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Neurofibromatosis type 2 (NF2), a syndrome associ-
ated with multiple tumors of the nervous system, mostly
schwannomas, is caused by mutations in the NF2 tumor
suppressor gene that encodes schwannomin (Sch). Here
we examined NF2 pathogenetic mutations that result in
misfolding of the FERM domain. We found that these
mutant forms of Sch were efficiently degraded by the
ubiquitin-proteasome pathway. In transfected cells,
SchAF118 was 3-fold more efficiently degraded than the
related molecule ezrin bearing the equivalent mutation.
In heterozygous Nf2 knock-out mouse fibroblasts, en-
dogenous mutant SchA81-121, but not wild type Sch,
was also degraded by proteasomes. We further show
that this degradation pathway is functional in primary
Schwann cells. We analyzed SchA39-121 expressed in a
transgenic mouse model of NF2 and found that SchA39-
121, but not the endogenous wild type Sch, was unstable
due to proteasome-mediated degradation. Altogether
these results suggest that degradation of mutant Sch
mediated by the ubiquitin-proteasome pathway is a
physiopathological pathway contributing to the loss of
Sch function in NF2 patients.

Neurofibromatosis type 2 (NF2)! is a dominantly inherited
disorder characterized by the predisposition to develop multi-
ple nervous system tumors, in particular schwannomas. Tumor
development in NF2 patients is in accordance with Knudson’s
two-hit hypothesis for tumor suppressor genes. As NF2 pa-
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tients inherit one mutant NF2 allele, a second hit in the re-
maining wild type allele is sufficient to induce tumorigenesis.
The two NF2 alleles are also inactivated in the majority of
sporadic schwannomas (1).

The NF2 tumor suppressor gene product, Schwannomin
(Sch), also known as merlin, displays 45% identity with ERM
proteins, which are cytoskeletal linkers between cortical actin
filaments and the plasma membrane (2, 3). Like ERM proteins,
Sch has an amino-terminal FERM domain and a carboxyl-
terminal domain that associate in an intramolecular manner to
form closed monomers and in an intermolecular manner to
form oligomers (4—6). The FERM domain of Sch binds to the
plasma membrane and to filamentous actin (7, 8). Sch regu-
lates cell adhesion and motility (9, 10) and mediates contact
inhibition (11).

In human tumors, levels of mutant Sch are consistently
below limits of detection although NF2 mutant alleles were
detected at the mRNA level (12—-15). Therefore, we reasoned
that mutant schwannomin might be degraded quickly. To
examine this hypothesis, we studied the stability of mutant
schwannomin in transfected cells or in primary cultures de-
rived from mouse models developed to examine the pathogen-
esis of NF2 (16, 17). We focused on pathogenetic mutations in
the conserved FERM domain of Sch. The deletion of the phe-
nylalanine 118 codon in exon 3 has been described in two
unrelated families affected by NF2 as well as in a sporadic
meningioma (Ref. 12 and references therein). Mutations that
lead to the skipping of exon 3 (SchA81-121) or exons 2-3
(SchA39-121) have been observed in the germ line or in the
tumors of the NF2 patients (12, 18, 19). These mutations im-
pair the proper folding of the schwannomin FERM domain (7).
Here we report that these mutations destabilized the proteins
and that these mutant proteins are efficiently degraded by the
ubiquitin-proteasome pathway. Furthermore, degradation of
mutant Sch occurred at endogenous level of expression and
in Schwann cells, highlighting its relevance for NF2
pathogenesis.

