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Virus Oncogènes, UA1644 CNRS, Département des Biotechnologies, Institut Pasteur, 75015 Paris,3 France

Received 28 May 1999/Returned for modification 3 August 1999/Accepted 15 November 1999

The neurofibromatosis type 2 (NF2) protein, known as schwannomin or merlin, is a tumor suppressor
involved in NF2-associated and sporadic schwannomas and meningiomas. It is closely related to the ezrin-
radixin-moesin family members, implicated in linking membrane proteins to the cytoskeleton. The molecular
mechanism allowing schwannomin to function as a tumor suppressor is unknown. In attempt to shed light on
schwannomin function, we have identified a novel coiled-coil protein, SCHIP-1, that specifically associates with
schwannomin in vitro and in vivo. Within its coiled-coil region, this protein is homologous to human FEZ
proteins and the related Caenorhabditis elegans gene product UNC-76. Immunofluorescent staining of tran-
siently transfected cells shows a partial colocalization of SCHIP-1 and schwannomin, beneath the cytoplasmic
membrane. Surprisingly, immunoprecipitation assays reveal that in a cellular context, association with
SCHIP-1 can be observed only with some naturally occurring mutants of schwannomin, or a schwannomin
spliced isoform lacking exons 2 and 3, but not with the schwannomin isoform exhibiting growth-suppressive
activity. Our observations suggest that SCHIP-1 interaction with schwannomin is regulated by conformational
changes in schwannomin, possibly induced by posttranslational modifications, alternative splicing, or muta-
tions.

Neurofibromatosis type 2 (NF2) is an autosomal dominant
disease which causes a predisposition to the development of
nervous system tumors, mainly vestibular schwannomas involv-
ing the eighth pair of cranial nerves and to a lesser extent
schwannomas of other locations, meningiomas, and ependy-
momas (13). In 1993, positional cloning led to identification of
the NF2 gene, which was shown to be mutated in one allele in
NF2 patients and in both alleles in NF2 patient tumors (41,
58). Thus, the NF2 gene was classified as a typical tumor
suppressor gene requiring functional inactivation of both cop-
ies to promote NF2-related tumor development. Later, the
NF2 gene was also found to be mutated in sporadically occur-
ring schwannomas, meningiomas (3, 5, 35, 42, 44), and primary
malignant mesotheliomas (4, 9). The NF2 gene is composed of
17 exons and codes for a protein known as schwannomin or
merlin (41, 58). Alternative splicing events lead to the expres-
sion of several isoforms of this protein (1, 3, 21, 25, 37, 38). The
two most abundant isoforms either lack residues correspond-
ing to exon 16 (isoform 1) or exon 17 (isoform 2), leading to
variant C-terminal ends of the proteins. Less frequently en-
countered isoforms lack residues in the N-terminal domain of
the protein encoded by one to three exons.

Schwannomin is strikingly similar to certain members of the
membrane-associated cytoplasmic proteins of the band 4.1 su-
perfamily, known as ezrin, radixin, and moesin (the ERMs).
These ERM proteins are 45 to 47% identical to schwannomin
overall, with homology mainly located in the N-terminal ERM
domain (41, 58). The ERM proteins appear to function as
molecular linkers between the cytoplasmic membrane and the

cytoskeleton. They are found in actin-rich surface protrusions
of the cortical plasma membrane such as filopodia, lamellipo-
dia, membrane ruffles, and microvilli (2, 14, 45, 56). In these
structures, N-terminal domains of the ERMs are apparently
bound to transmembrane proteins whereas the C-terminal
ends are anchored to the cortical actin cytoskeleton (7, 33,
59).

The homology between the ERMs and schwannomin sug-
gest that the latter may also act as a linker between membrane
and cytoplasmic components. Like the ERMs, schwannomin
localizes mainly to the interface between the plasma mem-
brane and the actin cytoskeleton, with an enrichment in ruffling
edges (10–12, 17, 43, 46, 48, 50). Besides, schwannomin shares
common molecular partners with the ERMs as it colocalizes
with the cell surface marker CD44 and a regulatory cofactor
of Na1-H1 exchanger, NHE-RF (36, 43). However, several
observations suggest that schwannomin and ERMs have some-
what divergent functions. First, schwannomin, unlike the ERMs,
is also found in the perinuclear region, sometimes in unchar-
acterized granules (11, 12, 28, 50, 53). In addition, schwan-
nomin lacks the high-affinity actin-binding domain present in
the C-terminal end of ERM proteins (24, 50, 60). Instead, it
may contact actin either indirectly via the actin-binding protein
bII spectrin/fodrin (49) or directly through a more central
domain of the protein (61).

Another important functional difference between ERMs
and schwannomin is the ability of schwannomin isoform 1
(SCH-Iso1) to function as a growth suppressor when exog-
enously expressed in immortalized cells (31, 52). SCH-Iso1 can
also revert a ras-induced malignant phenotype in fibroblasts
(57). Such activities have never been observed for any of the
ERMs. Unlike SCH-Iso1, isoform 2 expressed in rat schwan-
noma cells does not inhibit cell growth (52). The functional
difference between schwannomin isoforms 1 and 2 may rely on
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conformational properties of the two proteins. Indeed, isoform
1, like the ERM proteins (15, 32, 33), is able to form intramo-
lecular interactions between domains distant on the sequence
(19, 24, 33, 52). The domains involved in these interactions
include a central region spanning residues 288 to 400 and the
C-terminal exon 17 present in SCH-Iso1 but absent in isoform
2. According to this model, only isoform 1 can exist in two
conformations (open and closed), possibly affecting its ability
to interact with molecular partners. As will be discussed below,
other isoforms, as well as mutants expressed in NF2 tumors,
may also be affected in their protein folding (61).

How NF2 genetic alterations contribute to tumorigenesis
remains obscure. Mutations of the NF2 gene can be classified
in two categories. The majority are nonsense, frameshift, or

splice site mutations that result in premature termination of
translation. The putative truncated proteins encoded by these
mutant genes are not accumulated to detectable levels in tu-
mors (20, 30, 44, 54), possibly due to calpain-dependent deg-
radation (27). The second class of mutations, which occur at a
low frequency, are missense mutations, in-frame interstitial
deletions, or splice site mutations causing exon skipping with-
out frameshift. The proteins encoded by this second class of
mutants are apparently stable (19; L. Goutebroze, unpublished
results), but in several cases, these mutant proteins were found
to have a weakened interaction with the plasma membrane and
to be delocalized from the membrane to the cytoplasm (10,
28). Interestingly, some of the mutant proteins show also in-
creased in vitro interaction with polymerized microtubules

