
the Nf2flox2 band, indicating that no loss of the
Nf2�2 allele has occurred. All different Nf2 alleles
can be distinguished by ApaI–SpeI digestion, as in-
dicated in Fig. 1A (Nf2+ > 13 kb). (D) Osseous meta-
plasia in the lung of a P0Cre;Nf2flox2/flox2 mouse
shows Cre-mediated Nf2 gene inactivation. South-
ern blot analysis (probe B) of XbaI–BamHI-digested
DNA obtained from the lesion shown in Fig. 5C
(lane 1). The bands corresponding to the Nf2flox2

and Nf2�2 allele are indicated by arrows.
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herniated and looped into the central axonal region of
the nerve (Fig. 4G,I). Ultrastructural analysis of sciatic
nerves of a 6.5-month-old P0CreB;Nf2flox2/flox2 mouse
showed relatively normal features with occasional
whorls of thin cytoplasmic processes (data not shown).
The Schwann cell abnormality in the sciatic nerve might
be a result of hyperplasia and/or hypertrophy, the latter
as a result of disturbed myelinization.

Taken together, these results indicate that mutation of
the wild-type Nf2 allele in both the germ-line and con-
ditional heterozygous Nf2 knockout mice is the rate-

limiting step not only for Schwann cell tumorigenesis
but also for Schwann cell hyperplasia.

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;Nf2flox2/flox2 mice, whereas one osteoma was
found in 16 (6%) P0Cre;Nf2flox2/+ mice (Table 1; data not
shown). Two osteomas arose in the craniofacial bones,

Figure 4. Histological analysis of phenotypic abnormalities in P0Cre;Nf2flox2/flox2 mice. (A,B) Schwann cell tumors. (A) P0CreC line.
Spindle cell tumor located on the external side of the esophageal-gastric junction. The tumor shows focal Schwann cell characteristics
such as Antoni A type palisading (arrows) and primitive Verocay body formation. (E) P0CreC line. Ultrastructural examination of a
uterine schwannoma showed Schwann cells with long, thin cytoplasmic processes (arrow) and variantly coated by a basement
membrane (BM). Schwann cell nucleus (N). (C–I) Schwann cell hyperplasia. (C,D) P0CreB line. (C) Schwann cell hyperplasia (arrows)
in a trigeminal ganglion and (D) normal trigeminal ganglion of a wild-type littermate. (E) P0CreA line. Schwann cell hyperplasia/
atrophy (arrows) in a sciatic nerve. (F–I) Ultrastructure of the sciatic nerves of a (F,H) Nf2flox2/flox2 and (G,I) P0CreA;Nf2flox2/flox2 mouse.
(F,H) Normally myelinated Schwann cell (M) surrounding the axoplasm (Ax). Non-myelinated Schwann cells (NM) are also shown.
(G,I) Myelin sheaths herniating and looping into the central axonal region of the nerve. (A,C–E) H&E stains. Magnification in (A) 200×;
(B) 4400×; (C–E) 630×; (F) 3000×; (G) 4400×; (H) 12000×; (I) 10,400×.
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one in the main nerve of the mandible (Fig. 5A), whereas
one osteosarcoma was detected in the lung without in-
dication of a primary bone tumor elsewhere. Because the
tumors in the P0Cre;Nf2flox2/flox2 mice could arise solely
in the P0-expressing cell lineage, the finding of bone tu-
mors suggests that this included osteoblast precursor
cells. Although P0 is principally expressed in myelinat-
ing Schwann cells, expression has been detected long
before myelination in a subpopulation of migrating neu-
ral crest cells, including the Schwann cell lineage, irre-
spective of whether they will myelinate or not (Lee et al.
1997). Recently, the temporal and spatial pattern of this
P0 promoter activity was characterized in similar P0-Cre
transgenic mice using CAG-CAT-Z indicator mice
(Yamauchi et al. 1999). Cre recombination was found as
early as embryonic day 9 (E9.0) and colocalized with the
distribution pattern of neural crest cells, that is, by its
presence in the ventral craniofacial mesenchyme of the
pharyngeal arches and the frontonasal region, in the spi-
nal dorsal root ganglia, sympathetic nervous system, and
enteric nervous system (Yamauchi et al. 1999). To verify
the occurrence of Cre recombination in neural crest-de-
rived cells of P0Cre transgenic mice, we examined �-ga-
lactosidase activity in embryos derived from matings of
P0CreA–C and floxlacZ mice. Comparable to Yamauchi
et al. (1999), lacZ expression was already apparent at E9.5
when Schwann cells are not yet formed. Indeed, the ex-
pression at E9.5, E10.5, and E12.5 colocalized with the
neural crest cell distribution pattern as described by
Yamauchi et al. (1999) (Fig. 2G–I; data not shown). How-
ever, the level of Cre expression at these embryonic
stages appeared too low to detect by immunostaining
(data not shown). The expressing 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 or-
ganogenesis of the kidney has been suggested (Willis
1958). This might well explain the development in