MATERIALS AND METHODS

Cell Cultures—LLC-PK1 cells were cultured in DMEM containing
10% FBS and maintained at 37 °C in 10% CO,. Primary fibroblasts
were isolated from Nf2X93/" embryos at 12.5 days of gestation using a
standard procedure (20). For the establishment of primary mouse
Schwann cell culture, sciatic nerves from 6-week-old transgenic PO-
SchA39-121 mice or their wild type littermates (FVB/N strain) were
dissected under sterile conditions and incubated for 7 days at 37 °C in
7.5% CO, in pretreatment medium containing DMEM with 4500 mg/
liter glucose (Invitrogen), 10% FBS, 50 ug/ml gentamicin, 2 um forsko-
lin, and 10 ng/ml human recombinant heregulin-18 (R&D Systems)
with fresh medium every 2 days. Nerves were then dissociated by
incubation for 3 h in Leibowitz medium (L15) containing 0.5 mg/ml
collagenase type I (Invitrogen) and 2.5 mg/ml dispase II (Roche Molec-
ular Biochemicals) at 37 °C; triturated with a Pasteur pipette; resus-
pended in N-2 serum-free culture medium (21) supplemented with 50
png/ml gentamicin, 2 uM forskolin, and 10 ng/ml heregulin-1p; plated in
poly-L-lysine- (Sigma) and laminin (Invitrogen)-coated wells; and incu-
bated at 37 °C in 7.5% CO,. From these cultures, murine Schwann cells
could be expanded for up to four passages, changing the medium every
3 days. MG132 (Calbiochem) was used at 50 uM.

¢DNA Constructs and Transfection—pCB6-Ezrin-VSV G, Sch-VSV
G, SchAF118-VSV G, and SchA39-121-VSV G expression plasmids
were described previously (22, 23). EzrinAF102-VSV G and SchA81—
121-VSV G were constructed in pCB6. pCW7 expressing Myc-tagged
ubiquitin was described previously (24). Transfection of the LLC-PK1
cell line was performed by electroporation (22). Transient transfectants
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were analyzed after 20 h. Pools of stable transfectants were selected in
medium containing 0.7 mg/ml G418 (Invitrogen).

Extracts and Immunoblotting—Confluent cells in 3-cm dishes were
washed once in cold phosphate-buffered saline, lysed with 100 ul of hot
1Xx SDS loading buffer (62.5 mm Tris, 2% SDS, 10% glycerol, 0.01%
bromphenol blue, 5% 2-mercaptoethanol), and scraped. These viscous
total extracts were then sonicated for 2 min in a bath sonicator (Bran-
son Sonifier 250). Soluble extracts were prepared by a 1-min extraction
in 100 ul of cold 50 mM Hepes, 150 mm NaCl, 10 mm EDTA, 1% Triton
X-100, pH 7.4 and then supplemented with 3xX SDS loading buffer. The
insoluble fractions were then prepared as total extracts. Extracts were
boiled for 2 min before SDS-PAGE. Proteins were transferred to nitro-
cellulose membranes (Schleicher & Schuell). The following antibodies
were used for immunoblotting: VSV G pAb (1 pug/ml), P5D4 VSV G mAb
(1:2000), 9E10 Myc mAb (1 ug/ml), p75 nerve growth factor receptor
pAb (1:200, Chemicon), Sch A19 pAb (1 ug/ml, Santa Cruz Biotechnol-
ogy), ezrin pAb (1 pg/ml) (22).

Immunoprecipitation and Pull-down—To prepare lysates, cells were
rinsed once with cold phosphate-buffered saline and extracted with cold
RIPA buffer (50 mm Hepes, 150 mm NaCl, 10 mm EDTA, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, pH 7.4) supplemented with
protease inhibitors (Sigma) for 2 min at 4 °C. The extracts were then
clarified at 20,000 X g for 10 min at 4 °C. Denatured lysates were
obtained by adding 500 ul of boiling 10 mm Hepes, 150 mm NaCl, 1%
SDS, pH 7.4 and scraping. The lysates were boiled for 2 min. RIPA was
then reconstituted with 4.5 ml of cold 54.4 mm Hepes, 150 mm NaCl, 11
mM EDTA, 1.1% Nonidet P-40, 0.56% sodium deoxycholate, pH 7.4. The
extracts were clarified by centrifugation at 4000 rpm for 10 min. For
immunoprecipitations, lysates were incubated with 10 ul of protein
A-Sepharose (Amersham Biosciences) and 2 ug of VSV G pAb for
LLC-PK1 transfectants or 5 pg of Sch A19 pAb for embryonic fibro-
blasts at 4 °C for 2 h or overnight for volumes larger than 1 ml. For the
Ni%?* bead pull-down, transfected cells were extracted in 10 mm Tris-
HCI], 100 mm NaH,PO,, 8 M urea, pH 8.0. The extracts were incubated
with 20 ul of Ni?* beads (Qiagen) for 2 h. The beads were washed four
times with 10 mm Tris-HCI, 100 mm NaH,PO,, 8 M urea, pH 6.3.