FIG. 1. Protein sequence and putative domain structure of SCHIP-1. Line 1, amino acid sequence of human SCHIP-1, deduced from the nucleotide sequence of
a SCHIP-1 cDNA, isolated from a lgt10 human fetal brain library. Lines 2 and 3, amino acid sequences of two putative isoforms of human SCHIP-1, named
SCHIP-1-D(241-253) and SCHIP-1-D(22-253). The corresponding cDNAs were identified by reverse transcriptase PCR amplification experiments on human brain
poly(A)1 RNA. These cDNAs may correspond to in-frame alternative splicing events. Amino acids absent in SCHIP-1-D(241-253) and SCHIP-1-D(22-253) are replaced
by a continuous line. Line 4, amino acid sequence encoded by the partial mouse SCHIP-1 cDNA isolated from the two-hybrid screen. Dashes mark identity between
human and mouse sequences; nonconserved amino acids between human and mouse proteins are directly indicated. Yellow and blue boxes indicate the four serine-rich
regions and the two aspartic acid/glutamic acid-rich regions of the human SCHIP-1 protein, respectively. Green boxes show the localization of three putative
SH3-binding domains conserved between the mouse and human SCHIP-1 proteins, and the orange box shows the localization of a putative tyrosine kinase
phosphorylation site in human SCHIP-1. The grey box indicates the region of homology between the SCHIP-1 and FEZ proteins, predicted to adopt a coiled-coil
conformation. The red line defines a putative PEST motif conserved in mouse and human SCHIP-1 proteins, and the blue line indicates the leucine zipper pattern in
the putative coiled-coil region.
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FIG. 2. SCHIP-1 can homodimerize through its coiled-coil domain homologous to the FEZ and UNC-76 proteins. (A) Schematic alignment of human SCHIP-1
with human FEZ1 and FEZ2 and C. elegans UNC-76 proteins. Open boxes represent full-length SCHIP-1, FEZ1, and UNC-76 proteins and the 251 C-terminal amino
acids (aa) of the FEZ2 protein. The grey color highlights the localization of the coiled-coil domain in each protein. Arrowheads indicate amino acids delimiting
coiled-coil domains. Percentages of homology with SCHIP-1 in the coiled-coil domains are indicated. (B) Amino acid alignment of human SCHIP-1 with human FEZ1
and FEZ2 and C. elegans UNC-76 proteins within the predicted coiled-coil domain. Identical amino acids are presented in dark boxes; conserved residues are displayed
in grey boxes. (C) The predicted coiled-coil domain is required for SCHIP-1 homodimerization. SCHIP-1 and SCHIP-1 deletion mutants were expressed in vitro in
the presence of [35S]methionine and incubated in TKT150 buffer with either GST or GST–SCHIP-1(306-487) bound to glutathione-agarose beads. After washing,
retained SCHIP-1 and SCHIP-1 variant proteins were eluted, resolved by SDS-PAGE, and visualized by autoradiography. Aliquots of the labeled proteins corre-
sponding to 1/40 of the input were loaded on the same gel (Translation). The C-terminal region of SCHIP-1 including the coiled-coil domain [GST–SCHIP-1(306-487)]
interacts with full-length SCHIP-1 or SCHIP-1-D(22-253) but not with a truncated SCHIP-1 missing the predicted coiled-coil domain [SCHIP-1(1-413)].
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(61), suggesting that the mutations, like the naturally occurring
splicing events, may disrupt intramolecular interactions and
favor interactions with different molecular partners by forcing
the schwannomin protein into a specific conformation.

In an attempt to understand the molecular mechanism al-
lowing schwannomin to function as a tumor suppressor, we
have used the yeast two-hybrid system to identify novel molec-
ular partners of schwannomin. Screening with a bait expressing
only the conserved N-terminal ERM domain of the protein, we
isolated cDNAs encoding two previously noncharacterized
proteins that we called SCHIP-1 and SCHIP-2. Here, we de-
scribed the cloning and characterization of one of these pro-
teins.

MATERIALS AND METHODS

DNA constructs. For expression in mammalian cells, cDNAs encoding C-
terminally vesicular stomatitis virus (VSV)-tagged versions of the various schw-
annomin isoforms and mutants were inserted in the pCB6 cytomegalovirus ex-
pression vector. SCH-Iso1, SCH-D118, SCH-D(39-121), and SCH-219 constructs
have been described before (10). To obtain the SCH(1-314) construct, the cor-
responding region was amplified from the schwannomin cDNA by PCR and the
product was inserted in pCB6 as a KpnI/SmaI fragment. The pCB6-HA-SCHIP-1
expression vector contains a full-length SCHIP-1 cDNA fused at the level of the
initiating ATG to a hemagglutinin epitope (HA) tag-encoding sequence and
inserted into pCB6 digested by BglII and EcoRI.

For in vitro expression, SCH-Iso1, SCH-D118, SCH-D(39-121), SCH-219,
SCH(1-288), SCH(1-314), SCH(289-595), SCH(315-595), SCH(19-288), and
SCH(19-314) constructs were obtained by introducing corresponding schwan-
nomin cDNA fragments, generated by either restriction digestion or PCR am-
plification, into pBluescript (pBls; Stratagene). For SCHIP-1 and SCHIP-1-D(22-
253) in vitro expression, we used the pBls and pGEM-T (Promega) vectors
obtained during the isolation of human SCHIP-1 cDNA or the cloning of re-
verse-transcribed and amplified mRNA of SCHIP-1. In vitro expression of the
two truncated forms of SCHIP-1, SCHIP-1(1-305) and SCHIP-1(1-413), was
performed with the pBls-SCHIP-1 construct digested by HincII and DraI, re-
spectively. DNA for in vitro expression of the partial mouse SCHIP-1 protein
SCHIP-1(120-487) was obtained from a PCR product containing a T3 RNA
polymerase recognition site upstream of a ATG initiation codon in frame with
the mouse SCHIP-1 sequence.

For expression in Escherichia coli, glutathione S-transferase (GST)–SCHIP-
1(306-487) and GST–SCHIP-1(112-305) constructs were obtained by inserting
corresponding fragments from the human SCHIP-1 cDNA into pGEX-3X (Phar-
macia Biotech). The GST–SCHIP-1(120-487) construct was obtained by insert-
ing a corresponding fragment of mouse SCHIP-1 cDNA into pGEX-2T (Phar-
macia Biotech). To express GST–SCH(1-314), GST-SCH(1-27), and GST-SCH
(280-323), PCR fragments encoding amino acids 1 to 314, 1 to 27, and 280 to 323,
respectively, of schwannomin were inserted in pGEX-2T. For all of the con-
structs, cloned PCR products were entirely sequenced to verify that no spurious
mutation had been introduced during the PCR amplification step.