P0Cre;Nf2flox2/flox2 mice of odontomas (Fig. 5B) and
odontosarcomas (3 of 51; 6%), as well as carcinomas in
situ of the kidney (5 of 51; 10%) (Table 1; data not
shown). These tumors were only microscopically detect-
able and not available for DNA analysis. However, they
were neither found in the P0Cre;Nf2flox2/+ mice nor in
the Nf2KO3/+ 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. This was further supported by the finding of one
odontoma and one carcinoma in situ of the kidney in
P0Cre;Nf2KO3/flox2 mice. However, it can not be ex-
cluded that tumor outgrowth of the odontogenic epi-
thelium was caused by the maxillary petrosis.
P0Cre;Nf2KO3/flox2 mice developed also one osteoma and
two osteosarcomas (3 of 32; 9%), probably due to the
Nf2KO3 allele, as indicated by the loss of the Nf2flox2

allele in one analyzed osteosarcoma (data not shown)
(the low frequencies resulted from the reduced viability
of the P0Cre;Nf2KO3/flox2 mice as discussed above).

Interestingly, in addition to the mesothelioma show-
ing LOH for Nf2 in the Nf2KO3/+ mice, we found one
mesothelioma in the P0Cre;Nf2KO3/flox2 mice. Also, this
tumor arose due to the presence of the Nf2KO3 allele,
because recombination of the Nf2flox2 allele was not ob-
served 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 de-
scribed in its sporadic form (Bianchi et al. 1995; Sekido et
al. 1995). In contrast to Schwann cell hyperplasia, osteo-
blastic, odontoblastic, and renal tubular cell hyperplasia
were seen in Nf2KO3/+ mice besides P0Cre;Nf2flox2/flox2

and P0Cre;Nf2KO3/flox2 animals, whereas it was absent
in P0Cre;Nf2flox2/+ mice (Table 1). This suggests that
activation of the P0 promoter occurred late in the differ-
entiation process toward 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 Nf2KO3/+ mice.

Figure 5. P0-specific conditional homo-
zygous Nf2 knockout mice develop char-
acteristics of neurocristopathy. (A) Os-
teoma developing within the main man-
dibular nerve. (B) Odontoma of upper
incisor, deforming the maxilla and nasal
septum. Many foci of “ectopic” enamel
production are seen (arrow) as well as os-
teopetrotic processes in the contralateral
maxilla. (C) Osseous metaplasia (arrow) in
the lung. (D) Cataract in a mouse showing
normal cranio-facial development. Note
the small, irregularly shaped lens (L) and
the attachment of the lens to the cornea
(Co). Retina (R). H&E stains. Magnifica-
tion, (A) 400×; (B,D) 25×; (C) 100×.
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Intriguingly, two non-neoplastic features of NF2 were
also observed in Nf2 mutant mice. Intracranial calcifica-
tions have been noted frequently in neuroimaging stud-
ies of NF2 patients but the histopathogenesis of these
deposits has remained unclear (Mayfrank et al. 1990). In
both Nf2KO3/+ (inbred) and conditional Nf2 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;
Fig. 5C; data not shown). Apparently, the osseous meta-
plasia was dependent on biallelic loss of Nf2, because
these lesions were absent in the P0Cre;Nf2flox2/+ mice
and deletion of exon 2 could be detected in one lesion by
Southern blot analysis (Table 1; Fig. 3D). 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 bi-
lateral form in half of the cases (Table 1; Fig. 5D; data not
shown). Upon examination of lens DNA of P0CreA–C