Precipitated proteins were eluted by boiling for 2 min in 20 ul of 1.5X
SDS loading buffer. The *°S signal was enhanced by incubating gels in
1 M salicylate for 20 min. Dried gels were exposed to films at —80 °C or
to a phosphoscreen from 1 day to 1 week.

Pulse-Chase Analysis—Metabolic labeling was achieved with 250
wCi/ml #>S-labeled Met and Cys from Redivue Promix (Amersham Bio-
sciences). LLC-PK1 and primary Schwann cells in 6-cm dishes or con-
fluent primary mouse embryo fibroblasts in 150-cm? flasks were labeled
for 15 min and chased for the indicated time in standard DMEM
containing 10% FBS. After immunoprecipitation and SDS-PAGE, sig-
nals were quantified using a STORM 860 PhosphorImager and Image-
Quant software (Amersham Biosciences). Only experiments in which an
exponential decay regression (y = a X e **, where y is percentage of the
t = 0 signal and x is time in hours, calculated with Microsoft Excel) gave
a correlation coefficient R? > 0.95 were taken into account to calculate
the half-life according to the formula: ¢, = (In(50) — In(a))/—b. This
procedure gave less than 10% variation between experiments.

RESULTS

SchAF118 Is Efficiently Degraded by the Ubiquitin-Protea-
some Pathway—To study the consequence of misfolding of the
FERM domain on the stability of Sch, we expressed wild type
Sch or SchAF118 in LLC-PK1 cells. For comparison, we also
expressed wild type ezrin and the equivalent mutant ezrin,
ezrinAF102. These exogenous proteins were tagged at their
carboxyl terminus with a VSV G epitope. We derived pools of
stable transfectants expressing these proteins. In a first at-
tempt to study the stability of the AF proteins, we examined
the effect of inhibiting proteasomes in these cells. The treat-
ment for 6 h with MG132, a specific inhibitor of proteasomes,
revealed a ladder of SchAF bands by VSV G immunoblotting
(Fig. 1A). This ladder is characteristic of polyubiquitylated
proteins. For wild type Sch, an additional band with an up-shift
of about 6 kDa was also revealed upon MG132 treatment. This
band might correspond to the conjugation of one ubiquitin. A
ladder of ezrinAF was not detected when proteasomes were
inhibited for 6 h. Since misfolded proteins tend to aggregate, we
examined the solubility of SchAF in 1% Triton X-100. When
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Fic. 1. Ubiquitylation of SchAF. A, stable LLC-PK1 transfectants
expressing wild type or mutant ezrin (Ezr) or Sch were subjected, or not,
to MG132 for 6 h. Total lysates were immunoblotted with VSV G pAb.
More lysate from cells expressing mutant proteins was loaded to give
roughly equivalent signals with wild type and mutant proteins. This
explains why some nonspecific bands appeared with those lysates. B,
same experiment as in A except that SchAF cells were extracted with a
buffer containing 1% Triton-X100. The immunoblot was performed with
VSV G pAb. C, cotransfection of wild type or mutant ezrin (Ezr) or Sch
with a Hisg- and Myc-tagged ubiquitin in LLC-PK1 cells. Immunopre-
cipitations (IP) of VSV G-tagged proteins was followed by VSV G or Myc
immunoblotting (IB). Alternatively, ubiquitylated proteins were first
precipitated in a pull-down (PD) experiment using Ni*" beads and
immunoblotted with VSV G antibodies. Note the low level of contami-
nating unmodified ezrin or Sch due to nonspecific binding of the over-
expressed proteins to Ni** beads. Both experiments revealed that the
high molecular weight smear of SchAF corresponds to ubiquitylated
material. Ins, insoluble; Sol, soluble; Ubig, ubiquitin; mw, molecular
weight markers.