Yeast two-hybrid screening. Yeast and two-hybrid procedures were handled
according to published methods (26). A cDNA library from mouse fetal brain
polyadenylated RNA, constructed in fusion with the GAL4 activating domain in
a pGAD vector, was used. It was provided by J. Camonis. The N-terminal part
(amino acids 1 to 314) of schwannomin fused in frame with the GAL4 DNA-
binding domain [pGBT-SCH(1-314) vector] was defined as the bait. The Sac-
charomyces cerevisiae reporter strain HF7, containing two reporter genes, HIS3
and lacZ, was sequentially transformed with pGBT-SCH(1-314) and the mouse
fetal brain cDNA library by the lithium acetate method. Double transformants
were plated on synthetic medium lacking histidine, leucine, and tryptophan but
containing 20 mM 3-amino-1,2,4-triazole (Sigma). Plates were incubated at 30°C
for 3 days. His1 colonies were assayed for b-galactosidase activity by filter assay.
Positive clones were rescued and tested for specificity by retransformation into
the HF7 strain either with pGBT-SCH(1-314) or with irrelevant baits (pGBT-
snf4 and pGBT-lamin). Specific clones were then tested for the ability to give a
positive response in cotransfection with a bait expressing full-length SCH-Iso1
fused in frame with the GAL4 DNA-binding domain.

Human SCHIP-1 cDNA cloning and nucleotide sequence analysis. To obtain
a human SCHIP-1 full-length cDNA, the mouse 32P-labeled (bp 1 to 347)
fragment of SCHIP-1 was hybridized to a human fetal brain lgt10 cDNA library
(Clontech, Palo Alto, Calif.). The cDNA inserts of positive phages were sub-
cloned into the pBls SK1 vector (Stratagene) and sequenced. The putative
SCHIP-1 alternatively spliced isoforms SCHIP-1-D(241-253) and SCHIP-1-D(22-
253) were isolated by reverse transcriptase PCR amplification experiments on
human brain poly(A)1 RNA (Clontech), followed by subcloning of the amplified
DNA fragments in the pGEM-T vector (Promega).

Sequencing of both mouse and human cDNAs was performed on both strands
with an automatic sequencer (Applied Biosystems [Foster City, Calif.] model
373A) using an ABI PRISM DyeDeoxy terminator kit (Applied Biosystems).

Sequences were assembled using the Autoassembler software (Applied Biosys-
tems). Sequence comparisons were done with the BLAST program. Protein
signatures were sought in PROSITE. Predicted primary and secondary structures
were analyzed through the tools of the ExPaSy molecular biology server at the
Swiss Institute of Bioinformatics.

Northern blotting. Hybridizations were performed sequentially with three
random-primed 32P-labeled probes corresponding to the KpnI/EcoRI (bp 402 to
2112) and EcoRI/KpnI (bp 1 to 405) fragments of the full-length human cDNA
of SCHIP-1 and to b-actin, using human multiple-tissue northern blotting (Clon-
tech) where 2 mg of poly(A)1 mRNAs from heart, brain, placenta, lung, liver,
skeletal muscle, kidney, and pancreas were represented. The filter was washed to
a final stringency of 0.13 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)–0.1% sodium dodecyl sulfate (SDS) at 65°C and then exposed to X-ray
film.

In vitro binding assays. GST fusion proteins were expressed in E. coli and
purified according to recommendations of the manufacturer of pGEX vectors
(Pharmacia Biotech). [35S]methionine-labeled proteins were prepared by in vitro
transcription-translation using the TNT coupled rabbit reticulocyte lysate system
as recommended by the supplier (Promega). Four microliters of translated ly-
sates was incubated with 5 mg of either GST fusion protein or GST, bound to
glutathione-agarose beads, in 350 ml of TKT40 or TKT150 buffer (40 or 150 mM
KCl, 50 mM Tris [pH 7.4], 0.05% Tween 20). After 2 h of incubation at 4°C, the
beads were washed twice with the appropriate TKT incubation buffer, and then
bound proteins were eluted by competition with an excess of glutathione (10 mM
in TKT buffer) and solubilized in sample buffer. The supernatant was subjected
to SDS-polyacrylamide gel electrophoresis (PAGE), and 35S-labeled polypep-
tides were detected by autoradiography.

Antibodies. The rabbit affinity-purified polyclonal antibody A19, raised against
a peptide corresponding to amino acids 2 to 21 of schwannomin, was purchased
from Santa Cruz Biotechnology (Santa Cruz, Calif.). The polyclonal antibody
C14, raised against amino acids 469 to 595 of schwannomin, was obtained by
injecting rabbits with a GST fusion protein produced in E. coli. HA peptide tags
were detected using mouse monoclonal antibody (MAb) 12CA5. MAb P5D4,
raised against the 11-amino-acid C terminus of VSV G protein, was purchased
from Boehringer Mannheim.

For preparation of anti-SCHIP-1 antibodies, GST fusion proteins with
SCHIP-1 were produced in E. coli, purified on glutathione-agarose beads ac-
cording to the manufacturer’s recommendations, and injected into either chick-
ens or rabbits. Antibodies 959 and 964 were obtained by injecting chickens with
a purified GST fusion protein with amino acids 306 to 487 of human SCHIP-1
[GST–SCHIP-1(306-487)]. Antibodies 17014 and 17141 were generated by in-
jecting rabbits with a purified GST fusion protein containing amino acids 112 to
305 of human SCHIP-1 [GST–SCHIP-1(112-305)]. These four antibodies were
tested for the ability to specifically recognize an HA-tagged human SCHIP-1
protein overexpressed in HeLa cells in Western blots, immunoprecipitations, and
indirect immunofluorescence.

Cell culture and transient expression in HeLa cells. ST88.14 is a schwannoma
cell line established from a malignant peripheral nerve sheath tumor from an
NF1 patient (8); it was provided by D. Lowy. SF1335 is a cell line established
from a benign meningioma (39); it was kindly provided by S. Rempel. BAN and
DUN cell lines were established by M.-C. Jaurand from specimens obtained from
two patients with confirmed malignant mesothelioma (9). HeLa, SF1335, BAN,
and DUN cells were grown in Dulbecco’s minimum essential medium (DMEM;
Gibco) supplemented with 10% fetal calf serum and antibiotics, at 37°C, under
a humidified 5% CO2 atmosphere. The ST88.14 cell line was maintained in
DMEM supplemented with 15% fetal calf serum and antibiotics.

HeLa cells, seeded 24 h before transfection (106/10-cm-diameter dish, 8 3
104/3.5-cm-diameter dish), were transfected with plasmids (either pCB6 or
pCB6-HA-SCHIP-1 plus either schwannomin or schwannomin variant expres-
sion vector pCB6; 8 mg of each plasmid/10-cm-diameter dish, 2.5 mg of each
plasmid/3.5-cm-diameter dish), using the calcium phosphate method previously
described (10). After transfection, cells were either grown for 24 h and then lysed
with the appropriate lysis buffer for further analysis or processed for indirect
immunocytochemistry.