conditional Nf2 knockout mice by Southern blot analy-
sis, deletion of exon 2 could clearly be detected (Table 2;
Fig. 2B; data not shown). Cataract was not found in 16
P0Cre;Nf2flox2/+ mice, strongly suggesting that develop-
ment of cataract was dependent on biallelic loss of Nf2.

In conclusion, our results indicate that P0-specific
conditional Nf2 knockout mice develop various charac-
teristics of neurocristopathy.

Discussion

In contrast to human NF2 patients, mice hemizygous for
the Nf2 gene do not develop schwannoma, the hallmark
feature of neurofibromatosis type 2. The phenotypic con-
sequences of two Nf2 mutations described here (leading
to either a �exon2 or a �exon3 splice product) show
three similarities with those of the different Nf2 muta-
tion leading to a �exon2–4 splice product described by
McClatchey et al. (1997, 1998). Firstly, homozygosity for
each mutant allele results in embryonic lethality. Sec-
ondly, heterozygosity for each mutant allele affects the
osteoblast leading to a high incidence of bone tumors
showing loss of the wild-type Nf2 allele. Our data indi-
cate that both exon 2 and exon 3 carry sequences that are
essential for Nf2 function. Thirdly, mice heterozygous
for each mutant allele 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 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 mu-
tation of a tumor suppressor gene is a powerful way to
address this hypothesis, because it enables to artificially
increase this rate in a tissue-specific manner. Such mu-
tation could be obtained early in Schwann cell develop-
ment by exploiting the specificity of the P0 promoter

that controlled the Cre-mediated recombination of the
floxed Nf2 gene. P0Cre;Nf2KO3/flox2 mice indeed devel-
oped schwannomas in which the floxed allele was re-
combined, thereby demonstrating that Nf2 inactivation
is the rate-limiting step in murine Schwann cell tumori-
genesis. This conclusion is reinforced by the observation
of schwannomas in P0Cre;Nf2flox2/flox2 mice. Such mice
have two functional Nf2 genes at the germ-line level but
are prone to mutate both alleles in Cre-expressing tis-
sues. P0CreC;Nf2flox2/flox2 mice showed the highest in-
cidence of benign and malignant schwannomas (35%),
all with biallelic Cre-mediated deletion of the floxed
exon 2. The first histological lesion associated with mu-
rine Schwann cell tumorigenesis is probably represented
by Schwann cell hyperplasia. It was found from an early
age on (17-days-old), at very high frequencies in
P0Cre;Nf2flox2/flox2 and P0Cre;Nf2KO3/flox2 mice, but not
in Nf2KO3/+, Nf2�2/+, or P0Cre;Nf2flox2/+ mice. Taken
together these observations indicate that Schwann cell
hyperplasia is an early manifestation of the biallelic Nf2
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 tu-
mors. These results strongly suggest that Schwann cell
hyperplasia does not progress rapidly to tumors. There-
fore, whereas biallelic inactivation of Nf2 is essential for
initiation of Schwann cell tumor development, it is not
sufficient and additional genetic or epigenetic events are
required. Vestibular schwannomas, the hallmark tumors
of human NF2, have not been found in the conditional
Nf2 knockout mice. The VIIIth cranial nerve of man and
mice are different, because human vestibular bipolar
ganglion cells are devoid of myelin sheaths, whereas in
adult vertebrates (including mouse and rat) the same
cells are myelinated (Sterkers et al. 1987). Whether this
difference is relevant for the discrepancy in tumorigen-
esis of theVIIIth cranial nerve of both species remains to
be elucidated.