proteasomes were inhibited, the amount of insoluble SchAF
increased, and interestingly, the ladder of putatively polyubiq-
uitylated SchAF was found to be completely insoluble (Fig. 1B).

To demonstrate that the ladder of SchAF was due to ubiqui-
tylation, we cotransfected ¢cDNAs encoding Hisg- and Myec-
tagged ubiquitin and the various VSV G-tagged ezrin or Sch
constructs. An extract was prepared from the transfected cells
under denaturing conditions to inactivate ubiquitin hydrolases
and to extract insoluble material. This extract was immuno-
precipitated with VSV G antibodies, and the immunoprecipi-
tates were probed with either VSV G antibodies or Myc anti-
bodies. The VSV G immunoblot revealed the transfected
proteins at their expected size (Fig. 1C). In addition, a weak
smear of high molecular weight SchAF was detected. This
shifted material was also recognized by Myc antibodies, indi-
cating that it corresponded to ubiquitylated SchAF. In this
assay, the ubiquitylated material produced a smear rather
than a ladder, probably because of the coexistence of ubiquitin
and tagged ubiquitin in transfected cells. We found that the
converse experiment, the precipitation of ubiquitylated pro-
teins with Ni2" beads followed by a VSV G immunoblot (Fig.
1C), was more sensitive to detect the smear of ubiquitylated
SchAF. In contrast to the MG132 experiment on stable trans-
fectants, ubiquitylation of Sch and ezrinAF was also detected in
this transient transfection system. We concluded that a low
amount of SchAF is polyubiquitylated at steady state. This
polyubiquitylation explains the ladder of conjugates observed
when proteasomes were inhibited.

Since polyubiquitylation tags proteins for degradation by
proteasomes (25), we then evaluated the effect of the AF mu-
tation on the stability of ezrin and Sch. The stability of the
exogenous proteins from stable transfectants was analyzed by
pulse-chase experiments. Cells were metabolically labeled with
[*°S]methionine and chased for various times, and the exoge-
nous proteins were immunoprecipitated with VSV G antibodies
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Fic. 2. Pulse-chase analysis of mutant forms of Sch. A, stable
LLC-PK1 transfectants expressing wild type or mutant ezrin (Ezr) or
Sch were pulse-labeled with **S for 15 min and chased for 0, 2, 4, or 6 h
or chased for up to 72 h as indicated. VSV G immunoprecipitates were
autoradiographed after SDS-PAGE. B, effect of MG132 on the stability
of mutant Sch. SchAF, SchA81-121, or SchA39-121 stable transfec-
tants were treated, or not, with MG132 during the chase. VSV G
immunoprecipitation was performed with denatured lysates to extract
the MG132-induced insoluble pool. Inhibition of proteasomes blocks the
efficient degradation of mutant Sch. C, SchA81-121 or SchA39-121
stable transfectants were subjected, or not, to MG132 for 6 h. Total
lysates were immunoblotted with VSV G pAb. High molecular weight
conjugates of SchA81-121 or SchA39-121 accumulate upon inhibition
of proteasomes.