Immunoblotting. Cells, seeded 24 h before (106/10-cm-diameter dish), were
washed twice with phosphate-buffered saline (PBS) and harvested by scraping on
ice in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM
Tris [pH 8], 1% NP-40, 0.1% deoxycholate 0.1% SDS) in the presence of
protease inhibitors (Complete; Boehringer Mannheim). After centrifugation at
7,000 rpm for 10 min at 4°C, proteins in the supernatant (50 mg) were denatured
in sample buffer, fractionated by SDS-PAGE (10% gel), electrotransferred onto
nitrocellulose membrane (Bio-Rad), and incubated with chicken polyclonal an-
tibodies 959 and 964 at 1:500 dilution or rabbit polyclonal antibodies 17014 and
17141 at 1:1,000 dilution. Results were visualized by chemiluminescence with
peroxidase-conjugated AffiniPure rabbit anti-chicken immunoglobulin Y* (IgY*;
IgG [heavy plus light chain]; Jackson Immunoresearch Laboratories) or a horse-
radish peroxidase-conjugated sheep anti-rabbit whole antibody (Amersham),
using the chemiluminescence Western blotting system (POD; Boehringer Mann-
heim) according to the manufacturer’s protocol.

Immunoprecipitations and coimmunoprecipitations. For immunoprecipita-
tions, cells were lysed in RIPA buffer in the presence of protease inhibitors
(Complete). Extracts were precleared on protein A-Sepharose beads (Sigma)
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and incubated for 3 h at 4°C in the presence of either rabbit anti-SCHIP-1
antibodies or chicken anti-SCHIP-1 antibodies supplemented with 5 ml of Affi-
niPure rabbit anti-chicken IgY* (Jackson Immunoresearch Laboratories), pre-
viously bound to protein A-Sepharose beads. After washing with lysis buffer,
proteins bound to beads were denatured in sample buffer, subjected to SDS-
PAGE, electrotransferred, and submitted to immunoblotting using adequate
rabbit or chicken anti-SCHIP-1 antibodies as described above. For coimmuno-
precipitations, transfected cells were harvested in buffer B (150 mM NaCl, 50
mM Tris [pH 7.5], 1% Tween 20, 0.05% deoxycholate, 0.1% SDS buffer) in the
presence of protease inhibitors (Complete). Extracts were precleared on protein
G-Sepharose beads (Sigma). Twenty-microliter aliquots of these supernatants
were retained for protein expression analysis by immunoblotting with appropri-
ate antibodies. The remaining supernatant was incubated for 3 h at 4°C with the
anti-HA MAb 12CA5 previously bound to protein G-Sepharose beads. After
washing with buffer A (150 mM NaCl, 20 mM Tris [pH 8], 0.5% Triton X-100),
proteins bound to beads were denatured in sample buffer, subjected to SDS-
PAGE, electrotransferred, and submitted to two rounds of immunoblotting using
antischwannomin (anti-SCH) polyclonal antibody A19 at 1:400 dilution and then
anti-SCHIP-1 polyclonal antibody 17141 at 1:500 dilution as described above.

Indirect immunocytochemistry. After being washed three times with PBS,
transfected cells spread on coverslips were fixed for 20 min in 3% paraformal-
dehyde and permeabilized with 0.02% Triton X-100 for 5 min. Fluorescein
isothiocyanate (FITC)-phalloidin, primary antibodies (anti-HA MAb 12CA5 at
1:1,000 dilution, anti-SCH polyclonal antibody C14 at 1:400 dilution), and ap-
propriate tetramethyl rhodamine isothiocyanate-conjugated anti-mouse or
FITC-conjugated anti-rabbit secondary antibodies (Amersham) were applied for
30 min each. All the incubations were done in PBS supplemented with 0.1 mM
CaCl2 and 0.1 mM MgCl2. Coverslips were mounted in Vectashield medium
(Vector Laboratories) in the presence of DAPI (49,6-diamidino-2-phenylindole)
(Sigma). Cells were examined with a Leica epifluorescence microscope or with a
confocal Leica microscope.

Nucleotide sequences accession numbers. The cDNA sequences reported in
this paper have been deposited into GenBank under the following accession
numbers: human SCHIP-1, AF145713; human SCHIP-1-D(22-253), AF145714;
human SCHIP-1-D(241-253), AF145715; and mouse SCHIP-1, AF145716.

RESULTS
Identification of schwannomin-binding proteins SCHIP-1 and

SCHIP-2. To identify molecular partners of human schwanno-
min, we performed a yeast two-hybrid screen using the con-
served N-terminal ERM domain (amino acids 1 to 314) as bait
and an oligo(dT)-primed mouse fetal brain cDNA library. This
screen resulted in the isolation of two yeast clones scoring
positive for interaction with N-terminal as well as with full-
length schwannomin but not with unrelated proteins (lamin
and snf4). The plasmids harbored by these clones contained
two nonhomologous cDNAs of 1,726 and 627 bp, each with an
open reading frame contiguous with the GAL4 activation do-
main. The putative proteins encoded by these cDNAs have not
been previously characterized and were designated SCHIP-1
and SCHIP-2, respectively, for Schwannomin-interacting pro-
teins 1 and 2. In the text that follows, we focus on SCHIP-1.

Isolation of a full-length SCHIP-1 cDNA and nucleotide
sequence analysis. A full-length SCHIP-1 cDNA was isolated
from a lgt10 human fetal brain library. This 2,112-bp cDNA

FIG. 3. Expression pattern of SCHIP-1 mRNAs and proteins. (A) Northern
blot analysis of SCHIP-1 expression. Human mRNAs from the indicated organs

were analyzed by Northern blotting using either SCHIP-1 cDNA bp 1 to 405
(EcoRI/KpnI fragment), SCHIP-1 cDNA bp 402 to 2112 (KpnI/EcoRI fragment),
or b-actin cDNA as the probe. Strong expression of SCHIP-1 is detected in
skeletal (sk.) muscles, brain, and heart. (B) Immunoprecipitation of endogenous
SCHIP-1 in ST88.14 cells. Endogenous SCHIP-1 from the schwannoma cell line
ST88.14 was immunoprecipitated (IP) using either a chicken polyclonal antibody
detecting a C-terminal region of SCHIP-1 (lane 959) or a polyclonal rabbit
antibody detecting a central region of SCHIP-1 (lane 17014). Precipitates were
resolved by SDS-PAGE on a 10% gel and detected with either rabbit antibody
17014 (left) or chicken antibody 959 (right). Twenty micrograms of crude protein
extract from the ST88.14 cell line (Lysate) was loaded on the same gel. Anti-
bodies used for Western blotting are indicated below the gels. NI, preimmune
IgY or rabbit serum. The two independent antibodies 959 and 17014 both
immunoprecipitate and detect in Western blots a protein migrating with an
apparent molecular mass of 65 kDa. (C) SCHIP-1 expression in five human cell
lines. Proteins (50 mg) from each cell line were resolved by SDS-PAGE on a 10%
gel and detected with the rabbit polyclonal antibody 17141. Expression of the
65-kDa SCHIP-1 protein is detected in each cell line.
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encoded a putative protein of 487 amino acids (Fig. 1, line 1),
presenting more than 99% conservation in amino acids with its
mouse counterpart (Fig. 1, line 4). The amino acid composition
of human SCHIP-1 predicts a highly acidic protein with a
predicted isoelectric point at 4.98 and a theoretical molecular
mass of 53.5 kDa. A computer search for conserved protein
motifs revealed the presence of a leucine zipper coiled-coil
domain located between amino acids 419 and 479. Within this
domain, SCHIP-1 is homologous to two human proteins,
FEZ1 and FEZ2 (more than 70% homology), and the related
Caenorhabditis elegans gene product UNC-76 (59% homolo-
gy), involved in axonal outgrowth and fasciculation (Fig. 2A
and B) (6). Outside of the coiled-coil domain, SCHIP-1 and
the FEZ proteins showed no obvious homology. Further se-
quence analysis of SCHIP-1 revealed an organization in two
serine-rich regions followed by an acidic region. This motif is
repeated twice (Fig. 1). The SCHIP-1 amino acid sequence
also contains a PEST domain between residues 320 and 334
(PEST-SEARCH [40]), suggesting that the protein could have
a short half-life. Three putative SH3-binding motifs and a
potential sequence for tyrosine kinase phosphorylation were
also detected in the protein sequence (Fig. 1).