Wild-type promyelinating Schwann cells exit the
cell cycle once they have established a one-to-one rela-
tionship with the axons and then myelination begins
(Zorick and Lemke 1996). As shown by ultrastructural
analysis of Schwann cells of the sciatic nerve of
P0CreA;Nf2flox2/flox2 mice, these cells 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, which is nor-
mally triggered by the association of the Schwann cell
with the axolemma (Jessen and Mirsky 1994), or to ab-
normal 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).

Our results indicate that the Nf2 protein is involved in
migration, growth, and/or differentiation of cells derived
from the neural crest, because the majority of the P0Cre
conditional Nf2 knockout mice develop various signs of
neurocristopathy, a concept introduced by Bolande
(1974). Already at E9.5 we observed Cre recombination
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activity marked by reporter lacZ expression mostly in
the area of the neural crest migration. Consequently, all
descendants of these P0-expressing neural crest cells in
the conditional Nf2 knockout mice carried and transmit-
ted the inherited exon 2-deleted Nf2 allele(s) even when
the P0 promoter was subsequently silenced. Examples of
such descendants in the adult peripheral nerve are my-
elinated (P0+, Krox-20+) and non-myelinated (P0−, Krox-
20−) Schwann cells that both showed Cre-mediated re-
combination. Therefore, hyperplasia 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 probably
the result of the biallelic Nf2 mutation in a common
neural crest precursor. The frequently observed osseous
metaplasia in various tissues (including brain) of the
P0Cre conditional Nf2 knockout mice is likely the result
of Nf2 gene inactivation in neural crest-derived cells.
These observations suggest that in NF2 patients the fre-
quently seen non-tumoral intracranial calcifications,
subcapsular lens opacities, and cataracts (Mayfrank et al.
1990) may also be regarded as manifestations of neuro-
cristopathy. Recently, it has been shown that the murine
corneal endothelium (of neural crest origin like the cor-
neal stroma and anterior iris) is required to prevent at-
tachment of the lens and iris to the corneal stroma
(Reneker et al. 2000). Therefore, persistent connection
between lens and cornea (or iris) as seen in the
P0Cre;Nf2flox2/flox2 mice has probably resulted from loss
of Nf2 function.

Previously, we have reported on transgenic mice ex-
pressing a �exon2–3 mutant schwannomin under the
control of the same P0 promoter (Giovannini et al. 1999).
The conditional homozygous Nf2 knockout mice and
Nf2 mutant transgenic mice show a similar Schwann
cell phenotype, as both develop Schwann cell tumors
and hyperplasia at a comparable frequency. Notwith-
standing, the conditional knockout model mimics more
closely the human situation by mutation of both endog-
enous Nf2 alleles, whereas in the transgenic model the
�exon2–3 mutant protein exerts the dominant onco-
genic effect in cells with two functional endogenous al-
leles. The Schwann cell phenotype is not seen in
P0Cre;Nf2flox2/+ mice, indicating that the endogenous
expression level of one mutant allele is insufficient to
reveal its dominant effect.

We have not seen other signs of neurocristopathy in
the transgenic mice overexpressing the �exon2–3 mu-
tant protein. This may be explained by the low level of
transgene expression in neural crest cells during embry-
onic development, in contrast to the readily detectable
Cre expression in adult peripheral nerve: At E12.5 no Cre
expression in neural crest cells could be detected by im-
munostaining despite the evidence of Cre-mediated re-
combination. It is also possible that the interacting tar-
get protein for the �exon2–3 mutant protein was not
expressed in the neural crest cells other than Schwann
cell precursor cells.

The present mouse model recapitulates several fea-
tures observed in NF2 patients, specifically Schwann cell

hyperplasia, Schwann cell tumors, cataracts, and cere-
bral calcifications. All these manifestations have been
exclusively observed in mice that were prone to inacti-
vate both alleles of the Nf2 gene in Schwann cells and in
a small subset of neural crest cells. Importantly, menin-
gioma, a frequent manifestation of the human NF2 dis-
ease was not observed in these mice suggesting that me-
ningioma progenitor cells are not permissive to the P0
promoter. The use of different promoters to direct Cre
expression to meningioma precursor cells could be ex-
ploited 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.