(Fig. 2A). We found SchAF to be the most efficiently degraded
protein with a half-life of less than 2 h. However, the AF
mutation destabilized both Sch and ezrin (7-fold for Sch and
15-fold for ezrin). In wild type as well as mutant forms, Sch was
less stable than ezrin (7-fold for wild type and 3-fold for mu-
tant). To determine the role of proteasomes in the instability of
SchAF, we investigated the effects of MG132. Since treatment
with MG132 produced insoluble SchAF, we analyzed the total
fraction using denatured extracts. The addition of MG132 dur-
ing the chase greatly stabilized SchAF, suggesting that this
ubiquitylated protein is degraded by proteasomes (Fig. 2B). We
sought to generalize this result to other mutant products.
SchA81-121 and SchA39-121 are two deletions affecting the
FERM domain. In stable transfectants, these two mutants
proteins were also rapidly degraded by proteasomes with a
half-life of 1 h for SchA81-121 and 0.6 h for SchA39-121 (Fig.
2B). In addition, SchA81-121 and SchA39-121 accumulated as
high molecular weight conjugates upon inhibition of protea-
somes (Fig. 2C) like SchAF (Fig. 1A).

Endogenous SchA81-121 but Not Wild Type Sch Is Unstable
in Primary Fibroblasts—To demonstrate that the instability of
mutant Sch compared with wild type was not due to overex-
pression, we used primary embryonic fibroblasts derived from
Nf2 knock-out mice. Since the homozygous Nf2 knock-out mice
die too early in their embryonic development to derive fibro-
blasts (26), we analyzed mutant and wild type Sch expressed in
a heterozygous Nf2X93/* knock-out mouse (17). The Nf2K03
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Fic. 3. Pulse-chase analysis of an endogenous mutant Sch ex-
pressed in primary embryonic fibroblasts derived from an
Nf2KO3/+ heterozygous mouse. A, the mutant Sch lacking amino
acids encoded by exon 3 (SchA81-121), but not the wild type protein, is
highly unstable. B, SchA81-121 is degraded by proteasomes. wt, wild

type.
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Fic. 4. Instability of SchA39-121 in primary Schwann cells.
Primary cultures of Schwann cells from sciatic nerves were derived
from wild type (wt) or transgenic (¢g) mice expressing SchA39-121. A,
primary cultures of Schwann cells derived from transgenic mice were
pulse-labeled with ®°S for 15 min and chased for 0, 2, 4, or 6 h. VSV G
immunoprecipitates were autoradiographed after SDS-PAGE. B,
Schwann cell cultures were treated with MG132 for 6 h or were left
untreated. Total extracts were immunoblotted with VSV G antibodies
to detect tagged SchA39-121 or with ezrin antibodies as a loading
control. SchA39-121 is stabilized when proteasomes are inhibited. In
addition, when a 5-fold larger amount is loaded, a ubiquitin ladder of
SchA39-121 becomes apparent. C, the level of endogenous Sch in wild
type Schwann cells is not affected by the same MG132 treatment.

allele in which exon 3 is deleted encodes SchA81-121. We
derived embryonic fibroblasts from this mouse and analyzed
the stability of both wild type Sch and SchA81-121 through a
pulse-chase experiment followed by immunoprecipitation with
antibodies recognizing both forms. Wild type Sch was stable
during the 6-h chase, but the SchA81-121 signal completely
disappeared after a 2-h chase (Fig. 3A). At zero time, the
SchA81-121 signal was about 40% that of Sch wild type. Since
the two alleles are equally transcribed (17), this suggests that
about 60% of SchA81-121 would have already been degraded
during the pulse incubation of 15 min and consequently that
the half-life of this endogenous mutant Sch would be less than
15 min. SchA81-121 was stabilized when MG132 was added
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during the chase (Fig. 3B), indicating that its degradation is
mediated by proteasomes.