Expression of SCHIP-1 mRNA and protein. Upon screening
of an expressed sequence tag data bank with the SCHIP-1
nucleotide sequence, 65% of the hits were isolated from brain
tissues. Other organs expressing SCHIP-1 expressed sequence
tags included skeletal muscles, heart, uterus, liver, and lung. To
further investigate the tissue distribution of SCHIP-1, a human
multiple-tissue RNA blot was probed sequentially with frag-
ments spanning either nucleotides 1 to 405 (EcoRI/KpnI
probe) or nucleotides 402 to 2112 (KpnI/EcoRI probe) of the
human SCHIP-1 cDNA. Both probes detected multiple tran-
scripts with sizes ranging from 1.5 to 2.1 kb, a size range
consistent with the length of the isolated cDNA. Strongest
expression was detected in brain, skeletal muscles, and heart
(Fig. 3A). Long exposure of the blots showed that low levels of
SCHIP-1 message also could be detected in pancreas, kidney,
liver, lung, and placenta. Taken together, these data indicate
that SCHIP-1 mRNA is present mainly in the brain, heart, and
skeletal muscles but that other tissues also express this gene at
low levels.

To visualize the endogenous SCHIP-1 proteins in cells, we
produced two sets of polyclonal antibodies raised against two
nonoverlapping regions of SCHIP-1, a central region spanning
from amino acids 112 to 305 (antibodies 17014 and 17141) and
a complete C-terminal region from amino acids 306 to 487
(antibodies 959 and 964). In Western blots on extracts from the
human schwannoma cell line ST88.14, the four antibodies de-
tected a species migrating as a 65-kDa protein (Fig. 3B, left,
[Lysate] for antibody 17014; other data not shown). To
demonstrate that this species corresponded to endogenous
SCHIP-1 protein, we performed immunoprecipitation using
antibody 959 followed by Western blotting with antibody

17014. Detection of the 65-kDa species indicated that these
two independent SCHIP-1 antibodies (959 and 17014) recog-
nize the same protein (Fig. 3B, left). A reciprocal experiment
using the 17014 antibody for immunoprecipitation and the 959
antibody for Western blot analysis led to detection of the same
65-kDa species (Fig. 3B, right). The apparent molecular mass
(65 kDa) of the SCHIP-1 protein detected was higher than the
theoretical molecular mass (53.5 kDa). However, expression of
SCHIP-1 in vitro yielded a protein comigrating with endoge-
nous cellular SCHIP-1 (Fig. 2C). The slow migration in SDS-
PAGE may be due to specific physical properties of the pro-
tein. The two sets of antibodies were then used in Western
blots to study the expression of SCHIP-1 in several cell lines,
including HeLa cells and cell lines established from tumor
types in which the NF2 gene is frequently inactivated. These
cell lines included two human mesothelioma cell lines (BAN
and DUN), a human meningioma cell line (SF1335), and the
human schwannoma cell line ST88.14 as a control. Expression
of the 65-kDa SCHIP-1 protein was detected in each cell line
with both sets of antibodies (Fig. 3C for the 17141 antibody;
data not shown for the other antibodies).

Homodimerization properties of SCHIP-1. Coiled-coil do-
mains are usually associated with homo- or heteromeric pro-
tein-protein interactions. We therefore tested the ability of
SCHIP-1 to self-associate. For that purpose, the predicted
coiled-coil region (amino acids 306 to 487) of SCHIP-1 was
expressed in E. coli as a GST fusion protein [GST–SCHIP-
1(306-487)]. This fusion protein, when bound to glutathione-
agarose beads, was found to associate specifically with in vitro-
translated [35S]methionine-labeled full-length SCHIP-1 or
with an in vitro-translated SCHIP-1 construct corresponding to
a putative SCHIP-1 isoform lacking amino acids 22 to 253
[SCHIP-1-D(22-253) (Fig. 1 and 2C)] but not with an in vitro-
translated SCHIP-1 construct missing the predicted coiled-coil
region [SCHIP-1(1-413) (Fig. 2C)]. These results demonstrat-
ed that SCHIP-1 can form homodimers via its predicted coiled-
coil region.

SCHIP-1 associates with schwannomin in vitro. To confirm
and extend the observation of schwannomin–SCHIP-1 inter-
action in the yeast two-hybrid system, we tested the interaction
between the two proteins by in vitro GST pull-down experi-
ments. The partial SCHIP-1 cDNA isolated in the initial two-
hybrid screen was expressed as a GST fusion protein [GST–
SCHIP-1(120-487)]. As shown in Fig. 4A, this fusion protein,
when bound to glutathione-agarose beads, was able to associ-
ate specifically with in vitro-translated [35S]methionine-labeled
full-length SCH-Iso1. The GST–SCHIP-1(120-487) protein
also interacted with an in vitro translated schwannomin con-
struct expressing only the N-terminal part of schwannomin
from amino acids 1 to 314 [SCH(1-314) (Fig. 4B and C)] but
not with an isoform 1 construct missing this N-terminal region
[SCH(315-595) (Fig. 4B and C)].