Materials and methods

Generation of Nf2KO3/+, Nf2�2/+, and Nf2flox2/+ ES cells

A 17.0-kb Nf2 genomic clone encompassing exons 2 to 4 was
isolated from a mouse 129/Ola genomic library. For construc-
tion of the different Nf2 targeting vectors, a 12.4-kb NotI–KpnI
fragment was used.

To generate the Nf2KO3/+ ES cells, the 12.4-kb fragment was
subcloned in a modified pBR322 vector containing a NaeI–KpnI
polylinker from pBluescript KS II (Stratagene). A 5.0-kb frag-
ment containing an IRESLacZ/PGKHyg cassette was inserted
into the BstBI site of exon 3 (codon 87). The ApaI–KpnI Nf2KO3
targeting fragment was electroporated into ES cells of the E14
subclone IB10 (Robanus-Maandag et al. 1998) and hygromycin
B-resistant cells were selected as described (te Riele et al. 1992).
For Southern blot analysis of the ES cell clones, the 3� external
probe A (0.5-kb KpnI–XhoI fragment) was used. Two selected
clones were verified for the correct karyotype.

To generate the Nf2�2/+ ES cells, a 2.9-kb BamHI fragment
containing a floxed PGKHprt mini-gene was inserted into the
BamHI site 0.4 kb downstream of exon 2 (in an orientation
opposite to the Nf2 gene). A third loxP site and an extra PstI site
were introduced into the EcoRI site 1.3-kb upstream of exon 2.
The NotI–KpnI Nf2lox2 targeting fragment was electroporated
into ES cells of the hypoxanthine/guanine phosphoribosyltrans-
ferase (Hprt)-deficient, 129/Ola-derived, HM-1 cell line, and
HAT-resistant cells were selected for 7 days as described (te
Riele et al. 1992). By Southern blot analysis of ES cell clones,
using probe A and XbaI–SacI-digested DNA, we identified 76
homologous recombinants out of 192 HATR clones. In four in-
dependent clones, 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 ApaI site).
In the second step, plasmid pIC-Cre (Gu et al. 1993) was trans-
fected into two genetically modified ES cell clones to tran-
siently express Cre recombinase. For electroporation of 2 µg of
supercoiled plasmid DNA into an equivalent of 20 cm2 Nf2lox2/+

ES cells, a Bio-Rad Gene Pulser was used (0.8 kV, 1 µF, discharge
0.1 msec, 0.4 cm electrode distance, cells in 200 µl medium).
Electroporated cells were plated on 2 × 60 cm2 mouse embry-
onic fibroblasts (MEFs), medium was refreshed 24 hr after elec-
troporation, cells were trypsinized 48 hr after electroporation,
counted, and replated at a density of 4 × 105 cells per 60 cm2 in
medium. After either 72 hr or 96 hr, selection with 6-thiogua-
nine (6-TG; 10 µg/ml) was started and continued for 4 days or 3
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days, respectively. Selected colonies were picked and multiplex
PCR analysis with a combination of three primers (P4: 5�-
CTTCCCAGACAAGCAGGGTTC-3�; P5: 5�-GAAGGCAGC-
TTCCTTAAGTC-3�; P6: 5�-CTCTATTTGAGTGCCTGCCA-
TG-3�) was used to identify both Cre-mediated deletions lacking
the PGKHprt gene.

Generation and genotyping of Nf2 mutant and P0Cre
transgenic mice

Germ-line chimeras were generated by injection of 12–15 Nf2
mutant ES cells into C57Bl/6 blastocysts and crossed with
FVB/N mice to produce outbred heterozygous offspring.

To generate P0Cre transgenic mice, a 1.4-kb EcoRI–MluI frag-
ment derived from pOG231 (O’Gorman et al. 1997) 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 �-globin intron and poly-
adenylation signal. The purified NotI–SalI 3.4-kb P0Cre trans-
gene fragment was injected into FVB/N zygotes as described
(Akagi et al. 1997).