SchA39-121 Is Unstable in Primary Schwann Cells—To ex-
amine whether this degradation pathway for mutant Sch is
also functional in Schwann cells, the primary NF2-affected
lineage, we used transgenic mice expressing SchA39-121 un-
der the control of the Schwann-specific PO promoter. These
mice have been shown to develop schwannomas (16). We de-
rived primary Schwann cells from sciatic nerves of these trans-
genic and wild type mice. These cultures contained >90% of
Schwann cells as assessed by nerve growth factor receptor
(p75) immunoreactivity (data not shown) (27). A pulse-chase
experiment followed by immunoprecipitation with anti-VSV-G
antibodies indicated that SchA39-121 has a half-life of 1 h (Fig.
4A). Consistently, an extract treated with MG132 for 6 h dis-
played a drastically enhanced level of SchA39-121 (Fig. 3B).
When 5-fold more extract was loaded, a ubiquitin ladder of
SchA39-121 became apparent in the MG132-treated extract
(Fig. 4B). Consequently, SchA39-121 is likely degraded by the
ubiquitin-proteasome pathway in primary Schwann cells. In
contrast, endogenous Sch in wild type Schwann cells was not
affected by the same MG132 treatment (Fig. 4C).

DISCUSSION

We have studied some pathogenetic mutations of the NF2
tumor suppressor gene. The AF118, A81-121, and A39-121
mutations impair the proper folding of the Sch FERM domain
as evidenced by chymotryptic digestions (7). The AF mutation
in the FERM domain significantly destabilized both Sch and
ezrin. However, SchAF displayed a half-life of less than 2 h,
3-fold shorter than that of ezrinAF. This difference might re-
flect the difference in stability of the wild type proteins, wild
type Sch being less stable than wild type ezrin. At steady state,
SchAF was found to be ubiquitylated. Furthermore, when pro-
teasomes were inhibited, a ubiquitin ladder was revealed, and
SchAF degradation was inhibited. We generalized these obser-
vations to SchA81-121 and SchA39-121. These three mutant
forms of Sch are thus degraded by the ubiquitin-proteasome
pathway. The efficient degradation of mutant Sch is not an
artifact of overexpression since the degradation of endogenous
SchA81-121 in primary fibroblasts derived from Nf2 knock-out
mice was even more efficient than in stable transfectants. This
result explains why this mutant Sch is hardly detected com-
pared with the wild type Sch in heterozygous Nf2 knock-out
mice although the two alleles are equally transcribed (17). Wild
type Sch was also found to be ubiquitylated when overex-
pressed. However, in primary Schwann cells, the level of en-
dogenous Sch is not increased by inhibition of proteasomes,
suggesting that this tumor suppressor protein is not primarily
regulated through its degradation.

In human tumors, biallelic inactivation of the NF2 gene is
observed, and mutant proteins are undetectable (12-15). In
contrast, transgenic mice expressing SchA39-121 in Schwann
cells develop schwannomas in a dominant oncogenic manner
(16). The mechanism by which overexpressed mutant Sch has a
dominant effect on cell growth is not known. We derived pri-
mary cultures of Schwann cells from these transgenic mice and
found that SchA39-121 is degraded by the ubiquitin-protea-
some pathway since this mutant Sch was stabilized and accu-
mulated in its ubiquitylated form when proteasomes were in-
hibited. Thus, the degradation of mutant forms of Sch by the
ubiquitin-proteasome system reported herein is a functional
pathway in Schwann cells, the primary NF2-affected lineage.
In addition, in the sciatic nerves of these transgenic mice, the
level of SchA39-121 was found to be similar to that of the
endogenous wild type Sch (16). To display this amount of
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SchA39-121, a high level of overexpression must overcome
proteasome-mediated degradation in this model. This situation
contrasts with the low level of mutant Sch in human tumors.
Taken together these observations strongly argue that domi-
nant oncogenic effects observed with mutant Sch are due to
overexpression and that they are not observed at a physiolog-
ical level of expression because of the efficient degradation of
mutant Sch.

This study establishes the importance of the ubiquitin-pro-
teasome pathway in degrading potentially dominant, mis-
folded, mutant products of the NF2 tumor suppressor gene.
Such a mechanism might be at the core of tumor suppressor/
oncogene distinction. In fact, without this efficient degradation
pathway, one mutation creating a dominant protein such as
SchA39-121 would be sufficient to produce schwannomas, and
the NF2 gene would behave as an oncogene rather than a
tumor suppressor gene.
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