To identify more precisely the sites of interaction on schw-

FIG. 4. SCHIP-1 interacts with two distinct regions of schwannomin in vitro. (A and B) In vitro interaction of schwannomin with SCHIP-1. Either GST or
GST–SCHIP-1(120-487) was bound to glutathione-agarose beads and incubated in TKT40 buffer with [35S]methionine-labeled SCH-Iso1 or deletion mutants
SCH(1-314), SCH(315-595), SCH(289-595), SCH(1-288), SCH(19-288), and SCH(19-314) as indicated. After washing, retained schwannomin and schwannomin variant
proteins were eluted, resolved by SDS-PAGE, and visualized by autoradiography. Aliquots of the labeled proteins corresponding to 1/40 of the input were loaded on
the same gel (Translation). SCHIP-1 interacts with SCH-Iso1 in vitro (A). This interaction requires two regions of schwannomin spanning amino acids 1 to 18 and 289
to 314 (B). (C) Map of schwannomin constructs and summary of the properties of the corresponding proteins. (Left) Map of schwannomin constructs. Open boxes
indicate the regions of schwannomin that are encoded by the different constructs. Positions of the truncations or amino acids substitutions and deletions are shown by
arrowheads. The two regions found to be implicated in the interaction with SCHIP-1 are indicated at the bottom. Relative positions of the NF2 exons and schwannomin
amino acid residues are illustrated on the top. (Right) Summary of properties of the various proteins. In the two columns are indicated the ability of the various proteins
to interact in GST pull-down experiments with SCHIP-1 (column 1) and the ability of the various proteins to coimmunoprecipitate with SCHIP-1 when the proteins
are overexpressed in HeLa cells (column 2). 1, interaction in vitro or coimmunoprecipitation detected; 2, interaction in vitro or coimmunoprecipitation not detected;
ND, ability to coimmunoprecipitate not determined.
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annomin, we tested a schwannomin-derived construct span-
ning from amino acids 289 to 595 [SCH(289-595) (Fig. 4C)].
This construct was only 25 amino acids longer than SCH(315-
595) and was able to interact with SCHIP-1 (Fig. 4B). This
experiment showed that the region of schwannomin located
between residues 289 and 314 is required for interaction with
SCHIP-1. To determine if other regions of schwannomin were
involved in the interaction, we tested association between
GST–SCHIP-1(120-487) and a N-terminal schwannomin con-
struct missing residues 289 to 314 [SCH(1-288) (Fig. 4C)]. This
construct was still able to associate with SCHIP-1 in GST
pull-down experiments, indicating the presence of a second
SCHIP-1 interaction domain on schwannomin (Fig. 4B). Fur-
ther deletion of the first 18 amino acids of schwannomin [con-
struct SCH(19-288) (Fig. 4C)] was required to abolish SCHIP-
1 interaction (Fig. 4B). This observation allowed us to map the
additional SCHIP-1-binding site to the complete N terminus of
schwannomin. The two domains of schwannomin implicated in
interaction with SCHIP-1 were called region 1 and region 2
(Fig. 4C). In agreement with the mapping of the interaction to
these two regions, we found that two naturally occurring mu-
tants of schwannomin deleted of either Phe118 (SCH-D118
[Fig. 4C]) or residues encoded by exons 2 and 3 [SCH-D(39-
121) (Fig. 4C)], retained the ability to interact with SCHIP-1
(data not shown).

To demonstrate that region 1 and region 2 of schwannomin
that we had identified were sufficient to mediate binding to
SCHIP-1, we expressed three GST fusion proteins containing
either the entire N-terminal region of schwannomin [GST–
SCH(1-314)] or short regions of schwannomin centered on
region 1 and region 2 [GST–SCH(1-27) and GST-SCH(280-
323), respectively (Fig. 5A)]. These proteins were used in pull-
down experiments with in vitro-translated [35S]methionine-la-
beled SCHIP-1. As shown in Fig. 5B, each putative interaction
region of schwannomin was able to associate independently
with SCHIP-1. However, extracting these regions from the con-
text of the protein appeared to decrease their affinity for
SCHIP-1.

To identify the region of SCHIP-1 required for the interac-
tion with schwannomin, we performed a third set of GST
pull-down experiments using GST-SCH(1-314) and several
in vitro-translated [35S]methionine-labeled SCHIP-1 mu-
tants (Fig. 6A). Deletion of the 182 most C-terminal amino
acids of SCHIP-1 completely abolished binding to schwanno-

min [SCHIP-1(1-305) (Fig. 6B)]. Interaction was also strongly
diminished when we used a truncated SCHIP-1 protein missing
the 74 C-terminal amino acids [SCHIP-1(1-413) (Fig. 6B)].
This observation indicated that the predicted coiled-coil re-
gion of SCHIP-1 is required for efficient interaction between
SCHIP-1 and schwannomin. In agreement with this, two pro-
teins lacking part of the N-terminal domain of SCHIP-1,
SCHIP-1-D(22-253) and SCHIP-1(120-487) (Fig. 6A), were
shown to maintain an interaction with GST–SCH(1-314) (Fig.
6B).

In vivo interaction with SCHIP-1 is correlated with altered
schwannomin protein conformation. To determine if the
SCHIP-1 interaction domains identified in vitro were also
functional in vivo, we cotransfected HeLa cells with a vector
expressing HA-tagged SCHIP-1 together with constructs ex-
pressing either VSV-tagged SCH-Iso1 or the SCH(1-314) de-
letion mutant. Coimmunoprecipitation experiments using HA-
specific MAb 12CA5 demonstrated the ability of SCH(1-314)
to associate with SCHIP-1 under these conditions (Fig. 7A).
However, no clear interaction was detected between SCHIP-1
and SCH-Iso1 (Fig. 7B), even when buffers with reduced salt
and detergent concentrations were used. The reverse experi-
ment using anti-SCH antibodies for immunoprecipitation con-
firmed the interaction between SCHIP-1 and SCH(1-314) and
the apparent lack of stable interaction between SCHIP-1 and
SCH-Iso1 (data not shown).

The absence of conspicuous in vivo interaction between
SCHIP-1 and SCH-Iso1 prompted us to test naturally occur-
ring schwannomin variants in the coimmunoprecipitation as-
say. We first used SCH-D(39-121) (Fig. 4C). This protein lacks
residues encoded by exons 2 and 3. It is a naturally occurring
rare isoform of schwannomin resulting from alternative splic-
ing in normal cells (1, 37, 38) and also a mutant form of
schwannomin found in some NF2 tumors. This mutant is be-
lieved to have a modified conformation because, in contrast to
isoform 1, it is able to interact with polymerized microtubules
(61). As described above, SCH-D(39-121) was shown to asso-
ciate with SCHIP-1 in vitro (Fig. 4C). After cotransfection with
the HA-tagged SCHIP-1 expression vector, SCH-D(39-121)
protein was found to coimmunoprecipitate with SCHIP-1
(Fig. 7C). The reverse experiment using anti-SCH antibod-
ies to coimmunoprecipitate SCHIP-1 confirmed the interac-
tion between the two proteins in vivo (data not shown). We
next tested another naturally occurring mutant of schwan-