The genotypes of all offspring were analyzed by PCR or South-
ern blot analysis on tail-tip DNA. Using multiplex PCR analysis
with a combination of primers P1 (5�-GCCTGCTCTTTACT-
GAAGGCTC-3�), P2 (5�-CAGTGTGGAAGTGTTTGTGGTC-
3�), and P3 (5�-GTGTTGGATCATGATGTTTCG-3�) the
Nf2KO3 and Nf2+ allele were detected yielding a 440-bp and 250-
bp product, respectively. The Nf2flox2 allele was detected with
primers P4 (5�-CTTCCCAGACAAGCAGGGTTC-3�) and P5
(5�-GAAGGCAGCTTCCTTAAGTC-3�) yielding a 442-bp
(Nf2flox2 allele) and a 305-bp (Nf2+ allele) product. The Nf2�2

allele was detected with primers P5 and P6 (5�-CTCTATTT-
GAGTGCGTGCCATG-3�) yielding a 338-bp (Nf2�2 allele) and
a 2.1-kb (Nf2+ allele) product. P0Cre transgenes were deter-
mined with the primers Cre3 (5�-TCCAATTTACTGACCGTA-
CACC-3�) and Cre4 (5�-CGTTTTCTTTTCGGATCC-3�) yield-
ing a 372-bp product. In the case of Southern blot analysis, the
Nf2KO3 and Nf2flox2 alleles were detected using restriction en-
zymes and probes as described for the identification of homolo-
gous recombinant ES cell clones. To detect P0Cre 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). PCR was performed on the resulting cDNA using
the primers Nf2–S1 (5�-CATGAGCTTCAGCTCACTCAAG-
AGGAAG-3�) and Nf2–AS5 (5�-ATCCCCGCTTGTGCACAG-
AGG-GGTCATAG-3�). After agarose gel electrophoresis, RT–
PCR products were purified following the manufacturer’s pro-
tocol (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-puri-
fied polyclonal rabbit anti-Cre antibody (Novagen) was used.
For immunoprecipitation, rabbit polyclonal antibody anti-NF2-
Nter A-19 (sc-331, Santa Cruz Biotechnology) was used, di-
rected against exon 1-encoding amino acids 2–21 of human
schwannomin that are conserved in the mouse. For immunob-

lotting, affinity-purified rabbit polyclonal anti-NF2-Cter C-18
(sc-332, Santa Cruz Biotechnology) was used, directed against
the carboxyl terminus (amino acids 570–587) of human
schwannomin.

Horseradish peroxidase-conjugated donkey anti-rabbit Ig an-
tibody (Amersham) was coupled to the primary antibodies and
immunocomplexes were detected as described (Giovannini et
al. 1999).

Histological and electron microscopical analysis,
immunohistochemistry

Mice were sacrificed when moribund or held until 24 months of
age. Histological analysis was performed as described (Giovan-
nini et al. 1999).

For electron microscopical analysis, tissues were left over-
night in Karnovsky’s fixative, rinsed in s-collidine buffer, and
postfixed for 1 hr in 1% osmium tetroxide as described (Erland-
son and Woodruff 1982). Specimens then were embedded in
epoxy resin and examined with a transmission electron micro-
scope.

For indirect immunoperoxidase assay with DAB substrate,
the rabbit polyclonal antisera anti-mouse p75 LNGFR (Chemi-
con International), anti-bovine S-100 protein (DAKO), anti-cow
glial fibrillary acidic protein (GFAP; DAKO), anti-Cre (Nova-
gen), and anti-krox-20 (BABCO) were used and detected with
subsequently horse radish peroxidase-conjugated goat anti-rab-
bit Ig antibody (Amersham) as described (Giovannini et al.
1999). For detection of �-galactosidase activity tissues were
fixed and stained with X-gal as described (Akagi et al. 1997).
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ment, H. Raasø, L. Rijswijk, and A. Zwerver for animal care; R.
Regnerus for genotyping of the mice; J. Bulthuis, K. de Goeij, D.
Hoogervorst, L. Kuijper-Pietersma, and E. van Muylwijk for his-
totechnical assistance; R. Erlandson for electron microscopy; A.
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