FIG. 5. Schwannomin region 1 and region 2 are sufficient for interaction with SCHIP-1 in vitro. (A) Map of GST-schwannomin constructs. Open boxes indicate the
regions of schwannomin that are encoded by the different constructs. Amino acids delimiting these regions are indicated by arrowheads. (B) In vitro interaction of
schwannomin region 1 and region 2 with SCHIP-1. Either GST, GST–SCH(1-314), GST–SCH(1-27), or GST–SCH(280-323) was bound to glutathione-agarose beads
and incubated in TKT150 buffer with [35S]methionine-labeled SCHIP-1 as indicated. After washing, retained SCHIP-1 protein was eluted, resolved by SDS-PAGE, and
visualized by autoradiography. Region 1 [GST–SCH(1-27)] and region 2 [GST-SCH(280-323)] are able to associate independently with SCHIP-1 in vitro.
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nomin deleted of Phe118 and known as SCH-D118 (Fig. 4C).
Like SCH-D(39-121), SCH-D118 was found to interact with
SCHIP-1 in vitro (Fig. 4C). Besides, it was shown to associate
with polymerized microtubules more efficiently than SCH-Iso1
(data not shown), suggesting that the Phe118 mutation may
induce conformational changes similar to those suspected for
SCH-D(39-121). SCH-D118 was found to coimmunoprecipitate
with SCHIP-1 when we used an anti-HA antibody (Fig. 7D)
and when we used an anti-SCH antibody (data not shown).
Another naturally occurring schwannomin mutant carrying a
single amino acid substitution at residue 219 (Val to Met) was
also tested (SCH-219 [Fig. 4C]). Unlike SCH-D(39-121) and
SCH-D118, this mutant did not interact with microtubules
(data not shown), suggesting that the amino acid mutation
V219M does not induce conformational changes within the
protein. In our assays, SCH-219 was able to interact with
SCHIP-1 in vitro but not in vivo (Fig. 4C and data not shown).
Two other mutants carrying single amino acid substitutions at
residues 220 (Asn to Tyr) and 360 (Leu to Pro) (10) behaved
similarly in our assays (data not shown), suggesting that the
missense mutations N220Y and L360P also leave the confor-
mation of schwannomin intact.

SCHIP-1 colocalizes partially with schwannomin. Wild-type
schwannomin is primarily concentrated at the cytoplasmic
membrane (10–12, 17, 43, 46, 48, 50). To determine whether
SCHIP-1 is localized similarly, we transfected HeLa cells with
constructs expressing SCHIP-1 either alone or in combination
with SCH-Iso1. For cells expressing SCHIP-1 alone, indirect
immunofluorescent staining showed that in most cells, SCHIP-
1 was distributed throughout the cytoplasm, with higher con-
centrations in the perinuclear area (Fig. 8A). In some cells,
SCHIP-1 was found to be enriched in regions beneath the
cytoplasmic membrane (Fig. 8B) or concentrated in actin-rich
membrane-associated structures (Fig. 8C). However, actin de-
stabilization experiments with cytochalasin D did not lead to
clear redistribution of SCHIP-1, suggesting that SCHIP-1 is

not systematically associated with the actin-rich cytoskeleton
(data not shown). In addition, we observed that cellular distri-
bution of SCHIP-1 could not be correlated with variable de-
grees of cell confluency.

In cells coexpressing SCH-Iso1 and SCHIP-1, schwannomin
did not appear to modify the subcellular localization of SCHIP-1;
as when it was transfected alone, SCHIP-1 was found either in
the cytoplasm or at the cytoplasmic membrane, depending on
the individual cell. In cells where SCHIP-1 was present in re-
gions beneath the cytoplasmic membrane, immunofluorescent
staining of schwannomin revealed a partial colocalization of
the two proteins (Fig. 8D). This overlapping distribution sup-
ports the biological relevance of the SCHIP-1–schwannomin
interaction detected in vitro.

DISCUSSION

SCHIP-1 is a novel coiled-coil protein. Using the amino-
terminal half of schwannomin as bait in a yeast two-hybrid
screen, we have identified a cDNA encoding a novel human
protein that we called SCHIP-1. This protein contains in its
C-terminal domain a region predicted to adopt a coiled-coil
conformation. It has no overall homology to other known pro-
teins, but the coiled-coil domain shows intriguing sequence
similarities with human FEZ proteins and the C. elegans ho-
molog UNC-76. The FEZ1 and UNC-76 proteins are involved
in axonal outgrowth and fasciculation (6). The UNC-76 protein
may play a structural role in the formation and the mainte-
nance of axonal bundles or alternatively may mediate signal
transduction from cell surface molecules to intracellular ma-
chineries regulating axonal extension and adhesion. A rat ho-
molog of FEZ1 was also reported to be a cellular substrate of
protein kinase C z, which has been implicated in a wide range
of cellular functions (29). Other rat FEZ1 and FEZ2 ho-
mologs, named zyginI and zyginII, were described as binding

FIG. 6. The coiled-coil region of SCHIP-1 is required for efficient interaction with schwannomin in vitro. (A) Map of SCHIP-1 constructs. Open boxes indicate the
regions of SCHIP-1 encoded by the different constructs. The grey color highlights the localization of the coiled-coil domain. Arrowheads indicate the amino acids
delimiting the coiled-coil domain and the positions of truncations and deletions. (B) In vitro interaction of SCHIP-1 with schwannomin. Either GST or GST–SCH(1-
314) was bound to glutathione-agarose beads and incubated in TKT150 buffer with [35S]methionine-labeled full-length SCHIP-1, SCHIP-1(1-413), SCHIP-1(1-305),
SCHIP-1-D(22-253), or SCHIP-1(120-487) as indicated. After washing, retained SCHIP-1 and SCHIP-1 variants were eluted and visualized by autoradiography.
Aliquots of the labeled proteins corresponding to 1/40 of the input were loaded on the same gel (Translation). Schwannomin interacts in vitro with full-length SCHIP-1
or SCHIP-1 proteins deleted in the N-terminal domain [SCHIP-1-D(22-253) and SCHIP-1(120-487)] but not or poorly with truncated SCHIP-1 proteins missing the
coiled-coil region [SCHIP-1(1-413) and SCHIP-1(1-305)].
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FIG. 7. In vivo interaction of schwannomin and SCHIP-1. HeLa cells were cotransfected with either pCB6-HA-SCHIP-1 expression vector (1) or empty pCB6
vector (2) and vector expressing schwannomin variants SCH(1-314) (A), SCH-Iso1 (B), SCH-D(39-121) (C), and SCH-D118 (D). Twenty-four hours after transfection,
proteins extracts were prepared as described in Materials and Methods, and coimmunoprecipitations were performed with the anti-HA MAb 12CA5. Precipitates were
resolved by SDS-PAGE on an 8% gel, electroblotted, and submitted to two rounds of immunoblotting, first with the anti-SCH polyclonal antibody A19 and then with
the anti-SCHIP-1 polyclonal antibody 17141. Twenty microliters of crude protein extract (Lysates) was also subjected to immunoblotting with either the anti-SCH
polyclonal antibody A19 or the anti-VSV monoclonal antibody MAb P5D4, to verify expression of schwannomin proteins. Antibodies used for Western blotting are
indicated below the gels. SCHIP-1 is able to associate in vivo with the schwannomin variant SCH(1-314) (A) and the two naturally occurring mutants SCH-D(39-121)
and SCH-D118 (C and D) but not with SCH-Iso1 (B).
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proteins for synaptotagmins (6). The latter are membrane pro-
teins required for synaptic vesicles exocytosis and are believed
to function also in other membrane fusion events in nonneural
cells (47). Our in vitro studies showed that SCHIP-1 can self
associate via its coiled-coil domain. Further investigations will
be necessary to determine if SCHIP-1 can also form het-
erodimers with FEZ proteins or share with the FEZ proteins
some cellular partners interacting via the coiled-coil region.

Restricted SCHIP-1–schwannomin interaction in a cellular
context. GST pull-down experiments demonstrated the ability

of all tested schwannomin isoforms or variants to interact phys-
ically with SCHIP-1 in vitro. The region of SCHIP-1 required
for schwannomin interaction was mapped to a domain over-
lapping with the coiled-coil structure. In schwannomin, the
interaction with SCHIP-1 was mediated by two regions, located
in the N-terminal and central parts of the protein (Fig. 4C). In
our in vitro experiments, these two regions were able to asso-
ciate with SCHIP-1 independently of each other. Using tran-
sient transfection experiments, we surprisingly found that in a
cellular context, interaction between SCHIP-1 and schwan-

FIG. 8. Colocalization of SCHIP-1 and schwannomin in overexpressing cells. HeLa cells were transfected with expression vector pCB6-HA-SCHIP-1 alone (A to
C) or together with an SCH-Iso1 expression vector (D). Twenty-four hours later, cells were processed for indirect immunofluorescence using MAb 12CA5 to detect
the HA-tagged SCHIP-1 protein (A to D), FITC-phalloidin to reveal F-actin (A to C), and the C14 rabbit polyclonal antibody to detect schwannomin (D). Coverslips
were examined with a Leica epifluorescence microscope (A to C, views a and b) and with a Leica confocal microscope (A to C, views c; D). Red indicates anti-mouse
secondary antibody staining (SCHIP-1) (A to D), whereas green represents actin staining (A to C) or anti-rabbit secondary antibody staining (schwannomin) (D).
Overlays are shown with yellow indicating colocalization (A to D). (A to C) Representative examples of the three main types of localization that have been observed
for SCHIP-1 on a single coverslips. Arrowheads indicate regions where SCHIP-1 localizes below the cytoplasmic membrane (B) or colocalizes with cortical actin (C).
(D) Cell in which SCHIP-1 localizes beneath the cytoplasmic membrane and colocalizes partially with SCH-Iso1. Scale bars, 5 mm (A to C) and 2 mm (D).
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nomin was drastically modified. Under these conditions, over-
expressed SCH-Iso1 was not found to interact with SCHIP-1.
However, interaction was still observed with two naturally oc-
curring schwannomin mutants, SCH-D(39-121) and SCH-D118.

Schwannomin, like the ERM proteins, is able to form in-
tramolecular associations between domains that are distant on
the sequence (15, 19, 24, 32, 33, 52). This protein folding is
likely to control the interaction of schwannomin with its mo-
lecular partners. A recent study has shown that SCH-Iso1
associates with ezrin in COS-1 and U251 glioma cells. How-
ever, full-length SCH-Iso1 is unable to heterodimerize with
ezrin in yeast two-hybrid system. To obtain this heterotypic
interaction with ezrin in yeast, schwannomin has to be ex-
pressed as a truncated protein (18). Similarly, SCH-Iso1 does
not interact with polymerized microtubules in vitro but the
interaction is recovered with several truncated or deleted schw-
annomin variants including the SCH-D(39-121) (61). This last
observation led Xu et al. (61) to propose a model in which the
microtubule interaction site would be occluded by protein fold-
ing in SCH-Iso1 but exposed in some other naturally occurring
mutants or spliced variants. One of the SCHIP-1 interaction
sites of schwannomin, located in the central region of the
protein (region 2 [Fig. 4C]), overlaps with the above-men-
tioned microtubule interaction site. Together, these observa-
tions lead us to suggest that the interactions of schwannomin
with ezrin, polymerized microtubules, and SCHIP-1 are ruled
by a common mechanism and that the association between
schwannomin and SCHIP-1 could be determined and possibly
regulated by schwannomin conformation changes.

The predicted occlusion of the central SCHIP-1 interaction
site of schwannomin by intramolecular associations implies
that the interaction that we observed in vitro between SCHIP-1
and SCH-Iso1 relies primarily on the second interaction do-
main of schwannomin located in the most N-terminal part of
the protein (region 1 [Fig. 4C]). In a cellular context, this
N-terminal interaction site may also be masked, possibly by
other molecular partners present in the cytoplasm, thus ex-
plaining the lack of interaction between SCH-Iso1 and SCHIP-
1 in vivo. That point will be delicate to address since it requires
the ability to inactivate the N-terminal site without exposing
the central site.

Possible functional significance of interaction between
SCHIP-1andschwannomin.SchwannominandSCHIP-1strong-
ly interact in vitro. Besides, these two proteins have very sim-
ilar expression patterns, with an enrichment in brain, heart,
and skeletal muscles. Finally, the two proteins were found to
partially colocalize beneath the cytoplasmic membrane. These
observations strongly suggest that SCHIP-1 is involved in schw-
annomin activity. However, as discussed above, we were unable
to detect interaction between SCHIP-1 and SCH-Iso1 in trans-
fected cells, possibly because the schwannomin protein ex-
pressed under these conditions assumes a conformation that
prevents it from associating with some of its molecular part-
ners. In the case of the ERMs, phosphorylation and acidic
phospholipids such as phosphatidylinositol 4,5-bisphosphate
are believed to regulate the conformation of the proteins and
to promote their interactions with cellular partners (22, 23, 34;
for reviews, see references 7 and 33). Endogenous schwan-
nomin may be regulated in a similar way. Several studies have
shown that the protein is phosphorylated on both serine and
threonine residues (51, 55). Dephosphorylation of schwan-
nomin is associated with loss of cell adhesion, and the ratio of
phosphorylated to unphosphorylated schwannomin is regu-
lated by serum growth factor starvation and cell confluency in
NIH 3T3 cells (51). Thus, it is possible that cues such as
cell-cell contact, growth factor microenvironment, or changes

in cell shape could result in modified schwannomin conforma-
tion and thereby potentiate its interaction with SCHIP-1.

Alternatively, the association of SCHIP-1 with schwannomin
may be restricted to rare natural spliced isoforms of schwan-
nomin. We find that in transfected cells, SCHIP-1 interacts
with the naturally occurring spliced variant SCH-D(39-121)
under conditions where it is apparently not interacting with
SCH-Iso1. We have recently observed that overexpression of
the SCH-D(39-121) mutant in murine Schwann cells promotes
the development of schwannomas (16). It is possible that the
normal function of the schwannomin protein is the result of
an equilibrium between various isoforms and conforma-
tional states of the protein. In tumor cells, this equilibrium
may be shifted in favor of variant proteins with an altered
conformation, resulting in malignancy. Validation of this
hypothesis will require evaluation of the relative expression
levels of the different schwannomin isoforms in normal tis-
sues and tumors.
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